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Single-shot absorption measurements have been performed using the multi-keV X-rays generated
by a laser wakefield accelerator. A 200 TW laser was used to drive a laser wakefield accelerator
in a mode which produced broadband electron beams with a maximum energy above 1 GeV and
a broad divergence of ≈ 15 miliradians FWHM. Betatron oscillations of these electrons generated
1.2± 0.2× 106 photons/eV in the 5 keV region, with a signal-to-noise ratio of approximately 300:1.
This was sufficient to allow high-resolution XANES measurements at the K-edge of a titanium
sample in a single shot. We demonstrate that this source is capable of single-shot, simultaneous
measurements of both the electron and ion distributions in matter heated to eV temperatures by
comparison with DFT simulations. The unique combination of a high-flux, large bandwidth, few
femtosecond duration X-ray pulse synchronised to a high-power laser will enable key advances in
the study of ultra-fast energetic processes such as electron-ion equilibration.

The extreme conditions present in high-energy-density
(HED) matter make it notoriously difficult to study ex-
perimentally in the laboratory [1]. X-ray probing is
required to investigate the dense interiors of any sam-
ples and any measurements must be made in an ultra-
short time frame due to its transient nature and ultra-
fast dynamics. Because of these difficulties, many HED
properties remain uncertain and are an on-going topic
of research. This includes equilibration rates [2], opaci-
ties [3, 4], equations-of-state [5] and effects such as con-
tinuum lowering [6, 7] or non-thermal melting [8]. Un-
derstanding these properties is important, for example,
for direct and indirect drive fusion experiments [9, 10]
as well as understanding the internal structure and evo-
lution of large astrophysical objects [11], including that
of Earth itself [12, 13]. X-ray scattering techniques have
been very successful in gaining information [14], but pro-
vide limited access to the ion temperature and structure
without assuming the sample is in thermodynamic equi-
librium, or knowing the ionisation level, Debye tempera-
ture or ion-ion structure factor. The cross-sections for X-
ray scattering are also quite low, requiring an especially
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high brightness source such as an X-ray Free Electron
Laser (XFEL) facility.

X-ray absorption measurements can be used to under-
stand both electron and ion dynamics on an atomic scale.
For example the absorption techniques of XANES (X-ray
Absorption Near Edge Structure) and EXAFS (Extended
X-ray Absorption Fine Structure) provide simultaneous
measurements of the temperature and structure of the
electrons and ions in a sample, as well as the ionisation
state and more [15, 16]. The ability to perform X-ray ab-
sorption measurements on an ultrafast timescale would
enable a significant increase in the fundamental prop-
erties that can be derived from experiments involving
HED samples, and other ultrafast phenomena. However,
for HED experiments, single-shot measurements are cru-
cial as many of the samples require a large amount of
drive energy or complex target designs, making high rep-
etition rates problematic. It is also vital that multi-keV
energies are available so that the inner shells of moderate-
to-high Z elements can be probed, as well as large sam-
ple volumes. Thus, for ultrafast X-ray absorption spec-
troscopy of HED samples to produce valuable and reli-
able data, a high-brightness smooth broadband spectrum
X-ray probe in the multi-keV region is required. The Na-
tional Ignition Facility and the Omega Laser Facility have
both been developing EXAFS diagnostics in the multi-
keV regime [17, 18]. These sources however require 100’s
of joules of backlighter energy, and are over 100 picosec-
onds in duration. In general, synchrotron facilities lack
the required ultrashort pulse duration, and laser-plasma
based approaches suffer additionally from low brightness
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FIG. 1. (a) Experiment setup. The LWFA X-rays can be measured on-axis or with a high resolution crystal spectrometer. (b)
Electron spectra where for the first stage of the gas cell, ne = 1.2 × 1018cm−3 (top) and ne = 2.6 × 1018cm−3 (bottom).

and relatively noisy spectra [19]. XFELs have the re-
quired flux and pulse duration, but are monochromatic
in nature. Increased bandwidth techniques are being in-
vestigated [20], however they lack a smooth broadband
spectrum, making absorption measurements difficult.

A viable solution is to perform X-ray absorption mea-
surements using a laser wakefield accelerator (LWFA).
These are the only currently available sources that pro-
vide bright bursts of broadband X-rays on the femtosec-
ond time-scale [21] and their application in HED science
has become an active research field. To date however
the source flux has required absorption spectra to be in-
tegrated over many shots or the photon energy range
has been limited to lower energies (keV or less) [22–24].
In this Letter we present the first single-shot multi-keV
XANES measurement using the ultrashort X-rays from a
LWFA source. This was achieved by operating the LWFA
in a tailored mode to generate high X-ray flux (more than
100 times that of previous measurements) and multi-keV
photon energies, in tandem with an efficient and high-
resolution single optic detector.

The experiment was conducted using the Gemini Laser
at the Central Laser Facility (U.K.). An overview of the
experiment setup can be seen in Fig. 1 (a) [25]. The drive
laser (800 nm) was focused using an f/40 geometry into
a gas cell. Each laser pulse (provided at 0.05 Hz) had
a duration of 47 ± 5 fs and contained 9 ± 0.3 J. These
pulses were focused to a spot of 50± 2 µm× 43± 1 µm
FWHM, with the central FWHM containing 43 ± 2%
of the energy. This provided an on-target intensity of
4.9±0.6×1018 W/cm

2
and an average laser strength pa-

rameter of a0 ≈ 1.5. As the laser pulse traveled through
the gas, it drove an LWFA [26], where the electrons liber-
ated from the atoms were expelled by the ponderomotive
force of the laser, creating an ion cavity in its wake. The
strong electric field inside the cavity can subsequently
accelerate electrons to gigaelectronvolt energies in just a
few centimetres [27, 28]. Our LWFA operated using a
two-stage gas cell [29] [30]. The first stage (3 mm long)
was filled with a 98% He + 2% N2 gas mix, and the sec-
ond stage (19.6 mm long) was filled with He. Electrons
were injected in the first stage using ionization injec-
tion [31, 32]. The second stage provided the acceleration
of the electrons. While in the back of the ion cavity the

electrons perform betatron oscillations around the laser
axis, producing high energy X-rays [33, 34]. The on-axis
intensity spectrum is synchrotron-like and characterised
by the critical energy Ecrit and is given by d2I/(dEdΩ) ∝
(E/Ecrit)

2K2
2/3[E/(2Ecrit)], where K2/3[x] is a modified

Bessel function of order 2/3. The X-ray pulse emission
is of similar duration to that of the electron bunch which
is typically on the order of 10 femtoseconds [35]. The
source size is on the order of microns and the emission is
directed in a tight cone along the propagation axis, with
a divergence of . 20 mrad FWHM.

After the X-rays exit the accelerator, a replenishable
tape drive was used to dump the remaining laser energy,
and a high strength magnet (≈ 0.8 T, 10 cm) was used
as an electron energy spectrometer. The tape is made
of polyimide plastic and is 25 µm thick. It has a trans-
mission of over 90% for X-ray energies over 5 keV. Two
example electron spectra can be seen in Fig. 1 (b). The
X-ray spectrum was measured with high-resolution us-
ing the reflection from a crystal (protected from laser
damage by the sacrificial tape drive) or directly imaged
through a set of metallic filters to estimate the broad-
band spectrum [34]. The high resolution spectral mea-
surements of the X-rays were made over a range of ≈ 80
eV. A 100 µm thick HAPG (Highly Annealed Pyrolytic
Graphite) crystal with ≈ 0.1◦ mosaic spread on a 2×6 cm
BK7 substrate was used. Mosaic crystals (as opposed to
perfect crystals) are made up of many smaller crystallite
planes that have a random nature to their orientation.
The angles of these planes are seen to have a normal dis-
tribution with a width of less than a degree. However,
this spread in crystallite angles throughout the crystal
structure is responsible for increasing the reflection effi-
ciency, as the Bragg condition for any given photon wave-
length can now be satisfied over a larger surface area of
the crystal. This effect is known as quasi-focusing and
provides reflection efficiencies of over 10 times that of a
perfect crystal, while maintaining the high-spectral reso-
lution if used in a 1-to-1 geometry [36]. See Fig. 2 (a) for
an illustration of this operation. The source to crystal
(and crystal to detector) distance was 41 ± 1 cm. Ray-
tracing simulations estimate the instrument function of
this spectrometer to have a width of ≈ 2.2 eV, consistent
with the estimates of Zastrau et al. [37]. This resolu-
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FIG. 2. (a) Illustration of mosaic quasi-focusing. Solid rays
depict a single wavelength focused at the detector. Dashed
rays indicate the minimum/maximum wavelength (dictated
by the source divergence). (b) Single-shot crystal spectrome-
ter image corrected for the crystal reflectivity profile.

tion is dominated by quasi-focusing of the mosaic crys-
tal, as opposed to the single crystal plane broadening or
source broadening effects (as the LWFA source is on the
order of microns). By using a single high-reflectivity op-
tic we have optimised the overall efficiency of the X-ray
detector while maintaining high-spectral resolution. A
10 µm thick titanium sample strip was placed in front of
the CCD to record absorption features around its K-edge
(4966 eV).

For plasma densities of ne = 1.2 × 1018cm−3 and
ne = 2.3 × 1018cm−3 in the first and second cell stages
respectively, electron beams with a maximum energy at
1.2 GeV and a divergence of 1 mrad were observed on
the magnetic spectrometer (see Fig. 1 (b) top). How-
ever, we found that we were able to generate ten times
more X-ray flux by increasing the plasma density to
2.6 × 1018cm−3 in both stages. At this density, the ob-
served electron beam had a lower maximum energy, but
a greater total charge and transverse momentum (see
Fig. 1 (b) bottom). This also increased the X-ray diver-
gence to ≈ 15 mrad FWHM. As the divergence of the X-
ray source provides the range of different incident angles
upon the crystal spectrometer and the spectral spread of
the detector is achieved by satisfying the Bragg condi-
tion at different angles, a more divergent beam leads to
a wider accessible spectral range. For the high flux shots
the direct filter pack measured a mean critical energy of
Ecrit = 9.9 ± 1.5 keV, and the entire beam contained
7.2± 2.8× 105 photons/eV at 5 keV, comparable to the
highest X-ray flux observed in previous LWFA measure-
ments [30, 38]. The shot-to-shot standard deviation here
is combined with the systematic errors in quadrature.

A single-shot image from the crystal spectrometer can
be seen in Fig. 2 (b). It has been background corrected,
and the spatial variations in the signal due to the mosaic
crystal structure have been folded out (see the supple-
mental material for further details). The horizontal axis
corresponds to the X-ray energy, while the vertical axis
provides spatial information perpendicular to the disper-
sion direction. The shadow of the titanium sample foil
along the central region provides the absorption profile
around the inner K-shell, whereas the direct signal either
side measures the X-ray yield and smoothness.

In the direct signal region for the brightest shot, we
measure 1.2 ± 0.2 × 106 photons/eV. Assuming a Pois-
son distribution, the random statistical noise should be√
Nph where Nph is number of photons, i.e we should

have a signal-to-noise level of ≈ 1100:1 per eV. Our di-
rect signal exhibits a signal-to-noise of 300:1 (standard
deviation in the photon yield per eV, 0.34% of the signal
level). One of the main contributions to the noise comes
from an underlying background that is combined with
the X-ray signal from the crystal reflection. This noise is
present even on shots where the X-ray crystal (but not
the CCD) was removed from the beamline, indicating
that the source is not inherent to the measurement. The
background is seen to scale linearly with the total charge
of the electron beam. Single-hit photon analysis of low-
charge shots also suggest that the CCD hits are from a
broad spectra of hard X-rays and occasional high energy
particle hits. This is consistent with the accelerated elec-
trons interacting with the target chamber and creating
secondary particles which produce the background noise.
The measured standard deviation noise on an X-ray shot
(with the crystal in place) is found to be on average
. 12% higher than that of a background shot (without
the crystal). Assuming the noise sources add in quadra-
ture, this suggests the statistical noise inherent in the
betatron signal is less than half of the electron-beam pro-
duced background noise. σsignal = σbg

√
(σall/σbg)2 − 1.

Importantly, it should therefore be possible to signifi-
cantly reduce the background with improved shielding
and appropriate electron beam dumping.

Fig. 3 depicts the measured absorption profile for a
single shot (solid black). It is compared alongside refer-
ence data for titanium taken previously at a synchrotron
facility [39] (dotted red). To facilitate the comparison
we have used a standard XANES procedure for normal-
ising the profile [40]. This has the added benefit of not
requiring a direct spectrum (no sample absorption) to be
measured, as long as the signal is relatively smooth and
stable (a key strength of the betatron radiation from the
LWFA). The reference data, which already has an inher-
ent instrument width, has had a 2 eV FWHM instrument
function applied (to match our detector resolution).

The single-shot measurement provides a clear match
to the rising slope structure (< 4970 eV) as well as em-
ulating the pre-edge feature at 4967 eV. This pre-edge
feature is a set of forbidden transitions into the 3d shell,
allowed by 3d-4p mixing, and provides information about
the bonding properties of the sample [16]. The underly-
ing slope of the edge corresponds to the density of free
states, and provides the temperature of the electron dis-
tribution (which was 300 K in our case).

To examine the profile we fit various structures to the
different aspects of its shape. First we fit a sigmoid func-
tion to replicate the Fermi distribution of the electrons,
where the width is proportional to the temperature. We
fit a double gaussian to the two pre-edge forbidden tran-
sitions, and a fifth-order polynomial to the oscillatory
component of the XANES interference features after the
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FIG. 3. (a) Single-shot normalised absorption data (solid
black) compared to a synchrotron reference measurement [39]
(dotted red). The fitted profile for our data is given (dashed
blue) with the light blue area indicating the measurement
error. (b) Double gaussian fit to the pre-edge features. (c)
The same result as in (a), but averaged over 11 shots.

edge. Fig. 3 (b) illustrates the double gaussian fit after
the sigmoid subtraction. These fit components are com-
bined and an error bar equal to the standard error of the
fit combined with the error in the crystal reflectivity is
added. See Fig. 3, dashed blue line and grey shaded areas
respectively. This fitting procedure allows us to quantify
how well our data agrees with the reference data.

We assess our resolution on a single shot, by studying
the fitting fluctuations over several consecutive shots. We
observe a fit to the edge position with a standard error
of 0.17 eV. The standard deviation in the position of the
foot (10% value) before the pre-edge features is 0.28 eV.
Assuming a Fermi distribution of the electrons we es-
timate this would allow a resolvable change in electron
temperature of ≈ 0.4 eV on a single shot. The amplitude
of the pre-edge gaussians have an 18% error. In sum-
mary, on a single-shot measurement we are capable of
quantitatively resolving electronic structure information
and electron temperature with sub-eV accuracy.

The post edge modulations in the profile also contain
valuable information regarding the ion component of the
sample. It has been estimated that a signal-to-noise of
1000:1 is required to make a high quality EXAFS mea-
surements of the ion peak beyond the edge, with good
statistics [41]. We can emulate the expected improve-
ments to the signal-to-noise that will be achieved with
improved electron beam shielding by averaging the data
over 11 shots. The inset of Fig. 3 depicts the measured
absorption profile (solid black), our resulting fit (blue
dashed) with shaded error bars, and the synchrotron ref-
erence (red dotted) [39]. The error magnitude in the
signal region post-edge has been reduced by a factor of

FIG. 4. DFT simulations for titanium at various heating con-
ditions (room temperature, non-equilibrated and T = 1 eV).

two. From the noise discussion before it was seen that
the background noise present in our data contributes at
least twice that of the X-ray signal from the crystal re-
flection. Therefore, a signal-to-noise similar to the in-
tegrated shots should be achieved (or bettered) for a
single-shot with an improved electron beam dump and
detector shielding. The contrast in the absorption profile
can also be improved by a factor of two by choosing an
optimal sample thickness (1/e absorption depth). From
comparison to a range of density functional theory (DFT)
simulations at different ion temperatures, the resolution
achieved in the post-edge modulation structure (assum-
ing noise reduction) should be sufficient to see a change
of ≈ 0.5 eV in ion temperature (via the “flattening” of
the modulation structure). This is extremely valuable
information, especially in tandem with the electron tem-
perature accessed via the absorption edge slope.

With that in mind, we discuss the possibility of inves-
tigating a non-equilibrated HED sample. Fig. 4 depicts
DFT results for titanium using GPAW [42]. A 3 eV
instrument function is applied to (conservatively) em-
ulate experimental measurements. The normalised ab-
sorption profile is given for three scenarios; a cold foil
(solid blue), a foil in a non-equilibrated situation with
Te = 1 eV and cold ions (dashed black), and finally a foil
with Te = Ti = 1 eV (dotted red). The effect on the pre-
edge profile due to the increase in electron temperature
can be clearly seen in the latter two cases with a 1.5 eV
shift in the position of the foot. This is highlighted in
Fig. 4 with the A marker and the zoomed inset. Our
single-shot data is more than capable of resolving such
a change in the profile. The loss of the post-edge mod-
ulations is only evident in the final case (highlighted by
B), when the ion temperature is increased and the radial
distribution function flattens. For any single measured
absorption profile it would be possible to independently
deduce the electronic and ionic structure and temper-
ature using these independent shifts in the absorption
structure. This would for example allow the electron-



5

ion equilibration rate to be directly diagnosed, a highly
sought after measurement [2].

With more high-intensity lasers coming online around
the world that can generate the required LWFA X-ray
source, especially in tandem with sample drivers such as
XFELs or high-energy laser systems, single-shot X-ray
absorption spectroscopy offers great capabilities in mak-
ing ultrafast measurements of many fundamental pro-
cesses in HED science. This includes the use of XANES
for electron-ion equilibration rate measurements as de-
scribed above, but also high-quality ultrafast X-ray ab-
sorption data could be used to investigate continuum low-
ering effects [6] or informing solar opacity debates [3].
Commercial and industrial applications of multi-keV ab-
sorption also become feasible. For example the ultra-
fast phase-changes that can be measured via the EX-
AFS structures are important in battery [43] and memory
storage [44] studies. Single-shot measurements would in-
crease the efficiency of such studies and the femtosecond
pulse length would resolve the phase dynamics further.
Finally, development of the LWFA X-ray properties is an
on-going and active research area. Any advances will ex-
tend the capabilities of this technique. For example an
increased X-ray flux will allow higher spectral resolution
measurements by allowing less efficient perfect crystals
to be used in the X-ray spectrometer.

In conclusion, we have demonstrated a novel experi-
mental technique for performing single-shot ultrafast X-
ray absorption measurements of the electronic structure

of a sample. These measurements were made possible
using the smooth broadband multi-keV synchrotron ra-
diation produced by a laser-driven plasma wakefield ac-
celerator. To achieve a single-shot measurement we gen-
erated a high-energy and high-charge electron beam from
the accelerator to produce an X-ray flux of > 106 pho-
tons/eV and implemented a suitable high-resolution and
high-efficiency X-ray spectrometer using a single reflec-
tion optic. We were able to perform XANES measure-
ments of room temperature titanium, with the results
in agreement with measurements taken at a 3rd genera-
tion light source. Our data provides not only the elec-
tron temperature distribution but information on any
additionally supported pre-edge transitions. With mi-
nor improvements to our experimental set up one should
be able to access the ion component further from the
absorption edge and make ultrafast single-shot EXAFS
measurements of mid-to-high Z elements. This will al-
low the simultaneous measurement of the electronic and
ionic temperature and structure of high-energy-density
samples on a timescale of tens of femtoseconds, making
significant new areas of research possible.
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