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Abstract
We report on the characterisation of an x-ray source, generated by a laser-driven plasma
wakefield accelerator. The spectrum of the optimised source was consistent with an on-axis

synchrotron spectrum with a critical energy of 13.8f%§ keV and the number of photons per

pulse generated above 1 keV was calculated to be 6:1):3 x 10°. The x-ray beam was used to
image a resolution grid placed 37 cm from the source, which gave a measured spatial resolution
of 4 ym x 5 pm. The inferred emission region had a radius and length of 0.5 £0.2 yum and
3.2+ 0.9 mm respectively. It was also observed that laser damage to the exit aperture of the gas
cell led to a reduction in the accelerated electron beam charge and a corresponding reduction in
x-ray flux due to the change in the plasma density profile.
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1. Introduction

Laser-driven plasma wakefield acceleration (LWFA) [1] is an
established technique for the acceleration of electrons over
very short distances [2—4]. Accelerated electrons can reach
GeV scale energies in just a few millimeters, while transverse
oscillations of the electron beams results in a bright femto-
second pulse of multi-keV x-rays [5]. As such LWFA x-ray
sources have many near term applications [6], so the optim-
isation of the properties of these sources is an active area of
study.

The ponderomotive force of a short, intense laser pulse trav-
elling though a plasma drives electrons away from regions of
high intensity, creating a region of net positive charge. The
electrostatic force then attracts the electrons back to their equi-
librium positions and they begin to oscillate at a characteristic
plasma frequency, w, = \/n.e?/m.ey where n, is the plasma
electron density. In the case of a strongly relativistic laser
pulse, defined by a normalised vector potential ag > 1, almost
all electrons are expelled from the centre of the pulse [7]. An
approximately spherical ion cavity is formed in the wake of
the laser, which propagates at the reduced group velocity of
the laser in the plasma, v,/c =1 — 3 (w,/wo)* [8] where wy
is the angular frequency of the laser. The accelerating electric
field in a laser wakefield accelerator can be estimated using the
wave breaking limit for a cold non-relativistic plasma wave,
Eywb = cmow, /e [9]. From this it can be calculated that acceler-
ation gradients on the order of 100 GeV m™! can be generated
at a density of n, ~ 10'® cm=3.

Due to the sub-luminal group velocity of the driving laser
pulse and the strong accelerating force, electrons are quickly
accelerated to v > 1 and so de-phase relative to the accelerat-
ing region of the wake [10]. For a constant value ag > 1, the
distance travelled by the electron in the time over which this
dephasing takes place is given by [8] k,Ls = %\/CT()(U()2 Jwy?
where k, = w),/c is the plasma wave number. From this it can
be seen that Ly o< ne. 3/2_ The final maximum electron energy
that can obtained under these conditions can be estimated as
Winax = (2/3)ao(wo/wp,)*m.c* [8], with the assumption that
the electron is accelerated for a length L,.c = Ly in a non-
evolving accelerating structure.

The accelerated electrons emit synchrotron radiation [11]
as they oscillate in the focusing fields of the LWFA [5, 12, 13].
The radiation source is defined by the betatron strength para-
meter, ag, which equals [14],

ag = rgkye, (D

where rg is the betatron oscillation radius and VMo € s
the electron energy. The betatron parameter for a plasma
source is equivalent to the deflection parameter, K, for
conventional undulators/wigglers. Generally, sources with

ag < 1 are known as undulators and sources with ag > 1 as
wigglers. The transverse electron motion in current LWFA
experiments corresponds to ag ~ 10 [15] which is described
by the wiggler regime.

Assuming that the laser dimensions are matched to the
plasma blowout radius and that the interaction length is equal
to the dephasing length, the energy radiated by a single elec-
tron in an LWFA can be estimated as,

w3/ 725 2
Eq = T’Yp agheCc, (2)
where +, is the associated Lorentz factor of the bubble [5].
Given that current LWFA experiments operate in the wig-
gler regime, the on-axis spectrum can be approximated by a
synchrotron spectrum of the form S(E) = (£K,/5(€))?, where
& =wl2w, is the emitted photon energy normalised to twice
the critical frequency which characterises the spectrum. The
critical frequency is given by [16],

we=23 agyfwm 3)

where wg is the betatron frequency. For the experimental para-
meters considered in this paper, the critical energy, E. = fuw,,
is on the order of tens of keV. These x-rays can be used for both
medical [17, 18] and industrial [19, 20] radiography to image
micron-scale features in the internal structure of a material in
a single shot of the drive laser. The beam is spatially coherent
after a few cm due to the micron-scale transverse size of the
x-ray source, which allows phase contrast imaging to be per-
formed. This can be exploited to reveal the internal structure
of low-Z objects [13].

In the experiment reported here, the generated x-ray signal
from an LWFA was optimised through control of the plasma
density in a single stage gas cell. The imaging resolution of the
optimised source was then characterised for application to the
imaging of industrial samples [19]. In addition, the effects of
gradual damage sustained by the plasma source during opera-
tion were investigated.

2. Experimental setup

The experiment was setup as shown in figure 1 using the Gem-
ini laser at the Central Laser Facility. Each pulse contained
7.2 £0.4 J and had a full width half maximum (FWHM) dur-
ation of 49 3 fs and a central wavelength of 800 nm. The
laser pulses were focused using an f/40 off-axis parabola to
a focal spot of FWHM size 50 um x 40 pm. At the focus in
vacuum, the laser had a peak normalised vector potential of
ap~ 1.6. The focus was aligned to the entrance aperture of a
helium filled gas cell, in which it ionised the gas and drove the
LWFA. The gas cell length used for optimisation of the plasma
betatron source was 18 mm.
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Figure 1. Simplified schematic of the experimental setup. The laser
was focused at the gas cell entrance to drive the wake. The electron
energy was calculated using the projection of the electrons onto a
scintillating screen after being deflected by a magnetic field. An
indirect detection x-ray camera captured radiographic images of
samples which could be imaged at either M1, M2 or M3 to give
different geometric magnifications. The interferometric image from
the probe camera was used to calculated the gas cell density. The
kapton foil was used to reflect the drive laser light toward a beam
dump and the kicker magnet could be moved into the electron beam
path to deflect the electrons away from a sample if imaging at M1.

The electron spectrometer used a Lanex scintillating screen
to detect the accelerated electrons. A dipole magnet deflec-
ted electrons to different positions on the screen depending
on their energy. The spectrometer was able to detect electrons
with energies between 100 MeV and 2 GeV.

The x-ray camera used was an Andor iKon L 936 indir-
ect detection camera which consists of a CCD camera fibre-
coupled to a structured 150 pum thick caesium iodide scintil-
lator, allowing the detection of high energy photons. The CCD
was composed of 2048 x 2048 pixels, each a square of size
13.5 pum. Objects to be imaged could be placed at one of three
different positions—M1, M2 or M3—along the beam line to
give magnifications of 10.2, 2.2 or 1.5 respectively. M1, M2,
M3 and the camera were 0.37, 1.6, 2.6 and 3.8 m away from
the source respectively.

An array of various thin elements was used to determine
the critical energy of the x-ray spectrum by an iterative fitting
procedure [13]. The signal counts seen by the detector C is
given by,

c=an, [~ s(e) o(e) 1(£) a @

where Q(E) is the quantum efficiency of the camera, T is the
combined transmission function of the elements in the beam
path, N, is the number of photons within the detection win-
dow, and « is a camera dependent calibration constant. The
critical energy was determined by fitting the observed signal
behind each filter, normalised to the signal with no added ele-
ments. The error in the inferred critical energy was due to
a combination of the error in the measured filter thicknesses
and the accuracy of fitting for the incident x-ray beam profile,
which was used to calculate the transmission of each filter.
To quantify this on a single shot, the fitting procedure was
repeated with random element thicknesses within the given
tolerance and with a random signal through each element

within arange set by the residuals of the background beam pro-
file fit. The total number of photons per pulse above a threshold
energy was then calculated by integrating figure 4 over the
spectrum defined by the retrieved critical energy. Figure 4 also
suggests two approaches to maximising the signal seen by the
camera: increasing the number of photons and choosing an
optimal source spectrum for the given imaging system.

The gas density, and therefore the plasma density, was
varied by changing the backing pressure of the gas injected
into the cell. The plasma density for a given shot was meas-
ured from the phase shift seen by the probe interferometer. A
small fraction of laser transmission through a dielectric mir-
ror was used to probe the gas cell transversely immediately
after the plasma channel had been formed by the main beam. A
Mach—Zehnder interferometer was used to interfere different
parts of the same beam in order to distinguish the plasma chan-
nel. Since the refractive index of the plasma is lower than the
surrounding neutral gas, a phase shift can be seen in the inter-
ferogram. Due to intensity fluctuations of the incident probe
beam, image filtering processes were used to determine the
spatial variation in phase difference between the two beam rep-
licas. A Fourier filter was used in conjunction with a Hilbert
transform based phase retrieval method [21, 22] to extract the
desired frequency components of the data. With the assump-
tion of cylindrical symmetry, an Abel inversion was applied
to the retrieved phase shift profile, A¢, to give a radial density
profile,

4 myepc?

e 1
o /\()62 ~/r dA¢y /y27r2

where z is the pump laser axis and y is the axis transverse to
the pump laser and the probe light propagation. The plasma
density was calculated by taking the average density along the
central few pixels in the radial axis. This method was used
to find a calibration between plasma density and gas backing
pressure.

ne (Z7 r) dya (5)

3. Optimisation of the x-ray source with respect
to density

Figure 2 shows typical angularly resolved electron spectra
for different plasma densities. For lower plasma densities,
n, <3 x 10'® cm—3, the electron beams exhibited a small
angular divergence, on the order of ~2 mrad. For plasma elec-
tron densities of 3.5 x 10'® cm™—3 and 4.4 x 10'8 cm 3, the
divergence of the electron beams increased dramatically.

The electron beam charge and maximum energy measured
by the spectrometer were averaged over several shots, and
are plotted in figure 3. The maximum electron energy gain
occurs at a plasma density of 2.7 x 10" cm™3. As dens-
ity increases, the dephasing length decreases, as described
earlier, which limits energy gain. The energy gain for the low-
est density does not follow this trend. This is because self-
injection occurs later within the gas cell for lower densities,
which means the acceleration length can be truncated by the
end of the gas cell rather than the dephasing length [23]. The
highest electron bunch charge was seen at a plasma density of
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Figure 2. Angularly resolved electron spectra for different plasma
densities. The plasma density given on top of each image is given in
units of 10'8 cm™3. The spectrum in the left-most panel has been
multiplied by 4 to make it visible on the same colour scale.
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Figure 3. Dependence of the electron bunch charge and maximum
electron energy on the plasma density. Each point shows the mean
and standard deviation of between 16 and 21 electron spectra.

(4.440.2) x 10" cm—3. A precise charge measurement was
not available in this experiment but in [17], with similar experi-
mental conditions, an average bunch charge exceeding 100 pC
was observed.

The exit aperture of the gas cell is particularly suscept-
ible to damage from the residual laser pulse of the LWFA.
Any of the laser energy that is not guided in the central fil-
ament can hit the inside of the exit aperture plate causing it
to steadily widen. One major effect of the increased aperture
size was to reduce the plasma density for a given input pres-
sure. This is discussed in further detail in section 5. Although
this could be compensated by increasing the input pressure,
there was still a large decrease in performance for the damaged
cell, as indicated by the differing x-ray beam characteristics in
figure 4.

The integrated x-ray signal measured at different plasma
densities is shown in figure 4(a). This signal is proportional to
the energy deposited in the detector by x-ray photons. Using
the damaged cell, the signal scales in a similar manner with
respect to the plasma density as the electron bunch charge, and
the highest x-ray signal coincided with the plasma density at
which the highest electron bunch charge was observed. The

e ' ) ) )
5 1.0 - + NEW+ 2 <
£ g \\ F5 F%}
205 4 +l * e
% . i* ~#-| | Damaged za_l\,
% 0.0 o !
> —
b) + d) s
= 201 4 xR
=3 + c
v 10 2 gfl
S
0 : - : : - —0 G
3 4 5 3 4 5 S

ne (1018 cm—3) ne (1018 cm™3)

Figure 4. (a) Normalised total x-ray detector signal, (b)
synchrotron spectrum critical energy, (c) number of photons per
pulse above 1 keV and (d) peak spectral intensity per solid angle, all
as functions of plasma density. The orange markers show results for
a damaged gas cell (run 6 in figure 6) while the blue show results for
a repaired cell (run 7 in figure 6) with a new exit aperture plate.
Note, the critical energy and photon yield were only diagnosed at a
single density for the newly repaired gas cell. Error bars include the
measurement uncertainties and the standard error from averaging
multiple shots.

Table 1. Table showing the electron and x-ray properties for a
similar plasma density before and after the gas cell exit cone was
changed.

Damaged New gas
gas cell cell
Optimal density (10'® cm™?) 46402 44402
Average electron beam max 450 £ 40 520 £ 120
energy (MeV)
Average electron beam charge 0.51 £0.11 1.00 £ 0.15
(arb. units)
E. (keV) 116725 13.8722
Npin/10° (>1 keV) 2.6%50 6.0707%
Spectral intensity/10* 2.0708 4.4109

(ph (0.1% BW) ™! mrad—?)

difference in signal between the new and the damaged cell can
be explained by the difference in bunch charge, as shown later
in table 1.

The retrieved critical energy E. of the on-axis synchro-
tron spectrum emitted by the source is shown in figure 4(b).
This shows that the critical energy is higher at densities
just above the injection threshold, where the observed max-
imum electron energy is also higher. The highest critical
energy was E. = 18 keV for n, = 3.5 x 10'® cm~3. The crit-
ical energy reduced with increasing plasma density, falling to
11.6 keV at the density at which the highest x-ray signal was
observed. The total number of photons per pulse with ener-
gies above 1 keV (figure 4(c)) was found using figure 4 with
the retrieved spectrum and by integrating the fit to the beam
profile, which was observed in the regions between filters. The
peak spectral flux of the x-ray source (figure 4(d)) was found
by taking the peak of the fitted beam profile. Both of these
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Figure 5. (a) Radiographic image of a JIMA resolution grid. The red and black boxes highlight the smallest resolved features. The blue
circles indicate the central axis of the x-ray beam. (b) An illustration of the x-ray imaging geometry, showing how source length contributes
to observed contrast for off-axis illumination. (c) (Top) Observed signal modulations for the grid sections highlighted in (a) for a single shot
and (Bottom) the contrast transfer functions normalised to the measured contrast for the largest line-spacing for horizontal (red) and vertical
(black) line pairs. Plot shows a mean and standard deviation of 21, single shot contrast functions.

quantities were maximised when the x-ray signal was highest
and corresponded to the plasma density at which the most elec-
tron beam charge was observed.

For the new cell, the critical energy was only measured
for the density which gave the maximum x-ray signal. This
gave a slightly higher value than the neighbouring points of
the damaged gas cell (although within errors) of E.=13.8
keV. This indicates that the spectral shape of the x-ray beams
produced by the damaged cell is not significantly different
from that produced with a fresh cell. This is consistent with
the maximum electron beam energy measured using the new
gas cell and the damaged cell being similar, as presented in
table 1.

Figures 4(c) and (d) show that the number and peak flux of
photons in the x-ray beams is dramatically affected by damage
to the gas cell. At the optimal plasma density for x-ray signal,
the number of photons increased by a factor of 2.3, while the
peak spectral intensity increased by 2.1.

4. X-ray imaging with the optimised source

The resolution of this source was found by radiographically
imaging a JIMA resolution grid [24], shown in figure 5(a). The
smallest resolvable feature in a single shot horizontally was
~4 pm, whilst the resolution limit vertically was ~5 pm. The
grid was 37 cm from the source and was imaged at a geometric
magnification of M = 10, which gave an effective pixel size of
1.35 pm. The pointing fluctuation in the x-ray beam centroid
was 0.7 mrad rms.

Line-outs of the smallest resolved line-pairs and contrast
transfer functions (CTFs) for both the horizontal and vertical
line-pairs can be seen in figure 5(c). The CTF for the vertical

line-pairs displays a sharp decrease in contrast for the smal-
ler line-pair widths as would be expected. The horizontal
CTF however follows a more complicated trend. The contrast
depends not only on the line-pair width, but also the position
of the line-pairs with respect to the centre of the beam. This is
because the x-ray emission region has a finite length, as well
as a finite transverse size, which when imaging a sample off
the beam axis at high magnification can be a limitation on the
total image resolution, as shown in figure 5(b). This effect-
ively increases the transverse source size along the axis of dis-
placement from beam centre. For the image in figure 5(a), the
source size increase is measured by the horizontal line-pairs
when the vertical distance to the beam centre is significant,
whereas the measured vertical line-pair contrast is affected by
the horizontal distance to the centre of the x-ray beam. Since
the x-ray beam was more often centred above the resolution
grid, the effect of the longitudinal source size is more obvious
in the CTF of the horizontal line-pairs.

The dimensions of the source volume were estimated by
fitting the observed CTFs with the geometrical effects caused
by a uniformly emitting cylinder aligned to the brightest
region of the observed x-ray beam [13, 25]. Rays were traced
from points within this cylindrical volume to each pixel of a
synthetic detector. The intersection of each ray with the JIMA
grid plane was calculated to determine if it hit the opaque or
transmissive region of the grid, and only those which intersec-
ted the transmissive part contributed to the total signal of each
pixel. The CTF was then calculated from the simulated image
in the same way as the experimental data and the best fit for the
source dimensions was found through iterative optimisation.
For 21 shots, the average and standard deviation of the fitted
radius and length of the emission region was 0.5 £ 0.2 ym X
32+ 0.9 mm.
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Figure 6. (a) Backing pressure to plasma density calibrations for
each run and (b) as a function of number of shots on the gas cell
during the experiment. The gas cell exit cone was replaced before
run 7.

5. Effects of gas cell damage

The brass exit plate to the gas cell had a conical shape with
an aperture at the tip. The thickness of the plate was ~ 40 ym
around the circumference of the hole. Throughout the experi-
ment, the exit aperture sustained damage from the laser mak-
ing it increase in size — from a few hundred pum to around
3 mm. The entrance aperture remained unaffected, since the
laser pulse was always focused at this plane. As the exit aper-
ture increased in size, a higher backing pressure had to be used
to achieve the same average plasma densities. The deteriora-
tion of the cell was monitored by measuring the backing pres-
sure needed to obtain a certain plasma density for the same
laser conditions. Figure 6(a) shows the gas cell average dens-
ity as a function of backing pressure for calibration measure-
ments made throughout the experiment, and the calibration as
a function of pump pulse shots with the cell in place is plotted
in figure 6(b). It can be seen that the gradient of the calibration
line decreases throughout the experiment, as the exit aperture
sustained damage. The gas cell exit cone was replaced with a
new cone before shots were taken for run 7. The gradient of
the density calibration for this run (plotted in red) can be seen
to return back to the initial value observed on run 1, for which
the gas cell was undamaged.

The increase to the exit aperture diameter of the gas cell can
also change the longitudinal density gradient [26], in addition
to the observed change in average density. Although this was
not measured directly, due to a limited field of view of the
probe diagnostic, we can infer that the plasma density profile
is affected by the aperture size from the LWFA performance.
Figure 4 shows that a large increase in performance is seen
when using the new exit aperture when compared to an exit
aperture widened by laser damage. This was observed even
though the laser conditions and average plasma densities were
the same in each case.

This is also evident in the electron spectra, which show
a dramatic reduction in total electron beam charge with the
widened aperture. The comparison of the electron and x-ray
properties before and after the gas cell exit aperture change are
summarised in table 1. Although the x-ray critical energy and
average electron energy are slightly higher with the new cell,

the most significant changes when switching between the two
cells were the electron beam charge and x-ray signal, which
both increased by a factor of ~ 2.

6. Conclusion

A compact x-ray imaging source capable of imaging centi-
metre scale objects was demonstrated. At the optimal plasma
density, a bright x-ray source was generated with a maximum
of 6 x 10° photons above 1 keV in a single shot with an on-
axis synchrotron spectra with a critical energy of 13.8 keV.
This x-ray source allowed imaging with a resolution of 4 ym
x 5 pm at 10 x magnification. The imaging resolution was
limited by the source radius and length, which were inferred
to be 0.5 £0.2 ym x 3.2 £0.9 mm, as well as the camera
pixel size and scintillator point-spread-function. Damage to
the exit aperture of the gas cell, which caused changes to
the plasma density profile, was shown to be detrimental to
x-ray flux. It is essential that this is considered in the design
of gas cells when working with higher repetition rate lasers
for applications where they are required to operate at consist-
ent performance levels for extended periods of time. Further
experimentation on the tailoring of the longitudinal and trans-
verse plasma density profiles [27] could potentially reduce the
emission length, allowing for high resolution imaging over a
wider angular range, while also enhancing the x-ray flux and
spectrum.
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