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Abstract

Laser-wakefield — accelerators (LWFAs) are high
acceleration-gradient plasma-based particle acceler-
ators capable of producing ultra-relativistic electron
beams.  Within the strong focusing fields of the
wakefield, accelerated electrons undergo betatron
oscillations, emitting a bright pulse of X-rays with a
micrometer-scale source size that may be used for imag-
ing applications. Non-destructive X-ray phase contrast
imaging and tomography of heterogeneous materials
can provide insight into their processing, structure, and
performance. To demonstrate the imaging capability of
X-rays from an LWFA, we have examined an irregular
eutectic in the aluminum-silicon (Al-Si) system. The
lamellar spacing of the Al-Si eutectic microstructure is
on the order of a few micrometers, thus requiring high
spatial resolution. An upper bound on the resolving
power of 2.7 £ 0.3 um of the LWFA source in this
experiment was measured. These results indicate that
betatron X-rays from LWFA can perform high resolu-
tion imaging of eutectics and, more broadly, complex
microstructures.

cnico, U.L., Lisboa 1049-001, Portugal

1 Introduction

Laser-wakefield acceleration (LWFA) is a method for
producing high-energy electron beams using the accel-
erating field structure produced in the wake of a high-
power, ultrashort pulsed laser propagating through low
density plasma. During wakefield acceleration, an elec-
tron bunch “surfs” on the electric wave generated by the
light pressure of an intense laser pulse [1]. This wave
induces a strong longitudinal electric field that remains
in phase with the relativistic driver, enabling relativistic
electrons to gain significant energy from the accelerating
field over long distances. Due to the lack of a break-
down limit in a plasma accelerator, accelerating gradi-
ents 1000 times stronger than those produced in conven-
tional sources can be produced [1, 2] and the generation
of high energy electron beams has been demonstrated
experimentally [3-9]. Additionally, in the highly nonlin-
ear regime, electrons undergo betatron oscillations in the
strong focusing fields of the wakefield, emitting a bright
source of X-rays with a source size as small as one mi-
crometer. [10-12]. Betatron X-ray beams produced via
LWFA have been shown to produce stable, bright X-ray
beams capable of high resolution tomographic imaging
[11, 13-17]. The resultant beams have a low divergence
(on the order of a few milliradians [18]) and ultrashort
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Figure 1: Experimental details for X-ray imaging
using a laser wakefield accelerator. (a) Experimen-
tal layout. High energy electron and X-ray beams were
produced by focusing the beam into a two-stage gas cell.
Gold-coated Kapton tape was used to block the laser
pulse following the interaction, and was replaced on each
shot. A 1 T magnet was used to disperse the electron
beam onto a scintillating LANEX screen, from which the
electron beam was imaged using a CCD camera. Beta-
tron X-rays passed through the Al-Si sample, which was
mounted on a rotation and translation stage at a dis-
tance of 19.3 cm from the source. Measurements were
made through a kapton vacuum window onto an Andor
iKon 2048 x 2048 pixel CCD camera at a distance of 410
cm from the Al-Si sample. (b) Samples of typical elec-
tron beams with a quasi-monoenergetic peak energy and
broad low-energy tails. These measurements were ob-
tained at the same experimental conditions as the phase
contrast images and betatron spectrum. Electron beam
divergence is plotted on the left axis and a line-out of
the electron number density (right axis) is overlaid. (c)
A best-fit to the betatron X-ray spectrum from an An-
dor iKon X-ray camera was obtained using a 9-element
filter array. Shaded error bars reflect the uncertainty in
the critical energy over many shots due to shot-to-shot
fluctuations in electron energy.

duration (less than 100 fs [19]), making them useful for a
large range of applications across engineering, medicine,
homeland security and science [11, 12, 14-17]. Moreover,
the demonstration of micrometer scale, keV betatron X-
ray beams using a single laser shot demonstrate the po-
tential of these sources for imaging of complex objects
in real time using high repetition rate laser systems, en-
abling X-ray probing with femtosecond resolution [13].

One exciting application for these novel X-ray sources
is as a diagnostic tool for additive manufacturing pro-
cesses. Laser-aided solidification is an avenue of interest
in manufacturing science that requires in situ measure-
ments with high spatial and temporal resolution[20, 21].
Such is the case for the solidification of eutectics, in
which two (or more) solid phases grow simultaneously
from a parent liquid phase[22-25]. Once solidified, eu-
tectics act as in situ composite materials, providing out-
standing mechanical and electrical properties that are
not afforded by their constituent phases alone. It is for
this reason that lightweight Al-Si alloys comprise over
90% of the total Al parts produced by the United States
[26].  Irregular eutectics such as Al-Si are composed
of one faceted phase (Si) and another non-faceted (Al)
phase. Due to the stiffness of the faceted phase, irregular
eutectics feature a non-periodic arrangement of lamellae
(fine rods or sheets of adjacent material). The inter-
facial dynamics underlying irregular eutectic solidifica-
tion (under relatively low cooling rates) has only recently
been elucidated through synchrotron-based X-ray micro-
tomography (denoted XRT), using conventional acceler-
ators. [27]. In general, the lamellar spacing (between Al
and Si phases) can be as fine as 1 pm, thus requiring
experimental probes that are capable of delivering high
resolution information.

In this report, we investigated the potential of laser-
based X-ray sources for the imaging of solid density tar-
gets. LWFA experiments were conducted using the Gem-
ini laser. The 40 fs FWHM laser pulse was focused using
an f/40 parabolic mirror into a gas cell producing an
electron beam. A schematic of the experimental setup
at the Gemini laser system is given in Figure 1(a). 3D
printed two-stage gas cells have been shown to improve
the stability, divergence and energy spread of LWFA ac-
celerated electron beams [28], therefore a two-stage gas
cell with a 3 mm first stage for injection and a 2 - 21
mm variable length second stage was employed in this
experiment. Plasma density was controlled by altering
the pressure of the gas supply of each individual stage,
and density measurements were made using Stimulated
Raman Side Scattering measurements. The plasma den-
sity corresponding to the optimum betatron spectrum
was n, = (4.1 £0.45) x 10'® cm™ in both stages at a
length of 15.5 mm. For these densities, electron beams
with average peak energies of (1000 £+ 150) MeV were
produced. Example electron beams are shown in Fig-
ure 1(b), with a superimposed line-out of the spectrum,
indicating a quasi-monoenergetic peak and a broad low-
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Figure 2: Al-Si sample investigated using a LWFA
X-ray source. (a) Optical microscope image of the
Al-Si cylindrical sample imaged in LWFA experiments.
(b) X-ray phase contrast image obtained with a LWFA,
revealing a lamellar microstructure with an interphase
spacing on the order of 1 - 3 ym. A line-out from a
region of interest in the phase contrast image is shown,
indicating 2.7 £0.3um as an upper bound on the re-
solving power of this method. (c) A schematic show-
ing growth of irregular eutectics where 3 represents the
faceted phase (e.g., Si), « is the non-faceted, higher vol-
ume fraction phase (e.g., Al), and [ is the melt ahead
of the interface. The microstructure is deemed irregular
due to the difficulty or “stiffness” in changing the growth
direction of the faceted phase. The inset shows the atom-
ically diffuse « phase and the defect growth mechanism
for the faceted  phase. Retrieved with permission from
Ref. [29]

energy tail. The X-ray beam, which was assumed to be
synchrotron-like as shown in Figure 1(c), contained 1.94
+ 1.24 x10® photons above 5 keV, and is estimated to
have a source size smaller than 3 pm, as discussed in
Results. The LWFA X-ray beam has been found in simi-
lar experiments to have divergence on the order of a few
millirads [15, 17, 18] and femtosecond duration [16, 19].
The electron and X-ray measurements shown in Figure
1(b) and (c) were not obtained simultaneously, but were
taken at identical experimental conditions. In these ex-
periments, the Al-Si sample was 19.3 cm away from the
betatron source and an X-ray CCD camera with pixel
size of 13.5 pm and a 100 ms exposure time was located
410 cm behind the sample. A total of 136 single-shot im-
ages were acquired and no reconstructions were applied.

2 Results

Al-Si samples for phase contrast imaging were prepared
by the Materials Preparation Center at Ames Labora-
tory, with a composition of 50 wt% Si. The larger mass
fraction of this primary Si phase in the Al-Si alloy used in
these experiments clouded the field-of-view in the X-ray
images, limiting the eutectic — which is last to solidify
— to a smaller region of the sample. However, this has
little to no bearing on the development of the eutectic
microstructure. A microscope image of the 1 mm diam-
eter machined sample is shown in Figure 2(a) alongside
an example image of the Al-Si microstructure obtained
using X-rays from a LWFA in Figure 2(b). The LWFA
projection image was obtained using a nearly 22 x mag-
nification, and the banded or lamellar structure can be
observed in the zoomed-in image, from which a line-out
indicates that the LWFA source is successfully resolv-
ing features smaller than 3 pm. The resolution of these
images is determined by the geometry of the imaging
system. The observed microstructure is consistent with
that predicted for irregular eutectics, in which the lamel-
lar spacing can be as fine as 1 pm (Figure 2(c)). In this
idealized schematic, the faceted phase § (e.g., Si) and
the non-faceted phase « (e.g., Al) are shown, growing in
a non-periodic manner into the liquid.

Beyond sharpness and resolution, another considera-
tion in the practical application of LWFA for X-ray imag-
ing is blurring due to the non-zero emission length of the
betatron source [30]. Betatron emission is highest at the
location of high energy electrons, yielding a very small
source size on the order of a few um[11]. However, the
emission length of a betatron source has been found to
extend a few millimeters along the axis of laser propaga-
tion, resulting in blurring in X-ray images and decreased
resolution [30, 31]. This blurring can be observed in Fig-
ure 3, where the image resolution is highest near the cen-
tral axis of the X-ray beam (circled) and begins to blur
towards the edges of the sample. It has also been found
that the betatron emission length tends to increase with
increasing plasma length [31], therefore longer plasma
lengths are associated with lower resolution away from
the central axis of the laser beam. Additionally, insta-
bility in beam pointing can result in variation of the lo-
cation of highest resolution. For a plasma cell of length
15.5 mm, as employed in these experiments, the emis-
sion length of the betatron source was found to be on
the order of 5 mm. Image blurring is also a challenge
with conventional synchrotron sources, where the emis-
sion length can be much longer (~m), versus ~mm for
a LWFA source. However, the large divergence of the
LWFA source makes this a concern when the full beam
size is used for imaging. It is also important to note that
blurring due to the emission length is exacerbated by
high magnification. Therefore, the relationship between
plasma length and emission can inform optimization of
the LWFA X-ray source for high resolution imaging.



Figure 3: Blurring of LWFA X-ray images due to
finite betatron emission length. Three LWFA phase
contrast images of the Al-Si sample are shown. In (a)
and (b) the sample is at the same orientation perpendic-
ular to the laser axis. In image (b) the sample has been
translated horizontally by approximately 30 gum. In (c)
the sample has been rotated by 90 degrees about the ver-
tical axis. Regions of sharpest resolution are circled with
a dotted line, with a radius of approximately 600 pm at
highest focus. In all images, blurring can be observed
on the order of a millimeter away from the central point
due to the emission length of the betatron source. High-
est resolution imaging is obtained along the axis of the
electron beam; only this section of the image is used for
resolution analysis. Blurring due to the emission length
of the X-ray source is not unique to betatron sources,
also occurring with conventional synchrotron beams, but
is exacerbated by high magnification in cases where the
full beam is used for imaging.

For high contrast imaging of features in dense mate-
rials the critical energy of the X-ray beam must be on
the order of several keV. In this experiment, the criti-
cal energy of the resultant X-ray beam is determined by
comparing the transmission through an array of differ-
ent elemental filters. The critical energy as a function
of plasma density was found to increase with increas-
ing plasma density, as shown in Figure 4(a), reaching a
maximum critical energy of nearly 10 keV. These results
indicate that LWFA X-ray sources can provide a tunable
X-ray source for phase contrast imaging.

The critical photon energy of a LWFA source is related
to the maximum energy of the electron beam, v, and the
plasma density, n,, by [32-34]:
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where 0 = 2rg is the approximate betatron source size
and rg is the amplitude of betatron oscillations. From
equation (1), one can see that the electron energy can be
retrieved from the measured critical photon energy, the
plasma density n, and an assumed source size ¢ using
v < /2E./nyo. Figure 4(b) shows the retrieved elec-
tron energies with measured plasma densities and fitted
source size o of (0.2 - 1 um). A plot of the experimen-
tally measured peak electron energy is superimposed on
retrieved electron energies, showing best agreement be-
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Figure 4: Critical energy of the LWFA betatron
source. a) Experimentally measured critical energy of
the LWFA X-ray beam as a function of plasma density.
(b) Theoretical predictions of the maximum electron en-
ergy corresponding to experimentally measured critical
energy, shown for betatron source sizes of (0.2 - 1.0) pm
along with experimentally measured maximum electron
energies in the resultant LWFA beam (black).

tween theory and experimental data for betatron source
size on the order of (0.4 - 1.0) pm.

For comparison with experimental results it is impor-
tant to note that the critical photon energy in equation
(1) is mainly determined by the maximum electron en-
ergy achieved during acceleration because of the v? scal-
ing. Therefore, the retrieved electron energies represent
the maximum electron energies during the acceleration,
which are not necessarily the same as those measured
from the experiment. This is because for high plasma
density (here, n, > 1.2x10'8cm™3) the dephasing length
is shorter than the gas cell length and electron beams
will experience dephasing. Currently, information about
electron dephasing cannot be captured experimentally
in a single shot, however novel techniques employing a
transverse density gradient may provide single-shot di-
agnostic information of the temporal evolution of the
betatron X-ray spectrum and electron acceleration [35].

3 Conclusion

Our results indicate that betatron X-rays from LWFA
can be used for the characterization of eutectic alloys
and solid density materials. This opens the door to
high-resolution materials diagnostics using laser-based
sources, without needing to visit a synchrotron facility.
Fine details of the lamellar microstructure were clearly
resolved in LWFA projection images (Figure 3(b) inset),
indicating an upper bound of 2.7 ym on the resolving
power of this method. Furthermore, the phase contrast
spatial resolution criteria indicate that the LWFA source
size may be much smaller than a micrometer, which is
corroborated by the theoretical scaling of the betatron
energy with plasma density in Figure 4(b) in which the
retrieved electron energy was most closely fit assuming
betatron source sizes on the order of (0.4 - 1) pm. How-
ever, it is important to note that the enhanced spatial



resolution reported in this paper is specific to the experi-
mental conditions of these experiments, and that neither
of the two experiments was optimized to obtain the ulti-
mate spatial resolution. The ultrashort exposure time of
betatron sources may also provide improved spatial res-
olution by enabling imaging on a timescale shorter than
the frequency of vibrations in experimental setups.

As mentioned in the Introduction, one area in which
we can demonstrate significant near-term impact of these
LWFA sources is through the use of betatron X-rays as
a diagnostic tool for real-time monitoring of additive
manufacturing. In recent years, additive manufactur-
ing has seen tremendous growth due to developments
in processes and materials, as well as a greater under-
standing of the underlying design principles. It already
has huge societal impacts through the ability to pro-
duce cheaper and customizable products, such as arti-
ficial hips and lightweight aircraft components [36-38].
As-solidified parts have been traditionally characterized
by examining their microstructures following manufac-
turing, however such post mortem approaches lack the
capability of tracking the interfacial dynamics during
the solidification process. In fact, it is well known that
quenching distorts the morphology of the solid-liquid
interfaces, and thus the micrographs collected follow-
ing manufacturing do not depict those same interfaces
that are present during laser-aided processing. More-
over, the US National Institute of Science and Technol-
ogys “Measurement Science Roadmap for Metal-Based
Additive Manufacturing identifies in situ process moni-
toring and metrology as a key barrier to additive man-
ufacturing implementation [39]. To address this con-
founding issue, a few investigators have recently em-
ployed synchrotron-based X-ray microtomography (de-
noted XRT) to track the microstructural evolution as
a function of time [27, 40]. High-speed synchrotron
hard X-ray imaging on the nanosecond timescale has re-
cently been demonstrated [20], however LWFA sources
offer temporal resolution on the order of femtoseconds
[16, 41, 42]. The realization of high-repetition rate laser
drivers for LWFA [43-45] could enable dynamic mea-
surements on an ultra-short timescale. Therefore, the
micrometer-scale spatial resolution demonstrated in this
paper, combined with femtosecond temporal resolution
and high repetition capabilities, indicate that LWFA
sources could be used for high-resolution dynamics mea-
surements on an ultra-short timescale.
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