High resolution imaging of embryonic mouse samples with a laser-driven
betatron x-ray source
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bone [10] samples.
In this Report an experiment is described where a betatron x-ray source was used to image embryonic mouse
samples, whose categorisation is important in the context of the International Mouse Phenotyping Consortium [11]. In comparison to previous work, the mean
peak brightness of the x-ray source was larger by a factor of > 10 [12], producing radiographs with significantly higher signal-to-noise ratio (SNR) than previously
achieved. Proof-of-principle biomedical imaging results
of this kind will pave the way towards the deployment of
compact laser-driven betatron sources operating at a significantly higher average flux and shorter exposure time
than any other laboratory-scale x-ray source.

Abstract
An imaging beamline was constructed around a laserdriven betatron x-ray source at the Gemini laser facility,
and operated at a significantly higher average photon
flux than previously possible. The x-ray source was energetically stable to within ± 6% over hundreds of laser
shots, and facilitated the acquisition of 2D radiographs
of embryonic mouse samples on a single shot basis, at
high resolution and signal-to-noise ratio.
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Introduction

Laser wakefield accelerators are an emerging class of
compact particle accelerators driven by high-intensity
lasers [1, 2], capable of the acceleration of electron beams
up to the GeV level over several centimetres [3, 4, 5]. The
longitudinal accelerating field is created by separating
charged species in a plasma, generating electric fields
up to several 100s GeV/m. As the electrons bunch is
accelerated longitudinally, it experiences transverse focussing electromagnetic forces from the plasma which
convert any transverse momentum into a transverse oscillation. This oscillation causes the electron bunch to
radiate, at photon energies boosted by the high average
Lorentz factor of the electron bunch to the hard x-ray
range. Such ‘betatron’ radiation has been shown to be
bright, ultrashort, and originate from a spatial volume
of micron-scale transverse size [6, 7].
These features make betatron x-ray sources attractive
for imaging purposes where, for point-projection radiography, the maximum spatial resolution of the image
is proportional to the size of the x-ray source. Previous work in this field has examined the imaging quality
of betatron backlighters with insect [8, 9] and human

2

Beamline

The experiment took place in 2015 at the Gemini laser
facility, RAL, UK. One of the Gemini beams was used
to drive a laser wakefield as part of the x-ray beamline see Fig. 1.
The wakefield driver beam was focussed with an
f /40 spherical mirror to a fwhm spot size of
(40 ± 1) × (52 ± 4) µm, and delivered 10.4 ± 0.5 J to
the target. After correction with a large-aperture adaptive optic, the fwhm contour of the focal spot contained
a fraction α = 0.33 ± 0.02 of the pulse energy. The
pulse length for the imaging shots was τfwhm = 51 ± 5 fs,
reaching a peak intensity of (6.3 ± 0.6) × 1018 Wcm−2 ,
or peak a0 = 1.71 ± 0.09
The plasma was confined to a helium gas cell of variable length. The plasma channel spatial profile and density was recorded on each shot with transverse shadowgraphy and moiré deflectometry, using the second arm of
Gemini as an ultrafast probe. The plasma density and
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Figure 1: The x-ray beamline layout inside the main
Gemini vacuum chamber. One of the Gemini beams
(red) is focussed into a helium gas cell, producing coFigure 2: Typical electron spectra as recorded during the
propagating electron (blue) and x-ray (green) beams.
imaging shots, consisting of high-charge, ∼ 0.7 GeV and
low-charge, ∼ 1.5 GeV components. Inset - histogram
of peak electron energies during imaging shots.
length was varied as so to optimise the stability and flux
of the betatron beams. For the images presented here,
the plasma length was 20 mm and the electron density
was (2.6 ± 0.3) × 1018 cm−3 .
To prevent any damage to the imaging samples, the energy component. The charge in the low-energy comlaser pulse was first blocked with a reflector foil, con- ponent was observed to be correlated with the betatron
sisting of a 25 µm layer of Kapton, flash-coated with a x-ray flux [12], so it is likely this component was rethin layer of aluminium. To minimise bremsstrahlung sponsible for the bulk of the photon emission. The peak
noise, the electron beam was deflected upwards by a se- energies of the beams were high compared to shorter
ries of permanent
dipole magnets with a total magnetic focal length configurations of the Gemini system, often
R
length of B(x) dx = 0.4 Tm. The magnetically dis- exceeding 2 GeV [13].
persed electron beam was recorded on a pair of scintilThe x-ray flux was also significantly increased comlating Gd2 O2 S:Tb screens, each imaged with a cooled
pared
to previous experiments, reaching ≈ 3 × 1010
16-bit CCD camera. The electron spectrum and average
angular offset from the laser axis were simultaneously photons above 1 keV per laser shot. The fwhm beam
area overfilled the detector, and the fwhm divergence
retrieved from the multiple scintillator images [13].
The imaging samples were mounted on a compact ro- was approximately 10 mrad in each direction. Coupled
tation stage inside a sealed sample chamber, maintained with a laser repetition rate of 0.05 Hz, the average pho6
2
at atmospheric pressure inside the main vacuum cham- ton flux above 1 keV was ≈ 9 × 10 ph/s/mrad . This
ber. A degree of thermal control was available through average flux is a factor of 10-100 higher than that posan attached heatsink and Peltier cooler. The windows sible with a conventional laboratory-scale x-ray source
of the sample chamber consisted of a pair of 50 µm Kap- of micron size [14], and ensures that one radiographic
ton foils, with an additional protective layer of 24 µm exposure requires only one laser shot.
aluminium on the front of the chamber.
By calculating the relative opacity of the elemental
The vacuum chamber was sealed on the beamline axis
filters (visible in Fig. 4) and assuming an on-axis synwith a 250 µm thick Kapton window, and the x-ray beam
chrotron spectrum for the x-ray beam, a best-fit specpropagated 48 cm in air before reaching the x-ray detectrum was found for each shot. Such a spectrum is chartor. For the images discussed here, the detector was a
acterised by a critical energy Ecrit , which is near the
150 µm thick structured CsI scintillator fibre-coupled to
modal energy of the broadband spectrum. For these
a 2048 × 2048 pixel CCD camera. The pixel size was
plasma conditions the energies were remarkably constant
13.5 × 13.5 µm for a detector area of 27.7 × 27.7 mm and
at Ecrit = 18 ± 1 keV over > 300 shots. It should be
angular acceptance of 7.8 mrad.
noted that this is the energy as measured towards the
edges of the beam. As the imaging sample occupies the
brightest central portion, and betatron beams are mea3 Beam properties
sured to become softer at larger radius [15], this measureAs plotted in Fig. 2 the electron spectra for these plasma ment is therefore likely an underestimate of the Ecrit at
conditions were broad, typically consisting of a high- the centre of the beam, which if up to 40% higher [16]
charge, low-energy component and a low-charge, high- could be near Ecrit ≈ 25 keV.
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Figure 3: a) Averaged lineout through most opaque filter
element, and fitted 2nd -order polynomial background. b) Figure 4: An exemplary radiograph of the mouse sample.
Derivative of ESF highlighted in a), with best-fit Gaus- The axes refer to spatial dimensions at the object plane.
sian overlaid.
The squares in each corner are elemental filters for the
on-shot transmission spectroscopy, and the thin wires
act as fiducials to account for the source motion.
4 Imaging results
beam during the experiment.
Clearly visible are the major contrast-stain absorbing
organs such as the liver, kidneys, and heart. The minimum transmission of the sample is above 50%, indicating
that the x-ray energy is appropriate for such a relatively
opaque sample. Importantly, fine features such as the
skin, whisker buds, and ribcage are also rendered with
clarity, and remain well resolved across the image.
An important quantity to measure and optimise in
radiography is the signal-to-noise ratio (SNR) of the image, defined as the local ratio of the smooth backlighter
signal to the random noise present. The local SNR of
the radiograph in Fig. 4 is plotted in Fig. 5, typically
reaching up to ≈ 20 throughout the region of the image
containing the mouse sample.
If the noise is assumed to arise from Poisson photon
noise, and it is assumed that each pixel receives ≈ 2000
photons per pixel per
√ shot, the source-limited SNR is
approximately 2000/ 2000 ≈ 44. Additional sources of
noise include the photon conversion process in the scintillator (due to a compounding of Poisson effects) and
bremsstrahlung photons from the electron beam. The
peak measured SNR outside the sample is therefore reasonably near the physical limit given the available flux,
and that inside the sample is more than sufficient for
most radiographic purposes. A lower bound on SNR
of 2-4 for feature detectability in radiography has been
measured [17, 18, 19], though in general the SNR required for the perception threshold scales as

The mouse sample was a 14.5 day embryo of height
10.2 ± 0.1 mm stained with iodine potassium iodide
and suspended in agarose. The stain acted as an absoprtion contrast enhancement agent, composed of high-Z
elements which are more opaque to > 10 keV x-ray photons than soft tissue. The stain is absorbed at different
rates in different organs, leading to differential photon
absorption and generating additional radiographic contrast. When installed inside the sample chamber the
source-sample distance was 1451 mm and the samplecamera distance was 2110 mm for a geometric magnification of M = 2.46. As plotted in Fig. 3, the spatial resolution of the scintillator was estimated from the
edge-spread-function (ESF) of one of the metal filters in
the corner of the image. By fitting a smooth background
behind the filter to eliminate the non-uniformity in the
x-ray beam profile, the (assumed isotropic) point-spreadfunction (PSF) is estimated by fitting a Gaussian to the
spatial derivative of the ESF. In this manner, the fwhm
of the PSF was estimated to be 5.8 pixels, corresponding
to 78 µm at the detector or 32 µm at the sample plane.
This is significantly larger than the x-ray source size, and
so is the limiting factor on achievable spatial resolution
here.
An example radiograph is displayed in Fig. 4, where
the detector nonuniformities have been subtracted and
hot pixels removed with a 3 × 3 median filter. The image
has not been corrected for x-ray beam inhomogeneity,
and so is indicative of the spatial profile of the x-ray
3
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Conclusion

High quality radiography of a complex and significantly
opaque embryonic mouse sample was achieved on a
single-shot basis at very high average photon flux. The
x-ray beam profile was homogenous enough to illuminate the entire sample uniformly, and the beam energy
remained constant to within ± 6% over hundreds of exposures. This achievement is a significant step towards
high-throughput radiography and tomography of smallanimal samples for preclinical imaging on laser-driven
betatron sources.
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