Plasma density optimisation of laser-wakefield acceleration for
high-brightness bremsstrahlung emission applied to advanced

manufacturing imaging.
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Abstract

Laser-wakefield acceleration of electrons generates high-
energy beams that when propagated through solid mate-
rials will stimulate bremsstrahlung X-ray emission that
has both small (<50pm) source size and high energy
(>1MeV) for achieving high resolution penetrative ra-
diography. Laser-driven X-ray imaging requires bright
beams for high signal-to-noise acquisition and there-
fore high-quality imaging. X-ray emission is dependent
on the electron beam charge and spectral distribution,
therefore mechanisms for optimising and tuning the elec-
tron beam properties are advantageous for development
of this source for applications. Here we report on X-
ray emission optimised for different material properties
by varying the gas pressure of the wakefield accelera-
tor. Experimental results are presented of LWFA elec-
tron beam charge and X-ray emission after the beam is
incident on a range of converter materials to produce
bremsstrahlung. The X-rays were then used to image
a number of high-density, industrially-relevant samples
with sub-millimetre internal features to demonstrate the
capability of this new X-ray technology.

1 Introduction

Modern high-power, short-pulse lasers have been used
in recent years to develop compact particle accelera-
tion schemes. Laser wakefield acceleration (LWFA) uses
laser-driven plasma waves to trap and accelerate elec-
trons. Significant advances have been made since LWFA
was originally conceived by Tajima and Dawson [1], with
experimental results demonstrating high-quality electron
beams [2-4] with energies in the multi-GeV range [5-7].

One of the many applications of such compact electron
sources is the production of high-brightness, ultra-short
X-ray sources. Transverse oscillations of the electrons
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as they are accelerated generate betatron radiation [§]
which, due to its small source size and high-spatial coher-
ence, is ideal for phase-contrast imaging [9-11]. Collid-
ing the LWFA electrons with a laser pulse, i.e. Compton
backscattering, is an effective way to produce MeV-scale,
monoenergetic X-rays [12, 13]. For an in-depth review
of the recent developments in LWFA light sources, see
Corde et al. (2013) [14] and Albert et al. (2016) [15].

Compact X-ray sources for imaging have also been
demonstrated using bremsstrahlung [16-19]. Electrons
incident on a high-Z material produce a broad, synchro-
tron-like spectrum with a tail extending up to the peak
electron energy. In situations where high photon energy
is required for penetration of dense materials, and where
the complexity of the setup must be minimised, brem-
sstrahlung sources have a distinct advantage over both
betatron and Compton sources. One such situation is
that of non-destructive testing (NDT) in industrial set-
tings, where the materials in question are often com-
posed of high-density metals such as steel or nickel, and
may contain small internal features.

The current industry-standard approach to NDT is to
use a linear accelerator to produce electrons, which are
then converted to bremsstrahlung by conversion through
high-Z material. However, commercial linac sources are
often limited to millimetre-scale source sizes [20], or sub-
MeV energy [21]. Laser-driven bremsstrahlung sources,
on the other hand, can readily achieve multi-MeV ener-
gies with high flux and micron-scale source size, capable
of penetrating even the densest materials.

In this report we present the results of a recent exper-
iment on the Gemini laser, where we demonstrate imag-
ing of industrial materials using a LWFA bremsstrahlung
source. Additionally we show that the source can be
tuned to accommodate a range of material properties.
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Figure 1: Schematic of the experimental setup. Using an F/40 parabolic mirror, the laser is focussed into a 15mm
gas cell. Electrons produced by the laser interact with a converter target, producing X-rays and projecting an

image of the sample onto the scintillator.

2 Experimental Setup

To generate the electron beam, we focussed the South
beam of the Gemini laser into a 15mm gas cell
with an f/40 parabolic mirror, delivering 6J of en-
ergy in 50fs. The size of the focal spot was mea-
sured to be 50 pm x 40 pm, giving a peak intensity of
2.9x10¥ Wem=2 (ag ~ 1.2). After passing through the
gas cell, the laser pulse was redirected to a beam dump
by a strip of polyimide tape. The accelerated electron
bunch was then propagated through a converter mate-
rial mounted 50 mm behind the gas cell, after which it
was dispersed by a magnetic spectrometer.

By varying the backing pressure of the gas cell, the
properties of the electron bunch can be changed. An in-
crease in pressure, i.e. electron density, typically results
in an increase in the total accelerated charge and a de-
crease in the maximum electron energy, enabling tuning
of the bremsstrahlung radiation from the converter.

A range of samples were mounted in one of three po-
sitions of varying distance from the source, allowing the
field of view and magnification to be adjusted to the
sample dimensions. Two sample positions were inside
the vacuum chamber (M =10 and M=2.5), and the other
outside (M=1.6). The attenuation of X-rays leaving the
chamber was minimised by using a thin polyimide win-
dow. X-rays from each converter were first characterised
using an array of caesium iodide crystals to measure the
beam divergence and energy spectrum. This diagnostic
was then replaced with an imaging detector comprising
a scintillator imaged with an optical CCD camera.
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Figure 2: Left: Comparison of electron spectra as a func-
tion of backing pressure on the gas cell. Each line shows
the mean of all shots taken at a particular pressure set-
ting. Right: Maximum electron energy as a function of
backing pressure.

3 Source Characterisation

3.1 Electron Beam

The mean electron spectrum for each backing pressure is
shown in Fig. 2. From these data, it can be seen that the
accelerated charge was highest for backing pressures of
250 and 300 mbar. Figure 3 illustrates this more clearly,
showing that the total charge was optimised at an elec-
tron density of ~ 4.4 x 10'® cm~3.

An increase in backing pressure results in a reduc-
tion in the maximum electron energy due to a decrease
in the dephasing length. Varying the backing pressure
between 200 and 500mbar reduced the maximum en-
ergy from 798+56 MeV to 368+68 MeV. The maxi-
mum electron energy for each pressure setting is shown
in Fig. 2 (right). A line corresponding to the inverse scal-
ing estimate for maximum energy gain due to dephasing,
Winaz = 2MeC*ne/ne [22] is also shown.
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Figure 3: Total charge (uncalibrated) as a function of
pressure. Each point is the integrated counts for the cor-
responding spectrum in Fig. 2 (left). The peak charge
occurs at 300 mbar. The inset shows the measured elec-
tron density as a function of the backing pressure.

3.2 X-Ray Beam

Initial characterisation of the X-ray beam was conducted
using an array of Csl crystals, which were oriented per-
pendicular to the beam propagation direction. This al-
lows us to observe the attenuation of the beam by each
successive layer of crystals. By measuring the width of
the signal in the first row of crystals, we can infer the di-
vergence angle of the beam. Figure 4 shows an example
of the signal on the detector.

It can be seen from Fig. 5 (top) that the variation
in measured X-ray signal due to a change in backing
pressure approximately follows that of the total electron
charge (Fig. 3). Specifically, the peak of the signal occurs
at the same pressure as the peak electron charge. This
suggests that the electron charge produced below the
minimum range of the spectrometer (104 MeV), i.e. that
most efficiently converted to X-rays, is relatively low.

By increasing the backing pressure from 200 mbar to
400 mbar, the divergence angle of the X-rays (Fig. 5 (bot-
tom)) increases. As the opening angle of the bremsstrah-
lung beam scales with 1/4., this is consistent with the
variation in measured electron energy with pressure.

After characterising the X-ray beam using the Csl ar-
ray, the detector was changed to a LYSO crystal which
was imaged on-axis. A typical beam profile in the LYSO
configuration is shown in Fig. 4. This arrangement al-
lowed us to use the X-ray beam as a backlighter for imag-
ing samples.

3.3 Imaging Quality

To quantify the imaging quality of the source, we illu-
minated a tungsten resolution grid with the X-ray beam
and captured the resulting projection using image plate
and also with an 8mm thick LYSO crystal. Measure-
ments of 200 pm features are shown in Fig. 6. The con-
trast of the features was found to be 67+4% with the
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Figure 4: X-ray signal images. (a) Raw CsI signal;
(b) Crystal values extracted from signal; (¢) 8 mm thick
LYSO crystal (r = 40mm); (d) 2mm thick LYSO crystal
(50 mm X 50 mm)
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Figure 5: Top: Effect of backing pressure on signal am-
plitude observed by Csl detector for 6 converter types.
The converter labelled ‘TaAl 1.1mm’ is a layered target
comprised of 0.Imm Ta and Imm Al. Bottom: Diver-
gence angle for each converter.



image plate, but the LYSO caused significant blurring,
reducing the contrast to around 2%. The scintillator
crystal was then replaced with 2mm thick LYSO for com-
parison. With the thinner crystal, we were able to ob-
tain a contrast of just over 20% on 150 pm features on
the resolution grid, as shown in Fig. 7.
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Figure 6: Left: Image plate scan of resolution grid. Fea-
tures in the red box are 200 pm. Right: Contrast of
200 pm features as measured with image plate, and 8mm
thick LYSO. The scintillator material causes significant
blurring due to its thickness.
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Figure 7: Left: Image of thin foils captured by 2mm
LYSO. Right: A contrast of 0.21 £ 0.04 was measured
for the highlighted region, which contains foils 150 pm
thick.

Although a direct measurement of the source size was
not obtained, the significant difference in contrast be-
tween the detector types (image plate, 8 mm and 2 mm
LYSO) demonstrates that the imaging quality in our
setup is limited by the detector itself, and not by the
source size.

4 Monte Carlo Simulations

The spectral profile of the X-rays was inferred by simu-
lating the interaction of the electrons with the converter
targets using GEANT4.

An ensemble of 10° electrons was collided with each
converter. The emitted photons were counted at a dis-
tance of 25 mm behind the target, then processed into
2MeV bins. Because the electrons cannot be measured
after interaction with the converter due to scattering and
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Figure 8 Top: Photon spectra for 0.1mm Ta at

200 mbar (green) and 400 mbar (red). A decrease in pres-
sure leads to an increase in critical energy; Bottom: Pho-
ton spectra for 3 different converters at 400 mbar back-
ing pressure. A range of critical energy values can be
obtained by choice of converter material.

absorption, the mean electron spectra measured without
the converter in place were used as the input.

The spectral composition of the bremsstrahlung beam
can be characterised by the ‘critical energy’, E..;;, de-
fined as the energy above which 50% of the total photon
energy is radiated. A larger value of E..; is indicative
of a higher penetrating power.

Figure 8 shows that increasing the backing pressure
from 200 to 400 mbar, i.e. decreasing the mean electron
energy, corresponds to a decrease in the characteristic
energy of the X-rays. This indicates that we are able
to tune the spectral characteristics of the X-ray beam
for different material properties, simply by changing the
backing pressure. Figure 8 (bottom) shows the change
in spectral shape for different converters at the same
pressure (400 mbar).

5 Sample Imaging

To test the imaging capability of the source, we used
a variety of samples provided by industrial collabora-
tors. Figure 9 (left) shows one example, an additively-
manufactured star composed of the nickel alloy Inconel
which is around 5 cm thick in the longitudinal direction.
This was placed outside the target chamber (M=1.6),
and imaged using bremsstrahlung from a 2mm tanta-
lum converter.
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Figure 9: Left: Photograph of Inconel star object. Right:
2mm LYSO image of star. The X-ray beam profile is just
visible inside the dark region, showing the penetration
capability of the source.

Figure 10: 8 mm LYSO images of nickel alloy star at
various angular orientations, showing potential for to-
mographic reconstruction.

Figure 9 (right) shows the star imaged top-down with
a 2mm LYSO crystal, where the profile of the X-ray
beam can be seen in the attenuated region, demonstrat-
ing the penetration capability. Figure 10 shows side pro-
jections of the star, imaged with an 8 mm LYSO crystal.
The acquisition of multiple projections demonstrates the
potential to use the laser-driven source for tomographic
reconstruction of industrial objects.

6 Summary

Using laser-wakefield accelerated electrons and metallic
converter materials, we have produced a bremsstrahlung
X-ray source capable of imaging of high-density, indus-
trially relevant materials with a resolution of 150 pm,
currently limited by the detector. This is significantly

better than the industry-standard of ~ 1 mm. By vary-
ing the backing pressure of the gas target or the converter
type, we are able to control the brightness, divergence,
and the characteristic temperature of the X-ray beam.
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