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Abstract
This paper reviews recent progresses in ultrafast laser-based X-ray sources and their potential
applications to high throughput X-ray imaging. Prospects for the utilization of X-rays sources related to
the Laser Wakefield electron Acceleration (LWFA) are more specifically discussed with emphasis on
application in diagnostic radiology.

1. INTRODUCTION

Lasers, invented in 1960, are currently extensively used in medicine for diagnosis and treatment of diseases, as well as
patients (re)positioning, respiratory motion gating, oximetry and countless other applications. Lasers are also found
myriad applications in biomedical research in applications ranging from fluorescence microscopy [1] to micro-
dissection [2] and in many others. Laser light with wavelengths between ultraviolet (UV) and infrared (IR) parts of
spectrum allows faster, less invasive and safer clinical protocols with better outcome in many medical disciplines
including dermatology, ophthalmology, dentistry, otolaryngology, urology, cardiology, neurosurgery and orthopedics
[3]. The clinical and preclinical X-ray imaging [4] is based on conventional X-ray tube technology initiated in 1895.
Even though, it has been demonstrated that lasers can provide bright secondary sources of X-rays, such laser-based X-
ray sources have not been introduced to medicine. We discussed fourteen years ago [S5] the potential impact of the
ultrafast laser-based X-ray sources on medical imaging, with a particular emphasis on the use of K-alpha radiation for
low-dose high-resolution mammography and non-invasive coronary artery angiography.

Since that time remarkable progress has been made worldwide in the field of conventional (X-ray tube based) medical
x-ray imaging. Despite this progress, there is still a need for imaging with significantly higher spatial resolution, better
soft tissue contrast resolution, lower radiation dose, and shorter scan duration than presently possible. The conventional
medical X-ray tube is mature technology that after over hundred years of evolution reached its technological limits and
has obvious advantages including relatively small form factor, high reliability and reasonable cost. Nonetheless, it also
has numerous inherent deficiencies including a relatively large effective X-ray spot size and a limited control of the X-
ray spectral shape.

The field of ultrafast lasers technology and the field of high-brilliance and high-power laser-based X-ray sources is
undergoing rapid development but this technology is still not ready for clinical trials for medical X-ray imaging
applications. The commercial success of the future medical X-ray imaging systems integrating the ultrafast laser
technology will depend mainly on the added clinical value, as compared with existing conventional technologies and the
cost effectiveness. As the medical use of X-ray radiation in diagnostic radiology has grown exponentially in the recent
years and as the imaging medical equipment is evolving rapidly, any new technology must undergo a careful assessment
of the magnitude of exposure to ionizing radiation and potential risks [6,7].

Advances in basic physics and laser technology including introduction of powerful ultrafast lasers (100TW — 1PW)
suggest that in the near future it may be possible to built laser-based X-ray imaging devices that could overcome the
limits of the conventional systems and shift X-ray imaging paradigms allowing low-dose, high-resolution and fast



clinical and preclinical imaging. Two key types of laser-based X-ray sources, the K-alpha X-ray sources and the Laser
Wakefield X-ray sources that have been developed over the recent years are major candidates for (bio)medical imaging
with X-rays in the 15 keV — 150 keV energy range. This article reviews critical issues pertinent to the application of
these laser-based X-ray sources to (bio)medical imaging and discusses for the first time the possible impact of the novel
Laser Wakefield electron Acceleration (LWEA) X-ray sources: the laser Betatron and Inverse Compton scattering X-ray
sources

2. PRESENT STATUS OF X-RAY BASED MEDICAL AND BIOMEDICAL IMAGING

X-ray based medical imaging, backbone of radiology, includes many imaging and interventional modalities and is a
result of continuous development for over 100 years [8]. Still, many challenges remain. For example, imaging of dense
breast tissue in mammography is severely limited with reduced mammographic sensitivity and specificity and with the
suboptimal dose utilization [9,10]. This is because the X-ray spectra produced by mammographic X-ray tube are
suboptimal for this imaging task. Thus better control of spectral distribution of produced X-rays would be highly
desirable. It is well accepted that higher spatial resolution, i.e. smaller X-ray focal spot, would be highly desirable in
many X-ray imaging sub-modalities leading to better clinical exams specificity and sensitivity.

In the biomedical-imaging arena x-ray imaging plays critical and unique role providing structural but also, with the use
of imaging probes, functional information. As an example, X-ray imaging, especially high-resolution micro-computed
tomography (micro-CT), is emerging as a key tool to improve planting efficiency [11-13]. Increasing food production
and efficiency is a fundamental world challenge for the XXI century. Plant performance in a crop context is determined
by a multitude of internal and external factors; the response to this challenge includes an optimization of the crop
production and crop improvements through breeding and through understanding the coupling between genetics and
phenotyping [14].

Recent discoveries in genomics, and in molecular and cell biology have led to a wide use of small animal models of
human disease. As a result, micro-CT has become an important tool in modern biomedical research [15]. Functional
imaging of small animal models has been accomplished by introduction of various modalities, including micro-PET [16]
and micro-SPECT [17], while anatomic imaging of soft tissue has been realized by means of magnetic resonance
microscopy [18,19], micro-ultrasound [20,21] and micro-CT [22] with dual X-ray energy [23], with nanoparticles [24,
25], and with contrast media [26]. Synchrotron radiation has also been also used but it has been suffering from very high
facility cost and limited user base [27]. Recently, multimodality micro-imaging, such as micro-PET/CT, micro-MR/PET,
and micro-SPECT/CT, have been used to realize fusion of functional and anatomic information [28-31]. However,
conventional micro-focal X-ray tube used in in vivo micro-CT with effective x-ray focal spot size in the 20-60 um range
can only be operated at relatively low power not exceeding ~50 W. It results in rather long micro-CT scan duration in the
10-60 min. range, depending on the desired spatial resolution.

X-ray phase-contrast (XPC) imaging has emerged recently giving rise to improved soft tissue density resolution in
biomedical imaging. This imaging method is based on Denis Gabor holography principle [32,33]. The first XPC images
were obtained in 1995 with synchrotron [34] and microfocal X-ray tube sources [35]. Since then, many groups have
carried out phase contrast imaging with synchrotron and X-ray tube sources and in various geometries [36]. XPC
imaging requires an X-ray source with a very small effective focal spot size, a high-resolution x-ray detector and an
appropriate location of the sample and the detector in the beam path. If the detector is placed in proximity of the sample,
a conventional absorption image is obtained. However, if the X-ray source is sufficiently small (i.e. it is spatially
coherent) and the detector is placed far beyond the sample, a near field Fresnel diffraction patterns can be obtained. The
images formed in these conditions contain information on both the real (X-ray phase-shift) and the imaginary (X-ray
absorption) components of the X-ray refractive index in the object. Therefore, even if the differences in X-ray absorption
between different types of tissue are too small to create sufficient image contrast in conventional x-ray radiography and
tomography, the method that allows X-ray phase-shift mapping might provide sufficient image contrast for
differentiation of various types of tissue. The application of X-ray phase contrast imaging with X-ray tubes and
synchrotrons has been widely discussed and includes mammography [37-40], tomography of biological tissues [41, 42],
biomedical applications [43], and plant and soil science [44,45] among others. Phase contrast imaging shows
considerable promise for medical, preclinical and life sciences X-ray imaging [46]. However, a substantial amount of



work still remains to be done to determine the optimal X-ray source parameters, imaging system geometry and detector
parameters, system cost and its clinical efficacy. The major obstacles preventing wide spread of XPC imaging are
aforementioned deficiencies of X-ray tube technology: large effective focal spot size and low output power.

3. ULTRAFAST LASER K-ALPHA BASED IMAGING

The laser-produced plasma (LPP) X-ray source has been studied extensively especially in the context of X-ray
lithography [47] and inertial confinement fusion (ICF) [48]. Continuous bremsstrahlung and characteristic X-ray
emission result from the interaction at high optical power density (10"°-10" W/cm®) laser beam with solids, liquids or
clusters. Application of these novel X-ray sources to medical imaging was proposed very early [49]. However, in order
to generate optical power density sufficient to obtain the desired, for intended applications X-ray flux, previous designers
have relied almost exclusively on large (or very large for ICF), energetic lasers generating laser light pulses with
nanosecond duration. Focal spots created were large (0.3—1.0mm), due to lateral transport in LPP produced by long
pulses [50], i.e. they were comparable with conventional X-ray tubes.

The invention of chirped-pulse amplification (CPA) in the late 1980's allowed the achievement of very high optical
power density (10'*-10°"W/cm?) delivered to the target by the laser beam from relatively compact (table-top) Terawatt
lasers with femtosecond pulse duration [51-53]. The development of the femtosecond laser technology has been
particularly impressive since the last published review [54]. The ultrashort laser technology is very diverse, but
advances in both laser architecture and materials (fibers, slabs and thin disks) allowed massive increase in the average
and peak power [55-57]. High peak power lasers (above 100TW) are now commercially available and widely used to
accelerate protons to the multi-MeV energy range [58-61], electrons to the GeV energy range [62-64], and to generate
electromagnetic radiation spanning from THz to X-rays [65,66]. A comprehensive review of the status of Petawatt class
lasers (above 200TW) worldwide recently published [67] shows how fast this field is expanding. Many new academic
projects have emerged worldwide. They have been aiming at demonstrating the potential of ultrafast laser-based
electromagnetic radiation sources and particle accelerators for medical and life sciences application [68].

3.1 Ultrafast laser-based K-alpha X-ray sources

A K-alpha (Ka) X-ray source is created during interaction between a high-power femtosecond laser and a high-Z solid
target or liquid heavy metal jet. Such source is characterized by a small footprint, a narrow spectrum (Ko characteristic
radiation) with a tunable energy (obtained by changing the target material’s elemental composition) in the 5 — 50 keV
energy range, and an effective X-ray source size (limited lateral transport with ultrafast laser pulses) in the tens of
micrometers range [5,69-83]. We discussed the prospects for the utilization of such ultrafast laser produced plasmas X-
ray sources in diagnostic radiology [69] with a particular emphasis on application in non-invasive coronary artery
angiography (X-rays around 35keV) and low dose high-resolution mammography (X-rays in the 17-30 keV energy
range). Our initial approach to solid targets [5,70,71] was to investigate the emission of K-alpha radiation using second
harmonic generation (400 nm) in order to produce a very high contrast ratio optical pulse and generate X-ray source size
close to the laser focusing spot size (a few um in diameter). One drawback of this approach is relatively low hot electron
temperature generated at shorter wavelength resulting in lower conversion efficiency from laser optical energy into K-
alpha X-rays energy (typically 2x10” for Mo K-alpha line at 17 keV). Recently, we have been able to achieve
conversion efficiencies of 2x10™ (for Mo K-alpha line at ~17.4 keV), while keeping the X-ray source size close to the
laser optical focal spot size (10-20pm), with a 800 nm, 30TW laser (10 Hz repetition rate and 30 fs pulses) by
adequately controlling the optical contrast ratio at the fundamental 800 nm wavelength [72]. A K-alpha X-ray source
generated with 100 TW laser systems (30 J, 320 fs) has been used, with a high conversion efficiency of 9x10~ at ~4.5
keV (Ti K-alpha lines), to study interaction of X-rays with matter [73]. Laser based hard X-ray (10 — 50 keV) sources
including K-alpha have been recently studied with higher repetition rate laser systems (100 Hz — 10 KHz range) with
wavelength in the IR and the mid IR, in view of potential applications in medical imaging with phase contrast
techniques [74] or to be used for probing ultrafast matter dynamics [75-77]. The control of the optical contrast ratio is
key in generation of X-rays from a very small spot size and with high conversion efficiency from optical to X-ray
energy (Ex/Er). The highest conversion efficiency reported (around 2x10™ for Mo K-alpha) is similar to the one
obtained with X-ray tubes and corresponds to the optimum conversion from electron distribution into X-ray K-alpha
lines. The final throughput of a laser based K-alpha X-ray source for phase contrast imaging will thus be related to the



repetition rate (in the few hundreds Hz to kHz range) and the average power (in the few hundreds W to kW range) of the
driving system.

3.2 Imaging with ultrafast laser K-alpha X-ray sources

There is a large body of data showing that LPP-based K-alpha X-ray sources can be applied for biomedical imaging. The
Lund’s group [84-86] reported the first application of the LPP-based K-alpha X-ray source to radiological imaging.
Barty et al. and the Lund group also demonstrated the possibility of time-gated medical imaging using a laser-based X-
ray source [87, 88]. We have demonstrated the feasibility of CPA ultra-fast lasers for mammography [69-71] and digital
energy subtraction angiography (DESA) [5]. Our group also showed the potential of laser-based X-ray sources for in line
phase contrast imaging with Ka radiation around 25 keV [89-91]. The typical laser shots number required to create an
image of a mouse with good signal-to-noise ratio was around 6000 at Ag K-alpha emission lines, 0.2 J per shot, the
source-to-detector distance of 2 m and a conversion efficiency of 2x10” [90]. The acquisition time was thus around 10
min per image using a 10 Hz repetition rate laser system working at 400 nm fundamental wavelength. Higher conversion
efficiency in the K-alpha line (2x10™*), as obtained with our 10 Hz, 100 TW peak power laser system [72] working at
longer wavelength of 800 nm, helps reducing the acquisition time. Another strategy to shorten the image acquisition time
is to use high repetition rate lasers (in the kHz range) and increase the average laser power. The high repetition rate laser
technology may allow the development of lower cost laser-based X-ray sources [92]. Such higher repetition rate X-ray
sources have been used for small avascular tumor imaging [93] and differential phase contrast and tomography of mouse
model [94].

The LPP-based K-alpha X-ray source has very attractive radiological features including small effective spot size and
easy control of the X-ray spectrum via target change, and holds great promise for diagnostic and biomedical imaging
using X-rays in the 15 — 50 keV range. The LPP-based K-alpha X-ray sources require lasers with very high average
power (in kW range) on the target in order to perform clinical X-ray computed tomography and other imaging
examinations in an acceptable time frame. Such high average power is beyond reach of current ultrafast laser technology.
However, it is a subject of intense research, particularly in Europe, aiming at development of ultrafast lasers based on
new materials allowing higher repetition rates. These new emerging technologies will allow achieving hundreds or even
thousands of Watts of average power with diode pumped pump laser systems in the femtosecond and picosecond pulse
duration range. Therefore, we expect that such high-power lasers will become available in the near future and LPP-based
K-alpha X-ray sources will be applied in preclinical and biomedical imaging and eventually will be applied to imaging of
human patients.

4. LASER WAKEFIELD X-RAY BASED IMAGING

The other major class of laser-based X-ray source that has been developed over the past ten years, is based on the
phenomenon of electron acceleration by the laser wakefield. It can be divided into two main mechanisms, the Betatron
and the Inverse Compton emissions. They are able to generate X-rays in the 50 keV — few MeV range. Such X-ray
sources have been created using sub-hundred femtosecond high-energy Ti:sapphire laser systems. Tajima & Dawson
first described in 1979 [95] the acceleration of electrons through the interaction of a laser with plasma. The coupling
between plasma and an electromagnetic wave gives rise to a very large variety of interactions, including parametric
instabilities and particle acceleration. They all strongly depend on the laser and plasmas parameters. The laser wakefield
acceleration (LWFA) of electrons takes place when a short laser pulse interacts with a gas jet. The laser pulse induces a
plasma wave, which originates from the charge separation between electrons and ions in the generated plasma. At low
optical power density (not exceeding 10'"W/cm?), the electron density perturbation follows a linear behavior along the
laser pulse propagation axis and the associated electric field is low. At higher intensities (above 10"*W/cm?), the electron
density perturbation is no longer linear and very sharp and strong electric field gradients are generated. In this regime,
electrons are accelerated in the ion cavity (bubble) produced in the wake of the laser pulse by the ponderomotive force
[96,97]. With ultrafast laser parameters available today, the electric field can reach 600 GV/m with a cavity radius
around 7um for a gas density of 1x10" cm™. The first reports of the generation of quasi mono-energetic electrons beams
by the LWFA process were published in 2004 [98-100].

Our group studied LWFA since 2009 in close collaboration with Laboratoire d’Optique Appliquée (LOA, Ecole
Polytechnique) in France [100]. In 2012, we reached remarkable performance (in terms of spectrum and stability) for the
LWFA by controlling the injection of the electrons via generation of a sharp density transition [101]. We demonstrated



with this technique that it was possible to generate, with a 80TW laser (30fs), quasi-mono-energetic electron beams with
energy over 400MeV and an average charge close to 100pC [101]. We are reporting here results obtained with another
injection method based on colliding beams [102-104], to improve the characteristics and stability of the accelerated
electron beam. In previous experiments with this technique [103,104], the generation of quasi-mono-energetic electrons
beams was reported with energies of 14 MeV (22pC) [103] and 117MeV (19pC) [104]. We used two counter
propagating colliding pulses. The main beam (2.7J, 30fs pulse) is focused with a 1.5m parabola in an 18um spot
(FWHM) at an intensity of 1.25x10""W/cm®. The colliding pulse (100mJ, 30fs) is propagating along an axis tilted by 5°
from the main beam axis and is focused with a 50cm parabola in a 16pum spot at an intensity of 4x10'"W/cm”. The target
is a supersonic He gas jet produced with a 5mm nozzle. When the electron density is 8x10'*cm™ the main beam alone is
producing by self-injection an electron beam having a broad spectrum with a maximum energy around 240MeV and a
charge around 160pC. At a density of 5x10'%cm™ the main beam alone is not accelerating electrons and no electrons are
detected. With the two beams, temporally synchronized, at this low density we systematically detect a quasi-mono-
energetic electron beam with peak energy around 270MeV, energy spread of 30 MeV (FWHM) and an average charge
close to 30pC.

4.1 Betatron radiation from Laser Wakefield Acceleration

Ultrafast laser wakefield accelerated electrons perform wiggler-like oscillations creating a very bright micrometer-sized
highly directional emission x-ray source [105-107]. The first demonstration of the generation of Betatron radiation was
done in 2004 [105], but the radiation was emitted in the soft X-ray range. We did in 2010 the first demonstration of
generation of laser-based betatron radiation in the hard X-ray range (> 10keV) [108]. This source is characterized by a
micrometric source size (lower than the size of the “bubble” generated by the laser wakefield), a divergence of a few tens
of mrad, a broad spectrum of synchrotron radiation with photon energies in the 10 keV — 100keV range, and a pulse
duration similar to the femtosecond laser pulse duration (i.e. <100 fs). These sources require a laser with high peak
power (>100 TW) in order to reach the relativistic regime needed to accelerate electrons to a sufficiently high energy (~
300 MeV) for the production of radiation in the betatron range at desired X-ray energy (> 10 keV). Scaling laws have
been proposed for optimization of electron acceleration in LWFA [109-111] and for optimization of the Betatron
radiation as a function of the laser and the gas jet parameters for different acceleration regimes [107,112]. The betatron
emission has been predominantly studied and optimized with ultrashort laser pulses (< 100 fs). The development of new
high average power laser technology with pulse durations in the 1-5 ps regime and experimental programs in High
Energy Physics with high energy laser systems (TITAN, PETAL) with pulse durations in the 500 fs range are further
motivating research aiming at optimization of generation of betatron radiation [113] through electron acceleration in
regimes different from the LWFA including Self Modulated Laser Wakefield Acceleration (SMLWFA) [114-117] or the
Direct Laser Acceleration (DLA) [113,118-120].

4.2 Inverse Compton scattering radiation from Laser Wakefield Acceleration

In the Inverse Compton Scattering (ICS) process two laser beams are used. The first beam creates a beam of energetic
electrons in a gas jet by LWFA mechanism, while the second, fully synchronized, beam collides with the electron beam
resulting in X-rays emission. The X-ray radiation is produced at the point of the collision and is emitted in the small solid
angle in the direction of the electron beam. A third laser pulse at low energy could be used to control the electrons
injection in the laser wakefield plasma accelerator. It allows generation of a quasi-monoenergetic electron beam with
tunable energy, which is required (monochromatic electrons and an undulator mode) to produce monochromatic X-rays.
X-rays in the MeV energy range can be produced with electrons in the few hundred MeV energy range. There are only a
few experiments in the inverse Compton Scattering regime associated with LWFA. The most recent work [121]
demonstrated the generation of X-rays in the MeV range when a 100 TW laser pulse interacted with a 200 MeV electron
beam generated by LWFA using another similar laser beam from the same laser. The measured brightness was around
107 photons with an energy distribution peaked at 1MeV, with the source size is 5 um and the divergence of 10 mrad.
Both Betatron and Inverse Compton emission X-rays were emitted but the conversion efficiency of the Betatron and
Inverse Compton processes seemed to be low. Several designs of all optical MeV energy X-ray sources have been
recently published [122,123].

4.3 The Betatron Beam Line with the SPACE laser at INRS

From 2010 to 2014, we developed and operated an X-ray betatron beamline with 100 TW on target (3 J in 30 fs at 1 Hz
repetition rate, limited by the target system). Under these conditions, we generated 2.2x10° photons/0:1%
bandwidth/sr/shot at 10 keV [108]. A fit to a synchrotron distribution provided a critical energy E.=12.3 keV with 2.5



keV precision. The total number of photons over the whole spectrum, obtained from the synchrotron fit distribution, was
N=10’ with a confidence interval N= 8.0-13.5x10® (using the measured solid angle). The X-ray spot size was measured
using a knife-edge technique and was found to be 1.7 pum (FWHM) [108]. The X-ray beam intensity distributions (10-
20keV X-ray range) measured for various nozzle lengths (3mm, Smm and 7mm) are shown in Figure 1. The laser-based
betatron X-ray source provides a very attractive alternative to conventional microfocal X-ray tube, as well as to
synchrotron-based X-ray source due to its high brilliance, microscopic effective size, and cone beam geometry offering a
large field-of-view for imaging. In 2016, our X-ray betatron beamline was upgraded and is now operated with 250 TW
on target (6] in 20fs at 2.5Hz repetition rate). The X-ray source design parameters are as follows: 10° photons/0:1%
bandwidth/sr/shot at 40 keV, a critical energy between 40 and 70 keV, effective X-ray source size of 1 um, a divergence
between 10 and 50 mrads (FWHM), an X-ray beam pointing stability and an X-ray energy stability in the 2% rms range.
Such improvements in our betatron beam line parameters are not only the result of the laser beam energy and intensity
increase on the target but are also related to the reduction of the laser beam imperfections. Our recent 3D PIC
calculations with the CALDER code [124] demonstrate that the laser beam quality plays major role in the LWFA
performance [125]. Control of the phase and intensity distribution along the laser beam propagation axis inside the target
has been introduced in the upgraded betatron beamline in order to fully optimize the LWFA parameters (photon number,
spectrum, stability and pointing) and maximize generation of betatron radiation.

Figure 1: Measured radiation intensity in the 10-20keV X-ray range at 100 TW on target for 3mm (a), Smm (b) and 7mm (c) nozzle
lengths. The white region depicts an aperture in the imaging system to simultaneously record the spectrum [108].

4.4 High Throughput imaging with ultrafast laser Betatron radiation

In 2011, at INRS [126], we demonstrated that one phase contrast hard X-ray image could be produced in one laser shot
(with 100 TW on target, 2.2x10° photons/0:1% bandwidth/sr/shot emitted at 10 keV, and with a synchrotron spectrum
characterized by a critical energy Ec=12.3 keV) with a reasonable signal to noise ratio (around 6 for an image obtained
in one shot). Similar results were and simultaneously obtained at U. of Michigan [127]. This provides opening of a new
route for high throughput 2D imaging and fast 3D imaging of various biological objects and animal models with very
high resolution and low dose [128,129].

Betatron X-ray sources have a unique X-ray pulse duration characteristics because they are as short as the driving optical
laser pulses. It offers extraordinary opportunity for femtosecond molecular imaging. The INRS betatron beamline has
been used recently to demonstrate the feasibility of femtosecond time-resolved X-ray absorption spectroscopy of Warm
Dense Plasmas (at solid density with temperature in the 25eV range) in the 1 — 2 keV range, with 30 fs temporal
resolution [130].

Using the betatron X-ray source working at 1Hz repetition rate one can thus perform ultra-high resolution (~1 um)
tomography of complex biological objects and animal models in less than 10 minutes or one can screen (via 2D images)
18,000 objects in a 5 hours run. Laser-based betatron hard X-ray sources have the potential to overcome many critical
barriers in the imaging of animal models of diseases and might lead to paradigm shift in a wide range of applications
including preclinical and eventually human patients’ imaging.



4.5 Imaging with Inverse Compton scattering radiation X-ray source

A monochromatic and tunable X-ray source, created with Inverse Compton Scattering (ICS), could improve quality of
spectral X-ray imaging, as compared to existing dual energy micro-CT that rely on polychromatic X-ray sources [23-25].
X-ray phase contrast tomography has been demonstrated with X-rays (at 21 keV) generated through Inverse Compton
Scattering on electron beam (20 — 45 MeV) generated with a small electron storage ring [131]. These results indicate that
ICS, which provides a good level of coherence and monochromaticity, is promising. However, the combination between
a laser and an electron ring remains complex and gives today access to limited range of X-ray energies. All-optical ICS
systems combine tunable X-ray energy over large range and a narrow spectral band [132]. Such characteristics are very
desirable in imaging.

5. CONCLUSIONS
K-alpha X-ray sources have characteristics very suitable for radiologic and biomedical applications. They are simple,
compact, monochromatic, easily tunable, and with small effective X-ray focal spot size (~10 um). However, due to low
conversion efficiency and isotropic emission, very high average power (KW range) laser systems are needed. Such lasers
are not presently available but they are under development in many countries and they might become available in the
near future.

Another approach to generation of tunable and bright monochromatic X-ray source is through the Inverse Compton
Scattering (ICS) process. However, such source is complex and to-date no imaging has been reported for all-optical ICS
systems.

Betatron X-ray source provides an interesting compromise in terms of X-ray source performance and system complexity.
As of now, it is therefore a unique alternative, with 1 um effective source size, high brilliance and energy range up to
hundreds of keV for very high throughput and high-resolution imaging. Although the spectral shape in betatron emission
is broad (synchrotron type), X-ray phase contrast imaging and dual energy imaging can be performed. Because of highly
directional emission the average laser energy in the tens of Watts range is sufficient for biomedical and preclinical
imaging, while hundreds of Watts is sufficient for radiological applications. Such lasers are already available and
practical imaging applications of betatron X-ray source are within reach for the first time.
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