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Introduction
§ Laser wakefield acceleration is capable of 
generating MeV-GeV electron beams over mm.
§ This can generate micron-scale sources at high 
photon energy but repetition rate has been sub-Hz.
§ Higher rep-rate lasers are available but at low 
pulse energy where driving the waves to injection is 
more challenging.
§ This project aimed to:

– Optimise LWFA injection to allow beams to be 
generated at lower pulse-energy (so higher rep-
rate).  For now aiming at 10 - 20 MeV.

– Calculate the spectrum and flux of x-rays produced.
– Investigate imaging opportunities.



What	is	a	laser	wakefield
acceleration	(LWFA)?



What	is	a	laser	wakefield
acceleration	(LWFA)?

§ Laser electric field ionises the gas from a pulsed gas jet instantaneously
§ Ponderomotive force of the laser expels electrons

– ions don’t have time to respond
§ An electron plasma wave (Langmuir wave) is set-up

– Fields of order 100 GV/m, structure travels close to c, transverse scale few microns

Time 

Laser Pulse



How	does	the	electron	beam	get	there?
§ Electrons oscillate in the wave until a nonlinearity is 
introduced.  Mechanisms include: – Drive the wave nonlinearly to 

‘breaking point’.
– Introduce a second laser to ‘kick’ 

the electrons into the accelerating 
phase.

– Introduce a second gas species 
which ionises at the peak of the 
field such that new electrons are 
‘born’ in the accelerating phase.

– Introduce a density ramp to drive a 
few electrons out of phase of the 
wave oscillation.



How	does	the	electron	beam	get	there?
§ Electrons oscillate in the wave until a nonlinearity is 
introduced.  Mechanisms include: – Drive the wave nonlinearly to 

‘breaking point’.
– Introduce a second laser to ‘kick’ 

the electrons into the accelerating 
phase.

– Introduce a second gas species 
which ionises at the peak of the 
field such that new electrons are 
‘born’ in the accelerating phase.

– Introduce a density ramp to drive a 
few electrons out of phase of the 
wave oscillation.

Does not require a large (or second) laser and allows 
control of when the wave breaks but

Generation of profile must be modelled



Why	Laser	Wakefield	
Accelerator	Sources?

§ Compact due to fields 3 orders of 
magnitude larger than conventional 
RF accelerators
§ Small Source allows for high 
quality radiography

– Shadowgraphy
– Phase Contrast Imaging

§ High photon energy
– Highly penetrating
– Access to nuclear information

Betatron Inverse 
Compton

Bremsstrahlung 
Drive 
Laser

Gas Target

*when mono-energetic 
electron bunch interacts 
in the linear regime

Creating X-rays from an LWFA
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§ Compact due to fields 3 orders of 
magnitude larger than conventional 
RF accelerators
§ Small Source allows for high 
quality radiography

– Shadowgraphy
– Phase Contrast Imaging

§ High photon energy
– Highly penetrating
– Access to nuclear information

Betatron Inverse 
Compton

Bremsstrahlung 
Drive 
Laser
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*when mono-energetic 
electron bunch interacts 
in the linear regime

Creating X-rays from an LWFA

Several options for x-ray source generation but 
bremsstrahlung is the simplest to implement
Spectrum, source size and imaging 

quality must be modelled



Start	to	end	simulation
Fluid Code
openFOAM

PIC Code
EPOCH

Monte Carlo Code and Ray tracing
Geant4 and DUED

Laser 
Direction



Fluid Code PIC Code Monte Carlo Code



Creating	the	target:
openFOAM Gas	Jet	simulations
§ OpenFOAM : Open source fluid code.

– Supersonic gas jets generate flat 
density profiles.

– Introduce a blade to disrupt the 
flow and generate a density 
ramp.

§ Some approximations so next step is 
to benchmark with experimental data.

Inlet 
Pressure 
30 bar



Creating	the	target:
openFOAM Gas	Jet	simulations

§ Lineout to go to EPOCH

Inlet 
Pressure 
30 bar



Lineout	Results	to	PIC	code
§ Epoch requires a function for the density



Fluid Code PIC Code Monte Carlo Code

First, we choose laser parameters which are 
currently commercially available at 1 kHz



EPOCH	Wakefield	Simulation

Gas Jet Input Profile

Laser

No electrons above 1 MeV

Time evolution of the Simulation
End e- spectrum

Laser 15mJ 30fs FS 6μm 



EPOCH	Wakefield	Simulation

Gas Jet Input Profile

Laser

Time evolution of the Simulation End e- spectrum

Laser

Number of Electrons above 1 MeV: 
1.62e+10

Laser 15mJ 30fs FS 6μm 



Fluid Code PIC Code Monte Carlo Code



X-ray	production	from	electrons	
– simulating	with	Geant4

Brems convertor Dense knife edge – ’extra-dense’ lead

Vacuum detector

Input 
electrons 
from PIC 
code



X-ray	production	from	electrons	
– simulating	with	Geant4



Next-gen	commercial	lasers
Reasonable to predict a near-future laser:
100mJ 30fs
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Electron spectrum (EPOCH)

Figure 3. Figure a) shows the electron spectrum from the EPOCH simulation while
in b) is shown the photon emission from the Ta target after the electron interactions.

corresponds to 2.5 µm for our case. The photon source energy spectrum is shown in fig.

3b while fig. 3a shows the energy spectrum of the LWFA electrons simulated in EPOCH

(and used as input in the GEANT4 simulation). We set the initial electron source radius

equal to 2 µm and an initial divergence of 75 mrad (according to EPOCH simulation).

The source is a broad band emission with a small peak around 60 keV given by the

presence of the K↵ and K� emissions (which are simulated using the library PIXE in

GEANT4 [20]). For our test we chose to place our object 20 cm far from the X-ray

source. The advantage of a large distance from the X-ray source to the object is having

a larger value of spatial coherence and a quite flat front on target. On the other hand

this distance negatively impact on the flux which is reduced (the flux goes as ⇡ 1/r2).

A benefit of using a LWFA source is it is highly collimated so the flux is not reduced as

quickly as a 4⇡ source. Real detectors are not sensitive to the whole spectral emission

of the source. This is not a disadvantage, because di↵erent energies imply di↵erent

applications.

4. Low energy X-ray phase-contrast imaging

In this section we shows the simulation of spherical plastic shell (polystyrene, ⇢ = 1.04

gcm
�3). The internal radius of the sphere is 400 µm and the external radius is 500 µm.

The sphere is placed 20 cm far from the source while the detector is placed 1 m far

from the object (M = 5). Most of the common X-ray detectors are sensitive to X-ray

photons with a maximum energy of several keV. A commercial X-ray CCD camera for

works up to maximum 30 keV, with a peak sensitivity around 5 keV and a pixel size

around 15 µm [21]. Image plate (IP) present a sensitivity up to 100 keV [22] and a

spatial resolution of 100 µm. Figure 4a shows the synthetic radiograph. On the left
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Gamma spectrum (GEANT4)

Figure 3. Figure a) shows the electron spectrum from the EPOCH simulation while
in b) is shown the photon emission from the Ta target after the electron interactions.

corresponds to 2.5 µm for our case. The photon source energy spectrum is shown in fig.

3b while fig. 3a shows the energy spectrum of the LWFA electrons simulated in EPOCH

(and used as input in the GEANT4 simulation). We set the initial electron source radius

equal to 2 µm and an initial divergence of 75 mrad (according to EPOCH simulation).

The source is a broad band emission with a small peak around 60 keV given by the

presence of the K↵ and K� emissions (which are simulated using the library PIXE in

GEANT4 [20]). For our test we chose to place our object 20 cm far from the X-ray

source. The advantage of a large distance from the X-ray source to the object is having

a larger value of spatial coherence and a quite flat front on target. On the other hand

this distance negatively impact on the flux which is reduced (the flux goes as ⇡ 1/r2).

A benefit of using a LWFA source is it is highly collimated so the flux is not reduced as

quickly as a 4⇡ source. Real detectors are not sensitive to the whole spectral emission

of the source. This is not a disadvantage, because di↵erent energies imply di↵erent

applications.

4. Low energy X-ray phase-contrast imaging

In this section we shows the simulation of spherical plastic shell (polystyrene, ⇢ = 1.04

gcm
�3). The internal radius of the sphere is 400 µm and the external radius is 500 µm.

The sphere is placed 20 cm far from the source while the detector is placed 1 m far

from the object (M = 5). Most of the common X-ray detectors are sensitive to X-ray

photons with a maximum energy of several keV. A commercial X-ray CCD camera for

works up to maximum 30 keV, with a peak sensitivity around 5 keV and a pixel size

around 15 µm [21]. Image plate (IP) present a sensitivity up to 100 keV [22] and a

spatial resolution of 100 µm. Figure 4a shows the synthetic radiograph. On the left

Electrons:
Higher Quality and Energy

PIC Code Monte Carlo Code
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Figure 4. Figure a) shows the a synthetic radiograph of 100 µm thick plastic shell
with internal radius equal to 400 µm. On the half left (-600,0 µm) we assumed a CCD
detector while on the right half (0,600 µm) we simulated an image plate. On (b) is
shown the lineout along the x axis at y = 0.

side of fig. 4a we simulated a CCD detector with the same characteristics of an ‘Andor

Ikon-XL SO’ [21] while in the right side we simulated an IP. We kept into account the

di↵erent detector resolution, sensitivity curves and filter transmission (kapton, 100 µm).

The CCD with a higher spatial resolution can shows the important contribution of the

phase shift, visible in the fringes at the density-vacuum interfaces. Moreover, the CCD

present an higher sensitivity to the lower energies compared to the IP where the spatial

coherence is higher, but also the absorption is higher resulting in a more visible plastic

shell. In this simulation we used the spectrum produced from 0 to 30 keV. Higher

energies presents a lower phase-shift, so are more indicated for radiography of higher Z

materials where the absorption would be to high at the present range.

4.1. Comparison with GEANT4 X-ray absorption radiography

Our XPCI simulation tool solves the Kircho↵-Fresnel equation using the Fresnel

approximation [23]. It includes the physical properties of the X-ray source such as

size and spectrum. It calculates both absorption and phase-shift in the energy range

from 1 keV up to 60 keV. The XPCI simulation toolkit is bench-marked against the

Monte Carlo simulation code GEANT4, shown in fig. 5, simulating the same sphere

using, for simplicity, a monochromatic radiation with energy E = 5 keV. GEANT4

calculates absorption, but does not include the phase-shift contribution of our XPCI

toolkit. Strong correlation bewteen the simulations is seen, except at the edges where

the GEANT4 simulation does not include the typical fringes which are a signature of

phase-contrast.
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Figure 5. The figures shows the lineout along the x axis at y = 0 of our XPCI
simulation (black line) and the Monte Carlo code GEANT4 (red dot line).

5. High energy X-ray absorption radiography

5.1. Small size High Z object

Due to the large spectral emission of our source it is possible to test numerically

the radiography of thick high Z materials. Our radiography will be simulated using

the Monte Carlo code GEANT4 which includes the necessary physics for high energy

(⇡ MeV) photons and their interactions with materials. We first test a hollow gold

sphere with internal radius equal to 1 mm and the external radius 5 mm. For this

simulation we will just consider the target transmission and we will explore the di↵erent

contributions to the experimental image generated. In fig. 6a is shown the resulting

radiography when the entire spectrum shows in fig. 3b is take into account. The object

is placed at 20 cm far from the source. The spherical vacuum gap in the middle is visible

both in the image and in the profile at y = 0 shows in fig. 6b. However a real detector

has not a flat response along all the 10 MeV spectrum, so it is worthy to study the

contribution to this image at di↵erent energy range. This is shown in fig. 7 where we

report a composition of images taken at di↵erent energies in the range 0-10 MeV. Every

DUED code can accurately
generate synthetic 
diagnostic output 



Radiography using phase contrast
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Figure 6. Figure (a) shows the transmission of the gold sphere accounting the whole
emission spectrum shows in 3b. In (b) we show the lineout for y = 0.

Figure 7. The image shows X-ray radiography at di↵erent energy range from 0 to 10
MeV with a bandwidth of 1 MeV.

image is made using a photon energy bandwidth of 1 MeV. The number of photons for

each bandwidth follow the spectral energy distribution as it is partially visible in the

profile along the sphere axis shown in fig. 8 (lineot along the red dotted line). In the

low energy images we have a better border definition, given by the higher number of

photons which contributes to the image, however the absorption is higher. Increasing

the energy the resulting images presents more noise, but the transmission of the target

increase predicting a maximum X-ray absorption which slightly increase (due to the

decreasing emission at the bandwidth).

Can demonstrate 
radiography through 1 cm 

gold sphere such that 
1mm void is visible with 
laser-generated source



Conclusions
§ Shown S2E simulations of useful LWFA by using a tailored density profile.

– Potential for kHz sources
§ Shown that the simulated x-ray spectrum is able to penetrate high areal
density and generate phase contrast images.Laser-based x-ray radiography 6
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Figure 4. Figure a) shows the a synthetic radiograph of 100 µm thick plastic shell
with internal radius equal to 400 µm. On the half left (-600,0 µm) we assumed a CCD
detector while on the right half (0,600 µm) we simulated an image plate. On (b) is
shown the lineout along the x axis at y = 0.

side of fig. 4a we simulated a CCD detector with the same characteristics of an ‘Andor

Ikon-XL SO’ [21] while in the right side we simulated an IP. We kept into account the

di↵erent detector resolution, sensitivity curves and filter transmission (kapton, 100 µm).

The CCD with a higher spatial resolution can shows the important contribution of the

phase shift, visible in the fringes at the density-vacuum interfaces. Moreover, the CCD

present an higher sensitivity to the lower energies compared to the IP where the spatial

coherence is higher, but also the absorption is higher resulting in a more visible plastic

shell. In this simulation we used the spectrum produced from 0 to 30 keV. Higher

energies presents a lower phase-shift, so are more indicated for radiography of higher Z

materials where the absorption would be to high at the present range.

4.1. Comparison with GEANT4 X-ray absorption radiography

Our XPCI simulation tool solves the Kircho↵-Fresnel equation using the Fresnel

approximation [23]. It includes the physical properties of the X-ray source such as

size and spectrum. It calculates both absorption and phase-shift in the energy range

from 1 keV up to 60 keV. The XPCI simulation toolkit is bench-marked against the

Monte Carlo simulation code GEANT4, shown in fig. 5, simulating the same sphere

using, for simplicity, a monochromatic radiation with energy E = 5 keV. GEANT4

calculates absorption, but does not include the phase-shift contribution of our XPCI

toolkit. Strong correlation bewteen the simulations is seen, except at the edges where

the GEANT4 simulation does not include the typical fringes which are a signature of

phase-contrast.

Future	Work
§ Demonstrate this work experimentally.

– Proposals in preparation.
§ Spatially resolve scatter from objects using a 
complementary technique.

– Aiming for isotopic sensitivity.



Thank	you	for	listening
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