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Laser-driven x-ray sources are an emerging alternative to conventional x-ray tubes and synchrotron sources.
We present results on microtomographic x-ray imaging of a cancellous human bone sample using synchrotron-like
betatron radiation. The source is driven by a 100-TW-class titanium–sapphire laser system and delivers over 108 X-ray
photons per second. Compared to earlier studies, the acquisition time for an entire tomographic dataset has been
reduced by more than an order of magnitude. Additionally, the reconstruction quality benefits from the use of stat-
istical iterative reconstruction techniques. Depending on the desired resolution, tomographies are thereby acquired
within minutes, which is an important milestone toward real-life applications of laser–plasma x-ray sources. © 2018

Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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Radiography is the oldest, and arguably the most prevalent, ap-
plication of x-rays. The x-rays used for radiography are usually
produced in x-ray tubes, where electrons from a thermo-cathode
hit an anode, leading to bremsstrahlung and line emission. This
design has been established by Coolidge and contemporaries [1]
and has since remained essentially unchanged. In parallel to the
development of x-ray tubes, accelerator-based synchrotron
sources and, most lately, x-ray free-electron lasers have been de-
veloped [2]. While these sources allow the production of x-rays at
unrivaled brightness, they have never been available for a wide
user base due to their immense cost and size.

In response to this issue, novel x-ray sources based on high-power
laser systems recently have been receiving increased attention.
Because lasers can create high fields over short timescales, these
sources provide an alternative means for radiation production.
While some schemes closely resemble conventional x-ray tubes
in terms of geometry and function [3,4], other approaches rely
on entirely different physical phenomena (e.g., high-harmonic gen-
eration in gases) [5]. Among the most promising sources are all-
optical light sources, which miniaturize the principle of a modern
synchrotron [6]. Here, a laser is focused on a gaseous target and
creates, in its wake, a plasma wave capable of accelerating electrons
at fields of gigavolt to teravolt per meter [7]. Due to the similarly
strong radial fields, electrons with initial transverse momentum will

perform betatron oscillations that lead to wiggler-like, broadband
x-ray emission [8]. Alternatively, a laser pulse can be used to provoke
radiation emission via Thomson scattering [9]. In contrast to x-ray
tubes, these sources provide collimated x-ray beams at a divergence
of several milliradians and ultrashort pulse durations.

Relying on a tightly focused laser pulse, all of these sources
have their small, micrometer source sizes in common; hence,
the potential of laser-based sources for high-resolution x-ray im-
aging has been discussed since the 1990s [10]. To date, x-ray im-
aging has been demonstrated for k-alpha [11], betatron [12], and
Compton sources [13]. Betatron sources have received particular
attention due to their high photon flux, and first proof-of-prin-
ciple experiments demonstrated tomographic reconstructions
[14,15]. Radiographs from betatron radiation also commonly
show strong edge enhancement caused by Fresnel diffraction
[16]. In a single-material scenario, these edge-enhanced images
can be related to phase maps using the transport-of-intensity
equation [17]. Based on this method, we have recently demon-
strated the first quantitative tomographic reconstruction of abso-
lute electron densities of a lacewing insect [14]. In this Letter,
we present measurements at an increased repetition rate,
photon energy, and photon yield. Furthermore, we extend our
measurements to samples of more eminent interest for radiologi-
cal applications.
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The measurements were performed at the Laboratory for
Extreme Photonics in Garching, Germany, using the ATLAS
titanium–sapphire (Ti:Sa) laser system. Including beam transport,
this standard CPA laser delivers pulses of 1.9� 0.1 J energy and
30 fs duration, resulting in a peak power of 60 TW on target.
An off-axis parabolic mirror is used to focus the laser to a spot
size of 30 μm (FWHM), where it reaches a peak intensity
of 5.5 × 1018 W∕cm2.

To create an underdense plasma as a medium for wakefield ac-
celeration, a hydrogen gas cell of a variable length (5–15 mm) is
placed in focus. Plasma electrons are self-trapped in the laser’s wake-
field and accelerated. To determine their energy, a dipole magnet
(0.8 m, 0.85 T) is placed 1.8 m from the source. The magnet de-
flects electrons onto a scintillating screen, which is imaged using a
camera system. Absolute beam charges are obtained by comparing
the scintillation light from electrons hitting the screen to a cali-
brated tritium capsule [18]. While the electron energy on the spec-
trometer may exceed 500MeV energy for short gas cell lengths (not
shown here), the x-ray yield is optimized for a long propagation
length (10–13 mm). In this case, the resulting spectrum has an
exponential shape and the final electron energy is lower due to de-
phasing, but electrons can perform more betatron oscillations and
therefore radiate stronger. The long acceleration also contributes to
stabilizing the x-ray energy (see below). By optimizing the gas den-
sity (ne ∼ 5 × 1018 cm−3) and the laser focus, we reached an elec-
tron beam charge of 736� 51 pC. The electron beam pointing is
determined by the injection process and the non-linear laser propa-
gation in the plasma; it varies by 1.1� 0.1 mrad.

To characterize the radiation, we have used two different de-
tectors. First, we used a direct detection x-ray CCD camera
(Princeton PIXIS-XO), which has a known quantum efficiency.
While such cameras can be used to determine the x-ray energy
using single photon counting, in our case the peak x-ray flux
at the detector has been too high for this kind of measurement.
Instead, a set of different aluminum filters is placed in front of the
detector (see inset in Fig. 1). Based on the transmission ratio of
each filter, the x-ray energy is estimated using an iterative algo-
rithm [19]. An averaged spectrum of 20 shots is shown in Fig. 1.
Note that this is the spectrum reaching the detector and low
energy x-rays are filtered by a 15 μm-thick aluminum filter
and a 125 μm Kapton foil.

Based on the spectral measurements, we calculate an average
photon flux of �1.6� 0.35� × 109 photons msr−1 s−1 at a 1 Hz
repetition rate. The total flux has therefore increased compared
to earlier experiments (including the different filter configura-
tion), while the RMS fluctuations are similar [14]. As the spec-
trum is synchrotron-like, it can also be characterized by a critical
energy ℏωcr � 13.5� 0.95 keV. The spectral shape is therefore
relatively stable (�7%), which can be explained by our experi-
mental setup: The detected x-ray spectrum is the sum of radiation
emitted over the entire accelerator length. By extending the accel-
erator length far beyond dephasing, we are effectively smoothing
the spectrum and thus reducing shot-to-shot fluctuations. In con-
sequence, a higher energy stability is achieved, which is essential
for tomographic reconstruction.

X-ray CCD cameras offer high spatial resolution and were used
in preceding studies for propagation-based phase contrast imaging
of small insects [12,14]. Since the quantum efficiency of the
CCDs decreases with the x-ray energy, these detectors are unsuit-
able for imaging of denser objects like a human bone. Here we

have used a Gd2O2S:Tb based scintillator (P43) as a substitute,
which is fiber-coupled to a 1388 × 1038 pixel CCD camera. The
camera uses a 50∶11 taper, where each pixel represents an area of
�29 μm�2 on the scintillator screen. Placed at 435 cm from the
source, the field of view covers approximately 9.2 × 6.9 mrad2.
For most shots, the betatron beam divergence is large compared
to the field of view; for some shots, however, a bi-Gaussian beam
profile can be fitted, giving a lower estimate of 11.6 × 6.0 mrad.
The total measured photon yield is therefore of the order of >108

photons per shot.
While the laser-plasma source can operate at 5 Hz (determined

by the pump lasers of the last amplifier), the acquisition time in
this experiment was limited by the readout time of the detector
and measurements were performed at 0.5–1.0 Hz. Compared to

Fig. 1. Top: Experimental layout (not to scale). The laser pulse is
focused using an f ∕25 off-axis parabola on a hydrogen gas cell of variable
length. As a result of the laser–plasma interaction in the cell, electrons
and x-rays are generated. The sample is placed between the gas cell and
the dipole magnet spectrometer, protected by an aluminum foil. X-rays
are detected on the x-ray detector with a geometrical magnification of
∼4–7. Middle: Average electron beam spectrum and beam profile (inset)
for 20 consecutive shots. The shaded area indicates the RMS error; dots
in the inset show the beam pointing of individual shots. Bottom: Average
x-ray spectrum at the detector as reconstructed from filter transmissions
over 20 consecutive shots. The shaded area indicates the RMS error; the
inset shows the average image of the filter transmissions.
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0.025–0.1 Hz for earlier measurements [14,15], this leads to a
significantly reduced acquisition time for a tomography scan.
To demonstrate the source’s potential for medical imaging, we
use a sample of cancellous human bone tissue, which contains
fine lattice structures, as shown in Fig. 2. These trabeculae are
affected by osteoporosis and understanding their degradation is
a typical application of μ CT in biomedical research [20].

As shown in Fig. 1, the sample is mounted at a 65–100 cm
distance from the source. It is protected from laser radiation using
15 μm thick aluminum foil and a static fiducial is placed next to
the rotating bone sample. First, we have acquired projections in
the full 360 deg range in steps of 0.5 deg. For the first 90 deg, 10
images were acquired at each position, while the remaining data
contains a single image per angle. To study the image quality en-
hancement as function of the number of shots per angle, we fur-
thermore acquired >100 shots for 10 different angles.

In post-processing, we employ a flat-field correction and then
use normalized cross correlation on the fiducial for image regis-
tration. While the latter is necessary to compensate for pointing
fluctuations of the x-ray beam, it can simultaneously be used to
achieve subpixel resolution images [14]. After registration, all im-
ages from the same angle are summed. We find that for our setup,
the influence of flux fluctuations rapidly decreases for >3 images
per angle and the image quality does not improve noticeably for
>20 shots per position. The registered projections of the entire
dataset are then summed and the rotation axis is determined.
To account for slight variations in the illumination on the detec-
tor, the beam-profile is fitted with a two-dimensional (2D) ramp
from the sample-free regions.

Due to the polychromaticity of the source, the line integrals
are underestimated due to beam hardening. This leads to lower
attenuation coefficients in the reconstructed volume at regions
where the sample is thick. To account for this effect, the line in-
tegrals are heuristically corrected by an additional factor, depend-
ing on the thickness of the sample.

For the subsequent tomographic reconstruction, a statistical
image reconstruction (SIR) technique [21] is used that provides

improved image quality compared to conventional filtered back-
projection techniques, as discussed later. The corresponding
penalized-likelihood objective function that is used in the
following can be written as μ̂ � arg min �Aμ − l̂�2W � λRγ�μ�.
Thereby, the vector of the object attenuation coefficients is
denoted by μ. The linear forward projection operation is modeled
by a matrix A. Due to the small angular size occupied by the sam-
ple, the transverse displacement of photons is of the order of the
detector resolution and the projections are assumed parallel. The
estimated line integrals that are recovered from the post-processed
projections are denoted by l̂ and W is a statistically motivated
weighting factor, which is set to zero for detector elements that
are not illuminated. For regularization, a Huber [22] penalty Rγ is
used that penalizes small value differences between neighboring
voxels quadratically and large ones linearly. The transition point γ
between the two cases is chosen according to the noise level in
the reconstructed volume. The strength of the regularization is
denoted by λ and has to be set by hand.

Figure 3 illustrates transverse slices of the reconstructed vol-
ume. With a voxel size of �6.7 μm�3, the resolution is comparable
to conventional μ CT on the top slices [23,24]. At the bottom the
tomographic dataset is not complete, due to the limited field of

Fig. 2. Tomography of cancellous bone sample. Bottom left: Photograph of the sample. Top left: Macro photography as in the experimental setup.
Center: Radiograph using the scintillator camera. Right: Rendering of the tomographic reconstruction with statistical image reconstruction (SIR), show-
ing transverse and longitudinal cross sections.

Fig. 3. Projection slices for the tomographic reconstruction with SIR.
Insets show the position of the slices relative to the raw data.

Research Article Vol. 5, No. 2 / February 2018 / Optica 201



view (cf. Fig. 3 bottom right). Nevertheless, the SIR can produce
reconstructions for these slices, but at a reduced image quality.

The tomographic scans from the preceding part were per-
formed over the course of one hour and covered 720 different
angles with multiple exposures per projection angle. To explore
the limitations of the technology we removed the fiducial, moved
the sample closer to the source (65 cm), and performed another
tomography run covering 180 deg at a 1 deg step size and a single
exposure per step. Using a 1 Hz repetition rate, the entire tomog-
raphy was acquired in three minutes.

Because the fiducial is omitted, the previous alignment
method using normalized cross-correlation can no longer be ap-
plied. To overcome this limitation, an iterative alignment scheme
is used. Thereby, we exploit the fact that a filtered back projection
of the estimated line integrals followed by a forward projection
only recovers the estimated line integrals if they are consistent
with its 3D representation. The relative displacement between
the reprojected and estimated line integrals is used to align the
projections [25]. All other post-processing steps are analogue
to the previous measurement.

To highlight the benefits of SIR, we compared this technique
to the conventional filtered back-projection approach in Fig. 4 for
different slices. With the statistical weights, we can compensate
the effects of the limited field of view that are even more pro-
nounced in this 180 deg scenario. Due to the regularization,
the noise level is distinctively reduced without significantly
deteriorating the resolution. Most importantly, the analytical
reconstruction procedure leads to undersampling artifacts, due
to the limited number of acquired projections, which SIR tech-
niques can handle. The resolution of this quick, single-shot
tomography is lower than in the first tomography scan. This is
mostly due to noise and flux fluctuations, which is reduced for
multishot acquisition. We found that summing 2–3 shots per
angle using the fiducial results is a good tradeoff between acquis-
ition time, dose, and resolution.

In conclusion, we have presented results of an x-ray microto-
mography of a human bone sample using a laser-driven imaging
system that operates at 1 Hz. The photon flux of more than 108

photons per shot is sufficient for single-shot acquisition of pro-
jections, and tomographies were generated using statistical itera-
tive reconstruction. Furthermore, the resolution can be improved

(to subpixel level) when several shots are aligned using a fiducial
or, alternatively, using tomographic consistency.

We believe the ability to acquire tomographies of dense objects
within minutes represents a major step toward real-life applica-
tions of laser-driven x-ray sources. The 100-TW-class Ti:Sa lasers,
as used in this study, have been under constant development since
the early 2000s [26] and are now produced commercially. The
betatron source itself reliably produces bright x-rays with high
spatial coherence. In future experiments, both the flux and fluc-
tuations of the source could be further improved using ionization-
induced injection in gas mixtures [27]. Additionally, novel wiggler
concepts like nanowires [28] or hybrid wakefield accelerators [29]
could increase both energy and photon yield by an order of mag-
nitude. The repetition rate and resolution are currently limited by
the detector, an issue that we believe can be resolved using high-
resolution CMOS cameras. Commercial Ti:Sa laser technology
would readily allow operation at up to 10 Hz, and it was recently
demonstrated that millijoule-class laser systems can be used
for wakefield acceleration at a kHz repetition rate [30,31].
However, due to laser depletion, these sources do not achieve elec-
tron energies sufficient for betatron x-ray generation. Increasing
the average power of femtosecond lasers beyond a kilowatt is
therefore an important challenge for the near future. For instance,
coherent pulse combination has been demonstrated up to kilo-
watt average powers [32] and promises easy scalability to higher
pulse energies [33].
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