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Abstract. X-ray backscatter imaging can be used for a wide range of imaging applications, in particular for industrial inspection
and portal security. Currently, the application of this imaging technique to the detection of landmines is limited due to the sur-
rounding sand or soil strongly attenuating the 10s to 100s of keV X-rays required for backscatter imaging. Here, we introduce a
new approach involving a 140 MeV short-pulse (< 100 fs) electron beam generated by laser wakefield acceleration to probe the
sample, which produces Bremsstrahlung X-rays within the sample enabling greater depths to be imaged. A variety of detector
and scintillator configurations are examined, with the best time response seen from an absorptive coated BaF» scintillator with
a bandpass filter to remove the slow scintillation emission components. An X-ray backscatter image of an array of different
density and atomic number items is demonstrated. The use of a compact laser wakefield accelerator to generate the electron
source, combined with the rapid development of more compact, efficient and higher repetition rate high power laser systems
will make this system feasible for applications in the field.

Content includes material subject to Dstl (c) Crown copyright (2014). Licensed under the terms of the Open Government
Licence except where otherwise stated. To view this licence, visit http://www.nationalarchives.gov.uk/doc/open-government-
licence/version/3 or write to the Information Policy Team, The National Archives, Kew, London TW9 4DU, or email: psi@
nationalarchives.gsi.gov.uk

Keywords: X-ray backscatter, X-ray radar, X-ray imaging systems, X-ray, detection

*Corresponding author: L.A. Wilson, Central Laser Facility, STFC Rutherford Appleton Laboratory, Chilton, Didcot, OX11
0QX, UK. E-mail: lucy.wilson@stfc.ac.uk.

0895-3996/15/$35.00 (© 2015 — IOS Press and the authors. All rights reserved
This article is published online with Open Access and distributed under the terms of the Creative Commons Attribution Non-
Commercial License.



792 R.M. Deas et al. / A laser driven pulsed X-ray backscatter technique for enhanced penetrative imaging

1000

w100 keV X-rays

=== 350 keV X-rays
140 MeV electrons

Electron beam
generator

;
800 %
600 %

Object 1 400

Total backscattered energy (MeV)

Object 2 Returned X-ray Signal <k
0 3
Object 2 Object 1 0 100 200 300 400
Fast Detector Distance of propagation in sand (mm)
Fig. 1. Schematic of electron generated X-ray backscatter detection. Fig. 2. A comparison of the total backscattered X-ray
(Colours are visible in the online version of the article; http://dx.doi. energy as a function of depth from 100 keV X-rays

org/10.3233/XST-150520) (black dotted line), 350 keV X-rays (red dashed line)

and 140 MeV electrons (solid green line) as a func-
tion of areal density for a sand target. The simulation
is performed using the Geant4 model [78]]. (Colours
are visible in the online version of the article; http://
dx.doi.org/10.3233/XST-150520)

1. Introduction

X-ray backscatter imaging is currently used for a range of imaging applications in particular for portal
security where it is used to scan shipping containers, vehicles and people [[LI2]. It has the advantage
over transmissive X-ray imaging of having the detector and X-ray source on the same side of the sam-
ple allowing for single sided imaging. X-ray backscatter imaging also shows an increased sensitivity to
lower atomic number materials compared to X-ray transmission imaging and has the potential to distin-
guish between materials based on their atomic number and density which has applications for explosive
screening [3]].

Inelastic or Compton scattering of X-rays tends to be the dominant mechanism for the attenuation of
X-rays from a few 10s of keV-10s of MeV (dependant on the atomic number of the material). X-rays are
preferentially scattered in the forward direction with lower X-ray energies having the largest backwards
scattered component (from the Klein-Nishina formula [4]). Attempts to apply X-ray backscatter imaging
technology to the detection of landmines have encountered difficulties due to the 10s—100s of keV X-
rays required for a strong backscattered signal being highly attenuated by sand and soil at these energies.
Work by Dugan et al. [S]] shows backscatter images of landmines at a maximum depth of 50 mm beneath
soil and grass using an X-ray tube source with a maximum photon energy of 160 keV. At more than
50 mm depth the attenuation and scattering of the X-rays becomes too large to allow good imaging.
The use of higher energy, 350 keV and 1 MeV X-rays have been examined in Monte-Carlo simulations
performed by Heuvel et al. [6]] and are shown to be able to image down to greater depths, with imaging
at 70 mm below the soil calculated to be possible despite the reduction in the proportion of backscattered
X-rays. However, the number of multiple scattering events increases as the energy increases reducing
the potential horizontal resolution of the image.

High energy electrons are able to penetrate to greater depths in a sample and to be tuned to pro-
duce a peak in backscatter emission at a particular depth. Electrons produce X-rays in the sample via
bremsstrahlung emission. The X-rays produced then backscatter and are attenuated as they travel back
through the sample. An example of how this scheme works is shown in Fig.[Il The interaction between
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energy spread. Typical error bars for points at ei- (Colours are visible in the online version of the article; http://dx.doi.

ther end of the spectrum are shown. These errors are org/10.3233/XST-150520)
largely due to uncertainties in position measurements
and the charge calibration.

these effects leads to the peak in backscatter emission shown in Fig. 2l X-ray beams, however, are atten-
uated as they enter and are backscattered in the sample. This is demonstrated in Fig. 2l which shows the
results of simulations using Geant4 [7J8]] to simulate the total backscattered X-ray energy per unit length
from sand (SiO with a density of 1.78 gem™3) as a function of distance when probed with 350 keV
X-rays, 100 keV X-rays and 140 MeV electrons. The simulation was conducted with 10° incident elec-
trons. The backscattered X-ray flux was measured using a detector plane on the front surface of the sand
sample. In this letter we demonstrate a new approach using a laser generated 140 MeV electron beam as
the radiation source. As the electrons are slowed down in the imaging target they emit bremsstrahlung
X-rays which are then backscattered and detected. This is the first time such an imaging technique has
been demonstrated.

2. Method

The experiment was performed using the Gemini dual beam Ti:Sapphire 800 nm laser system at the
Central Laser Facility at the Rutherford-Appleton Laboratory [9]. The Gemini laser is able to produce
pulses of 55 &+ 5 fs duration and energies of 10 + 1 J on target. A single p-polarised beam of Gemini
was focused into the centre of a supersonic gas jet at normal incidence using an f/20 off-axis parabolic
mirror. The focal spot Full Width Half Maximum (FWHM) was measured to be 25 pm, resulting in a
peak intensity of 10'® Wem™2.

Gemini is capable of producing narrow energy spread electron beams of up to GeV energies [[10]. To
provide optimal conditions for the production of a high flux of detectable backscattered X-rays from a
sample, highly reproducible electron beams are required with lower electron energies typically between
10-200 MeV. This increases the fraction of lower energy X-rays (10s to 100s of keVs) that are most
likely to be backscattered. A high charge beam is also required to increase the backscattered signal as
the X-ray backscatter signal is much lower than the forward scattered beam. To achieve this, an f/20
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focusing optic was used to provide a large focal spot within a supersonic gas jet (= 25 pum). This enables
the creation of a larger non-linear plasma wave bubble within the gas, increasing the limit on the number
of electrons that can be injected. A 5 mm gas jet nozzle was used with the laser focused 1 mm above
the tip of the nozzle. A helium and 5% nitrogen gas mix was used allowing for ionisation injection to
occur — previously shown to lead to an increase in the total charge in the electron beam [11J12].

To characterise the generated electron beam, electron spectra were measured by placing a 0.67 T
100 mm long magnet on-axis to deflect the electron beam though a 1 mm Al window onto a scintillation
screen (Kodak Lanex, emission peak at 546 nm) at the end of the chamber 1.83 m from the gas jet. This
was imaged on to a 16 bit CCD camera to obtain the electron spectrum. A scan of gas electron densities
up to 5 x 10'® cm™3 was performed which showed the most consistent, high flux and uniform electron
beams in the 50-300 MeV region at a gas electron density of 3.9 x 10'® cm™3 £ 0.1 x 10'® cm™3 (A
sample of an electron spectrum at 3.9 x 10'® cm™3 is shown in Fig.[3)). The total electron beam charge —
calibrated by placing image plate in the beam path (image plate counts can be converted to PSL [13]],
where 1 PSL ~ 50 electrons for image plate type BAS-MS in this energy range [14]]), is found to be
670 pC £ 30 pC from an average of 30 shots. The vertical divergence of the electron beam was typically
6.0 mrads + 1.2 mrads, measured over 16 shots.

To scan an array of objects, the magnet was removed and the electron beam propagated out of the
vacuum chamber through a 3 mm thick steel window on the laser axis 1.8 m from the gas jet. A layout
of the experiment is shown in Fig. |4l Samples to be scanned were typically placed between 0.4 m—
1.5 m from the end of the vacuum chamber (2.2 m—3.3 m from the gas jet). Behind the samples, 2.25 m
from the end port there is a 0.3 m thick lead electron beam stop which gives a strong X-ray backscatter
signal. It is possible to shield the detectors from this signal using a lead collimator, however, it could
also be used as a reference X-ray scatter point. Micro Channel Plate Photomultiplier Tube (MCP-PMT)
detectors [15] were placed ~ 2.2 m away from the sample within lead shielding to restrict the field of
view and suppress unwanted background X-ray emission associated with electrons interacting with the
vacuum chamber walls.

Initial tests of the MCP-PMT response were carried out to study the time resolution of the detectors
with different scintillator materials and geometries. Three different scintillator set-ups were tested: (1)
BC422Q plastic scintillator with 0.5% benzophenone doping in a 50 mm long 50 mm diameter cylinder
with a reflective coating, (2) 10 mm x 10 mm x 80 mm BC422Q 0.5% cuboid with a absorptive coating,
and (3) an array of 4 x 10 mm x 10 mm Xx 10 mm BaFj crystals with a 195 nm bandpass filter to remove
the slower 220 nm component of the scintillator emission. Both BC422Q and BaF are expected to have
a similar characteristic decay time of 600 ps—800 ps. The MCP-PMT window diameter is 11 mm. The
MCP-PMTs with the plastic BC422Q scintillator were placed with the entire scintillator vertically in the
electron beam to enable direct comparison. The BaFs scintillator response is to the backscattered X-ray
signal from 38 mm of Al

The response curves are shown in Fig. [l The BaF; response is scaled up by a factor of 5 to enable
comparison with other signals. The FWHM for scintillators (1), (2) and (3) are 3350 ps + 54 ps, 1510 ps
+ 41 ps and 710 ps + 25 ps respectively. This shows an increase in resolution with a thinner absorptive
coated scintillator due to the reduction of the number of different possible path lengths for detected light.
The best resolution found was with the 10 mm x 10 mm x 10 mm BaFs. This is due to the decrease
in length of scintillator required for a given stopping power due to the higher density of BaFs compared
to BC422Q. The BaFs response appears be to associated with a decrease in the signal amplitude. This
is due to the weaker emission from the fast 195 nm decay as well as the signal being from a backscatter
target rather than direct beam irradiation as for the plastic scintillators. This was alleviated by taking
multiple shots on a target and summing the resulting responses over 20-40 shots to improve the signal
to noise ratio.
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Fig. 5. Comparison of output signal from BC422Q 0.5%
plastic scintillators in a 50 mm long 50 mm diame- 0.1
ter cylinder (red line), 10 mm X 10 mm x 80 mm Lead Wall
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Dashed lines show curve fits assuming curve of the form Fig. 6. (a) Diagram of the set-up of the array of test objects.
exp(—t/taecay) —€xp(—t/trise) [16]], where taceay and tise (b) Example of an X-ray backscatter image of the object array
are the decay and rise time constants. (Colours are visi- shown in (a). An array of objects including 38 mm thick Al,
ble in the online version of the article; http://dx.doi.org/ 0.14 m thick insulation foam and a low density organic com-
10.3233/XST-150520) pound are shown. (Colours are visible in the online version of

the article; http://dx. doi.org/10.3233/XST-150520)

3. Results and discussion

An array of objects chosen to give a variety of mass densities and atomic numbers including 0.14 m
thick foam wall insulation, 38 mm thick aluminium and 2 0.10 m x 0.05 m x 0.15 m bag of low density
organic compound (C12H29011) were set up as shown in Fig. [6(a). The detectors are to the side of the
vacuum chamber 2.2 m from the 38 mm Al as shown in Fig. 4l Each x axis ‘slice’ of the resulting ‘X-
ray radar’ image shown in Fig. [6(b) corresponds to a 0.1 m horizontal displacement of the object with
respect to the beam. The resolution in the y axis is dependent on the combined scintillator and detector
time response. Each slice is an average of the BaF, MCP-PMT signal over 40 shots. The zero position is
given as the signal from the 3 mm steel window, with distances (in m) given from this position, with the
lead beam stop shown at 2.20 m. The X-ray radar image clearly shows positions of the different density
and atomic number objects shown in Fig.[6 with the objects positioned behind the 0.14 m foam ‘wall’
being observed to have a strong response demonstrating the potential for single sided imaging of objects
behind a barrier. This is due to 140 MeV electrons having a much greater penetration depth than the
10 s to 100 s of keV X-rays required for backscatter detection. These electrons are able to pass through
the foam wall and generate X-rays within the sample which then backscatter and pass back through the
foam wall to the detector, direct X-ray irradiation would require the X-rays to pass through the foam
wall twice being attenuated both times and giving a weaker signal from the sample behind the wall.

4. Conclusions

A 140 MeV electron beam generated by laser wakefield acceleration has been propagated in air and
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used to induce an X-ray backscatter image of an array of objects. This represents the first demonstration
of such an image. The use of a laser wakefield generated electron beam has the advantage of producing
electrons of high intensity and energy in an ultra-short time scale from a very compact accelerator.
Ultra-high peak power laser technology is developing rapidly with pulse repetition rates and efficiency
increasing whilst system size is reduced [[17]]. These rapid developments in laser technology make it
possible to envisage fielding this type of accelerator and detector system for inspection in the field in the
near future. The shortest time resolution and, therefore, depth resolution was found with an MCP-PMT
with an absorptive coated 10 mm x 10 mm x 10 mm BaF, scintillator using a bandpass filter at 195 nm
to absorb the slower emission at 220 nm and transmit the fast emission. This method has the potential
to image at greater depths than previously demonstrated with X-ray source imaging techniques due to
the greater propagation range of electrons compared with X-rays. The authors believe the image quality
is limited by the emittance of the electron beam and the temporal response of the X-ray detectors as the
pulse length of the laser driven electrons can achieve a depth resolution of 0.3 mm. Signal to noise ratio
of the X-ray backscatter signal can be enhanced by a higher electron beam charge, an increased pulse
repetition rate or a larger area X-ray detector.
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