
 
 

Compact Gamma-ray Sources Based on Laser-

Plasma Wakefield Accelerator 

 

 
By Silvia Cipiccia 

 

 

A thesis presented for the partial fulfilment of the requirements for the degree  

of Doctor in Philosophy 

 

 

Department of Physics 

University of Strathclyde 

John Anderson Building 

107 Rottenrow 

G4 0NG 

 

 

 

Supervisor: Prof. D. A. Jaroszynski 

November 2011



 

‘This thesis is the result of the author’s original research.  It has been composed by  

the author and has not been previously submitted for examination which has led to  

the award of a degree.’  

  

'The  copyright  of  this  thesis  belongs  to  the  author  under  the  terms  of  the  United  

Kingdom Copyright Acts as qualified by University of Strathclyde Regulation 3.50.  

Due acknowledgement must always be made of the use of any material contained  

in, or derived from, this thesis.’  

  

Signed:  

Date: 

 

 

 

 

 

 

 

 



 1 

Abstract 

Laser-plasma wakefield accelerator (LWFA) is a promising novel technology that 

is introducing miniaturization to the accelerator world: the unprecedented gradient of 

acceleration shrinks the accelerator down to table-top size. Moreover, the LWFA comes 

with an embedded light source: electrons, while accelerating, undergo betatron 

oscillatory motion that results in synchrotron radiation emitted in a narrow cone along 

the direction of propagation. In this thesis we study theoretically and we prove 

experimentally a new regime of betatron oscillation that occurs when electrons 

experience the electromagnetic field of the laser during acceleration and oscillate 

resonantly at the laser frequency or its sub-harmonics. The signature of the harmonically 

resonant betatron (HRB) regime is a large oscillation amplitude and consequently 

prolific  emission of high energy photons up to the MeV range. The HRB source has 

unique properties: very short pulse length (~10 fs), small source size (few microns), high 

peak brightness of the order of 1023 photons/s mm2 mrad2 0.1% B.W., which is 

comparable with a third generation light source. These properties make the source 

particularly appealing for the life sciences and medical and security applications. As a 

part of a future applications project, we give the scaling of the photon energy as a 

function  of laser intensity and plasma density, which could extend toward tens of MeV.  

The thesis also investigates another gamma-ray source that utilises beams from the 

LWFA: bremsstrahlung radiation from high energy electrons interacting with metal 

targets. We study the electron beam and target parameters to optimize the emission 
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process and the gamma-ray beam properties to match potential application requirements, 

such as radioisotope generation via photonuclear process. The results of a proof of 

concept experiment are presented and compared with simulations.   

Finally, we investigate numerically the possibility of generating a converging 

gamma-ray beam based on the bremsstrahlung process. The results are encouraging, and 

the potential impact of a compact converging gamma-ray beam source is discussed with 

particular attention to medical applications in cancer treatment. 
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Chapter 1  

1.1 The X-ray: a Powerful Versatile Tool in 

Science and Everyday Life 

The history of x-rays started in 1895 when Roentgen discovered, three days before 

Christmas, a new ray that penetrates the body and photographs the bones. He appeared 

with a photograph of the bones of his wife’s hand (Figure 1-1) and immediately the 

picture and news of these incredible rays that make visible the invisible spread around 

the world attracting attention of both scientists and the general public: "The realism of 

this weird picture", reported Popular Science Monthly, "simply fascinated all who 

beheld it." "hidden solids revealed," proclaimed the New York Times; "a photographic 

discovery which seems almost uncanny," announced the St. Louis Post-Dispatch [1].  

The discovery of x-rays started a real revolution: a new amazing tool was available to 

explore and understanding matter. Its potential appeared immediately clear: the first 

medical use was carried out just one month after Roentgen’s announcement, when a 

fracture of the left wrist of a young skater was imaged [2]. A prolific and frantic research 

activity on x-rays has lead to important breakthroughs in physics, chemistry, biology and 
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medicine, 15 of which were awarded the Nobel Prize [3]. With the x-ray it was possible 

for the first time to peep into the micro-world and consequently the idea of acting on the 

microscopic to control the macroscopic grew. With x-rays the microscopic world has 

started suggesting and partially revealing its Matryoshka doll-like structure. The insight 

into the microscopic: molecules, atoms, nucleons, quarks, nanometres, picometres. 

While the sizes of the objects of study decrease, the required wavelength of the probes 

decreases. High energy photons reveal a microscopic world and to investigate it even 

higher energy photons are required. Furthermore, reduced spatial scales are associated 

with reduced temporal scales of physical processes involving small objects. Exploring 

the physics at small spatial and temporal scales, drives the quest for further insight and 

therefore for higher energy and shorter x-ray pulses, which becomes more and more 

demanding. Currently, x-rays are used to look at atomic and molecular structures while 

nuclear and sub-nuclear scale processes are studied with large accelerators such as the 

LHC. However, x-ray technology is now entering the energy and time domain 

appropriate for nuclear studies.  Investigating the ultimate components of matter, sub 

picometre, sub femtosecond x-ray sources are required and probes for time resolved 

studies: atto- and zepto-second snapshot of femto- and atto-metres elementary particle 

(as electrons and quarks). In this progression toward high energy short wavelength 

photon beams, from 1947, the history of x-rays progressed side by side with synchrotron 

light sources. 
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Figure 1-1: The first radiograph: the hand of Bertha Roentgen [4]. 

1.2 Discovery of Synchrotron Radiation 

 Between the end of the 19th century and the beginning of the 20th century, 

Liénard–[5] and Wiechert [6] independently studied and described the electromagnetic 

field generated by a moving charge, where they understood that any charge experiencing 

acceleration emits radiation and loses energy. This emission sets a limit to the maximum 

energy obtainable in particle accelerators, as Ivanenvko and Pomeranchuk pointed out in 

1944 when they did calculations for betatron accelerators [7]. Attempts to measure the 
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radiation emitted by electrons in a circular accelerator were carried out in the 100 MeV 

betatron of General Electric but, although the expected shrinking of the electrons orbit 

due to the radiative energy loss was observed in 1946 [8], no radiation was measured 

due to the opaque coating of the tube where the electrons were circulating. The first 

observation of the new radiation occurred a year later in the General Electric 70 MeV 

synchrotron accelerator [9], because fortunately, this time, a vacuum tube with a 

transparent coating was used. The accelerator gave its name to the new radiation that 

would have a large impact in interdisciplinary science and signalled the beginning of 

generations of synchrotron light sources. 

1.3  Overview: Past, Present and Future 

Generations of Light Sources 

After the discovery of synchrotron radiation, measurements continued to help 

understanding its potential and the findings stimulated further research. The first 

generation of synchrotron light sources was in parasitic operation at high-energy physics 

facilities. Some of the storage rings of the first generation include Tantalus I in 

Wisconsin, ACO ring in Orsay, SOR in Tokio, DORIS at DESY in Hamburg. It was at 

DESY, with a 4 GeV electron beam, that x-ray synchrotron radiation was produced in 

the spectral region down to 0.1 Å. Parasitic operation at high energy facilities limited 

access to the synchrotron radiation and when important scientific results began to be 
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produced, there was a demand for dedicated storage rings. Facilities specifically 

designed for producing synchrotron radiation formed the second generation of light 

sources. At this point, synchrotron facility users realized how, for many experiments 

such as spectroscopy or crystallography, the spectral brightness, also called the 

brilliance, was much more important than flux alone. The brilliance is defined by the 

National Institute of Standards and Technology as the radiated power per unit solid 

angle per unit area normal to the direction of propagation of the beam per unit frequency 

[10]. The current default standard units for this source characteristic are photons s-1 mm-

2 mrad-2 (0.1% bandwidth)-1. Alternatively, the brilliance is the flux divided by the 

emittance, which is the distribution of the beam in phase space. The brilliance, as 

defined, is an invariant quantity so that no optical technique can improve it. Proper 

design of the ring determines the electron beam characteristic and optimises the 

radiation properties. Indeed, the photon beam brightness increases as the electron beam 

emittance decreases. The increase is ultimately limited by diffraction effects. The 

diffraction-limited emittance is given by 4λ π where λ is the photon wavelength [11]. 

The quest for lower emittance beams has therefore been central to the evolution and 

design of light sources. Undulators and wigglers, sometimes also called insertion 

devices, placed in the straight sections between bending magnets in the big storage rings, 

provide a way to take maximum advantage of the intrinsic brightness of a synchrotron. 

Insertion devices can reduce substantially the angular distribution and, for undulators, 

approach the diffraction limit. The radiated energy can be increased by a factor N or N2 

for wigglers and undulators, respectively, where N is the number of periods of the 
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insertion device. A schematic of these three different magnetic structures is shown in 

Figure 1-2. 

  
a) b) c) 

 

Figure 1-2: Comparison between a) dipole magnet, b) wiggler and c) undulators design. 

The horizontal emission angle is reduced by a factor N1/2 (N is number of periods)  for  

undulators. Images modified from Ref. [4]). 

A third generation of synchrotron sources is one optimized for brilliance: having 

lower emittance and longer straight sections with insertion devices. Some of the last 

generation of light sources are DIAMOND, ELETTRA, ESRF, BESSY II, PETRA-III 

and SPring-8. With third generation light sources the peak brilliance (per pulse) is 1024-

1025 ph/s/mm2/mrad2/0.1%BW and the average brilliance of 1021 

ph/s/mm2/mrad2/0.1%BW can be obtained. While new machines will be built, fourth 

generation light source are planned. Fourth generation performances will be pushed to a 

much higher level: higher brightness, higher coherence and shorter bunches. An average 

brilliance of up to five orders of magnitude higher and peak brilliance up to ten orders of 

magnitude higher than third generation light sources should be achievable. To satisfy the 

new demands the technology is shifting from storage rings to linear accelerators. The 

options being considered are: ultra-low emittance storage rings, energy-recovery linacs 
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(ERLs) and linac-based free-electron lasers (FELs). With the ultimate design for storage 

rings diffraction-limited emittance, high repetition rate (hundreds of MHz), high 

transverse coherence and highly stable average flux and brightness should be reached 

[12]. The pulse length, typically greater than ten picoseconds, limits the maximum peak 

brilliance achievable. In an ERL source, an injector produces very low emittance 

bunches, which are then accelerated to high energy in a superconducting linac [13]. 

These high-energy bunches are passed into a transport system, similar to a section of a 

third generation storage ring, which includes undulators for the production of 

synchrotron radiation. Because the beam is not stored in the ring, the very low beam 

emittance from the linac is approximately preserved in the single turn around the ring. 

An ERL can work in different modes: high coherence, high charge, high flux, high 

repetition rate or short bunch modes, down to femtosecond bunch lengths.  The 

disadvantages of this technology are the low bunch current and stability issues. 

Examples of ERLs for driving FELs are the JLab IR FEL Upgrade, the Japan Atomic 

Energy Agency (JAEA) FEL, and the Novosibirsk High Power THz FEL. In future, an 

ERL with very low emittance and high peak current could drive a SASE FEL. An FEL is 

a device that uses a relativistic beam of electrons passing through a transverse periodic 

magnetic field (undulator), to amplify electromagnetic radiation [14], where the 

electrons in the undulator are the lasing medium. An FEL induces micro-bunching of the 

electron beam on a wavelength periodicity. The micro-bunches emit coherently which 

results in a strongly enhanced peak brilliance. The FEL can operate in two modes: the 

seeded FEL and the SASE FEL. In the first case the FEL amplifies an input 

electromagnetic radiation seed. The second operation mode, self-amplified spontaneous 
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emission (SASE) FEL, starts from noise due to the random particle phases [14] and the 

spontaneous undulator radiation emitted in the first sections of a long undulator seeds 

the remaining part of the undulator. The SASE process is particularly important in the x-

ray region where no lasers to seed the FEL are available, which is why the majority of 

FELs operate in the SASE mode. Linac-based FELs provide short x-ray pulses with very 

high peak brightness and power, such as the LCLS at the SLAC National Accelerator 

Laboratory [15]. The average brilliance and the peak brilliance for several light sources 

are shown in Figure 1-3 as a function of the emitted photon energy and, in Figure 1-4, as 

a function of the pulse length. The different expected performances of the three fourth-

generation light sources are summarized in Table 1-1. With the fourth-generation light 

sources, femtosecond x-ray beams become available, which substantially widens the 

research potential and opens the door to new unexplored fields that can contribute to 

advances both in science and technology, for example:  

- attosecond manipulation of molecular dynamics and electron motion [16]; 

- novel material design and characterization under extreme conditions (pressure,       

temperature, electromagnetic fields, radiation); 

- time resolved biological imaging; 

- control of complex materials and chemical processes; 

- real time evolution of chemical reactions, motion of electrons and spin; 

- imaging and spectroscopy of individual nano objects; 

- statistical laws of complex systems; 

- simultaneous ultrashort and ultrafast measurements [17]. 
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Figure 1-3: Peak brightness for third generation and fourth generation light sources, 

from Ref. [4]. 

 

Figure 1-4: Peak brightness vs pulse duration for past and future synchrotron light 

sources. Image from Ref. [18] 
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Ultra-low emittance storage rings 

Diffraction limited 
emittance 

High transverse coherence 

High average brightness High frequency (hundreds 
of MHz) 

Picosecond bunch 
duration 

 

Energy Recovery Linacs (ERLs) 

Diffraction limited 
emittance 

Full transverse, 
longitudinal coherence 

High average brightness ~10 kHz repetition rate 
Femtosecond bunch 
duration 

Low peak current 

Linac-based FELs 

Diffraction limited 
emittance 

Full transverse, 
longitudinal coherence 

High average brightness ~100 Hz repetition rate 
Femtosecond bunch 
duration 

High peak current 

Huge peak brightness  

Table 1-1: Summary of the performance of fourth generation light sources. 

1.4 Novel Concept of Light Source: Laser-

Wakefield Driven Light Sources 

Linacs, synchrotrons and storage rings are well established and reliable 

technologies, developed after decades of experience. Their advances in performances are 

facing a limit due to physical restrictions: the acceleration process is based on radio 

frequency (RF) cavities and RF cavities cannot sustain accelerating gradients greater 

than 100 MeV/m because of RF cavity breakdown. As a consequence, TeV accelerators 
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need to be kilometres long; high-energy accelerators are currently the most expensive 

scientific instruments on earth. To scale down in size and cost higher accelerating 

gradients are needed. A promising novel technology that potentially could answer this 

challenge is the laser-plasma wakefield accelerator (LWFA). The LWFA dates back to 

the late '70s [19]. However, the high power lasers required to demonstrate the LWFA 

were only available after 1985 [20] when laser technology underwent a critical 

development.  This nascent technology uses a very high power laser focused into 

plasma. The laser pulse generates plasma waves and electrons that can literally surf the 

waves.  They are accelerated to high energies by the strong electric field of the wave. In 

this configuration plasma forms the accelerating medium and, being a completely 

ionised gas, is immune to electrical breakdown and can produce accelerating gradients in 

excess of 100 GeV/m [21], more than three-orders of magnitude higher than in 

conventional accelerators. This unprecedented gradient means that the size of 

accelerators shrinks down by three orders of magnitude: a TeV accelerator based on this 

technology could in principle be just 10 metres long, if one could keep particles tracking 

the plasma wave over this distance! Infrastructure costs would consequently be 

drastically reduced, and thus also the cost. 
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Figure 1-5: 4 cm long laser-plasma accelerator (at Strathclyde) equivalent to a 30 m long 

conventional accelerator. 

The impressive miniaturization in the accelerator size (Figure 1-5) reminds one of 

the silicon revolution that signalled the passage from valves to transistors and from room 

size devices to handheld computers. The scientific world, after an initial scepticism, is 

taking more and more interest in LWFA technology, which has now attracted the 

nickname: a table-top accelerator. 

Laser-plasma wakefield technology is still in its infancy and developing rapidly. 

Rapid progress has been made over the last few years in understating the physical 

mechanisms that give rise to acceleration, and the limits of the technology are still not 

clear: the parallel growth and improvement of laser technology continues to widen its 

possibilities. It is necessary to point out that, despite the incredible advances, the current 

performances of laser-plasma accelerators are not comparable yet with highly reliable 
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conventional accelerators. However, besides having great potential for the future, 

LWFAs are already earning a niche in research and applications. The compactness and 

low cost should lead to widespread use of the technology in an area where size and cost 

currently restrict the use of accelerators. 

 

Figure 1-6: Nature cover of the issue of 2004 where three letters on first observation of 

high quality electron beams were published [22-24]. 

The first proof-of-principle demonstration of the laser-plasma wakefield was made 

in 1994 at Osaka University in Japan [25], where electrons were accelerated by only a 

few MeV. Rapid progress was made in the understanding and control of the acceleration, 

and in 2004 three groundbreaking papers were published: the “dream beam” papers 

(Figure 1-6), paper demonstrated a high quality monoenergetic electron beam by laser-

plasma acceleration [22-24]. These results included teams led by the University of 

Strathclyde. However, even before 2004 the LWFA concept started to be associated with 

the possibility of  embedded novel light sources [26] and sources driven by  a LWFA 
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[27, 28]. Soon after in 2004 Rousse at al. [29] demonstrated that a beam of x-ray 

radiation can be generated simply by focusing a high-intensity laser pulse into a gas jet 

and a few years later undulator radiation from LWFA electrons was measured [30]. 

Suddenly the opportunity to dramatically reduce both size and cost of light sources and 

make them more accessible became realistic.  

The current state of the art of LFWA based light sources involves different 

mechanisms and radiation is produced over the whole spectral region from the infrared 

to x-rays: 

- Transition radiation emitted by LWF accelerated electron bunches 

passing through a thin metal foil (infrared region [31]) 

- Laser-driven undulator radiation: electrons accelerated via LWFA are 

passed through an undulator. The incoherent emitted radiation is tuneable 

and can range from infrared [30], to VUV [32] to soft x-ray [33] and the 

pulse duration is sub-100 femtoseconds [30]. The brilliance is of the order of 

1024photons/s/mrad2/mm2/0.1% BW, comparable with a third generation 

light source. 

- Thomson backscattering: broad band incoherent x-ray pulses can be 

produced by backscattering of a laser beam from a relativistic electron bunch 

[34]. The pulse duration is tens of femtoseconds and the expected peak 
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brightness, limited by the current performances of Ti:sapphire lasers [30], is 

around 1018 photon/sec/mm2mrad2/0.1%BW 

- Synchrotron radiation from electrons during acceleration: electrons while 

accelerated by the wakefield undergo transverse oscillations in the form of 

betatron motion and emit synchrotron-like radiation in the energy range from 

a few keV up to tens of keV [29, 35]. The radiation is spatially coherent as in 

wiggler radiation and the pulse duration is of the order of ten femtoseconds 

with a peak brilliance of 1022 photons per second per mrad2 per mm2 per 

0.1% BW [35]. 

- Bremsstrahlung from LWFA electrons: broad spectrum of radiation 

emitted by electrons decelerated by atomic Coulomb fields while travelling 

through matter. The pulse length is of the order of picoseconds. The longer 

light pulse duration compared with other LWFA based light sources is due to 

the interaction with the matter scattering the electron beam. 

 These are the light sources that have so far been experimentally demonstrated and 

with further improvements of the quality of the electron beam, the LWFA may be an 

optimal driver of an FEL [27]. In this case the peak brilliance is expected to jump by 

many orders of magnitude up to 1032-1033 photons per second per mrad2 per mm2 per 

0.1% BW (Figure 1-3). 
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After this brief review of laser-driven light sources it is important to underline two 

particular features innate in LWFA light sources. First of all, the LWFA electron 

bunches are as short as a few femtoseconds [31], this means that the current can be 

extremely high (of the order of kAs) and the corresponding generated light pulse 

duration is also a few femtoseconds, giving a very high peak brilliance. Producing ultra-

short bunches is one of the biggest challenges of conventional light sources and only 

fourth generation sources will provide such a short bunch duration. Another of the 

crucial technological challenges for the next generation of light sources is the 

unprecedented level of synchronization required at femtosecond scale between x-ray, 

laser, and radio-frequency cavity. This problem is completely overcome with LFWA 

based light sources because they are intrinsically synchronized with a laser pulse. This is 

the second unique properties of these novel sources.  

The performance of a LWFA driven light source is very promising, even if 

objectively they are still far away from being a conventional light source, in particular 

because of their extremely low repetition rate compared with the working frequency of 

synchrotrons. The advantage of these novel light sources, as described, resides in their 

ultra short pulse lengths: only future generation synchrotron sources could perhaps 

achieve this at great cost. Moreover, the margin of improvement is still incredibly large 

thanks to the rapid development of laser technology and also to the large effort put in by 

researchers for a deeper understanding of the physics behind the LWFA. The effort is 

worthwhile because the reward is very high: it could result in a revolution of the concept 

of accelerators and light sources. 
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The work of this thesis is mainly focused on understanding and exploring the 

potential of synchrotron radiation emitted by electrons undergoing betatron oscillations 

in the LWFA. We investigate in particular the regimes in which accelerated electrons 

interact with the laser pulse and enter into resonance. We explain theoretically and 

explore and prove experimentally for the first time how resonance of the laser pulse with 

harmonics of the electron betatron motion can significantly enhance the synchrotron 

emission [36] leading to orders of magnitude increase in the photon energy from x-rays 

to gamma-rays (energy > 100 keV). For � 700 MeV electron beams, we measure 108 

gamma-ray photons with spectra with critical energy between 60 and 450 keV, and a 

peak brilliance of � 1023 photons/(s mrad2 mm2 0.1%bandwidth), with 107 photons 

between 1 and 7 MeV, in an energy range where no synchrotron sources exist. We also 

study the scaling, which shows how with higher power lasers it will be possible to push 

the emission up to tens of MeV and increase the brightness by orders of magnitude.  

The study is extended to investigate a sibling process of synchrotron emission, 

bremsstrahlung, which for the moment, while waiting for the next generation of lasers, 

can be used to produce gamma-ray sources above 10 MeV. For the first time, a detailed 

numerical analysis is done to investigate the tuning knobs for a practical adjustment of 

the LWFA-bremsstrahlung source properties toward specific applications requirements 

[36]. These simulations are supported by experimental data.  

A further step leads to the investigation of the possibility of producing a 

converging gamma-ray beam via the bremsstrahlung process. The results are very 
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encouraging and a proof-of-concept experiment is proposed. A converging gamma-ray 

beam could have an immediate impact on many fields, from nuclear to imaging to 

medical applications. 

The structure of the thesis is the following: 

- In the second Chapter we review the LWFA and basic synchrotron 

radiation theory. The harmonically resonant betatron regime is then 

described both analytically and using numerical simulations. 

- In the third Chapter the experimental proof of the  harmonically resonant 

betatron regime is described in detail: the challenges of single shot 

measurements of the radiation are overcome using a pixelated semiconductor 

detector expressly characterized for the particular energy and flux range by 

detecting using Compton side scattering [37]. 

- In the fourth Chapter, bremsstrahlung radiation from LWFA electrons is 

studied in depth and the dependences on the electron and target properties 

are correlated with the output radiation. A test experiment shows good 

agreement with the simulations giving confidence in the possibility of 

controlling the process for practical applications [38]. The last part of the 

chapter is dedicated to the study of a new configuration to produce, via 

bremsstrahlung process, a converging gamma ray beam. Simulations and a 
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scheme for a proof-of –concept experiment are presented. The impact and 

possible direct application of this novel “gamma-knife” are also discussed. 

- In the fifth and last Chapter results are discussed and future challenges, 

possible direction for next research step and possible achievements are 

speculated. 
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Chapter 2  

2.1 Introduction 

One of the major  milestones in the development of laser technology is the 

introduction of chirped-pulse amplification (CPA) that has enabled the latest revolution 

in production of ultra high peak power lasers, amplifying very short pulses to energies 

above those previously only available for long pulse, high energy lasers [1]. The idea 

initially came from efforts to overcome the power limitations in radars, and was 

extended to the optical domain by Strickland and Mourou in 1985 [1]. The principles of 

the CPA are simple: the laser pulse is stretched from femtoseconds to 100's of 

picoseconds duration before it is amplified, and then, following amplification, 

compressed to an ultra-short duration that is close to the initial duration.  This prevents 

catastrophic optical damage to the laser amplifiers due to self-focusing and self-phase 

modulation, which occur at high intensities. Only robust optical components such as 

mirrors that can withstand the high power are exposed to the compressed beam. The 

CPA made possible a leap in peak power from gigawatts to petawatts. There are already 
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several petawatt laser around the world, such as Nova in Livermore, GEKKO in Osaka, 

Vulcan at the Rutherford Appleton Laboratory (UK), LULI 2000 in Paris etc. 

However, the CPA is also encountering several limitations set by the threshold 

damage of the diffraction gratings of the compressor, which for higher power are very 

large extending to over a metre squared, with the related increase in cost. Moreover, 

pulse compression and the ultimate duration are limited by the bandwidth of the gain 

medium.  

Raman amplification in plasma as an alternative amplification scheme is under 

study, which could eventually replace or be used with CPA [2]. This technique is based 

on a long pump laser beam colliding with a short counter-propagating probe beam in 

plasma, which can tolerate a much higher laser intensity than a solid-state amplifier. The 

two counter propagating beams differ in frequency by the plasma frequency and interact 

via stimulated Raman backscattering, and a large fraction of the energy of the pump 

laser can be transferred to the probe. Recent numerical studies [3] predict the feasibility 

of a multi-petawatt laser based on Raman amplification within a parameter window that 

avoids parasitic plasma instabilities. A successful experiment [4] has shown the potential 

of chirped pulse Raman amplification (CPRA) to serve as a high-efficiency high-fidelity 

amplifier/compressor stage.  

Why is there a thirst for high power? Ultra-short duration, high power laser pulses 

can widen the possibilities of existing technologies and open up frontiers in new physics: 
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e.g. electron-positron plasma production from vacuum, lab-scale studies of astrophysical 

conditions, such as neutron stars, black holes and gamma ray bursts, inertial confinement 

fusion, table-top ion and electron accelerators based on laser-solid target or laser-gas 

interactions and new ultra-compact light sources ranging from the infrared to gamma-

rays.  

2.2  Laser-Plasma Wakefield Accelerators 

The laser-plasma wakefield accelerator story starts in 1979 when, six years before 

the advent of the CPA, Tajima and Dawson proposed a new mechanism to accelerate 

electrons to relativistic energies in very short distances using high-power lasers 

propagating in underdense plasma [5]. As the laser pulse propagates it generates a 

plasma wave and traps electrons which then surf the wave and accelerate. The rapid 

growth of CPA technology after 1985 gave rise to compact sources of high power, 

ultrashort laser pulses. Already in 1995 Modena et al. [6] demonstrated an acceleration 

gradient in laser driven plasma waves of ~100 GV/m. The high accelerating gradient 

was astonishing: plasma as an accelerating medium is fully ionised and is immune to 

electrical breakdown. Electrical breakdown leading to the formation of plasma is the 

major limiting factor for the maximum achievable accelerating gradient in conventional 

RF accelerators, fixed at about 100 MV/m, which is more than three orders of magnitude 

lower than in a laser-plasma accelerator. These results are opening the way to an 

incredible reduction in the size of accelerators. However, until recently, the quality of 
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electron beams was not extraordinary: even for a maximum energy of around 100 MeV 

and charge ~1 nC, the energy spectral distribution was thermal with an exponential 

decay. A step improvement in the electron beam quality and better control of the laser 

and electrons parameters was achieved in 2004. Three groups in different laboratories 

around the world, simultaneously reported the production of quasi-monoenergetic beams 

using a LWFA in three seminal papers called the "Dream Beam" papers [7-9]. High 

energy (~100 MeV), quasi mono-energetic (few percents energy spread) and significant 

charge (>100pC) were produced. Following this initial advance a deeper understanding 

of the mechanism has led to a better mastering of the accelerating process, which has 

resulted in large improvements in the quality of the electron beams and extension of the 

maximum energy achievable to 1 GeV [10] and above. Beam emittances of the order of 

1 π mm mrad [11], narrow energy spreads less than 1% [12], femtosecond duration 

bunches [13] and kiloAmpere peak currents have now been demonstrated. The present 

parameters are still far away from the energy and luminosity required for high energy 

physics, but it is worthwhile remembering that this is still a very young technology 

compared with conventional RF accelerators which date back to the first decades of the 

20th century. A rapid growth can be forecast over the next few years, which should lead 

to further increases in energy, peak current, reductions in size, lower costs and higher 

reliability. Even though they will not replace conventional accelerators for the moment, 

it is highly likely that laser-plasma accelerators will be employed in niche fields that 

require compactness e.g. as drivers of table top light sources for imaging or medical 

applications. 
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2.2.1  LPWA Basic Concepts 

In a LPWA the passage of the laser in underdense plasma generates density waves. 

Plasma is underdense if its density is below the critical density, nc, which is the density 

above which the laser is unable to propagate. This occurs when the plasma frequency, 

( )
1 22

0p p e
n e mω ε= ,  equals the incoming laser frequency 0ω , so that 2 2

0 0c e
n m eε ω= , 

where e and me are the charge and rest mass of electrons, ε0 is the vacuum permittivity 

and np the plasma density. Electrons can surf the waves generated by the passage of the 

laser pulse and be accelerated, quickly acquiring a velocity nearly equal to the speed of 

light, and higher than the phase velocity of the plasma wave (Figure 2-1).  The 
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length is therefore given by: 
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 deph λ= c
p

e

n
L

n
. 

(2.1) 

The plasma wave is generated by the light pressure of the laser due to the gradient 

of the energy density, which gives rise to a ponderomotive force. The ponderomotive 

force can be derived by considering the electron fluid momentum in the cold fluid limit 

[14]: 

 ( )dp
e E v B

dt
= − + ×

� � ��
, (2.2)  

where 
d

v
dt t

∂
= + ⋅∇

∂
, v is the electron velocity ,

A
E

t

∂
= −

∂

�
�

 and B A= ∇×
��

 are the 

electric and magnetic fields of the laser and A is the laser vector potential. Introducing 

the normalized vector potential 
e

e
a A

m c
= in the linear limit 1a � , the dominant term 

in the solution of equation (2.2) is the quiver momentum 
q e

p m ca=
� �

 , from q
p

eE
t

∂
= −

∂

�
�

. 

Letting 
q

p p pδ= +
� � �

 then the equation gives: 

 ( )
2

2 2 22 ,
2q e q q e p

e

d p e
p m p p c a m c a A F

dt m

δ
= − ⋅∇ − × ∇× = − ∇ = − ∇ =

� �� � � �
        

(2.3) 

which is the expression for the ponderomotive force Fp for the non relativistic case. 

For the relativistic regime we can substitute me by γ me. The validity of this simple 



 43 

approach is confirmed by more accurate calculations carried out by Quesnel and Mora 

[15], which give the same result when the following assumptions are made: the pulse 

length cτ is much longer than the laser wavelength λ0 such that 0 1
c

λ
σ

τ
= � ; the 

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

0 0

1
1

k w
ε = � , where k0 is the laser wave number and w0 is the beam waist (1/e2 beam 

intensity radius at focus); the initial electron velocity, normalized to c, is small compared 

with both ε and σ. The expression for the ponderomotive force, in the relativistic case, 

becomes: 

 

22
2 2

2 2
e

p

e

m ce
F A a

m γ γ
= − ∇ = − ∇ . (2.4)  

The ponderomotive force expels electrons from the laser path producing a local 

reduction in the electron density [16]. This and the relativistic electron mass increase 

due to the quivering motion of the electron, which in turn depends on the normalized 

vector potential in the strong electromagnetic field of the laser, results in an increase of 

the refractive index, which in turn leads to self-focusing. This occurs just above the 

power threshold when the rate of self-focusing exactly counter-balances the natural 

diffraction of the laser pulse. This is known as the critical power and is given by the 

following expression [16]: 
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2 2
017 [PW]ω ω=c pP . (2.5)  

While propagating through the plasma the laser loses energy to the plasma wave. 

The distance over which the laser pump energy is depleted is called the depletion length, 

Ldepl. To estimate the depletion length we can calculate the length over which the energy 

deposited into the plasma equals the laser energy. If Ep is the electric field associated 

with the plasma wave, then the energy density of the plasma wave is 2
plasma 0

1
2 p

U Eε= . 

Modelling the volume occupied by the plasma column as a cylinder with a length L, 

equal to that of the column and a base area given by the focal spot size, then 

2
plasma 0π=V w L  and the total energy deposited inside the plasma is plasma plasma plasma=W U V . 

The laser energy density is 2
laser 0 L

U Eε= , where EL is the electric field of the laser, and 

the volume occupied by the laser with a pulse length cτ is 2
laser 0π τ=V w c . The total 

energy of the laser is therefore laser laser laser=W U V . When full depletion occurs, Wplasma 

equals Wlaser. Therefore, equating the two expressions, it is possible to find the depletion 

length Ldepl. The expression for Ep varies depending on the type of mechanism that 

excites the plasma wave. The precise expression for Ep and Ldepl in the case of the 

LWFA will be calculated later in the chapter. 



 45 

 

Figure 2-1: Schematic of the LWFA mechanism: the ponderomotive force of the laser 

excites plasma waves and electrons surfing the wave are accelerated. 

2.2.2 Guiding of High-Intensity Laser Pulses 

The length over which laser-plasma interactions are strong for a focused beam is 

limited to the Rayleigh range 0

0
R

w
z

π

λ
= [17], which can be further restricted by 

ionization induced refraction. The Rayleigh length of a laser beam is the distance from 

the beam waist over which the intensity halves due to diffraction. A particularly 

promising approach for guiding intense radiation over many Rayleigh lengths is using a 

preformed plasma waveguide [18, 19]. The ideal plasma waveguide has a parabolic 

radial electron density profile: ( ) ( ) ( )
2

ch0 /
e e e

n r n n r r= + ∆ , with ( )en r  the electron 

density at a distance r from the axis, and ∆ en  is the increase in the electron density at 

ch=r r  [17]. In the absence of further ionization by the laser, and when ponderomotive 
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and relativistic effects can be neglected, the laser can propagate with constant spot 

radius if the following matching condition is satisfied [20]: 

 ( )
1 42

ch π = ∆ M e er r r n .                  (2.6) 

with 
2

2
0

1
4e

e

e
r

m cπε
=  , the classical electron radius. 

A reliable technique for producing a fully ionised plasma waveguide is using a 

hydrogen-filled capillary where the plasma is formed by high voltage discharge [17, 21]. 

The capillary discharge waveguide is usually manufactured out of alumina or sapphire 

and filled with gas, usually hydrogen, via small holes located a few millimetres from 

each end of the capillary. A pulsed discharge current of several hundred amperes, and 

several hundred nanoseconds duration, is driven through the capillary via electrodes 

placed at each end of the capillary. This waveguide extends by an order of magnitude 

the distance over which the electron can be accelerated in a laser-plasma accelerator and 

allows energies in the GeV range to be reached [22]. Measurements [21] that agree with 

simulations [23] have shown the channel produced with this device is approximately 

parabolic and the gas is fully ionised.  A method of manufacturing capillary discharge 

waveguides using the femtosecond laser micromachining technique has been pioneered 

at Strathclyde [24, 25]. A plasma waveguide can alternatively be produced using an 

igniter-heater method using the two laser pulses [26] in which the first weakly ionises 
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the plasma channel while the second heats the plasma to form an expanding column 

which forms a plasma channel.  

Making use of the self-focusing properties of high intense laser pulses in plasma  

is another way to self-guide a laser over many Rayleigh lengths. This has been proved 

experimentally, which shows that self-guiding allows the wakefield to evolve  to the 

correct shape for production of monoenergetic electron bunches [27]. It has also been 

found that the length over which an intense pulse can be guided scales with the electron 

plasma density ne  [28]. 

2.2.3  Laser Plasma Accelerator Configurations 

There are three main configurations: laser-wakefield accelerator (LWFA) [5, 29-

31], the plasma beat-wave accelerator (PBWA) [32], and self-modulated laser-wakefield 

accelerator (SM-LWFA) [33].  

Laser-plasma wakefield accelerator: A short duration, high intensity, laser pulse 

with frequency, ω0, much larger that the plasma frequency ωp, can excite a plasma wake 

analogous to a boat producing a wake in the sea or lake [5]. If the laser pulse duration is 

approximately equal to the plasma wavelength then the density wave is efficiently 

driven.  Electrons can surf the plasma wave as a surfer on an ocean wave gains 
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momentum from the wave and is accelerated. A more detailed description of the 

mechanism is given in Section 2.3. 

The plasma beat-wave accelerator (PBWA): The plasma beat-wave accelerator 

scheme was first proposed by Dawson and Tajima [5] as an alternative to the LWFA in 

1979 because the CPA had not yet been developed and ultra short duration, high power 

laser pulses were not available. This scheme is based on two long laser pulses with 

frequencies, ω1 and ω2, adjusted so that the difference frequency equals the plasma 

frequency i.e. 1 2 p
ω ω ω ω∆ = − = . When this condition is satisfied large amplitude 

plasma density waves are resonantly generated. Electrons that are injected with the 

correct phase can be trapped in the wave potential and be accelerated. However, several 

limitations were found, mainly due to plasma density inhomogeneities and instabilities. 

For example, while the electron plasma wave grows the associated electric field grows 

and the plasma electrons can acquire relativistic velocities which increases the effective 

mass resulting in a red-shift of the plasma frequency and a loss of resonance. Other 

limitations came from laser diffraction and pump depletion. Diffraction sets the 

maximum interaction length to the Rayleigh length. However, this can be overcome with 

a plasma waveguide. Pump depletion could be avoided or postponed using a more 

powerful laser. 

Self-modulated laser-plasma wakefield accelerator (SM-LWFA): This 

mechanism of acceleration is an hybrid scheme combining Raman forward scattering [5] 

with laser wakefield acceleration. Raman forward scattering is the resonant decay of the 
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incoming laser wave, with frequency ω0 into a plasma wave having frequency ωp and 

two electromagnetic waves with frequencies ω0 ±ωp. The plasma wave is resonantly 

driven by the ponderomotive force associated with the beat of the incident and the 

scattered waves. The plasma wave results in modulation of the refractive index 

2

2
0

1 p
n

ω

ω
= − :  higher density zones correspond to lower refraction index and vice versa. 

If the laser pulse is longer than the plasma wavelength then the laser pulse experiences a 

series of refractive index modulations, which produce focusing and defocusing effects 

leading to low amplitude modulations.  The modulated laser in turn resonantly excites 

the wakefield, the process continues in an unstable way and the laser is self-modulated 

[34]. The self-modulation regime depends strongly on the laser power and dramatically 

increases when the laser power P exceeds the critical power for self-focusing Pc  [16].  

Summarising, the conditions for self-modulation are a laser pulse longer than the 

plasma wavelength, L>λp, and a laser power larger than the critical power, P > Pc. In 

SM-LWFA acceleration is enhanced compared with LWFA for fixed laser parameters 

and the self-modulated regime produces a higher amplitude wake field because of the 

higher electron density required and because the wakefield is resonantly excited by a 

series of micro-pulses as opposed to a single pulse as in the LWFA. Moreover, 

relativistic self-focusing increases the normalized vector potential of the laser a0 and 

simulations show that the laser pulse remains guided over a longer length than in the 

LWFA [14]. In contrast, the disadvantages of the SM-LWFA is the higher electron 

density and therefore a lower laser group velocity, which results in a shorter dephasing 
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length and therefore lower electron energy. The quality of the electron beam is another 

weakness of the self-modulated regime because the electron beam emerges from the 

acceleration with a broad energy spread and large dark current due to continuous 

trapping over the short dephasing length [14]. 

2.3 Laser-Plasma Wakefield Acceleration 

2.3.1  Theory of the LWFA 

Considering an electromagnetic pulse with a frequency ω0 and wave number k0, 

travelling inside cold plasma, the dispersion relation is given by 2 2 2 2
0 0 pc kω ω= + . 

Therefore, the electromagnetic wave propagates in plasma with a group 

velocity ( )
1 22 20

0
0

1EM

g p
v c

k

ω
ω ω

∂
= = −

∂
. Let us assume the laser propagates along the z 

direction and has the electric field oriented along y. Considering the heavy ions as 

immovable (or stationary), the laser causes the light electrons to undergo transverse 

oscillations with a mean oscillatory energy 2 2 2 2
0/ 2 / 2

e e y y e
W m v e E m ω∆ = = . If the 

amplitude of the electromagnetic wave is homogenous, the time averaged force on an 

electron is zero and the electron returns to its original position once every cycle. This 

does not occur for a focused laser pulse. The spatial variations in the laser intensity 
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cause a spatially varying ponderomotive force, expressed by Eqn. (2.4). As a result, 

electrons are displaced along the z axis by zz v τ∆ = ∆ , where τ is the laser pulse 

duration. Following passage of the laser pulse electrons are attracted back by the space 

charge forces produced by the displacement and a plasma oscillation sets in. The 

excitation of the wave is most efficient when the laser pulse length is about half of the 

plasma wavelength. Under idealized conditions the excited plasma wave travels with a 

phase velocity equal to the group velocity of the laser pulse p laser

g

p

v v
k

φ

ω
= = . However, as 

discussed earlier, the laser etches back because of local pump depletion due to energy 

transfer to plasma electrons. Decker et al. [35] estimated the etching velocity for a short, 

high intense laser pulse to be: 

 

2

2
0

p

etch
v c

ω

ω
= . (2.7)  

From (2.7) the depletion length can be calculated to be 

 

2

2
0

p

depl
L c

ω
τ

ω
= . (2.8) 

Therefore the phase velocity of the wake can be expressed as 
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2

2
0

3
1

2
p

g etchv v v cφ

ω

ω

 
= − −  

 
� . (2.9)  

The electric field associated with the wake can be estimated considering a 

sinusoidal periodic perturbation. The density perturbation can be written as 

sin( )
e p p

n n k z tδ δ ω= −  and therefore, from Poisson’s law, the associated electric field is  

 0 cos( )e
p p p

e

n
E E k z t

n

δ
δ ω= − , 

(2.10)  

where E0 is the amplitude, which is given by 

 0
e p

m c
E

e

ω
= . (2.11)  

2.3.2  Wave-Breaking 

The plasma oscillation amplitude is limited by the wave-breaking condition. The 

wave breaks when the electron velocity reaches the phase velocity of the wave. Wave-

breaking corresponds to trapping of background plasma electrons. The critical 

longitudinal field attainable is 
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 0WB L
E E E= ≈ , (2.12)  

with E0 given by (2.11). 

 When the limit is reached, the wave steepens and a crest forms and falls into the 

trough. At this point 
L

E z∂ ∂  tends to infinity and, from Gauss’s law, so does the plasma 

density. This wave-breaking limit is valid for the cold non-relativistic case. However, 

the wave breaks when the electrons have a velocity ve close to the phase velocity vp of 

the plasma wave; that is, the electrons are fully relativistic and therefore the relativistic 

effect must be included. With γp the Lorenz factor associated with the plasma wave 

phase velocity, it has been shown [36, 37] that the maximum amplitude of the plasma 

wave is given by: 

 ( ) 02 1
WB p

E Eγ= − . (2.13)  

which is called the relativistic wave-breaking field. These calculations do not take 

into account thermal effects. However, even a small amount of thermal energy can 

significantly reduce the wave-breaking field value [38].  Indeed, thermal effects reduce 

the wave-breaking amplitude for two reasons: firstly, the plasma pressure works against 

the tendency of the plasma density to increase to infinity and secondly, the thermal 

velocity of the particles enables trapping at a lower amplitude than if they were initially 

at rest [39]. In other words, the wave-breaking condition (
e p

v v→ ) is more readily 
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satisfied by the faster electrons within a thermal distribution. Katsouleas and Mori [38] 

calculated the wave-breaking amplitude in the warm relativistic regime to be 

 ( )
1 21 1 4 1 2 1 4ln 2

WB e p p
E m c eω β γ β− −= . (2.14)  

where 23 e pT m vβ = , with T the plasma thermal energy. 

2.4 The Bubble Regime 

2.4.1  The Broken-Wave Regime 

In 2002, Pukhov and Meyer-ter-Vehn explored numerically a highly non-linear 

broken wave regime [40]. For a high intensity laser with a pulse length shorter than the 

plasma wavelength and a (relativistic) intensity sufficiently high to break the plasma 

wave on the first oscillation they found a new regime where the laser wake takes the 

shape of plasma cavities or “bubbles”, which gives rise to the definition of the "bubble 

regime". The bubble is characterized by three different density regions: the electron-

evacuated ion bubble, a high density electron sheath surrounding the ion cavity and the 

electron beam stem that is formed by the accelerated self-trapped electrons (see Figure 

2-2). The electric field required to enter this regime is estimated from the cold-
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relativistic model that holds for low temperature plasma. Wave breaking gives rise to 

abundant self-trapped electrons in the bubble. The bubble structure that follows the laser 

pulse appears to be very stable and not affected by the depletion of laser energy due to 

energy transferred to electrons.  

 

 

Figure 2-2: Bubble picture obtained from OSIRIS [41] simulation showing the three 

different density regions that identify the bubble: the ion cavity behind the laser pulse, 

the high density electron sheath and the trapped electrons forming a stem. 

The bubble radius can be estimated by requiring that the electrostatic restoring 

force is balanced by the ponderomotive force at the surface of the bubble 
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 ( )2
0 0p p p pk R F k a a k Rγ∝ ∇� � . (2.15)  

Through 3D particle in cell (PIC) simulations Lu et al. [42] found a refined 

condition to limit the laser spot size variation over the self-guided distance 

 02pk R a� . (2.16)  

To calculate the electric field experienced by electrons trapped inside the cavity, 

the bubble can be modelled as a sphere moving along z with velocity vg on a background 

of stationary positively charged ions. Using Gauss’ law the electric potential inside the 

bubble can be written as: 

 

2 2

0 6 6
e

en R r

ε

 
Φ = − 

 
, (2.17) 

Where 2 2 2 2r x y ξ= + + and
g

z v tξ = −  is the co-moving coordinate along the 

direction of propagation of the pulse [43]. Therefore the contribution given by the 

electrostatic field of the bubble is 
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22 2 2 2

0

.
6 3

pe
b e

e n x y
F e m r

ωξ

ε

 + +
= − ∇Φ = − ∇ = − 

 

� �
 (2.18)  

Part of the bubble is filled by the laser pulse and when electrons, while accelerated, 

enter in the region occupied by the laser they experience its field. If A is the laser vector 

potential, the Lorentz force due to the laser field is 

 ( )L

A
F e v A

t

 ∂
= − − + × ∇× 

∂ 

��
�� � ��

, (2.19)  

The total force acting on the electrons can therefore be expressed as 

 b L

A
F e v A F F

t

 ∂
= − ∇Φ − + ×∇× = + 

∂ 

��
�� � �� � �

, (2.20)  

2.4.2  Electron Injection 

The condition for an electron to be trapped in the wake potential is that its speed 

approaches the speed of the bubble and the bubble moves at the group velocity of the 

laser in plasma. If γe, γg and φ are respectively the electron Lorentz factor, the laser 

Lorentz factor and the bubble potential in the laboratory frame and γe′ and φ′ in the 
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frame co-moving with the bubble, then the condition for an electron to be trapped is that 

the potential is greater or equal to the kinetic energy of the electron 

 ( ) 2' ' 1
e e

e m cφ γ≥ − . (2.21)  

In the lab frame, the plasma wave is purely electrostatic and the magnetic vector 

potential is zero, therefore '
g

φ γ φ= . The Lorentz transformation for the particle energy 

is '
g g z

E E pγ β γ= −  [44] that, normalised by the electron rest mass, 

gives ( )' 1
e g e g e

γ γ γ β β= − , therefore the condition (2.21) becomes 

 ( )
21

1 .φ γ β β
γ

 
≥ − −  
 

e
e g e

g

m c

e
 (2.22) 

For 1
g

β → , 1
e

β �  and assuming a sinusoidal potential with wave number 

p

p
k

c

ω
= , the corresponding trapping electric field is given by 

 
p e

trapping p

m c
E k

e

ω
φ= � , (2.23)  

which is the cold non relativistic wave-breaking field (see equation (2.11)). 
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2.4.3  Electron Acceleration in the Bubble Regime 

Electrons trapped inside the bubble are longitudinally accelerated by the force 

expressed by (2.20). Acceleration lasts until the electrons outrun the wave. The 

dephasing length in the bubble regime can be calculated considering the time required 

for the electron to cover a distance equal to R, the radius of the bubble. Assuming that 

the electrons are highly relativistic, 
e

v c→ , and using the phase velocity  (2.9), we 

obtain [42] 

 

2
0
2

2
3deph

p

c
L R R

c vφ

ω

ω−
� � . 

(2.24)  

In general, the energy gained in an acceleration length Lacc  is 

 
2

WF acc WF acc e
E eE L l m cε∆ = = , (2.25)  

where EWF  is the average wake field experienced by the electrons during 

acceleration along Lacc, max maxWF WF e p
eE m cε ω= and 

acc acc p
l L cω= . The maximum 

energy gained is obtained when the electrons are accelerated up to the dephasing length. 

This is possible if Letch>Ldeph, that is 
2
3

c Rτ ≥ , which means that if the pulse is too short, 

dephasing will not be reached. Because the bubble is roughly a sphere the electrons will 

travel a distance equal to R in the co-moving frame before reaching dephasing. Lu et al. 



 60 

[45] calculated EWF inside the bubble and showed that for a0>4 the wakefield grows 

linearly with the distance from the centre of the bubble, i.e. the maximum field 

attainable is max 2
WF p

k Rε = . Then, from (2.16) max 0WF aε � . Because the wakefield 

varies almost linearly then the average field is 0 2WF aε = . Putting all together, (2.25) 

becomes 

 

2

2 0
0

2
3 e

p

E m c a
ω

ω

 
∆   

 
� . (2.26)  

2.4.4 Beam loading 

The incredibly high accelerating gradient makes LWFA extremely attractive; 

however, the acceleration gradient is just one of the main benchmarks for a particle 

accelerator. Other parameters that play an important role are the number of particles that 

can be accelerated, expressed by the luminosity, which is the number of particles per 

unit area and unit time, and the beam quality, given by the emittance, i.e. the phase space 

area occupied by the beam while propagating. In 1987 Katsouleas gave a first 

quantitative estimation of the maximum number of particle that can be accelerated in the 

linear regime of a plasma-based accelerator [46]. The wake of the driver is 

superimposed by the wake generated by the accelerated electrons to obtain the final form 

of the wake field. An estimate for the non-linear regime was given by Lu et al. [42] in 
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2007 based on energy balance. In Ref. [42] the bubble is assumed spherical and the total 

electromagnetic energy ε  is calculated in the ion channel in the absence of the electron 

bunch. A similar amount of energy was estimated to be in the high density sheath 

surrounding the bubble, therefore the total energy available in a plasma wavelength is 

2ε . If N is the total number of particles in the bunch and zE  is the average 

accelerating field experienced by the electrons, then the total energy gained by the bunch 

in a plasma wavelength, assuming it to be 2R, is 2zNe E R . The balancing condition 

gives the relation 

 2 2zNe E R ε� . (2.27) 

 

In Ref. [42] the estimates for the energy and the average accelerating field are  

 ( )
2 5

5
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e
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e
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 
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� , (2.28)  

 
1
4

e p

z p

m c
E k R

e

ω
� , (2.29)  

 

therefore Eqn. (2.27) becomes: 
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( )

3

1
15

p

p e

k R
N

k r
� . (2.30)  

 

2.5 Betatron Oscillations 

Electrons injected into the bubble with a nonzero transverse momentum 

experience both the longitudinal accelerating field and a transverse restoring force due to 

the ion background. This latter force gives rise to transverse oscillations, called betatron 

oscillations and the oscillating electrons emit a collimated beam of synchrotron radiation 

[47, 48]. Considering a simple model of a single electron propagating in an ion channel 

along the z direction, the restoring force can be calculated from Gauss’ law and the 

equation of motion is given by [43] 

 
2 2

res e p

dp
F m r

dt
ω ⊥= = −

� � �
, (2.31)  

where r⊥  is the electron transverse position. The electron oscillate with a betatron 

frequency  
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 2pβω ω γ∼ , (2.32)  

with γ the electron Lorentz factor. The oscillatory motion is similar (or analogous) 

to the motion of electrons inside an undulator or wiggler [49]. However, here the plasma 

acts as a wiggler with periodicity λb and the strength parameter aβ  is given by  

 a k rβ β βγϑ γ= = , (2.33)  

where ϑ  is the maximum deflection angle of the oscillatory trajectory, kb is the 

betatron wavenumber and rb is the betatron oscillation amplitude. As in a conventional 

insertion device, synchrotron radiation is emitted by the relativistic electrons [44]. The 

radiation is emitted in a narrow cone  

 aβϑ γ= . (2.34)  

The properties of the radiation depends strongly on aβ: if 1aβ �  the electron 

motion is near the propagation axis and the radiation is primarily emitted at the 

fundamental frequency  
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2 3 22 2f pβω ω γ γ ω= = , (2.35)  

which is the betatron frequency Doppler shifted in the laboratory frame. For aβ >1, 

the amplitude of the electron oscillations grows and high harmonics are radiated and a 

broadband spectrum is emitted. The spectral intensity grows up to the critical frequency 

given by [50]: 

 

33
2c

c

R

γ
ω = , (2.36)  

with 2
R k rβ β= ,  the effective radius of curvature of the electron trajectory. The 

frequency spectrum can be obtained from the Fourier transform of the temporal 

distribution of the electric field at the observer. If n
�

 is the direction of observation, the 

radiation emitted per unit frequency and unit solid angle can be calculated from 

Liénard–Wiechert potentials [44]: 

 
( )

2 2 2
( )

2
( , )

4
i t n r t cd I e

E r t e dt
d d c

ω

ω π

+∞ − ⋅
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=

Ω ∫
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k , (2.37)  

where 
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. (2.38)  

The subscript “ret” indicates that the quantity in the square brackets has to be 

evaluated at the retarded time, which represents the delay between the photon emission 

and the time at which the radiation reaches the observer. The first term of Eqn. (2.38) 

can be neglected in the relativistic regime because of the 21 γ  dependence. The 

radiation rate scales with 2γ , and the number of photons [50] emitted per electron in 

every betatron oscillation are,  

 
2
9phot f

N aβ

π
α= . (2.39)  

where αf  = 1/137 is the fine structure constant [50]. During acceleration, the 

betatron oscillation amplitude decreases with 41−γ . This dependence can be shown by 

writing down the Hamiltonian for a harmonic oscillator 
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(2.40)  

where 
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We define rβ through 
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If ( )z z tγ γ=  , then 
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Now, since the second term in (2.40) does not depend explicitly on time, we can 

write 
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Then (2.43) becomes 

 

2
2 ( )

( )
2 ( )

p z z

e e z

z

m r r m cβ β

ω γ γ γ
γ γ

γ γ γ

+
= −

+

�
� . (2.45)  

Using Eqn. (2.41) it becomes 
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For 
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γ γ� and we can write 
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where 
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The average kinetic energy  
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From (2.46), if zγ γ� ,we have 
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From Equation (2.48) and (2.49) we have
2

2 2
r

y

β =  and using (2.49) in (2.50)  
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which gives 
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(2.52)  

The damping of the oscillation amplitude is shown in Figure 2-3. 

 

Figure 2-3: Evolution of the electron trajectory (l.h.s.) and of the electron Lorentz factor 

(r.h.s.) in the bubble regime as calculated analytically assuming a spherical bubble and a 

plasma density of 2x1018  cm-3. The oscillation amplitude (see l.h.s.) evolves as γ1/4 as 

expected from (2.52). 
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2.6  Harmonically Resonant Betatron Motion 

The presence of the laser field inside the bubble can dramatically change the 

electron dynamics. In 1999, Pukhov [51] introduced the concept of an electron-laser 

resonance in a relativistic channel. This occurs when the laser frequency, as seen by the 

electrons, equals the betatron frequency, and leads to effective energy exchange between 

electrons and laser. The electron motion was described in his theory with the equation 

for a driven oscillator. Starting from Pukhov’s work we have investigated the analogous 

motion in the bubble regime. When the laser partially fills the bubble ( /l R cτ ≥ ), 

electrons can experience the laser electromagnetic field, and the total force acting on the 

electron is given by Eqn. (2.19). If the laser propagates along z and is linearly polarized 

in y, the vector potential can be written as 
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Setting 
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p

g z t t zω= − v , the 

corresponding electric field is 



 70 

 ( ) ( ) ( )0,
y y

E r t A t A f t g f g t = − ∂ ∂ = − ∂ ∂ + ∂ ∂ 
�

, (2.54)  

where ( ) 2/ / /
g
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components of the magnetic field are  
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with 
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The components of the Lorentz force are 
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Writing the transverse component of the left term of Eqn. (2.20) as   
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Using (2.20), (2.31) and (2.32) we obtain 
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m
βω

γ
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This is the equation for a damped driven harmonic oscillator, where γ γΓ = �  is 

the damping factor due to the relativistic mass increase [52, 53]. The γ -dependence of 

βω  leads to a shift in the resonance on a slow timescale, and anharmonic motion on a 

fast timescale. The laser frequency can shift by several percent to 0ω′  by photon 

deceleration [54]  and is Doppler shifted to ( ) ( )( )2 2
0' 1 2 1 2 'z gω ω γ γ= +� , where gγ ′  is 

the Lorentz factor for the group velocity of the segment of the laser pulse interacting 

with the electrons in the bubble. The oscillation amplitude grows considerably when 

βωΓ <  and the laser field is in resonance with a harmonic of the betatron oscillation, 

l βω ω=� , where l is the harmonic number. Γ  vanishes at dephasing (
dz L� ) when 

0γ →�  and the betatron amplitude suddenly increases. At this point both the radiation 

rate and γ  are at their maximum. The harmonically resonant betatron regime predicted 

analytically is confirmed by simulations where it is clearly observed as shown in Figure 

2-4 with simulation performed using the OSIRIS PIC code [41] using as input the 
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parameters (plasma density and laser normalized vector potential) of the experiment 

reported in the following chapter.  

 

Figure 2-4: OSIRIS simulations of laser-driven betatron oscillations: l.h.s.:  a) snapshot 

of electron distribution, and electron beam trajectories for the non resonant (b), weakly 

resonant (c) and strongly resonant case (c). R.h.s.: trajectories of one electron showing 

(e) evolution of γ, (f) aβ, (g) rβ, and (h) frequencies 

 

Figure 2-4 synthesizes the essence of the harmonically resonant regime. Starting 

from Figure 2-4b electrons, initially injected at the rear of the “bubble”, perform 

independent betatron oscillations arising from their initial transverse position and 

momentum. The amplitude of these "free" oscillations is damped due to the longitudinal 

acceleration (i.e. 0Γ > ), see Eqn. (2.52) and Figure 2-3. At dephasing, 0Γ ≈  , 

resonance occurs (i.e. the phase π� ) resulting in rapid growth of the betatron amplitude 
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until r Rβ ≈ , as shown in Figure 2-4g. Since the laser phase is the same for all electrons 

at a given longitudinal position, these forced oscillations have identical phases and their 

trajectories coalesce [55], as shown by the well-defined oscillations in y observable in 

Figure 2-4c-d. As the betatron frequency decreases with increasing axial momentum, it 

stays close to the Doppler-downshifted laser frequency for only a short time, and then 

slips to one half, then one third, of this frequency (and could carry on towards further 

subharmonics if gamma kept growing). In each case, the growing oscillation amplitude 

causes the Lorentz factor corresponding to the axial velocity to increase more slowly 

than the one corresponding to the momentum. This allows the resonance to persist for a 

finite time before it is lost and the betatron frequency slips towards the next laser 

subharmonic, which is the same as a harmonic of the betatron frequency (Figure 2-4h). 

Resonance with the fundamental cannot be maintained continuously as gamma 

increases. The resonance with the fundamental betatron frequency by itself is not 

sufficient to produce a noticeable effect on aβ . Harmonic resonance is required to allow 

aβ  to grow to large values. Therefore, resonance with the fundamental betatron 

frequency is quickly lost.  The novelty of our approach is the inclusion of the damping 

term, which was not included in Pukhov's theory [51]. The damping factor adds a 

nonlinearity that introduces both odd and even harmonics and allows the resonance to 

persist between the laser frequency and harmonics of the betatron frequency: electrons 

can be driven at harmonics of the betatron frequency because of anharmonic motion 

arising from variations ofγ . When out of resonance, the laser field has little effect on 

the betatron motion and electrons retain both their high amplitude and coalesced 
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trajectories. Eventually, electrons begin to decelerate and/or leave the plasma at an 

arbitrary phase of the high-amplitude oscillation, with only a residual phase space 

spread, i.e. emittance is conserved from the original “free” oscillation and is similar to 

that just after injection, whereas the high-amplitude oscillation can lead to shot-to-shot 

pointing variations. In a realistic experiment, injection occurs after a delay that depends 

on the evolution of the laser beam in the plasma medium, which in turn determines the 

distance at which injection occurs. This is a highly nonlinear process that depends on 

both laser and plasma properties [40, 42, 54]. Therefore the accelerator length (i.e. 

injection to end of depletion length or plasma medium) can vary. As a result, for a fixed 

acceleration length (limited by the depletion length or plasma medium length), the 

wakefield acceleration structure vanishes either before dephasing (I - illustrated in 

Figure 2-4), at dephasing (II) or beyond dephasing (III). This accounts for the variability 

of the electron beam properties from the LWFA. However, close to dephasing rβ  and 

aβ can grow substantially without an appreciable change in γ , as can be seen in Figure 

2-4.  

2.7 Conclusions 

We have shown, in analytical and numerical studies that during LWFA in the 

bubble regime the presence of the laser can strongly influence the dynamics of electrons. 

Electrons travelling inside a bubble filled by the laser pulse can enter into resonance 
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with the laser field. Hitherto, only resonance between the laser frequency, at the 

fundamental betatron frequency had been investigated [51, 56]. Here we have shown 

how the nonlinearity due to the relativistic mass increase gives rise to a harmonically 

resonant motion. Resonance between the laser frequency and harmonics of the betatron 

frequency can occur, and when this happens both rβ  and aβ  increase rapidly. High rβ  

and aβ  values correspond to a high critical frequency of the betatron spectrum and an 

enhancement of the number of photons emitted per electron. The betatron radiation 

spectrum emitted in the harmonically resonant conditions can scale up to the MeV 

range, which strongly enhances the source brightness. The next chapter describes the 

experiment carried out to demonstrate and prove the harmonically resonant regime. This 

paves the way to a new field of applications of this novel ultra-compact bright tuneable 

X- and gamma-ray source. 
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Chapter 3  

3.1 Introduction 

In the laser wakefield accelerator transverse oscillations of electrons in the plasma 

bubble trailing the laser pulse emit synchrotron-like radiation known as betatron 

radiation. As pointed out in Chapter 2, the properties of the betatron radiation strongly 

depend on the electron acceleration process. Recent experimental results have shown 

that this radiation is bright, spatially coherent [1]  and tuneable in the keV range, with a 

peak energy limited to 1-10 keV. However, as discussed in Chapter 2, the interaction of 

electrons with the laser pulse can amplify the betatron motion leading to an increase in 

the energy of emitted photons, which can extend to several MeVs. 

In this Chapter we present the first experimental evidence of harmonic-betatron 

resonance [2] and show that the betatron amplitude is resonantly enhanced when 

electrons interact with the laser pulse [3, 4] and, at higher energies, this leads to orders 

of magnitude increase in the photon energy. Resonant betatron emission has been 

investigated by simultaneously monitoring the electron beam properties using an 

electron energy spectrometer with LANEX [5] screens and image plates [6], while 
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simultaneously monitoring the x-ray photon properties using image plates (IP) and/or an 

x-ray semiconductor detector. During the investigation three distinct sets of data 

(indicated by the lines I, II & II in Figure 2.3) have been recorded. In all cases the 

recorded electron energy is around 700 MeV. Furthermore, the onset of injection 

depends on the detailed evolution of the mode structure in the plasma waveguide, which 

in turn depends on the timing of the discharge and relativistic effects. In the first 

experiment, carried out at a density of ≈ 1.6 × 1018 cm-3, we studied the highly damped 

stage (I) by measuring the photon energy peak and angular divergence using cut-off 

filters and image plates. This has been followed by an investigation, carried out at a 

density of ≈ 2 × 1018 cm-3, of the weakly and strongly resonant regimes (II & III), by 

recording single-shot spectra of the gamma-ray spectra. To enable evaluation of the 

brilliance, the source size has been estimated using phase-contrast imaging techniques.  

The investigation and experimental evidence of the three different regimes is explained 

in the following sections. We measure 108 gamma-ray photons per pulse with spectra 

peaking between 20 and 150 keV, and a peak brilliance of 1023 photons/s mrad2 mm2 

0.1%bandwidth, with 107 photons emitted between 1 and 7 MeV. Femtosecond duration 

gamma rays may find a use in medical imaging, isotope production, homeland security 

and potentially probing nuclear phenomena [7]. The experimental challenges, solutions, 

setup description and results are presented in the following sections. 
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3.2  Broadband high flux single shot 

measurements of betatron radiation 

Despite the simplicity of the LWFA concept, the electron motion is determined by 

a highly nonlinear process that depends on the interplay of both plasma and laser 

parameters. Injection, beam loading, dephasing and depletion length can be strongly 

effected by shot-to-shot variation of density or laser parameters with a consequent 

variation of the electron beam properties. The betatron radiation, besides being a new 

promising light source, is a powerful tool that also gives an insight into the acceleration 

mechanism and electron beam properties [8]. The ability to detect and characterize the 

betatron spectrum on every shot can open the door to a better understanding of its role in 

determining the acceleration process, which is important in the development of 

completely tuneable, compact electron and light sources. As pointed out in the previous 

chapter, depending on the electron energy at which resonance occurs, the energy range 

of the radiation can span from a few keV to several MeV. Over this range of energies the 

number of photons emitted per electron can increase by an order of magnitude. The wide 

energy range and high flux makes the betatron radiation spectrum hard to measure 

directly in a single shot measurement as would be preferred. To allow a broad energy 

range one solution is to use different spectrometers to measure spectra in different 

energy windows and then reconstructing the whole spectrum. However, for high flux the 

problem is more complex. In principle metal filters of different materials and thicknesses 

can be used to attenuate the flux to low levels while defining different band-passes to 
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reconstruct the spectrum. However, the use of metal filters results in a loss of 

information: the low energy tail of the incoming spectrum is cut by the strong absorption 

of the material at the k-edge energy, which corresponds to the energy gap between the 

innermost and second electron orbitals of the atom making up the filter. Atoms act as 

strong absorbers at this energy. An alternative method relies on the natural divergence to 

attenuate the beam, but this requires tens of meters in the experimental area. However, 

as we will show, Compton scattering can be used to compress the energy spectrum and 

attenuate the flux simultaneously. When combined with a suitable single shot energy 

resolving detector, spectra can be measured up to several MeV 

3.2.1   Compton Scattering  

Compton scattering occurs when an x- or γ- ray photon interacts with an electron. 

The incoming photon is deflected after interacting with the electron by an angle θ, and 

a portion of its energy is transferred to the electron, which is assumed to be initially at 

rest (Figure 3-1), conserving the total energy and momentum.  
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Figure 3-1: Compton scattering scheme. 

The energies of incoming and scattered photons, E and E′ respectively, are related 

to the scattering angle by the well known relation [9]: 
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This formula shows how the energy of the scattered photon, for a fixed energy of 

the incoming photon decreases while the angle increases. Moreover, the cross section of 

the process varies with both the angle and the energy of the incoming photon. The 

Klein-Nishina formula gives the differential scattering cross-section d dσ Ω  for 

Compton scattering: 
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The dependence of the scattered photon energy on the incoming photon energy for 

different angles and of the differential cross section on the angle for different incoming 

photon energies are shown in Figure 3-2. The Compton effect contracts and downshifts 

the incoming photon spectrum and therefore can be used to extend both energy and flux 

range of an x-ray detector. The Compton effect is already harnessed in physics to 

characterize light sources: i.e. in astrophysics, Compton telescopes [10] allow the 

gamma-ray energy and the source position of incoming gamma-ray photons to be 

determined. A Compton telescope utilises two detectors, with one acting as a Compton 

scattering centre where the Compton-produced electron is detected, while the other 

detects the scattered photons. From the energy deposited in each detector, it is possible 

to reconstruct the energy of the incoming radiation, and the scattering angle gives 

information on the source position. Taking inspiration from this technique we have 

adapted it to our particular requirements for the betatron experiment. In our case the 

source position is known and therefore the detection scheme is modified to a single 

detector setup: the first electron detector is not required anymore and is replaced by a 

scattering centre, while the second detector detects effectively a collimated beam of 

photons at a fixed angle with respect to the scattering centre. Using this information it is 

possible to directly calculate the energy of the incoming photon. The scattered photon 

energy is downshifted by an energy difference that depends on the angle. By observing 
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at an appropriate angle, it is possible to indirectly measure the photon energy outside the 

nominal detection range of the detector/spectrometer. In addition to downshifting, the 

Compton effect also contracts the spectrum, which reduces the resolution, as shown in 

Figure 3-2 (a). Moreover, the cross-section of the Compton effect (3.2) decreases with 

increasing scattering angle [Figure 3-2(b)]. Hence, the Compton effect also effectively 

attenuates the radiation flux incident on the detector. Depending on the type of 

measurement there is a trade-off between the energy range, spectral resolution and signal 

intensity. 

 

Figure 3-2: a) Compton side scattered photon energy plotted as a function of the energy 

of the incoming radiation, for different incident angles: 4π  (blue line), 2π  (red line), 

3 4π  (green line). The inset graph shows a zoom up to 300 keV. b) angular cross 

section vs angle for different incoming photon energies: 1 keV (black line), 100 keV 

(red line), 200 keV (blue line), 400 keV (green line) 800 keV (grey line), 1000 keV 

(pink line). 
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3.2.2 A Pixel Matrix Semiconductor as an X-ray 

Spectrometer 

Having found a potential configuration for a single shot betatron radiation 

detector, the other challenge is to choose an appropriate x-ray spectrometer that will 

work in a noisy electromagnetic environment, and in single-shot mode to reconstruct the 

whole spectrum. Even if the Compton effect contracts the energy window to use a single 

detector, keeping the setup as simple as possible, this still needs to have a quite large 

energy range, from tens to hundreds of keV. Moreover, to reconstruct the whole 

spectrum in a single-shot mode the detector needs to have the capability of detecting and 

discriminating all the photons. The number of detected photons needs to be high enough 

to guarantee a proper spectrum reconstruction; this implies a large number of pixels.  

Pixel matrix semiconductor detectors are good candidates for this kind of 

application. Semiconductor pixel detectors have an excellent spatial resolution and allow 

high signal-to-noise ratio measurements to be made, which has enabled them to become 

key components in large-scale particle tracking detection systems for high energy 

physics experiments [11]. Technological developments have widened the potential 

application of these kinds of detectors allowing them to be used for x-ray imaging and 

spectroscopy. Examples of these type of detectors are Medipix [12, 13] and Timepix 

[14], which are pixelated detectors, developed at CERN, based on complementary 

metal–oxide–semiconductor (CMOS) technology. 
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Timepix, in particular is a promising and versatile detector because it can work in 

a spectrometer mode. Because of this it is used for a wide range of applications from the 

life sciences to material studies and, as shown in the next sections, it has properties that 

make it a good candidate for our betatron source characterisation experiment.  

3.2.3  Medipix and Timepix  

Medipix is a hybrid pixelated semiconductor detector that detects in a single 

photon counting mode. It consists of a 256 x 256 matrix of identical pixels, each 

occupying an area of 55 x 55 µm2. When a high energy particle or photon interacts with 

the detector material, it deposits energy and generates electron-hole pairs. The charge 

produced is then collected by electrodes and the signal processed by miniaturized 

integrated circuit chips (one for each pixel) that are connected to the active material by a 

solder bump bond, as shown in Figure 3-3. By exploiting 6-metal, 0.25 µm, CMOS 

transistor technology, a large number of interconnected layers are produced. Each chip 

contains a charge preamplifier, two identical discriminators to select the energy window 

of interest and a shift register. The miniaturization provides a spatial resolution 

comparable with simpler integrating readout systems, while maintaining a very high 

signal to noise ratio [15]. 



 90 

 
 

Figure 3-3: Schematic diagram of a Medipix pixel. The detector material, in this case 

silicon, is connected by a solder bump-bond to the underlying electronic chip pad. In this 

scheme the incoming photon interacts with the semiconductor layer via photoelectric 

effect generating a photo-electron which in turn deposits energy in the form of electron-

hole pairs. 

Timepix [12] is an evolution of Medipix. It has a single absorption threshold and 

each pixel has two working states: when the shutter signal is high data are shifted from 

pixel to pixel. When the shutter signal is low the pixel counter can be incremented in 

three different ways: event counting, arrival time, and “time-over-threshold” (TOT). In 

the event counting mode, or Medipix mode, each event above threshold increments the 

counter by 1 and the counter counts the number of incoming particles. In arrival time 

mode the counter counts from the time of activation of the discriminator until the shutter 
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is set to high, thus giving it a measure of the arrival time of the incoming particle. In the 

TOT mode the counter is incremented continuously while the signal is above a threshold 

allowing a direct energy measurement for each pixel. It is in this TOT mode that 

Timepix shows promising use, such as x-ray spectrometry [14], when the photon flux 

per pixel is less than one. It is worth noting that a single x-ray photon can generate 

signals in many adjacent pixels because charge produced by the particle can diffuse 

during the collection process. The size of the cluster of pixels into which diffusion 

occurs depends on the depth of the particle-semiconductor interaction and the properties 

of the radiation, semiconductor material and the bias voltage. The bias voltage 

determines the speed of collection: the slower the speed, the larger the diffusion. 

Therefore, for a proper reconstruction of the radiation spectrum, it is necessary to take 

into account the charge sharing effect and to add up the energy deposited in each pixel 

cluster to determine the total energy deposited by a photon. 

In general the robustness of the device allows it to function in an 

electromagnetically noisy environment [15] and the fine pixelation of the active area 

leads to a high spatial resolution. This, combined with the excellent signal-to-noise ratio, 

has stimulated our interest in using Timepix for characterising hard X-ray spectra in 

single-shot applications. To determine if Timepix is actually suitable for betatron 

radiation experiments we have investigated two different semiconductor materials with 

different thicknesses, bump-bonded onto the Timepix readout chip: 300 µm  Si and 1 

mm  CdTe [16] . The larger atomic number of the latter results in a better detection 

efficiency at higher energy, at the expense of resolution due mainly to the charge sharing 
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effect [17], which also sets a limit to the cell size and therefore limits the scale of 

miniaturisation and the maximum overall flux that can be sustained in the single photon 

per pixel mode. 

3.2.3.1 Timepix Characterisation 

In the literature there is no published information on the behaviour and 

characterisation of Timepix under MeV photon irradiation. To prove Timepix is suitable 

as a betatron radiation detector, we have characterized the response of the Timepix 

detectors under photon irradiation from a few keV up to more than 1 MeV. The first step 

performed was to investigate the response of the detector using the calibrated x-ray and 

gamma-ray sources reported in Table 3-1. The data corresponds to a 300 µm thick Si 

Timepix detector, but a similar analysis has been conducted for the 1 mm thick CdTe 

detector. 

Source Photon Energy [keV]  

Am241 13.9 keV, 26.3 keV ,  59.5 keV  
Cs137 661.7 keV  
Co60 1173.2 keV, 1332.5 keV  
Na22 511keV, 1274.5 keV 

 

Table 3-1: Laboratory sources used for calibration of the Timepix detectors 

The first source used to calibrate and verify the quality of the reconstructed spectra 

was Americium-241 (Am-241). Am241 decay produces both x-rays and 5.5 MeV alpha 

particles. A cardboard layer and a 2 mm thick copper (Cu) sheet were placed between 
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the source and the detector to block the alpha particles. The X-rays from Am241 also 

cause the emission of Cu k-alpha photons, which can be used as a further reference for 

calibration. The recorded spectrum is shown in Figure 3-4. 

 

Figure 3-4: Laboratory source Am-241 spectrum and k-alpha from copper (Cu) recorded 

with the 300 µm Si Timepix detector. 

To explore the high energy range we irradiated the detector with photons emitted 

by Cesium-137 (Cs-137), Sodium-22 (Na-22) and Cobalt-60 (Co-60). As shown in the 

recorded spectra of Figure 3-5a, for all three sources, the detector does not detect 

photons in the range 511-1333 keV: the photons are too energetic to be stopped inside 

the 300 µm silicon bulk. All three spectra feature a smooth high energy tail but Na-22 

and Co-60 produce a pronounced peak at about 200 keV, with the strongest peak 

obtained from Co-60, that emits two lines in the MeV range, at 1172 and 1332 keV. 
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Figure 3-5: a) Laboratory source Cs-137, Na-22 and Co-60 spectra recorded with the 

300 µm Si Timepix detector. b) GEANT4 simulation results obtained for the simple 

monolayer model under Co-60 and Na-22 irradiation. For the Co-60, the results are 

obtained by summing the contribution from two different photon energies, 1332 keV and 

1172 keV to reproduce the double emission line of the source. 

To understand how the photons are detected inside Timepix and how the signal is 

formed, we have modelled the detector using GEANT4 [18]. GEANT4 is a simulation 

toolkit written in object oriented C++ programming language that describes the passage 
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of elementary particles through matter. It implements a complete range of functions 

including geometry of the system, description of materials involved, tracking of 

particles, external electromagnetic fields and physics models to handle particle 

interaction with matter over a wide energy range. It has been used for many different 

applications such as particle physics, nuclear physics, medical physics and accelerator 

design. 

We have simulated Timepix using GEANT4, modelling its geometry as a simple 

300 µm thick mono-layer of Silicon. To reconstruct the signal we have assumed that the 

detector was able to discriminate each photon (single photon per pixel working mode). 

The signal was reconstructed from the energy deposited in the bulk by each primary 

photon coming from the source and by secondary particles generated by the primary 

photons. We have simulated the irradiation for both the Na-22 and Co-60 laboratory 

sources. The simulated signals, shown in Figure 3-5b, display a long tail without 

reproducing the peak observed at 200 keV. This suggests that the silicon monolayer 

model is not sufficiently comprehensive to explain the signal formation in the pixel 

detector. While low energy photons are completely stopped inside the active 

semiconductor, higher energy photons are not and therefore the semiconductor layer 

probably only plays a partial role in signal formation, while the effect of the surrounding 

material should also be taken into account. 

To reproduce the experimental behaviour of Timepix we added a high Z substrate 

layer to the back of the Si bulk detector layer in our simulation to  account for the 



 96 

electronic chip and readout pad components (as shown in Figure 3-3). We then studied 

the device response while varying the “effective” atomic number Z and thickness of the 

back layer and photon energy, as shown in Figure 3-6a (Z = 100 is the maximum value 

allowable in GEANT4). Z gives the effective total scattering cross-section and 

represents the whole multi-element back layer. The main effect of adding the back layer 

is apparent in all three sets of simulated spectra, which clearly shows a peak at ~200 keV 

for Z > 50 [Figure 3-6(a)], for a thickness > 20 µm [Figure 3-6(b)] and photon energy > 

1 MeV [Figure 3-6(c)]. Note the saturation of the peak signal for both thickness > 100 

µm and photon energy > 1.3 MeV. Important information on signal formation in 

Timepix can therefore be deduced from these simulations. When the energy of the 

photons is only a few tens of keV, the main part of the energy is deposited in the silicon. 

However, when the energy increases to the MeV range, it is the back layer that mainly 

interacts with the radiation via Compton scattering. The total signal recorded by Timepix 

is a sum of the energy deposited directly in the Si bulk plus a fraction of the energy 

scattered in the back layer mainly via Compton scattering.  
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Figure 3-6:a) Simulated signal shape dependence on the atomic number of the material. 

For increasing Z a bump at 200 keV appears. The inset shows the signal contribution 

from the back layer.  The simulations have been carried out for 1300 keV photons and a 

100 µm thick back layer. b) Signal shape dependence on the thickness of the back layer 

(1300 keV photon energy and Z = 100).  c) Signal shape dependence on the energy of 

the incoming radiation (100 µm thickness and Z = 100). d) Experimental spectra (dots) 

for Co-60 and Ni-22 reproduced from Figure 3-5a and best-fit GEANT4 simulations 

results (solid lines) obtained from modelling the detector with 100 µm back layer 

thickness and Z = 100.   
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The observed behaviour can be explained using the differential scattering cross-

section for the Compton Scattering d dσ Ω  given by the Klein-Nishina formula[9] (3.2). 

The cross-section increases linearly with Z and this is the reason for the appearance of 

the intense peak when the back layer is included in the simulations. Moreover, 

increasing the incoming photon energy lowers the cross-section and increases the mean 

free path (the average distance between collisions). This implies that, for higher 

energies, the interaction occurs at a greater depth inside the material than for lower 

energies. Therefore, for higher energy, only photons that are Compton-scattered at large 

angles can be collected. As a consequence, the contribution to the spectrum from the 

back layer changes from being broad for lower energy photons, to increasingly narrow 

as it finally approaches the Compton back scattering energy for the higher energy 

photons. This explains the appearance of the peak at about 200 keV in the spectra, both 

in the experimental data and in the simulations, which corresponds to Compton 

backscattered photons for the range 1300-1400 keV. 

With this knowledge, best fits to the recorded Timepix spectra for the Co-60 and 

Na-22 sources have been be obtained, as show in Figure 3-6(d). Good agreement is 

obtained for a Z = 100, 100 µm thick back layer model. The spectra have been 

reconstructed taking into account all of the energy deposited in the Silicon layer plus a 

contribution of 50% of the energy scattered by the back layer. We considered just a 

fraction of the total energy deposited in the back layer because the electrodes physically 

occupy only a part of the total volume of the back layer itself and just the energy 

collected by the electrons contributes to the formation of the signal. The fraction 
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contributed by the back layer has been chosen to properly match the experimental and 

the simulated data. The important conclusion of this analysis is that for incoming 

photons in the MeV range, it is the shape of the peak in the spectrum, due to back 

scattered photons that is related to the energy of the incoming radiation. Therefore, 

unless the spectral shape is deconvoluted taking the peak into account, the silicon 

Timepix cannot be utilised as a spectrometer in the MeV range. 

However, exploiting the Compton effect, the energy range can be increased by a 

significant amount. A 300 µm thick element Si Timepix can detect photon energies up to 

around ~80 keV [14]. It is possible to use Compton side-scattering at an angle of 150° to 

extend the energy range to ~120 keV (Figure 3-2a). The 1 mm thick CdTe model, has a 

nominal detecting range that, because of the thicker element and higher atomic number, 

extends up to 662 keV (confirmed by observing emission lines from the Cs-137 

calibration source). Therefore, applying the Compton side-scattering configuration to the 

CdTe Timepix, the maximum detectable energy can easily extend to several MeV, 

perfectly matching the requirements for the resonant betatron experiment. 

3.3 Experimental Setup 

To investigate the potential of betatron emission as a  brilliant source of hard x-ray 

and gamma rays, we have focussed a 5 J and  55±5 fs duration laser pulse from the 

ASTRA-Gemini laser [19] into a preformed plasma waveguide [20] with a plasma 
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density np ≈ 2 × 1018 cm-3, as shown in Figure 3-7.  The initial vector potential 0 2a �  of 

the laser pulse is enhanced as a result of the non linear evolution in the plasma 

waveguide and can easily reach a value 3 times higher (giving Ld  ≈ 10 mm and R ≈ 20 

µm), which subsequently leads to self-injection and quasi-monoenergetic electron 

bunches.  

 

Figure 3-7: Experimental setup: A F/16 spherical mirror focuses the laser pulse (5 J, 

55±5 fs,   800 nm) to a 40±5 µm diameter spot at the entrance of 4 cm long, 300 µm 

diameter,  pre-formed plasma capillary waveguide [20] with an on-axis  density  of np 

≈2×1018 cm-3.  The laser beam initially has an intensity of 9×1018 Wcm-2 that 

corresponds to a0 = 2 and bubble radius R = 10 µm. A 600 µm thick Al foil blocks laser 

light from x-ray detectors. At the end of the interaction chamber Lanex 1 and image 

plate 1 is used to detect the electron beam deflected by the bending magnet. The energy 

resolution of the electron spectrometer estimated with the code General Particle Tracer 

[21] is ~2%. On the r.h.s.: the x-ray detectors; image plate 2 placed on axis and the CdTe 

detector screened behind lead bricks to measure the radiation side-scattered by the 

aluminium post via the Compton effect.  



 101 

The electron beam was deflected from the laser axis using a bending magnet (0.7 

T) placed after the capillary. The deflected electrons were detected with a Lanex screen 

at the end of the interaction chamber (Figure 3-7) allowing a simultaneous measurement 

of the electron beam charge and energy.  

3.3.1 Highly Damped Regime 

In the highly damped stage (I) x-rays are expected to be emitted with spectra 

peaked at few tens of keV. In this range the CdTe detector [12] cannot be used because 

of strong Kα emission at 30 keV from the semiconductor bulk. As an alternative, we 

have used a set of copper and tungsten filters to selectively attenuate the x-ray flux and 

estimate the spectral content using an x-ray image-plate (IP), while simultaneously 

measuring the electron spectra.  The x-ray image-plate used during the experiment is the 

FUJI-BAS-MS-2325. An image plate is made of a layer of barium fluorohalide phosphor 

crystals embedded in a plastic supportive medium. When an IP is exposed to x-rays, the 

secondary electrons produced are trapped into lattice defects intentionally introduced 

during the manufacturing. The trapped states decay and emit radiation in the blue 

spectral region. The rate of decay depends on the temperature and the composition of the 

image plate. The metastable states decay also if illuminated by 640 nm light [22], as 

happens during the read-out in a scanning system. The image-plate is sensitive mainly to 

photons in the 4-80 keV [23] range but can detect higher energies photons with reduced 
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sensitivity [24]. Image plates are largely used for x-ray imaging thanks to the excellent 

dynamic range, efficiency and large area [23]. To measure the x-ray beam divergence 

and estimate the critical photon energy, an image plate was placed on axis against the 

Perspex window of the vacuum chamber. A set of metal foils (4 per time), of different 

thicknesses or material, were placed 93 cm from the capillary exit on the x-ray beam 

axis. The electron beam is bent upward by the bending magnet to avoid irradiating the 

filters and image plates.  Simultaneous measurement of the attenuation through different 

foils gives a good estimation of both the background noise level and the critical photon 

energy of the emitted radiation. Assuming that the incoming radiation has a synchrotron 

like spectrum, we calculated the critical energy required to reproduce the measured 

attenuation through the set of filters. Using this technique it has been possible to 

estimate the peaks of the spectra to be around 20±2 keV, corresponding to a critical 

photon energy of 60 keV, while the measured x-ray angular divergence is 14 mrad, for 

600-700 MeV electrons as shown in Figure 3-8. Using these values in Equations 2.33, 

2.34 and 2.36, we obtain 18 32 10
e

n cm−×� , 3r mβ µ�  and aβ ≈ 20. The measured γ and 

the corresponding calculated rβ  and aβ match exactly to values expected for the highly 

damped regime (I) predicted with OSIRIS [25], as shown in Figure2.3e-h. 
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Figure 3-8: X-ray beam and electrons spectrum recorded using an image plate at the end 

of the vacuum chamber. a) X-ray image as transmitted through metallic filters (0.3 (top 

left) and 1 mm (bottom left) tungsten foil, 0.5 (top right) and 1 mm (bottom right) 

copper foil). Calibrated filter attenuation gives a spectral peak at 20 keV (critical energy 

of 60±15 keV). b) X-ray beam profile with a divergence of 14 mrad measured 

simultaneously with 700±10 MeV electron beam shown in c). 

3.3.2 Weakly and Strongly Resonant Regime 

The weakly and strongly resonant regimes have been investigated using Timepix. 

To minimise background radiation coming mainly from the bremsstrahlung background, 

the electron beams are bent away from the laser axis with the dipole magnet placed 

immediately after the accelerator. With this solution the electrons hit the chamber wall 

and eventually generate the bremsstrahlung radiation off axis. We arrived to choose this 

configuration after having problem with bremsstrahlung background in a previous 

attempt of this same experiment. In that case the electron beam was bent off axis after 

the interaction chamber with the magnet of an electron spectrometer that was connected 
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to the interaction chamber by a steel pipe. Because of the electrons pointing instability, 

which is made worse by the betatron oscillations, the electrons often hit the pipe or the 

chamber wall before entering the electron spectrometer, resulting in a strong source of 

bremsstrahlung radiation that overlapped and masked the betatron radiation. In the new 

configuration a Perspex window placed on the chamber end wall transmits the x-ray 

radiation onto a 12 mm diameter aluminium rod placed on-axis 3.4 m from the source. 

The Timepix detector is placed in a shielded enclosure to ensure that only Compton side 

scattered radiation is detected. The scattering angle is fixed at 90° as a compromise 

between resolution, flux attenuation and laboratory geometry. At this angle of detection, 

the energy range is moderate for the silicon detector but significant for the CdTe 

detector [up to several MeV for CdTe as shown in Figure 3-2(a)]. The flux attenuation, 

calculated using GEANT4, is a factor of 106-107 for both detectors. Two examples of 

resonant cases (II & III) of x-ray spectra, for a 20% higher plasma density compared 

with the non resonant case, are shown in Figure 3-9. The spectra have been recorded 

with the CdTe detector in the Compton side scattering configuration. Here the 

semiconductor detector measures the betatron radiation Compton side scattered at 90° 

from a 12 mm diameter aluminium rod. The x-ray spectrum in Figure 3-9(a) peaks at 50 

keV (i.e. critical energy of 150 keV). For ne = 2 x 1018 cm-3, γ = 1400 and Ec= 150 keV, 

from equation 2.33 and 2.36, we can calculate aβ = 50 and 7 µmβ =r , which matches the 

values expected for the weakly resonant case (II) shown in Figure 2.3e-h, where 

injection occurs later and the electron bunch exits the potential before dephasing and 

growth in rβ has taken place. In contrast, the peak at 150 keV (i.e. critical energy of 450 
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keV) shown in Figure 3-9 b corresponds to a strong resonant interaction with the laser 

(III) and evolution that has already passed dephasing. Doing the same kind of 

calculations for the new values ne = 2 x 1018 cm-3, γ  = 1400 and Ec = 450 keV, we 

obtain 23µmβ =r , aβ = 160. For these parameters, assuming a0 = 6 after self-focusing 

and using Equation 2.15, we can calculate the bubble radius to be 20 µm: the oscillations 

are now completely filling the bubble. This is what is expected for the strongly resonant 

case (III) as shown in Figure 2.3.  

When no resonance was occurring no radiation was scattered by the aluminium 

post and no signal was detected by Timepix. 

 

Figure 3-9: Two of the single shot x-ray spectra, from 90° Compton side scattered 

radiation from a 12 mm Al rod measured with a CdTe semiconductor detector, are 

overlapped with the predicted synchrotron spectra corresponding to the measured critical 

photon energies. l.h.s: a spectrum peaking at 50 keV, corresponding to a critical energy 
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of 150 keV,  identifies the weakly resonant case II. r.h.s. a spectrum peaking at 150 keV, 

corresponding to a critical energy of 450 keV, identifies as the strongly resonant case III. 

During the experiment we recorded in total ~ 20 single shot spectra corresponding to the 

harmonically resonant regime. The measured electron energy is 633±70 MeV for both 

cases. The energy has been estimated from the average over the previous 10 electron 

spectra being the lanex removed during the single shot x-ray measurement. The 

uncertainty on the measure is given by the r.m.s. 

3.3.3  Phase Contrast Experiment 

For a betatron source, the size of the source corresponds to the amplitude of the 

betatron oscillation. To measure the betatron source and then prove that the gamma rays 

originate from a very small source size we have used phase contrast technique. In 

conventional radiography, radiation that passes through an inhomogeneous object is 

differentially absorbed, resulting in a detected intensity pattern reflecting the distribution 

of absorbing material of the sample. Phase-contrast imaging, on the other hand, provides 

a measure of the variation of the phase of the transmitted x-ray radiation, which 

enhances the contrast of weakly absorbing media. Phase-contrast imaging based on a 

broad bandwidth betatron source, which has a high spatial coherence, can be used to 

image large areas with a lower absorbed dose than conventional imaging techniques. 

Conventional x-ray imaging is based on absorption by the object material, which 

depends on the imaginary part β of the refractive index (where the refractive index is 

expressed as 1n d iβ= − + � ). Image contrast is thus entirely due to absorption 
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differences. For weakly differentiated absorbing or fine structures the contrast is very 

low. However, differences in the real part of the refractive index, d, allow the contrast to 

be enhanced to highlight detail with respect to the surrounding background.  The main 

limitation due to a widespread application of phase contrast imaging is the necessity of 

utilising coherent x-ray source and a detector with a high spatial resolution. Fringe 

patterns are mainly destroyed by the blur induced by the x-ray source size (spatial 

coherence) and by the polychromatism of the beam (temporal coherence). However 

Wilkins and al. in the letter to Nature [26] have shown that it is possible to acquire phase 

contrast imaging with polychromatic hard x-ray beam having high spatial coherence. As 

far as the spatial coherence is concerned, it is defined as: 

 ,
2C

d λ
σ
∆=  (3.3) 

 

where ∆  is the source-sample distance, σ  is the source size (Figure 3-10).  

 

Figure 3-10: Phase contrast imaging simplified scheme. 
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During the experiment we imaged, using the betatron radiation, a grid of copper 

wires with different thickness (100, 75, 50, 40 and 25 µm diameter), placed 1.17 m from 

the betatron source inside the vacuum chamber. An imaging plate (FUJI-BAS-MS-2325) 

was placed at 3.6 m from the source. The scanning resolution of the image plate was 50 

µm. The image detected in a single shot experiment is shown in Figure 3-11a. To deduce 

information on the source size from the recorded image, we have compared the 

experimental wires profile with calculations done for a finite size source. In the 

calculation we have traced the rays from the source to the screen taking into account 

both attenuation and refraction occurring inside the wires. To estimate the refractive 

index, we have considered the electrons to be free in the metal and therefore treated the 

wire as plasma. Therefore, the plasma density corresponding to the metal can be 

estimated as Cu
p A

d
n N Z

A
= , where dCu is the metal density, A and Z are the atomic 

weight and atomic number and NA is the Avogadro’s number. From the plasma density it 

is then possible to calculate the plasma frequency and the dielectric constant as: 

2 21 pε ω ω= −  with ω  the frequency of the incoming radiation. The calculations have 

been done for an incoherent source with a flat distribution of the photon energy in the 

range of 10 – 100 keV. The contribution of each ray, in amplitude and phase, is added 

up to produce the final intensity distribution. The calculated values are compared with 

the measured profiles that in turn result from an average over 5 different profiles taken 

along the wire length to account the wire alignment with respect to the image plate. A 

good match for all the different thickness is obtained for a source size of 15 µm, which 
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corresponds to an oscillation amplitude 7.5rβ =  µm (Figure 3-12). This matches the 

predicted oscillation amplitude in the weakly resonant case (II) with OSIRIS.  

 

Figure 3-11: a) Phase contrast image recorded on an image-plate placed close to the 

bunker wall, showing four copper wires of 100, 75, 50 and 40 µm thickness respectively 

from left to right. Lineout b) is image profiles where the faint shadow of a fifth 25 µm 

thick wire is barely visible at position 3 cm. From calculations the expected attenuation 

without refraction would give a signal about the 70% weaker. 
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Figure 3-12: Plots of the shadows cast by the wires (solid squares) compared with data 

fits (solid lines) consistent with a 15 µm diameter x-ray source size for 40 (a), 50 (b), 75 

(c) and 100 µm (d). The calculations have been done assuming an x-ray spectrum 

distributed over 10 to 100 keV, corresponding to the weakly resonant case. The error 

bars are given by the standard deviation of the background obtained in the region of the 

IP alongside the image. 
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3.4 Conclusion 

In conclusion, we have presented the experimental evidence, for the first time, of 

the electron-laser harmonically resonant interaction predicted in Chapter 2. The three 

different regimes: highly damped, weakly and strongly resonant have been explored and 

fully characterized. A summary of the results obtained are reported in Table 3-2. As 

already pointed out in the previous sections, the agreement between experiment and 

simulations is good in all the three regimes. It is important to notice that, while 

switching from one regime to another, the measured electron energy is almost constant ~ 

700 MeV. Indeed, because of Equation 2.33 and 2.39, we expect the most part of the 

emission to occur close to dephasing when the energy is maximum. And moreover, as 

predicted in OSIRIS simulations, shown once again in Figure 2.3, all three regimes can 

occur close to dephasing.  The regime of operation can be selected using the tuning 

parameters: laser intensity, laser pulse length, density modulation inside the capillary 

and controlled injection of electrons. The success of the experiment relies first of all on a 

deep theoretical understanding of the electron-laser interaction process that has allowed 

a careful design of the experiment and to accurately choose, model and understand the 

detection system.  

The experimental measurements were successful thanks also to the adoption of a 

Compton side scattering configuration to measure the intense narrow beam of hard x-

rays resulting from the betatron motion of very energetic electrons. The spectra 

measured in the strongly resonant regime extend up to several MeV, an energy region 
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where currently no synchrotron sources are available or are planned to be in the near 

future.  

 

Parameters 
Regime 

Simulations Experiment 

Highly Damped (I)
 

 

rβ = 2-3 µm 
aβ = 25 
Ec = 60 keV (**) 
Ee ~ 750 MeV 

rβ = 3 µm (**) 
aβ = 20 (**) 
Ec = 60 keV (*) 
Ee = 700 ± 10 MeV (*) 

Weakly Resonant (II) 

 

rβ = 8 µm (*) 
aβ = 50 (*) 
Ec = 150 keV (**) 
Ee ~ 750 MeV (*) 

rβ = 7.5 µm (*) 
aβ = 50(**) 
Ec = 150 keV (*) 
Ee = 633 ± 70 MeV (*) 

Strongly Resonant (III)
 

 

rβ = 20 µm (*) 
aβ = 150 (*) 
Ec = 450 keV (**) 
Ee ~ 750 MeV (*) 

rβ = 23 µm (**) 
aβ = 160 (**) 
Ec = 450 keV (*) 
Ee = 633 ± 70 MeV(*) 

Table 3-2: Summary of the betatron experiment results. Parameters with * in the 

simulations column are direct output of OSIRIS and in the experiment column are 

directly measured. The parameters with ** are calculated from other parameters of the 

same regime. The values for the simulations parameters are all extracted from Figure 

2.3. 

The x-ray pulse length is estimated to be ≈10 fs from Figure 2.3d, considering that 

most photons are emitted when aβ   is large at resonance. From GEANT4 simulations, it 

has been possible to calculate the x-ray detection efficiency in the Compton side 

scattering configuration and to estimate the number of incoming photons to be about 

5x108. After correcting the acquired spectrum by the detection efficiency calculated 
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using GEANT4, we obtained the number of photons per unit energy that can be then 

normalized to 0.1% of the bandwidth (BW).   By using source size value of 20 µm, 

estimated from the OSIRIS simulations for the strongly resonant case (III), assuming 

that all the photons emitted in the solid angle with elliptical section, having as minor 

axis 1 γ and major axis aβ γ with 1500γ = and 150aβ =  for the weakly resonant case, 

and that the pulse length is the one estimated from OSIRIS simulations (10 fs), we can 

estimate the peak brilliance to be in excess of 1023 photons/s mrad2 mm2 0.1% B.W., 

which is comparable with the brilliance of a third generation storage ring but in a 

spectral range not accessible to synchrotrons. In the strongly resonant regime it should 

be possible to scale up the resonant betatron source spectra to several MeV with higher 

laser intensities and lower plasma densities. For example a0 = 10, ne = 1018 cm-3 and rβ = 

R = 34 µm gives aβ ≈ 200, which will produce photons with a critical energy > 5 MeV 

and an efficiency of the order of 1% or larger. Such a source would open up new 

applications in high contrast imaging of weakly absorbing matter, time resolved probing 

of the nucleus and production of medical radio-isotopes through photo-nuclear reactions 

and dense matter imaging (i.e. probing pellets used in inertial confinement fusion).  
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Chapter 4  

4.1  Introduction 

The betatron radiation emitted by electrons undergoing acceleration in a laser-

plasma wakefield accelerator has been shown both theoretically and experimentally to 

be a very compact bright tuneable x- and gamma-ray source up to MeV photon energy 

range. The source covers an energy range where there are currently no synchrotron 

sources and in general there are no high peak brightness tuneable light sources. Despite 

the effort to cover this gap also using Compton back scattering [1], the only other high 

brightness gamma-ray sources are in nature, i.e. gamma-ray burst in distant astrophysics 

sources and nuclear decays. Moreover, the scaling laws for betatron emission suggest 

methods for further enhancing the performance of these sources to extend their energy 

range and efficiency. This will make the source attractive for applications such as 

radioisotopes generation or dense matter probing where a high flux of photons with an 

energy above 10 MeV is required. To satisfy this requirement, high repetition, higher 

power lasers are needed. The rapid development of laser technology is close to 

providing 10 Hz PW devices and it is anticipated that kHz PW lasers based on diode 
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laser technology, will be commercially available in the future. However, with the current 

state of the art another compact high efficiency gamma-ray source that reaches beyond 

10 MeV and based on the LWFA, can be produced by taking advantage of a sibling to 

synchrotron emission: bremsstrahlung.  

The word bremsstrahlung comes from two German terms: bremsen which means 

"to brake" and strahlung "radiation", as the Collins dictionary reports, is radiation 

emitted by charge subject to some kind of acceleration. Strictly speaking, synchrotron 

radiation is a type of bremsstrahlung radiation. However, conventionally synchrotron 

radiation refers to the case in which the acceleration is perpendicular to the direction of 

motion and usually due to a magnetic field. Bremsstrahlung radiation refers to the case 

in which the acceleration is negative (deceleration) and parallel to the direction of 

motion, arising from collisions with nuclei [2]. 

When an electron beam passes through dense material, high energy 

bremsstrahlung photons are emitted in a collimated beam with high flux. In the past 

decade it has been shown experimentally that a LWFA can drive a bremsstrahlung 

source [3]. In this Chapter we investigate using GEANT4 [4] Montecarlo simulations, 

the main tuneable properties of a gamma-ray source based on bremsstrahlung. We show 

how a source based on this emission process starting from a quasi-monoenergetic 

LWFA electron beam can produce more than 109 photons with a mean energy of 10 

MeV per pulse. We present experimental results that show the feasibility of this method 

of producing high energy photons and compare the results with simulations. We have 
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evaluated the practical scaling required to effectively use this source as a tool to produce 

radioisotopes via photo-nuclear reactions.  

A further step in modelling the possibilities of a bremsstrahlung based source has 

led us to discover a potential focusing method of the gamma-ray beam. A procedure to 

generate a converging gamma-ray beam is studied numerically and a scheme for an 

experimental proof is proposed. Following a series of easy steps, experimental evidence 

of a converging gamma-ray source should be obtainable. This would make this 

bremsstrahlung source a unique source. The impact of a converging gamma-ray beam 

would be profound: this kind of source has the potential to trigger a technological 

revolution in many fields e.g. in industrial and medical applications as will be reviewed 

in the last section of this Chapter. 

4.2  Bremsstrahlung Radiation Overview 

Bremsstrahlung radiation, as synchrotron radiation, is emitted by accelerated 

charge and can be described using the Liénard–Wiechert  potentials [2], which give the 

angular distribution of the radiated power as: 
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with v cβ = the electron velocity normalised to the sped of light. For the 

bremsstrahlung process β β�	  and therefore the total radiated power, obtained by 

integrating (4.1) over all angles, is: 
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It is worthwhile noticing that the emission is more important for light than for 

heavy particles, because of the m-2 dependence. Doing the same calculation for the case 

β β⊥ � , that is the synchrotron emission, we obtain: 
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 The rate of change in momentum in (4.2) is actually the rate of change of particle 

energy along the path: 
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where the term 
dE

dx
 is the energy lost by the particle per unit of path length. For an 

electron the quantity
dE

dx
lost via bremsstrahlung is: 
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where N is the atomic density, E the electron energy and Z the atomic number. 

This formula indicates that the energy loss is strongly dependent on the particle energy 

and the atomic mass of the material. Only fast electrons can have a significant 

bremsstrahlung yield and at relativistic energies the photons are emitted in a narrow 

cone with an opening angle of 1 γ  [2]. The radiation energy spectrum is a continuum 

that extends up to the energy of the electron itself. The electron energy and the material 

properties also determine the cross-section of the process. Bremsstrahlung cross-section 

calculations, both for non-relativistic and relativistic cases, and for thin and thick targets, 

are available in the literature and have been widely reviewed by Koch and Motz [5]. The 

main properties investigated in Ref. [5]  that need to be highlighted here are the 

dependences of the bremsstrahlung spectrum on the electron energy and the photon 

angle. In the above mentioned article it is shown that for higher electron energy, more 

photons are emitted at higher energy (Figure 4-1). As far as the spectral angular 

distribution is concerned, as the emission angle increases, the relative number of high 

energy photons increases until the trend is reversed for very large angles (Figure 4-2). 

Therefore a first “tuning knob” is given by the electron energy and the observation 

angle: by varying these parameters it is possible to obtain different output spectra. 
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Figure 4-1: The graph shows the dependence of the bremsstrahlung cross section 

integrated over emission angle on photon and electron energy. k is the energy of the 

emitted bremsstrahlung photon, Z is the atomic number of the target material. The graph 

refers to platinum with Z = 78 and the calculations have been performed using formula 

3BS(e) in Ref. [5]. 

 

Figure 4-2: The graph shows the relative intensity of the emitted photons depending on 

the reduced photon angle ( 0E ϑ⋅ ) with E0 the initial electron energy and ϑ the 
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observation angle. The calculations have been performed for Z = 78 using formula 2BS 

in Ref. [5]. 

The detailed report of Koch and Motz is a product of many studies accumulated 

over several years and it is a fundamental starting point for any other bremsstrahlung 

study. However, the study does not include the dependence of many properties of the 

bremsstrahlung beam that are key points for harnessing the beam in different 

applications, i.e. the source size, divergence and conversion efficiency, etc. To use an 

LWFA electron beam to drive a useful bremsstrahlung source current knowledge must 

be implemented to understand the combined influence of electron beam and target 

properties on the final gamma-ray beam properties and to be able to forecast and master 

the gamma-ray beam yield.  

4.3  Laser-Plasma Wakefield Accelerator Driven 

Bremsstrahlung Source 

Laser accelerated electrons have been used to produce a bremsstrahlung radiation 

in 2002 by R.D. Edward et al. [3], where they produced gamma-ray beams from 

electrons generated in both a solid target and underdense plasma (gas-jet). In both cases, 

the electron beam was not monoenergetic and had a thermal Maxwellian distribution. A 

source based on LWFA electrons in a gas-jet target produced a highly collimated high 

gamma-ray flux beam. In 2005, Glinec et al. demonstrated the application of such a 
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source for the radiography of complex and dense objects with sub-millimetre resolution 

[6].  However, lack of control of the electron beam properties at that time prevented the 

necessary tuning of the source properties for effective practical applications.  

A compact tuneable gamma-ray source would have immediate impact on industrial 

application for non-destructive inspection, detector calibration and testing. Particularly 

interesting is the potential medical application as a radioisotope generator for Positron 

Emission Tomography (PET), which is an imaging modality used to discriminate 

malignant from non-malignant cells in cancer diagnosis and monitoring [7]. The vast 

majority of radioisotopes are currently produced in nuclear reactors [8] or,  as an 

alternative, using a proton beam delivered by a conventional accelerator such as a 

cyclotron or linac. Typical positron emitting isotopes have short half-lives: fluorine-18 

(18F) 110 minutes, carbon-11 (11C) 20 minutes, nitrogen-13 (13N) 10 minutes and 

oxygen-15 (15O) 2 minutes. The most common ones are 18F and 11C mainly because of 

the longer decay times. Given the short half-life of the radioisotopes, it is necessary at 

least to implement a fast transportation system to convey isotopes samples from the 

production centre to the therapy area and, for some isotopes, the generation must be 

carried out on site just before injection into the patient. Because of the large shielding 

needed to screen the accelerator and its high associated cost, this equipment is affordable 

only to very few elite centres. An alternative way to generate radioisotopes is via photo-

nuclear reaction by gamma-ray irradiation [9]. At the moment the current technology 

sets a limit to the availability of gamma-ray sources because of the size and costs related 

to the particle accelerator driving the source. A gamma-ray source based on LWFA 



 125 

could be a solution for making the radioisotope production much more affordable and 

accessible. Indeed, because they are extremely compact, inexpensive and require much 

less shielding than a conventional accelerator, this source could be made widely 

available and, in principle, it could be placed directly beside the therapy area.  

The feasibility of radioisotopes activation produced by gamma-rays using 

bremsstrahlung from LWF accelerated electrons having either a Maxwellian [10] or 

quasi monoenergetic [11, 12] spectral distribution has been demonstrated by several 

groups. A proof-of-principle study allows the requirements for the electron bunch to be 

relaxed [12]. However, the ability to tune the gamma beam parameters (source size, 

divergence and electron-photon conversion efficiency) is a vital factor for real and 

effective application in medical and scientific fields. The tuneable possibilities of a 

LWFA-bremsstrahlung based source toward the customization for specific application 

have hitherto never been explored. 

In the next section we study numerically the scaling of the properties of ultra-

compact gamma-ray sources based on LWFA and bremsstrahlung. The investigation has 

been conducted using GEANT4 [4]. 
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4.4  Laser-Plasma Wakefield Accelerator 

Bremsstrahlung Source: Scaling 

To investigate in detail the electron beam requirements for generating and tuning a 

compact gamma-ray source based on the bremsstrahlung mechanism we have simulated 

the process using GEANT4 [4]. The electron source has been simulated as a diverging 

point source. All the simulations are based on 104 particles incident on a metal target. 

The parameters and their values are shown in Table 4-1.  

Parameter Values Unit 

electron energy 100, 250, 500, 1000 MeV 

electron divergence  1, 5, 10 mrad 

material (Z) Al (13), Cu (29), W (74) -.- 

Target thickness 0.05, 0.5, 1, 2 cm 

Source-target distance 5, 20, 50, 100 cm 

Table 4-1: Electron and target parameters scanned in the simulations. 

The bremsstrahlung output has been characterized as a function of the conversion 

efficiency, defined as the number of photons emitted per electron, the r.m.s. source size, 

the half-angle divergence and pulse duration. The simulated output efficiency (Figure 

4-3) shows a linear dependence on both the electron energy and target thickness. The 

source size (Figure 4-4) scales linearly with source-target distance and show a 

superlinear trend as a function of the electron divergence. The linear dependence can 

easily been understood because increasing the source-target distance, the r.m.s. electron 
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beam size  at the target increases linearly. On the other hand the increase of the electron 

divergence has a dual effect: the electron beam size at the target increases linearly, as 

does the path length of the electron inside the target. The interplay of these two factors 

gives rise to the observed superlinear dependence. The photon divergence (Figure 4-5) 

scales linearly with Z and target thickness but decreases exponentially with electron 

energy. Finally, the pulse duration (Figure 4-6) depends only on the target thickness. 

The length of the gamma-ray pulse emitted has been estimated by determining the 

position inside the target where the bremsstrahlung process occurs, which corresponds to 

the occurrence time of the event. From the simulations we estimate the gamma-ray pulse 

duration to be of the order of picoseconds, independent of the electron bunch length (for 

bunch length of the order of femtoseconds), but a function of the material, which 

influences the electron path.  

Table 4-2 shows a summary of the results obtained with GEANT4. 
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Figure 4-3: Scaling of the photon efficiency with (a) target material Z for thickness 0.5 

mm and (b) target thickness (Al target). The green points represent the efficiency for all 

photons and the red points that for photons > 1 MeV. The efficiency is independent of 

the electron energy (> 100 MeV), divergence and electron source-target distance. 

 

Figure 4-4. Scaling of the photon source size with (a) electron beam divergence for 

source-target distance = 5 cm and, (b) electron source-target distance for a e-beam 

divergence = 1 mrad. The photon source size was independent of the electron energy, 

target material Z and thickness.  
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Figure 4-5. Scaling of the photon divergence with (a) electron energy for a 0.5 mm thick 

Cu target placed 5 cm from the electron source, (b) target material Z for a 250 MeV 

electron beam, 0.5 mm thick target placed 5 cm from the source and, (c) target thickness, 

for a target placed at 1 m from the source for 250 a MeV electron beam with a 1 mrad 

divergence. The divergence of the γ-ray beam is independent of the electron divergence 

and electron source-target distance.  
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Figure 4-6. Scaling of the photon pulse length with target thickness for aluminium 

(black points), copper (red points) and Tungsten (green points). The pulse length 

dependence on the target thickness varies strongly with Z, which determines the 

integrated length and evolution of the electron path. 

 Conversion 

efficiency [%] 
Source size 

Gamma 

divergence 

Pulse 

Duration 

e- energy = = ⇓⇓⇓⇓ = 

e- divergence  = ⇑⇑⇑⇑ = = 

Z material ⇑⇑⇑⇑ = ⇑⇑⇑⇑ ** 

Target thickness ⇑⇑⇑⇑ = ⇑⇑⇑⇑ ⇑⇑⇑⇑ 

Source-target distance = ⇑⇑⇑⇑ = = 

 

Table 4-2:  Summary of the effects of increasing the parameters listed in the first column 

on the bremsstrahlung based gamma-ray source properties given in the heading. 

Symbols ⇑, ⇓ and = indicate increasing, decreasing and no effect, respectively. ** the 

Pulse duration dependence on the material changes as the thickness of the target varies. 

Not a univocal trend can be identified. 



 131 

 The numerical study highlights the key parameters for tuning the properties of a 

bremsstrahlung based gamma-ray source. All the electron beam parameters identified as 

“tuning knobs” are adjustable thanks to the progress in LWFA technology. The 

simulations suggest that a LWFA-bremsstrahlung gamma-ray source has large potential 

as a new tuneable gamma-ray source. The high flexibility should allow matching 

different application requirements, such as gamma-ray flux or source size, which could 

be a crucial factor for applications where e.g. a short exposure time is required or for 

spatial resolution in high Z material imaging. 

4.5  Experimental Setup 

A preliminary experimental test to characterize divergence and flux of a gamma-

ray bremsstrahlung radiation source based on a monoenergetic laser wakefield 

accelerated electron beam has been carried out on the Astra Gemini laser system at the 

Rutherford Appleton Laboratory [13]. During the experiment the vertically polarized 

800 nm laser beam  was focused onto a 200 µm diameter, 3.3 cm long hydrogen filled 

sapphire capillary in which plasma was produced by a high voltage discharge (on-axis 

plasma density of 1-2 × 1018 cm-3) [14]. The laser energy on target was 2.5-3.5 J and the 

pulse length was 60-80 fs giving an intensity of ≈ 3-6 × 1018 Wcm-2 and initial 

normalized vector potential a0 = 1.2-1.7. 
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Electron beams with 10-30 pC charge at the peak were produced on almost every 

shot. The electron energy spectrum was measured using a magnetic dipole electron 

spectrometer placed just after the main vacuum chamber and the central electron energy 

was typically between 200 and 400 MeV, with a measured mean relative energy spread 

of 8%. The experimental setup and an example of an electron energy spectrum are 

shown in Figure 4-7: a-b.  

 

 

 

Figure 4-7:. (a) Experimental setup and (b) typical electron energy spectrum with a 

central energy of 330 MeV, measured r.m.s. relative energy spread of 20% and charge of 

14 pC. 
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To generate gamma–rays by the bremsstrahlung process, the electron beam passes 

through a 2 cm thick Al chamber wall and 8 mm of steel and is then dispersed by the 

electron spectrometer magnetic field to record the beam energy. The characterization of 

the source has been achieved by measuring both the transverse spatial beam profile and 

the photon flux. To measure the profile, an imaging plate (FUJI-BAS-MS-2325) was 

placed on the electron spectrometer window. In a single shot (Figure 4-8), the electron 

beam (left side) and the generated gamma-ray beam (centre) are simultaneously 

recorded by the imaging plate. The measured experimental profile and the corresponding 

GEANT4 simulation for a 220 MeV electron beam agree very well. During the same 

experiment we have also demonstrated that the bremsstrahlung beam can be used for 

imaging and probing dense matter. A 5 cm thick lead brick is placed in front of the 

lower part of the image plate during this shot. Its shadow is the darker area on the 

bottom of Figure 4-8a, more evident in the magnified image on the bottom of Figure 4-9. 

Figure 4-9 shows both the gamma beam profiles recorded within and outside the 

shadowed area: the bremsstrahlung beam is transmitted through the 5 cm lead brick and 

is recorded on the image plate. This demonstrates that it can be used to probe dense 

matter. In Figure 4-9 we notice that the beam imaged within the shadow is shifted 

toward the left compared with the beam outside the shadow. The photon flux transmitted 

through the 2 cm Al is attenuated by 8 mm of steel before it reaches the image plate, 

while there is no attenuation of the following bremsstrahlung emission due to the 8 mm 

of steel, which, therefore, represents the major contribution to the high energy photon 

flux hitting the image plate. Because of the fringe field of the electron spectrometer the 

electrons are slightly bent by the magnetic field before interacting with the steel layer. 
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The bremsstrahlung emission due to the steel is not parallel to the previous emission 

from the Al but points slightly to the left compared with the emission from the Al. This 

explains why the bremsstrahlung beam profile inside and outside the lead shadow are 

slightly shifted relative to each other. 

 

Figure 4-8: (a) Imaging plate image (lower) and corresponding transverse profile 

(upper). The electron beam is the bright region on the left hand side and the gamma-ray 

beam produced by the electrons going through the Al and steel target is the bright region 

on-axis. The experimental profile (red curve) overlaps with the expected profile obtained 

from GEANT4 simulations (black points) for a 220 MeV electron beam. The centre of 

the image shows the shadow of the aperture of the main vacuum chamber of the electron 

spectrometer, (b) calculated energy spectrum of the bremsstrahlung radiation. The green 

box on the bottom of (a) marks the edges of a 5 cm thick lead brick placed in from of the 

image plate. 
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Figure 4-9: Bremsstrahlung beam profile imaged within the lead shadow. The radiation 

is transmitted through 5 cm of lead and recorded on the image plate. The bottom of the 

figure is a magnification of Figure 4-8a. The green box marks the corresponding area in 

Figure 4-8a. 

To measure the photon flux we have used a pixelated semiconductor x-ray detector, 

Timepix [15]. This detector is the same used for the betatron experiment described in 

Chapter 3. In this case we used the device with a 300 µm thick silicon substrate which 

gives a detection range from 5 keV up to about 100 keV. When irradiated with higher 

energy photons, the detector does not adequately function as a spectrometer but still 

works as a counter [16]. In both cases, operating as a spectrometer and/or a counter, the 

average photon flux has to be lower than one photon per pixel. In the experiment (Figure 

4-7: a), the detector has been used in counter mode, placed on-axis 4 m from the 
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capillary exit and behind 15 cm of lead to sufficiently attenuate the photon flux. An 

example of the detector screenshot during the acquisition is shown in Figure 4-10. 

The detection efficiency of Timepix in this experimental configuration has been 

modelled with GEANT4, which shows that it is possible to estimate the average number 

of incoming photons is (7 ± 3) × 108 per pulse from the average number of detected 

counts, 630 ± 250 over 12 shots. The maximum number of photons is 1 × 109. The 

bremsstrahlung process in this configuration has an efficiency of about 400% that would 

correspond to a charge of 20-25 pC, which is in good agreement with the average 

measured charge for the shots under study (15 ± 8 pC). The average photon energy, 

extrapolated from the expected simulated spectrum [see Figure 4-8 (b)], is 10 MeV 

while the simulated photon pulse duration is 10 ps. Therefore, each shot corresponds to 

~1 mJ, i.e., a power of ~100 MW.  

The good agreement between simulations and experimental data supports the 

possibility of tuning the bremsstrahlung source and verify that its properties are 

appropriate for applications. 
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Figure 4-10: Example of the active area screen shot of the Timepix x-ray detector upon 

irradiation with bremsstrahlung photons. The number of detected counts for this shot is 

768. 

4.6 Scaling for Potential Applications: 

Radioisotope Production 

We have explored the possibility of harnessing monoenergetic LWFA electron 

beams to drive a new tuneable gamma-ray source based on the bremsstrahlung process. 

A numerical study shows that control of the electron beam properties and a proper 

choice of the target parameters leads to a unique ultra-compact, high energy gamma-ray 

source that is tuneable in size, divergence and flux. The control of the electron beam 

properties relies on both the properties of the electron beam and its transport. The test 

experiment reported here provides results that are in good agreement with the theoretical 
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expectation, which encourages further development in this direction. The electron 

properties required are determined by the applications, which also indicate the path to 

the first concrete applications of LWFA technology. As an example of a potential 

application, electron beam charge and energy, and the electron-photon efficiency are the 

key factors for producing radionuclides for PET. These radionuclides are positron 

emitters, most commonly fluorine-18 (18F) [17], which is usually produced by irradiating 

oxygen-18(18O), a stable isotope of oxygen, contained in water or enriched water, with a 

proton beam with an energy in the range of 5-30 MeV. An alternative way to produce it 

is via a photo-nuclear process, where the cross-section strongly depends on the gamma-

ray energy and has a threshold energy between 11-18 MeV that  drops sharply above 25 

MeV [18]. In this energy range the nucleus acts as a strong absorber. This phenomenon, 

called the giant dipole resonance, has been interpreted as excitation of collective 

vibration of the protons against the neutron that ends up creating an electric dipole 

moment [18]. From the cross-section, it can be estimated that 1010 18F nuclei can be 

produced in equilibrium after one hour exposure, when ~109 photons/s impinge with an 

energy in the range of interest. If we consider a 300 pC, 1 GeV, 1 mrad divergence 

electron beam going through a 1 mm W target placed 5 cm from the source,  6 × 1011 

photons/shot will be produced, of which 6 × 108 have an energy between 15 and 25 MeV. 

With a repetition rate of 10 Hz, 6 × 109 photons/s are delivered making this gamma 

source an excellent candidate for a laser-driven radioisotope production method.  
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4.7 Towards a Converging Gamma-Ray Beam 

Gamma-rays are particularly hard to focus. This is a problem faced every day in 

astrophysics where there is the need for x- and gamma-ray focusing optics in telescopes 

to detect and characterise gamma-ray sources from space, such as supernova explosions 

[19]. For this purpose gamma-ray lenses based either on Fresnel [20], Bragg (in 

reflection) or Laue (in transmission) [21] diffraction are used. Their focal lengths are 

extremely long (from  meters up to millions of kilometres [19]). At the moment these 

lenses are the only solution for astrophysics sources.  However, other fields could 

benefit from converging gamma-ray beams. In x- and gamma-ray imaging for example, 

beside the detector pixel size and the system geometry, the source size plays a primary 

role in determining the image spatial resolution. By squeezing the size of the gamma-ray 

source down to sub millimetre level, it would be possible to have a spatial resolution that 

could enable on site detection of micro-fractures inside fuel rods in nuclear power plants 

or the integrity of nuclear waste. Importing from astrophysics the optical solutions 

would encounter major hurdles mainly because of the size of the optics and the focal 

length. But on Earth, on the contrary, it may be possible to act on the source to produce a 

converging beam. This led the ALPHA-X group to propose a new way of producing a 

focused gamma-ray beam. Bremsstrahlung radiation is emitted in a narrow cone with an 

average half-angle of 1/ γ .  By focusing the high energy electrons with magnetic lenses 

[22], bremsstrahlung beams produced in a target before the focal point can form a 

converging gamma-ray beam (Figure 4-11). 
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Figure 4-11: Simplified scheme to set-up to produce a converging gamma-ray beam. 

To explore the feasibility of the idea and determine the conditions that should be 

satisfied to produce a converging gamma ray beam, we have performed a series of 

simulations for mono-energetic electron beams passing through a selection of metal 

targets. The simulations have been performed with GEANT4, varying the focal length, 

target material, thickness position and ambient medium. A summary of the simulation 

parameters are given in Table 4-3.  
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Parameter Values Unit 

electron energy 50, 100, 150, 250 MeV 

Focal length (FL)  10, 15, 20, 30, 40 cm 

material (Z) Al (13), Cu (29), In (49), W (74) -.- 

Target thickness 1, 2, 5, 10, 20 mm 

Source-target distance 

(for fixed FL) 
1, 3, 5 cm 

Ambient medium Air, Water -.- 

Table 4-3: Simulation parameters used in the converging gamma ray beam studies. 

The first relevant result can be seen in the energy scan. In these simulations a 

converging electron beam with a 10 cm focal length, was passed through a 1 mm thick 

Al target placed 5 cm from the source and co-propagated in air with the emerging 

bremsstrahlung gamma-ray beam. In Figure 4-12 the r.m.s. gamma-ray beam size is 

plotted as a function of the distance from the source. For low electron energy (50 MeV) 

the emerging gamma ray beam diverges while for higher energy electron beams the 

gamma-ray beam converges. Lower energy electrons are strongly deviated from their 

converging trajectories, because scattering in the Al foil destroys the convergence. It is 

apparent that a converging gamma-ray beam can be readily produced by bremsstrahlung 

using a converging high energy electron beam. For a 1 mm Al foil an energy ≥  100 

MeV is required to achieve a converging beam.  
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Figure 4-12: Energy scan for 50-250 MeV electron beam with 10 cm focal length. 

Having established that high energy electrons are necessary to have a converging 

gamma beam, all the following simulations have been run for 250 MeV electron beams. 

Figure 4-13(a) shows how, changing the focal position (FP) for a fixed source-

target distance, it is possible to tune the gamma-beam FL and spot size at the focus. The 

spot size at focus and the focal position are also strongly affected by the target material, 

as shown Figure 4-13(b), where the atomic number Z has been increased, resulting in a 

decrease of the gamma-ray focal length. However, the main effect of changing the target 

material is to vary the gamma-beam spot size at focus. For Al, Cu and In, the emerging 

gamma-ray beam converges and the spot size increases with the atomic number. For 

very high atomic number (tungsten) the gamma-ray beam does not converge anymore. 

In this last case convergence can be recovered using a higher energy electron beam. 
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Figure 4-13: GEANT4 simulation results obtained for a 250 MeV electron beam passing 

through a 1 mm thick solid target placed 5 cm from the source. The electron r.m.s. beam 

size is 1 mm. a) Bremsstrahlung gamma-ray beam (r.m.s) profile vs distance from 

electron source obtained for an Al target changing the electron beam focal length: 10 cm 

(red dots), 15 cm (light blue dots), 20 cm (black dots) and 30 cm (green dots). b) 

Bremsstrahlung gamma-ray r.m.s beam profile for different target material Al (red dots), 

Cu (black dots), In (green dots) and W (grey dots) for 10 cm focal length. 

 
Adjusting the relative distance between the source and the metal target also varies 

the spot size at focus, for a fixed focal length. This can be clearly seen in Figure 4-14, 

where it is evident that when the relative distance is decreased the spot size increases. 
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Figure 4-14: The graph shows the simulation results  for a 250 MeV electron beam 

passing through a 1 mm thick Al foil placed at different distances from the source, for a 

fixed focal length of 10 cm. Both the focal length and the spot size at focus depend on 

the position of the target. 

The other necessary condition for a converging beam is given by the target 

thickness. Figure 4-15 shows simulation results obtained for different target thickness: 

for 250 MeV electron energy and Al as a target material, the maximum thickness to 

produce a converging gamma beam is 1 cm. This maximum thickness also varies with 

energy, FL and material (Z). 
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Figure 4-15: Gamma-ray beam profile for different target thickness. The simulations are 

carried out for an Al target placed 5 cm from the source with FL = 10 cm and an electron 

energy of 250 MeV. 

The actual focal position (FP) does not necessarily overlap with the set focal 

length (FL). First of all, as already seen in Figure 4-13b, the actual focal position 

depends on the target material, which is clearly shown in Figure 4-16(a), whereas for a 

fixed value of FL (10 cm) increasing the atomic number Z, the gamma-ray FP decreases. 

Figure 4-16(b) shows how increasing the FL of the electron beam, the relative FP 

(percentage of FP on FL) decreases linearly. Finally, for a fixed 10 cm FL, the FP 

decreases while increasing the target thickness (Figure 4-16c).  
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Figure 4-16: FP dependence on different parameters: a) target atomic number, b) 

electron beam FL, c) target thickness. 
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In the last set of simulations electrons are deflected away from the gamma-ray 

beam. In this case the simulated geometry is shown in Figure 4-17: the electron beam is 

passed through an Al foil placed 1 cm from the source and then bent away using a dipole 

magnetic field placed between the target and the focal point. The gamma ray beam 

profile is studied for propagation in two different ambient media: air and water. The 

results are shown in Figure 4-18: when the electron beam is decoupled from the gamma-

ray beam, the spot size is smaller at the focus because no other emission is produced 

after the interaction with the Al foil. For the simulated geometry when the propagation 

medium is water the secondary γ-ray emissions from the electrons is stronger because of 

the higher medium density. To completely avoid the secondary effects of the interaction 

of the electrons with the ambient medium, a higher magnetic field needs to be applied. 

Simulations show that for the geometry used with a magnetic field of 0.5 Tm the 

electrons are not bent enough and the secondary emissions in the water strongly overlaps 

and disturbs the gamma-ray beam produced by the Al foil and the convergence property 

is almost lost. Increasing the electrons deviation from the axis with a magnetic field of 1 

Tm results in complete decoupling and a gamma beam is produced in the water.  
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Figure 4-17: Simulation scheme: the red tracks are electrons and green tracks are 

gamma-rays. The magnetic field deflects the electrons after the Al while the converging 

γ-ray beam propagates through the water phantom. 

 

Figure 4-18: Simulations with magnetic field and water. 

In summary, we have numerically investigated a scheme to produce a converging 

gamma-ray beam based on a LWFA driven bremsstrahlung source. In the next sections 

we overview potential medical applications for this novel source. The idea of producing 
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a converging gamma from converging electron beam producing bremsstrahlung 

radiation has been submitted for a patent.  

4.8 Converging Gamma-Ray Beam and 

Radiosurgery: a Possible Application 

One of the fields in which a converging gamma-ray beam could be particularly 

attractive is radiotherapy in cancer treatment. Radiation therapy is one of the most 

effective ways to treat a tumour before or after surgery, to either shrink the tumour or 

destroy residual tumour, and to control symptoms and provide pain relief [23]. Despite 

its wide use in medicine, radiotherapy comes with the concomitant problem of toxicity 

due to the damage of healthy tissue. The level of toxicity depends strongly on the type of 

ionizing radiation that is used for the treatment. Three different types of ionizing 

radiation can be employed, listed in order of decreasing toxicity, are x-rays, electrons 

and ions.  The different toxicity depends on the way the radiation is absorbed inside the 

body. The energy deposited by x-rays decreases exponentially as the depth increases. 

Electrons deposit a dose that is almost flat and then falls off quickly [7]. The fall-off 

point depends on the electron energy, and for conventional 20-30 MeV medical 

accelerators the penetration depth is only a few cm. Ions, on the other hand, deposit most 

of their energy at the end of their tracks, in the so called Bragg peak ( 
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Figure 4-19). The  Bragg peak position can be tuned by tuning the ion energy [24] 

in the range of 10-20 cm[7] (Figure 4-20). 

 

Figure 4-19: Profile of the energy deposition in tissue for electrons, photons and carbon 

ions. Image source Ref.[25]. 

 
 
 

 

Figure 4-20: Bragg position as function of the ion energy calculated for 12C. Image from 

Ref. [24] 
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 Electrons cannot currently be used to treat deep seated tumours because they fail 

to penetrate more then few cm in water. X-ray and gamma-ray beams, produced via 

bremsstrahlung by electron beam accelerated with conventional linac [26], can reach the 

tumour but deposit a high dose in shallow tissue. Ions are widely recognised as 

providing the best solution. Despite the fact that x-rays are the most toxic it is also the 

most widely used because ion accelerators are hugely expensive and only few centres 

can afford the cost. Currently efforts have been made to improve the effectiveness of 

radiotherapy, in particular x-ray therapy to make it less toxic to healthy tissue. The most 

important modulator of radiation effects are the total dose, the dose rate, the interval of 

time between two delivered doses, the specific properties of the organ irradiated and the 

volume. Taking into account these parameters, stereotactic radiosurgery and 

radiotherapy methods have been developed to minimize treatment side effects. The 

peculiarity of stereotactic techniques is the delivery of high doses to the tumour while 

minimizing irradiation of the surrounding healthy tissue. This is achieved using many 

collimated gamma-ray beams that overlap in the volume to be treated.  Equivalently, a 

converging gamma-ray beam can be used. Delivering a converging gamma beam could 

have a significant impact on cancer treatment and, in general, for any application that 

could benefit from a converging beam. 

In the next two sections we review the most popular radiosurgical techniques and 

then describe an innovative method of delivery a converging gamma-ray beam. 
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4.8.1 Overview of Radiosurgery Techniques 

Radiosurgery is a medical non-invasive treatment used mainly to treat tumours by 

focusing ionising radiation into the volume to be treated. The term stereotactic in general 

refers to precisely positioning in three dimensional space the tip of a delicate instrument 

for biopsy, surgery or radiotherapy [7]. The concept of radiosurgery was introduced by a 

professor in neurosurgery, Leksell, in Sweden in 1951. In the initial idea an arc structure 

carried the treatment tool, i.e. an x-ray tube. The centre of the arc coincided with the 

target point, so that the arc could be rotated about its axis while the x-ray beam points at 

the target. The gist of the system is that each x-ray beam delivers a harmless dose 

everywhere but where the beams cross it delivers a destructive dose to the tumour.   The 

first prototype was created in 1967 in Sweden by Leksell and Larson [7]. Instead of x-

ray tubes the device consists of multiple cobal-60 beams (201) sharply collimated to 

create a small almost spherical treatment volume with sharp edges (see Figure 4-21). 

This was the birth of one of the best known stereotactic radiosurgery methods: the 

gamma knife. The most important aspects of this technique are the patient positioning 

and the source alignment to ensure that the target is treated. The handling and loading of 

the cobalt sources represents an important challenge for applying the gamma knife. The 

system has been redesigned a few times and developed to improve the shielding, the 

source positioning and accuracy. Starting from an isotropic source, a collimated beam is 

obtained through a complex system of filters. The overlapping of the collimated beams 

defines a high dose deposition volume that represents the focal point of the system. The 
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aperture size of the collimators defines the size of the beam at focus. Currently the 

gamma knife is mainly used for treating brain tumours, a frame ensures the correct 

positioning of the patient and no on line imaging control is required. The most recent 

model, introduced by Elekta in 2006, is Leksell Gamma Knife Perfexion. It is equipped 

with robotic automatic source positioning and is able to treat all intracranial and even 

cerebral column [7]. 

 

Figure 4-21: Gamma knife image from Ref. [27]. 

 

An alternative radiosurgery system is the modified linac radiosurgery system 

known as the Cyberknife (Accuray Inc.)[28]. This technology is based on a compact 

linear accelerator mounted on a robotic arm with fine movement ability (Figure 4-22). 

Hundreds of micro pencil beams and thousands of possible irradiation angles make 

possible the delivery of high radiation doses to a target volume while minimizing the 
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exposure of normal tissue. The system is frameless and requires a real-time imaging 

system to monitor the patient positioning that represents the main difference compared 

with the gamma-knife. 

 

Figure 4-22: Cyberknife from Ref. [29]. 

A third type of radiosurgery uses ions instead of x-rays. As already pointed out, 

the peculiarity of ions is that on going through the matter they deposit most of their 

radiation at the end of their path, in the so called Bragg peak. The depth at which the 

Bragg peak appears for a given material depends on the initial energy of the ion beam, 

therefore by tuning the ion beam energy it is possible to target a well defined volume. 

This last method is not widely available because of the high cost, >£100 million, of ion 

accelerators [30]. 
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4.9  The Converging Gamma-Ray Beam as a 

Novel Generation of Gamma-Knife 

Following on the previous section where we described a converging gamma-ray 

beam as an interesting alternative to ion therapy, we consider a LWFA method that 

avoids the need to handle radioactive sources. This keeps the cost low while preserving 

the quality of the x-ray beams. The deliveru of a converging gamma-ray beam does not 

depend on the way in which the electron beam is accelerated. However, as simulations 

show, only high energy electrons that are converging can generate a converging gamma 

ray beam because of the  1 γ  dependence of the bremsstrahlung emission angle, but 

electron beams of 100 MeV or higher are required. As mentioned, medical linear 

accelerators can provide electrons up to a few tens of MeV, and higher energy implies 

an increase in cost and size, which detracts from its attractiveness. A LWFA driving the 

converging gamma beam, on the other hand, provides a high energy electron beam at 

low cost and small size. A preliminary numerical study of the expected dose deposition 

for a converging gamma beam is shown in Figure 4-23. 
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Figure 4-23: Deposited energy distribution in a 20 cm water phantom by gamma-rays 

produced via bremsstrahlung from 250 MeV electrons passing through a 1 mm Al target 

a) for 1 mrad divergence and b) for a focused beam. The beam propagates from the left 

side. 

The size of a tens of MeV to GeV LWFA is a few millimetres to a few centimetres 

long. Furthermore, the laser beam path can be easily modified using standard optics, 

which would simplify the mechanical structure. Moreover, it is worthwhile noticing that 

the high energy electron beam could also be used for treatment. Higher electron energy 

results in higher penetration depth. If no decoupling magnetic field is applied after the 

electrons-solid target interaction both co-propagating converging gamma and electron 

beams could be a completely new way to treat cancer. The idea of using very high 

energy electrons (VHEE) [31-33] for cancer therapy has already been explored and the 

idea kept in a drawer because of the practical limitation to the feasibility due to the 

already mentioned size and cost. Here, there is now the possibility with a LWFA 
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accelerator not only to deliver the VHEE beam but also to couple it with a converging 

gamma-beam. The combination could potentially have interesting effects that could be 

investigated.  

Another remarkable property of both electron and gamma-ray beams delivered via 

LFWA is the extremely short pulse length: the electron bunch length is few 

femtoseconds and the produced bremsstrahlung gamma-ray beam of the order of 

picoseconds. However, it is necessary to take into account that passage of the electron 

beam through the body itself is expected to produce a lengthening of the bunch. To 

estimate it we have used GEANT4 to simulate a very simple geometry, a monoenergetic 

150 MeV electron beam passing through a phantom. The phantom made of 20 x 20 x 20 

cm of water reproduces the human body. The simulations have been carried out for 104 

particles with an initial bunch length of 3 µm. As electrons pass through the phantom 

they lose energy and the beam is no longer monoenergetic. The evolution of the electron 

spectrum is shown in Figure 4-24. The broadening of the energy spectrum implies a 

longer bunch length. From the distribution of the time of flight of the electron beam we 

have calculated the bunch length at different depth inside the phantom (Figure 4-25). 

From the simulations it appears that the bunch length becomes of the order of 

picoseconds after interacting with about 10 cm of water, which is still in the sub-

nanosecond range and three orders of magnitude shorter then the bunch length of 

electron beam produced by a conventional accelerator. 
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Recently, bioelectric studies have recognised intense nanosecond and sub-

nanosecond electric pulses as a new tool for cancer treatment and gene therapy [34]. The 

duration of the pulse is a key factor because to pass through the cell membrane the 

electric pulse rise-time needs to be shorter then 100 ns, that is the charging time of the 

membrane itself  [34]. However, besides its potentials this treatment has disadvantages 

due to the invasive approach in which the electric field is delivered (with implanted 

electrodes) that causes discomfort to the patient. Currently, picosecond impulse radiating 

antennas are investigated as a method of delivering sub-nanosecond pulses for non-

invasive delivery of electrical pulses to skin tumours [35].  However, the ultra-short 

electron beam produced by LWFA, with bunch length properties described in the 

previous paragraph, could be an alternative way of delivering intense electric pulses to 

the tumour. The main advantage could rise from using an electron beam from a LWFA 

that is non invasive and both shallow and deep tumours could be treated. Furthermore, it 

may be worthwhile studying its combined effect with radiation therapy. 
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Figure 4-24: Electron spectrum evolution while interacting with phantom water 

 

Figure 4-25: LWFA electron bunch length evolution as a function of the propagation 

depth in a water phantom. 
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4.10  Conclusions 

In the first part of the Chapter we investigated the possibility of manipulating the 

bremsstrahlung gamma-ray beam by modifying the electron beam and target properties. 

We have provided the scaling properties of the bremsstrahlung radiation as a function of 

the electron beam and target properties. We have obtained experimental results in good 

agreement with numerical predictions (Figure 4-8). We have imaged the gamma-ray 

beam through 5 cm of lead (Figure 4-9) providing the experimental evidence of the 

possibility of using the LWFA bremsstrahlung gamma-ray source to probe dense matter. 

Using simulations we have provided the scaling required for radioisotope production. 

Therefore, the afforded tuneability makes the LWFA driven bremsstrahlung source 

attractive, firstly as an ultra-compact light source for dense matter probing, and secondly 

for radioisotope production.  

In the second part of the Chapter we have explored the possibility of generating a 

converging gamma-ray beam from a LWFA bremsstrahlung source. With GEANT4 

simulations we observe that, for a converging electron beam interacting with a suitably 

chosen metal target, it is possible to produce a converging gamma-ray beam. 

Reproducing experimentally the simulated conditions should be relatively easy and give 

a proof for an important tool for science and technology. The possibility of a converging 

gamma-ray beam suggests many new applications of the LWFA technology. We have 

discussed possible medical applications in cancer treatment and the development of a 
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novel concept of radiosurgery, but many further examples could be proposed e.g. high 

spatial resolution scanning of dense material such as in situ radiography of nuclear fuel 

rods. 

Finally we have speculated about the possible interest in studying the combined 

effect of a converging gamma-ray beam and the ultra-short electron bunch in cancer 

treatment, overlapping radiotherapy and sub-nanosecond electric pulse effects. 
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Chapter 5  

5.1  Discussion of Synchrotron Radiation from 

Betatron Oscillation of LWFA Electrons 

Betatron oscillations of electrons during LWFA have already been proven to be a 

new, compact, bright synchrotron source [1-3]. Here we have demonstrated both 

theoretically and experimentally that when electrons interact with the laser pulse, during 

the acceleration, a resonance between the laser and a harmonic of the betatron frequency 

leads to a growth of the betatron oscillation amplitude motion. In the harmonically 

betatron resonant (HBR) regime the synchrotron emission is strongly enhanced by 

increasing the oscillation amplitude and consequently also the number of photons 

emitted and the critical energy. The radiation spectrum stretches from tens of keV to 

hundreds of keV with significant emission in the MeV range [3]. The radiation pulse 

duration has been estimated from OSIRIS simulations to be of the order of few 

femtoseconds. Looking at the position of the HBR source in the brilliance plot shown in  

Figure 5-1 and Figure 5-2 it is immediately clear that this few centimetres long 

source has peak brilliance as high as third generation light sources. Moreover, 
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comparing the two graphs it can be seen that the HBR source is placed in a region of the 

energy-pulse duration space where no comparable sources exist or are planned for in the 

near future. For conventional light sources, technological and economical limitations 

prevent the access to the MeV photon energy and femtosecond pulse duration ranges. 

Furthermore, the HBR source, using a higher power laser, could scale up in energy to 

exceed 10 MeV photon energies.  The HBR source represents at the moment the only 

available high brightness tool with a suitable energy and time resolution to allow time 

resolved exploration of nuclear processes, which until now has not been possible. As 

already mentioned, the small size and the relative low cost makes the source attractive 

for many other applications, such as radioisotope generation, dense matter probing and 

imaging.  
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Harmonically 
resonant regime 

Highly-damped regime 

 

Figure 5-1: Peak brilliance as a function of the photon energy of third and fourth 

generation light sources.  The stars represent the peak brilliance of the betatron source: 

green for the highly damped regime, red for the HBR regime and yellow the possible 

brilliance when scaling up in energy. Image taken from Ref. [4] and modified. 
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LWFA-driven betatron 
source 

 

Figure 5-2: Peak brilliance as a function of the pulse duration for second, third and 

future generation synchrotron light sources compared with a LWFA-driven betatron 

source (red star). Image taken from Ref. [5] and modified. 

5.2  Next Challenges for HBR Sources 

The HBR source has proven to be a very interesting source with high potential 

both to widen scientific research, because of its unique properties (energy and pulse 

duration) and to make light sources more available through smaller size and lower cost. 

Even if the tuning knobs of the source have been identified, further studies are necessary 

to completely master the tuning parameters and adjust the properties depending on the 

specific requirements. One significant improvement would be to increase the brilliance, 
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both peak and average. The average is mainly controlled by the high power laser 

repetition rate and not much can be done about this but to wait for laser technology to 

advance. An increase of the peak brilliance can be obtained by increasing the number of 

betatron oscillations. We can imagine different possible ways to do it and speculate 

about possible scenarios, for example: 

Bubble size manipulation: using a tailored longitudinal density profile has been 

proved to be a good technique to tune the electron energy controlling the acceleration 

process [6]. The paper reports an experiment where they used a high density gas jet as an 

injector and a lower density capillary as an accelerator. Basically, in the first stage of 

acceleration the higher density corresponds to smaller group velocity of the laser and the 

electrons can be easily injected. The lower density of the second stage gives a longer 

dephasing length and higher electron energy can be reached. This idea could be used 

also to control the betatron oscillation and the synchrotron radiation properties. 

Controlling the bubble size and shape acting on the plasma density could lead to an 

increasing in the total number of oscillations that is to higher photon emission flux.  

Laser-electron interaction in vacuum: when HBR occurs the electron beam is 

immersed in the laser pulse. It could be interesting to develop a scheme in which the 

electrons, after leaving the plasma, interact a second time with a laser pulse (that could 

be the same responsible for the acceleration or a second pulse synchronized and focused 

just after the plasma). With a second interaction the number of oscillation cycles and 

therefore the emission could be substantially improved. 
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Compact SASE FEL [7]:  the interaction of the electrons with the betatron 

radiation can cause the micro-bunching of the electron beam at dephasing. This, in turn, 

can lead to coherent emission at the fundamental and harmonics of the betatron 

frequency [8] as in a SASE FEL. 

In the eventuality of micro-bunching we can imagine that it will be possible to 

generate sub-femtosecond betatron x-ray pulses. This would be an important outcome, a 

useful tool for a further insight into the ultrafast word (i.e. nuclear processes) currently 

unapproachable with femtoseconds scale resolution. 

It could be interesting to combine the HBR outcome with other techniques, for 

example coupling the betatron radiation with conventional undulators, sending the pre 

micro-bunched electron beam inside an insertion device, or using the betatron radiation 

to seed an FEL to produce an x-ray laser.  

Many other ideas are formulated and investigated inside the ALPHA-X group that 

is moving forward to explore different possible enhancements and uses of the HBR 

source. 
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5.3 Summary of Bremsstrahlung Radiation 

Produced by LWFA Electrons 

Bremsstrahlung radiation is just synchrotron radiation, but has different properties: 

broader bandwidth, longer pulse duration and a poorer brilliance. However, we have 

shown by simulation the possibility of tuning the bremsstrahlung emission to make it a 

useful tuneable tool for a variety of applications and currently the only ultra compact 

source with significant emission in the tens of MeV photon range. The main result of the 

study is the possibility, not available for the brighter LWFA driven synchrotron sources, 

to produce, by bremsstrahlung process, a converging gamma-ray beam. The conceptual 

idea to interact a converging electron beam with a radiator before the focal point to 

generate a converging gamma-ray beam, has been tested numerically giving excellent 

results and needs now to be proven experimentally. Once the proof of concept has been 

done then many improvements could be thought of, for example to increase the 

maximum target thickness. As already seen, this is limited by the focusing properties of 

the electron beam which in turn depends on the electron energy. A way of realising a 

converging gamma-beam using a thicker target to increase the photon emission could be 

to control the dispersion of the electromagnetic cascade by immersion of the radiator in 

a focusing magnetic field. This solution is worthwhile to be explored also for the 

possibility, using dispersing magnetic fields, of selecting gamma-ray looking at different 

angles that would add another degree of tuneability making the source even more 

attractive.  
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5.4 Understanding the Potential Market and 

Impact 

One of the main attractive applications of a converging gamma-ray beam is for 

radiation therapy using it as a tool for a novel gamma-knife. To have an idea of the 

possible impact we can speculate on the market and impact of current gamma-knife 

technology. An interesting paper is available in the literature about the standard gamma 

knife economical advantages compared with standard surgical techniques written by 

Cho et al. in Ref. [9]. Cho studied 174 patients with benign cranial tumours, 94 of which 

underwent open surgery, whereas 80 underwent gamma knife radiosurgery to destroy 

the tumours. Direct and indirect costs are compared. Direct costs comprised of intensive 

care unit cost, ward cost, operating room cost and outpatient visit. Indirect costs 

included loss of working days and mortality. What they found is that most of the 

socioeconomic costs with open surgery come from indirect costs of workdays and 

mortality. From the study the gamma knife it emerges that it is a worthwhile treatment 

for reducing loss of workdays, complications and mortality, to achieve a better cost-

effectiveness. A year after Cho’s paper, Griffiths et al. [10] carried out a study on 

gamma knife costs and compared it to stereotactic radiosurgery (SRS) based on 

modified linacs. A modified linac is a linac equipped with hardware and software so that 

it can produce a collimated gamma beam (Cyberknife [4] is an example). The analysis 

takes into account capital purchase, annual maintenance charges, equipment life 

expectancy and refurbishment costs (the cobalt source reload for the Gamma knife). The 

result shows that the Gamma knife may be competitive with modified linacs only if the 
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demand for SRS is sufficiently high to fully use the equipment working time. This is due 

to the fact that a modified linac is much more versatile and can be used also for other 

radiation treatment, not only in the cranial area and stereotactic radiosurgery. 

Extracranial radiosurgery is still largely an emerging application but has enormous 

potential as a standard treatment option [11] as shown by results for treatment of liver 

[12], lung [13] and spine [14] tumours. 

The tool that we are proposing here has the potential to be a third valid option with 

additional pros compared with the two SRS techniques. As in a modified linac, a LWFA 

based gamma knife is versatile and could be used to treat tumours not only localised in 

the cranial area, and it does not require external radioactive sources. Moreover, it can be 

used to generate either converging or diverging gamma ray beams, or just electron 

beams for different radiotherapy applications. In addition, it is more compact and 

flexible than a standard linac, since bending the laser light with mirrors is much easier 

than bending electrons with heavy magnets and the radiation source is just a small 

region of the interaction point with the plasma thus, the radiation shielding will be much 

simpler [15]. Moreover, LWFA based gamma knife can provide a much higher energy 

than medical linacs and therefore it could be used also just to drive very high energy 

electron cancer therapy [16], which is forecast as a promising future radiotherapy [16].  

At the moment there are nearly 20,000 accelerators in operation worldwide, and 

~12,000 are used for medical and industrial applications [17]. Their market has been 

estimated to exceed $3.5 billion per year [18]. By comparing the price of a LWFA with 
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that of a medical linac, (around $1 million), the LWFA has a very good chance of 

conquering the market and, with the potential decrease in the future of the cost of laser 

based therapy technology, to expand the market, becoming more available to smaller 

size medical centres. The decrease of the cost of the laser based therapy technology 

could arise either directly from a decrease of the laser cost, or from an enhancement in 

the repetition rate, i.e. with diode laser technology, that will allow driving a single laser 

independently, or simultaneously more than one therapy station, which means that more 

patients can be treated per year. This could significantly decrease the NHS costs, give 

rise to spin-off companies and create new markets. Most important the treatment 

potentially has a very low toxicity and, with the potential of decrease the waiting time, it 

could strongly improve the quality of life. 
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Appendix: 

Osiris: 

Osiris [1] is a fully relativistic, multi-dimensional object oriented particle-in-cell 

(PIC) code. PIC codes model plasmas as particles which interact self-consistently with 

their own and external electromagnetic fields [2]. Computational limits are imposed by 

the limited number of particle can be followed, which is small compared with the huge 

number of particle encountered in laboratory plasmas [2]. For this reason each particle in 

the numerical simulation represents many particles in real plasma (superparticle).   

PIC codes have three steps in the main iteration loop [3].  The first is the deposit of 

particles, where some particle quantity, such as a charge, is accumulated on a grid via 

interpolation to produce a source density. The second step is the field solver, which 

solves Maxwell’s equations or a subset of them to obtain the electric and/or magnetic 

fields from the source densities.  The fields are calculated at defined grid points. Finally, 

when the fields are obtained, the particle forces are found by interpolation from the grid, 

and the particle moved using Newton’s second law and the Lorentz force.  

PIC codes are used in almost all areas of plasma physics and also in cosmology, 

astrophysics, accelerator physics and semi-classical quantum simulations. 

Osiris and in general PIC codes are powerful tools but have a number of 

weaknesses. For example it is challenging to model large ranges of timescales, as short 
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timescales require small time steps while long timescales require running many time 

steps. Similarly, large ranges of space scales present similar difficulties for the mesh size 

[4]. Finally, the PIC method requires significant memory and processor resources, and 

for the foreseeable future this will remain the case. 

Geant4: 

Geant4 is a C++ Monte Carlo code that models the interaction of particles with 

matter [5]. Geant is the acronym of GEometry ANd Tracking. The code is open source 

[6] and it is a simulations toolkit. Being a toolkit it means the developers provide classes 

to implement different processes and physics but it is up to the user to combine the 

necessary parts together to perform and customize the simulations. This provides a high 

degree of flexibility and it is the reason why Geant4 is used in many different areas:   

space, medicine [7], particle and nuclear physics [8].   

Geant4 is a single particle tracker therefore it does not take into account space-

charge effect. Recently the space-charge effects have been implemented in a program 

called G4beamline [9]. G4beamline is based on Geant4 toolkit however it loses some of 

the Geant4 capability. The major limitation is that at the present it does not simulate the 

performances of real-world detectors but implements “virtual” detectors. 

Geant4 simulations results depend on the physical processes and the geometry 

implemented which needs to be carefully chosen and detailed. Moreover different 

models are available to describe the same process in different validity windows (i.e. 
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energy range). The user is required to understand first of all the physics that need to be 

implemented and then which model best suits the simulations requirements. 

The physics and models implemented for the simulations performed in this thesis 

work are the following: 

- Chapter 3 Timepix detector simulations and Chapter 4 bremsstrahlung 

radiation simulations:  

Particles Process Model 

Photons - Photo-electric effect 
- Compton scattering 
- Pair production 

Electron - Multiple Scattering 
- Ionization 
- Bremsstrahlung 

Positrons - Multiple Scattering 
- Ionization 
- Bremsstrahlung 
- Annihilation 

Standard Electromagnetic physics  
Validity range: >1 keV 

- Chapter 4: dose distribution simulations  

Particles Process Model 

Photons - Photo-electric effect 
- Compton scattering 
- Pair production 
- Rayleigh scattering 

Electron - Multiple scattering 
- Ionization 
- Bremsstrahlung 

Positrons - Multiple scattering 
- Ionization 
- Bremsstrahlung 
- Annihilation 

Low energy Livermore model.  
Validity range: 250 eV- 100 GeV 
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