Comparison of the properties of laser-driven x-ray sources to existing

compact x-ray sources

’ Contact: dan.symes@stfc.ac.uk

D. R. Symes

Central Laser Facility,

STFC Rutherford Appleton Laboratory,
Chilton, Didcot, OX11 0QX

J. M. Cole, J. C. Wood, S. P. D. Mangles,
& Z. Najmudin

The John Adams Institute for Accelerator Science,
Blackett Laboratory, Imperial College London,
London SW7T 2AZ

Abstract

Compact x-ray sources with much higher brightness than
conventional electron-impact x-ray tubes are being de-
veloped to translate the advanced techniques achievable
at synchrotron beamlines to laboratory settings. The
benefits for biological research will be faster scanning at
very high resolution for rapid pCT and in vivo studies.
X-ray sources based on relativistic electron beams pro-
duced in miniature plasma accelerators driven by high
power lasers have ideal properties for these applications
of micron-scale source size, extreme brightness and ul-
trashort image exposure time. The lateral coherence
of the beam enables phase contrast imaging, providing
superior contrast between soft tissues compared to tra-
ditional absorption-based radiography. The purpose of
this report is to compare the performance of plasma ac-
celerator based x-ray technology to other options avail-
able to researchers and discuss future capabilities.

1 Introduction

X-ray micro-computed tomography (uCT) [1] is useful
for non-invasive biological imaging because it has high
spatial resolution and greater depth penetration than
optical techniques. Critical factors for x-ray imaging
are image contrast, spatial resolution, total acquisition
time and dose. The choice of x-ray equipment depends
on the source parameters that are most important for
the particular application, and is also determined by the
budget of the research activity. While the majority of
x-ray imaging relies on absorption, superior distinction
between soft tissues can be attained by employing x-ray
phase contrast imaging [2, 3, 4, 5] that detects the slight
deflections of x-rays caused by density gradients at the
material boundaries.

Conventional x-ray sources operate by irradiating an
anode material with an electron beam generating K,
line emission and broad bandwidth bremsstrahlung ra-
diation. Being a mature technology, x-ray tube devices
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are widely used and cover a range of imaging parame-
ters. Commercial uCT machines can deliver full body
small animal scanning in less than one minute [6], phase
contrast capability [7, 8, 9, 10, 11] and sub-um resolu-
tion [12, 13], but not all from a single machine. Their
brightness is limited by the heat load on the anode lead-
ing to a trade-off between x-ray source size and acquisi-
tion speed. At extremely high resolution, long exposure
times are required, making live animal imaging difficult.
At the other end of the scale, researchers can use syn-
chrotron light sources [lightsources.org] that are many
orders of magnitude brighter than x-ray tubes. Using
dedicated beamlines with high frame rate detectors (up
to 1000s of frames per second) x-ray uCT can be carried
out in a few seconds. This much shorter acquisition time
allows imaging of fast biological processes with pm-level
spatial resolution [14, 15, 16, 17]. Because their infras-
tructure is on the scale of a national facility, access to
synchrotrons is limited, leading to a strong motivation
to develop innovative technologies to fill this gap and
provide advanced imaging capabilities with compact de-
vices [18]. In this report, we compare the source prop-
erties of some commercial systems to the capabilities of
laser-driven sources.

2 X-ray sources based on laser-plasma accelerators

Laser-driven light-sources offer a high brightness solution
with a size and cost compatible with future deployment
in standard laboratory or clinical environments. These
sources are based on a miniature laser plasma accelerator
(LPA) [19, 20, 21, 22] created by focussing a high power
(> 100 TW), ultrashort (~ 40 fs) laser pulse through a
gas target. As the intense pulse propagates it ionises the
gas and creates an extremely strong accelerating field
in which trapped electrons can reach high energies (> 1
GeV) within a short distance (~ 10mm) [23, 24, 25]. The
electrons undergo oscillations in the plasma, termed be-
tatron oscillations, emitting an extremely bright pulse of
x-ray radiation in the forward direction with a pm-scale



x-ray source size [26, 27, 28, 29]. Because the acceler-
ating gradients of 100 GVm™"' are so much higher than
the 100 MVm™! limit of conventional technology the
accelerator is correspondingly smaller. In addition, the
small source size means that in distances of order 1 m
they achieve the same degree of lateral coherence as syn-
chrotron beamlines 100 times longer. The laser-betatron
photon flux can be > 10'° photons per pulse in a broad
synchrotron-like energy spectrum with a critical energy
in the range 5 - 450 keV depending on laser parameters
[30, 31, 32, 33, 34]. X-rays can also be generated by col-
liding a second laser pulse with the relativistic electron
bunch [35]. The laser photons backscatter (termed In-
verse Compton Scattering (ICS)) in the direction of the
electron beam and gain a factor of 4y2 in energy, where
is the relativistic factor of the electrons. This all-optical
ICS source can generate > 107 photons per pulse [36]. X-
ray beams in the tens of keV region suitable for biological
imaging have been produced from tens of MeV electron
beams accessible with modest laser energies (~1 J) [36,
37]. The properties of these LPA sources of short pulse
duration (< 100 fs), small source size (~ lum), extreme
brightness (107 —101° x-ray photons per laser pulse) and
a high degree of spatial coherence are ideal for the ap-
plication of high resolution phase enhanced x-ray puCT
[31, 32, 33, 38, 39].

3 Other compact x-ray source technologies

3.1 K, and bremsstrahlung sources

The highest power benchtop electron-impact x-ray
sources are based on liquid metal anodes [40], such as the
MetalJet, manufactured by Excillum AB [excillum.com].
These sources operate with gallium alloys with a low
melting point, with an x-ray spectrum dominated by
the Ga K line at 9 keV. Increasing the indium content
raises the photon energy to 24 keV [41] at the expense
of a more complicated design due to the higher melt-
ing point of the alloy. The limiting factor on brightness
is evaporation of the metal anode by the electron beam
[42]. Higher power loading can be applied if the speed of
the jet is increased and the x-ray yield has been shown
on a prototype machine to be linear with electron power
up to ~ 200 W (~ 10 MW mm~2) [43]. Direct laser ir-
radiation of a solid [44, 45] or liquid [46, 47] target can
also be used to generate K, radiation for imaging. A 100
Hz laser-driven K, Mo source was recently developed at
the LP3 laser facility [lp3.univ-mrs.fr/] [48]. This has
very high flux, but because of rapid heat transport in
the plasma the x-ray emission region is larger (~10 pm)
than the laser focal spot size which will limit image res-
olution.

Commercial liquid anode uCT machines are capable
of phase contrast imaging [49, 50, 51, 52] and tomogra-
phy with resolution in the few-10 pym range within 30
seconds [53]. Higher resolution imaging (< 5um) has

shown sub-cellular features in muscle structure [54] and
neuronal tissue [55] but with longer single-image expo-
sures of ~100 seconds. The clear advantage of the Met-
alJet is its low cost, small size and relative simplicity,
meaning it can easily be adopted by laboratories already
familiar with conventional pCT machines. However, it
is not easily tunable because the x-ray emission is de-
pendent on the anode material and for live imaging at
the highest resolutions, the x-ray flux needs to increase
by at least a factor of 10.

3.2 Table-top synchrotrons

Compact devices can be built by incorporating conven-
tional (radio frequency, RF) electron accelerator tech-
nology but ensuring a small footprint. The Paul Scher-
rer Institute have designed 10m x 5m synchrotrons
operating up to 20 keV with a view to commercial-
isation [aa-t.ch/]. By including a metal target in a
tabletop synchrotron, the Photon Production Labora-
tory [photon-production.co.jp] produce high brightness
bremsstrahlung radiation over a large range of energies
[56, 57]. In this scheme, marketed as the Mirrorcle, a
small x-ray source size is achieved by limiting the size of
the convertor, although this leads to a trade off between
source size and flux. The capabilities of the machine for
biological and clinical imaging have been reported [58].

3.3 RF accelerator Inverse Compton sources

ICS can be used to produce x-ray sources based on RF
accelerators with relatively modest electron energies of
tens of MeV [59, 60, 61]. This is achievable in a footprint
of several metres with a modern accelerator. A counter-
propagating laser is precisely synchronised to the elec-
tron beam and both beams are tightly focussed at the
collision point. X-rays are emitted in a beam with about
1019 photons per second in a narrow bandwidth (few %)
which is tuneable by changing the electron energy. Com-
pact storage ring accelerators can achieve very high rep-
etition rates (MHz) but compared to a linear accelerator
have a longer electron bunch length. This can improve
the stability of the machine but also leads to a larger
x-ray source size because the laser depth of focus must
be comparable to the bunch length to maximise the col-
liding efficiency. Therefore ring-based designs have an
x-ray source size of ~ 30 pm [60] whereas linac-based
designs have ~ 2 ym [61].

This technology has been developed as a commercial
system — the Compact Light Source (CLS) — by Lyncean
Technologies Inc. [lynceantech.com]. The first CLS was
installed at the Technical University of Munich in 2015
[62, 63] and delivers ~ 10'Y photonss™! in a beam with
4 mrad divergence. The detector is placed 16 m from
the source providing a 6 cm field of view. The single
image acquisition time is typically of order 1 second [64]
but adequate SNR can be achieved with exposures as
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Figure 1: Flux of compact x-ray sources plotted against
the x-ray source size. Values for the MetalJet (pur-
ple circle) and the Compact Light Source (yellow cir-
cle) are shown as listed in table 1. Parameters of
the TOMCAT beamline (broad bandwidth: blue cir-
cle; 2% bandwidth: brown circle) and a simulated limit
to solid anode tungsten sources (blue line) are included
for comparison. Laser-based ICS sources (green cir-
cle) with 107 phs~! have been demonstrated correspond-
ing to 10° phs~!mrad=2 at 10 Hz. The laser-betatron
source size is of order 1 pm and in this work we achieved
a flux 6 x 10 phs~! mrad—2 at low repetition rate. Ex-
isting lasers operating at 5 Hz could increase this flux
to 6 x 10® phs~! mrad—2 and developments in the near
future could reach > 10'° phs—! mrad—2.

short as 50 ms [65], needed for in vivo imaging [66]. The
key benefit of the CLS is its intrinsic monochromaticity
[67, 68] which can lower dose and is preferred for grating
based phase contrast imaging. The x-ray photon energy
is easily tuneable and in the current machine reaches a
maximum of 35 keV [62]. A drawback is that the x-ray
source size of 42 pm is large compared to other micro-
focus sources and this cannot be made much smaller in
a ring-based design.

4 Comparison of bright compact x-ray sources

The parameters of LPA x-ray sources are shown in ta-
ble 1 and figure 1 alongside those of other bright compact
x-ray sources currently available. This allows a com-
parison in terms of photon brightness, image acquisi-
tion time and x-ray source size. For context we have in-
cluded the parameters of the PSI TOMCAT synchrotron
beamline [psi.ch/sls/tomcat/] that is dedicated to tomo-
graphic imaging [15, 69], and a plot of the calculated
limit for solid tungsten anode x-ray emission [32].

The major advantage of LPA sources is that the x-ray
source size is inherently small and remains microscopic
when the drive laser power increases. For betatron ra-
diation, the source size is set by the dimensions of the

plasma wakefield structure and for laser-ICS it is deter-
mined by the pm-scale focus of the intense colliding laser.
Inferred betatron source sizes of order 1 - 2 ym [31, 33]
are significantly lower than the other sources and pro-
vide good spatial coherence in a short distance. In com-
mon with the CLS the x-ray beam has low divergence,
allowing imaging at a distance and straightforward im-
plementation of propagation-based phase contrast imag-
ing [65] without a high loss in x-ray flux. Both LPA
source schemes are capable of reaching higher photon
energies than is currently available with the Metaljet or
the CLS. Tuning to a higher photon energy range (>
50 keV) is necessary for denser objects such as bone [32]
and could reduce dose in clinical phase contrast imaging
[2]. A unique feature of high-power laser-driven sources
is their ultrashort duration (sub-ps). Although the other
sources have high average flux, they have lower peak flux
meaning that the image signal-to-noise ratio worsens as
the detector exposure time is reduced [65]. In contrast,
the laser-driven x-ray duration is always much shorter
than the exposure time, so this can be minimised with
no detrimental effect on the image quality. This also
means that the acquisition rate is not source limited,
but rather is determined by the repetition rate of the
laser and the frame rate of the camera.

In our current work, the low repetition rate of the
Gemini laser (0.05 Hz) was a drawback, lowering the
average photon flux to ~ 6 x 10% phs~! mrad=2. To
record 360 projections for tomographic scanning required
2 hours of beam time. Growth in this research area has
led to commercialisation and a proliferation of compact
high power laser systems with a size and cost (~ 2M
Euro) manageable by research groups [72]. A conse-
quence of an industrial approach to the production of
these laser systems is an improvement in their robustness
and consistency making them suitable for deployment as
dedicated x-ray imaging machines. Laser-betatron and
laser-ICS x-ray beams can be generated with laser pulse
energies < 10 J and such systems are already operational
with repetition rates at 5 - 10 Hz (for more informa-
tion see the interactive world map of laser capabilities
maintained by the International Committee on Ultra-
High Intensity Lasers: lasers.llnl.gov/map/index.htm).
Tomographic scanning within a few minutes (images ac-
quired at 1 f.p.s.) has recently been demonstrated [38]
and we do not envisage any technical barriers to increas-
ing the x-ray output to ~ 10" photonss—! with existing
laser systems. Furthermore, a shift to diode-pumped
solid state technology [73, 74] offers scalability in power
and repetition rate beyond current capabilities. Alter-
native approaches to laser wakefield acceleration [75, 76]
can also be explored to lower the requirements on laser
energy and so increase repetition rate. It is therefore
feasible to generate laser-betatron or laser-ICS sources
capable of image acquisition at frame rates of 100 f.p.s..



Table 1: Comparison of the properties of compact x-ray source technologies.

Synchrotron Compact commercial sources High-power laser sources

TOMCAT MetalJet Lyncean CLS Mirrorcle Laser-betatron Laser-ICS Laser-Ka

beamline
Photon Eerit = 11.1keV  15-35 keV®  15-35 keV 10-300 keV ~ 5-100 keV(® 50-1000 keV  17.4 keV Ko
energy and (broadband), (24 keV In (3% BW, (broadband) (50% BW,
spectrum 8-45 keV Ka, 25 keV tunable) tunable)

(monochromatic, Sn K, &
tunable) broadband
brems.)

Source size 53 x 16 8 42 10 1 6 80
(um)
Divergence 2 x 0.6 227(P) 4(©) 50 10 10 Am st
(mrad full
angle)
Photon flux 3 x 1010 3.5x 10% (in 2 x 109 3 x 1012 6 x 10° 10° 10°
(phs! (broadband) 15 — 35 keV
mrad~2) BW)
Photons per - - - 5 x 1012 1010 108 1010
pulse
Repetition MHz Continuous 65 MHz 400 Hz /90 Hz® 10 Hz 100 Hz
rate
Photon rate 1016 1017 3 x 1010 2 x 1018 5 x 108 107 1012
(ph s
Single- 1 ms 0.6 s > 50 ms —(@ < 100 fs < 100 fs 1 ps
image
exposure
time
1000-shot 1s 10 min 1 min (@ 5 hr(D 100 s(® 10's
acquisition
time
Reference [15, 69] [49] [62, 63, 65] [58] [32, 33] [70] (48]

() MetalJet emits bremsstrahlung from 7 — 50 keV and has strong Ga K, emission at 9 keV. When used for small animal imaging,

the low energy x-rays are filtered by 210 pum Al to lower the dose.

(b) Metaljet emission angle is defined by the exit window. A 524 mrad window is also an option [excillum.com)]
(¢) CLS emission angle is defined by the design of the output mirror. 4 mrad is chosen as the best option for large field of view with a

narrow bandwidth [62].

(d) Exposure and acquisition times for high resolution imaging (10 um) are not reported. The scan time with 50 gm resolution is stated
as 2 minutes [58] and exposure time for imaging a 30 cm object as 0.5 seconds [71].
(¢) Beam characterisation and hard x-ray imaging is carried out after passage through an aluminium filter that cuts out photon energies

below ~ 5 keV.

() 1 /90 Hz is the repetition rate of the Gemini laser used in this study. Other lasers suitable for betatron generation are operational

at 5 — 10 Hz.

() Tomographic imaging has not yet been reported. The 100 second value is a predicted scan time for 10 Hz operation.

5 Conclusion

X-ray pulses produced with laser-plasma accelerators
can serve as compact sources for high resolution phase
enhanced pCT scanning. Laser repetition rates up to
10 Hz are now available that could reduce the 3D ac-
quisition time to less than a minute [77]. Compared to
other high brightness compact x-ray sources the laser-
betatron has the unique combination of ~ 1um source
size, straightforward scalability to high photon energies
(> 50 keV), and femtosecond pulse duration enabling
blur-free imaging of any fast process. The laser-ICS
scheme shares these properties and has a narrow band-
width, although it is more complicated to implement
and imaging of biological samples is yet to be demon-
strated. A further advantage of the laser driver is that
it can be expanded to generate other types of particles
(electrons, ions, neutrons) and radiation (terahertz, UV,
gamma rays) that are all intrinsically synchronised with

the x-ray source. This technology could therefore be
developed to construct dedicated machines providing a
versatile imaging capability for the biological research
sector.
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