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1 Introduction

X-rays generated through betatron oscillations of elec-
trons in laser wakefield accelerators have ideal properties
for biological imaging. In recent years, experiments on
Gemini have increased the flux and critical energy of be-
tatron x-rays into the 10s keV regime that is needed to
penetrate cm-scale objects such as bone samples, mouse
embryos, and soft tissue biopsies. To translate these
proof of principle demonstrations into a resource for pre-
clinical and clinical imaging, and biological research, ef-
fort is needed to address the stability of the plasma ac-
celerator and thereby the quality of x-ray radiographs
produced. Many groups are making progress on this
front with robust machine design [1] and more consis-
tent injection schemes into the laser wakefield [2, 3, 4].
Until this is achieved, data analysis will be complicated
by fluctuations in x-ray profile, spectrum and brightness.
We recently reported tomography of an ex vivo mouse
embryo [5], representing an important step in our ca-
pability for imaging complicated organisms with direct
relevance for studies of human disease. In this report,
we discuss the image quality and processing steps taken
to obtain this tomographic reconstruction.

2 Method

The arrangement for x-ray imaging is shown in figure
1(a). Gemini was operated with a laser power of 120
– 240 TW (6 – 12 J in 50 fs) focussed through a he-
lium filled gas cell using an f /40 parabolic mirror. A
thin plastic tape drive terminated the laser and elec-
trons were deflected off-axis using a strong permanent
magnet (∼1 T). For high magnification imaging an ad-

ditional magnet was inserted to avoid striking the sample
directly with the electron beam. The sample was imaged
by point projection to an x-ray CCD detector with the
magnification determined by the source-sample-detector
distances. Samples were placed in three locations in-
dicated in the layout diagram in figure 1(a): position
A was closest to the source and had a magnification M
= 10 and field of view FOV = 2.6 × 2.6 mm2, B was
at the rear of the vacuum chamber with M = 2.5 and
FOV = 10.4 × 10.4 mm2 and C was directly in front of
the x-ray camera (M = 1) so gives the largest field of
view FOV = 26.6× 26.6 mm2, but can only provide ab-
sorption contrast. X-ray images were recorded using a
150 µm thick structured caesium iodide scintillator fibre-
coupled CCD camera with 2048×2048 pixels, each of size
13.5 × 13.5 µm, located at 3.6 m from the gas cell. Flat
field and dark field images were recorded for background
subtraction.

Under optimum conditions the beam contained 2.2 ×
1010 photons above 5 keV with a critical energy of 20
keV. This corresponds to a peak beam brightness in ex-
cess of 1024 photons/s/mm2/mrad2/0.1%BW assuming
an x-ray pulse duration of order 10 fs [6]. The spec-
trum was recorded simultaneously with sample imaging
by placing filters in the corners of the detector. X-ray
imaging resolution was determined by taking a radio-
graph of a JIMA RT RC-02 test target [jima.jp] placed
at position A in which 3 µm features are resolved (fig-
ure 1(c)). Calculations from the x-ray beam and plasma
properties [5] suggest that the x-ray source size was 1µm,
meaning the imaging resolution was limited by the scin-
tillator properties of the fibre-coupled hard x-ray camera
[7]. At positions B & C a larger gold target was used
with 10 µm features which were clearly resolved (figure
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Figure 1: (a) Schematic of the laser-betatron imaging
arrangement. (b) Chamber used to house the sample
when placed inside the main vacuum chamber. (c) JIMA
RT-RC-02 resolution grid imaged at position A. (d) Res-
olution grid with minimum feature size of 10 µm imaged
at position B.

1(d)). The beam divergence was ∼10 mrad full-width-
half-maximum, so it was well matched to the camera
chip area.

A 14.5 days post-coitum (d.p.c.) mouse embryo of
height 10 mm, stained with potassium tri-iodide (Lu-
gol), was embedded in agarose in a 12 mm diameter
plastic tube. This was centred on a positioning stage in-
side an aluminium sample chamber (see figure 1(b)) that
was maintained at atmospheric pressure inside the main
vacuum chamber. Two 12 µm aluminium foils, added
to protect the polyimide windows of the sample cham-
ber, filtered x-ray radiation below 5 keV. Tomographic
imaging was conducted by rotating the mouse embryo
through 180 degrees in 0.5 degree steps.

3 Results

To produce a tomographic image from the Gemini
dataset, first the image quality must be improved
through a processing routine, then a reconstruction tech-
nique is used to convert the 360 projections into a 3D
visualisation of the sample. This is a common proce-
dure for users of commercial x-ray machines and syn-
chrotron facilities, and efforts have been made to stan-
dardise software platforms [8] and to provide collabora-
tive support to the tomography community [ccpi.ac.uk].
Some of these methods can be directly applied to laser-
betatron x-ray images, but attention needs to be paid to
causes of noise and imperfections that are specific to this
source. The main difference from conventional sources
is the shot-to-shot variation in x-ray brightness and pro-
file. This can be seen by the five typical images shown
in figure 2.

Figure 2: Typical raw images obtained with Gemini
laser-betatron source.

3.1 Image processing

Images of the embryo acquired with a single x-ray pulse
were recorded with the sample chamber in position B
(M = 2.5) where the sample fits well onto the detec-
tor providing clear imaging of the whole body. The raw
data are affected by noise, beamline imperfections, and
variations in the pointing and intensity profile of the x-
ray beam. An example image as recorded on the x-ray
CCD is shown in figure 3(a). A three-step image process-
ing treatment was applied, consisting of background sub-
traction, correction of abnormally bright or dark pixels
and ionisation traces in the detector, and non-local de-
noising. By averaging 20 images with no sample present,
a reference flat field was acquired to determine non-
uniformities arising from elements of the beamline, such
as windows and foils, and the x-ray detector. This back-
ground signal was subtracted from the data. Micron-
scale fluctuations in the x-ray source position were re-
moved by tracking the position of the crossing point of
the reference wires. By fitting a quadratic surface to the
peak of the cross-correlation function of each image to
the initial image, it was possible to measure and correct
this offset to sub-pixel accuracy.

Figure 3(b) indicates the presence of hot and cold pix-
els across the image. Hot pixels are produced by high
energy photons arising from the tail of the betatron spec-
trum; bremsstrahlung radiation from the deflected elec-
tron beam striking objects in the beamline; and external
sources (e.g. cosmic radiation). The number of these
photons is low compared to the flux at the peak of the
betatron spectrum at ∼ 20 keV and they interact only
weakly with the detector, but they cause groups of pixels
to have abnormally high signal values. Energetic parti-
cles impacting the scintillator and CCD chip can also
produce hot pixel neighbourhoods or bright lines. Cold
pixels are typically a result of an imperfect flat field sub-
traction. For example, a hexagonal pattern is visible in
the raw image because of the fibre coupling of the scin-
tillator to the CCD chip. In some regions there is a
remnant of this pattern in the background corrected im-
age. These outlying pixels are removed using a selective
median filter resulting in the image shown in figure 3(c).

The majority of the remaining noise comes from Pois-
son photon noise at the level of several per cent of the
signal. While the signal to noise ratio (SNR) can be im-
proved by integrating multiple images, this has the dis-
advantage of increasing acquisition time. Therefore, to
improve single-image SNR we used a non-local-denoising
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Figure 3: (a) Raw image of mouse embryo detected by
the x-ray CCD, wires are placed as fiducials for tomo-
graphic reconstruction. (b) Region of image showing hot
and cold pixels and (c) the result of applying a selective
median filter. (d) Processed version of the image in (a).
(e) Zoomed region showing remaining noise and (f) the
result of applying a non-local-denoising technique.

Figure 4: Removal of x-ray beam spectral fluctuations
using sinogram.

(NLD) technique, considered the best option for preserv-
ing edge definition [9]. This method corrects the inten-
sity of each pixel in the image by defining a pixel neigh-
bourhood (typically a rectangle of pixels around the pixel
of interest) and measuring the difference between this
and other neighbourhoods in the image or in a near frac-
tion of the image. By averaging the pixel of interest with
the central pixels of the most similar neighbourhoods us-
ing the similarity as a weight for the average, it is pos-
sible to strongly reduce the Poisson noise. Here we have
used an implementation of the original non-local denois-
ing algorithm [9] in which each of the pixel neighbour-
hoods is compared with every possible neighbourhood of
the same shape in the image. A threshold is defined that
limits the neighbourhood differences that can be toler-
ated in the average. A trial procedure is then used to find
the optimal value of this threshold. This NLD method
is computationally intensive, but removes noise without
compromising image resolution. For these data we used
neighbourhoods of 11 × 11 pixels. The effect can be seen

Figure 5: Slices taken through the tomographic recon-
struction of the 14.5 d.p.c. mouse embyro in the (a)
sagittal (b) coronal and (c) transverse planes.

Figure 6: Volume rendering of the 3D tomographic re-
construction rendered with the Drishti software. Iso-
surfaces of electron density are shown allowing the visu-
alisation of particular organs.

by comparing the zoomed section of the image displayed
in figure 3(e) and (f). On average along an image, the
statistical improvement achieved with NLD is normally
equivalent to adding 10 to 20 similar images. The final
image obtained following this procedure is shown in 3(d).

3.2 Tomographic x-ray imaging

Reconstruction was carried out using a filtered back-
projection technique (FBP). This is a very common ap-
proach because it is simple, fast and robust. As part of
the procedure, a sinogram is generated and further pro-
cessing can take place at this stage [8, 10]. For example,
fluctuations in x-ray transmission caused by changes in
spectrum can be corrected as shown in figure 4. Figure 5
displays (a) sagittal, (b) coronal and (c) transverse slices
through the tomographic reconstruction. The images ex-
hibit good contrast and SNR with the internal organs,
particularly the liver, well defined.

As a method to visualise particular objects we used the
Drishti volume renderer to generate 3D representations
of the reconstruction and then created iso-surfaces of
electron density. This is shown in figure 6 and allows us
to step through the reconstruction from the light outer
layers of skin and whiskers through to the dense skeletal
features, liver and kidneys.
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Figure 7: Enlarged sections of the tomographic data
showing the structure of (a) the eye and b) the heart.
(Note the colourmap is reversed compared to figure 5)

We highlight the good resolution by studying two
small features in the embryo in figure 7. Examination
of the eye (figure 7(a)) reveals obvious structure, with
the forming lens and overlying corneal epithelium clearly
imaged, in front of the hyaloid cavity. The developing
retina is evident as a ∼ 100 µm thick layer and the optic
nerve and the ocular muscles are also resolved. Although
fine structures such as the pigmented epithelial layer are
not resolved, nor are they resolved by standard bench-
top muCT machines. Imaging of the heart (figure 7(b))
again resolves substantial structure. At the gross level
the ventricles and atria are well resolved, with thicker
and thinner regions of the ventricle wall clearly evident.
Moreover fine structures, such as the developing trabec-
ulae carneae within the ventricle are resolved.

4 Conclusion

The development of laser wakefield accelerators as x-ray
sources for a wide range of applications is a key objec-
tive for the CLF and our user community. We have
demonstrated high quality biological imaging using laser-
betatron radiation. Currently the resolution is detector-
limited and this needs to be addressed with further ex-
perimental campaigns and detector development. The
stability of the accelerator will improve as new facilities
come on-line with more reliable laser and target per-
formance. Engagement with existing communities with
expertise in tomographic imaging has started and will
aid the exploitation of these unique sources for applied
science.
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