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Abstract

Laser wakefield accelerators commonly produce on-axis, low-divergence, high-energy electron
beams. However, a high charge, annular shaped beam can be trapped outside the bubble and
accelerated to high energies. Here we present a parametric study on the production of
low-energy-spread, ultra-relativistic electron ring beams in a two-stage gas cell. Ring-shaped
beams with energies higher than 750 MeV are observed simultaneously with on axis, continuously
injected electrons. Often multiple ring shaped beams with different energies are produced and
parametric studies to control the generation and properties of these structures were conducted.
Particle tracking and particle-in-cell simulations are used to determine properties of these beams
and investigate how they are formed and trapped outside the bubble by the wake produced by
on-axis injected electrons. These unusual femtosecond duration, high-charge, high-energy, ring
electron beams may find use in beam driven plasma wakefield accelerators and radiation sources.

1. Introduction

Development of the laser wakefield accelerator (LWFA) has advanced significantly since it was first proposed
in 1979 by Tajima and Dawson [1]. Since the first experimental demonstrations of quasi-mono-energetic
electron beams in 2004 [2—4], LWFAs have been characterised and shown to have interesting properties,
such as tunability, low emittance, high peak current and ultra-short bunch duration. They are particularly
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attractive because of their compactness and parameters that compare well with established radio-frequency
accelerators. Many of their interesting properties arise from the ultra-small size of their accelerating
‘structures’. The laser-excited plasma waves can produce enormous accelerating fields [5] of the order

~100 GV m~!. LWFAs are now becoming valuable tools for scientist. Numerous development programmes
aim to find ways of controlling parameters such as reproducibility [6], bunch length [7-9], emittance [10]
and energy spread [11]. Making progress will require technological advances in laser technology [6], laser
pulse shaping (mode control) [12—14], development of innovative gas targets [7, 15], and fine control of the
interaction between laser fields and plasma [16, 17].

A unique aspect of the LWFA is that the shape and velocity of its accelerating structure vary as the laser
pulse evolves during its trajectory through the plasma. It can in principle be controlled, which provides a
route to controlling the six dimensional (6D) phase-space distribution of the electron beams in and around
the accelerating structure. The most common beams produced by LWFAs have narrow divergences of a few
mrad; self-injected beams, originating from plasma wave breaking, can accelerate particles to energies
exceeding 8 GeV [18], while maintaining relatively small transverse momentum spread and emittance.
However, their energy spreads varies between nearly 100% and <1%, depending on the injection method
[11]. Less well known, but ever present electron beams are ‘side electrons’, or ‘backward emitted’ beams
[19], which are not injected into the LWFA structure, but nevertheless experience its fields to gain
momentum while in the bubble sheath. They appear as low energy (keV to several MeV) very high charge
(nC—pC) bunches that are emitted at approximately 45 degrees from the laser axis, or in the
counter-propagating direction [19]. These ‘side electrons’ account for a large fraction of the energy lost by
the laser beam to the wake. Several groups have reported observations of unusual ring-shaped
(doughnut-shaped) electron beams under different experimental conditions [20-24], and provided various
explanations of their origin.

In this paper we present a detailed experimental investigation of the production of high-energy
(=500 MeV) ring shaped beams from a two-stage gas cell [24]. The experimental layout is briefly described,
then results of measured electron beams and their spectra are presented. Parametric studies have been
conducted to better understand the formation mechanisms behind the generation of these structures and to
show that some of their characteristics can be tuned by varying the interaction parameters. In the second
section, particle tracking simulations are used to determine the properties of the ring-shaped beams emitted
from the LWFA. This is followed by the results of particle-in-cell (PIC) simulations used to develop an
understanding of the physical processes underlying the formation of the observed ring structure.

2. Experimental results

2.1. Experimental layout

The experiments have been carried out using the ASTRA-GEMINI laser at the Central Laser Facility,
Rutherford Appleton Laboratory. Details of the experimental set-up, shown in figure 1, are presented below
(24, 25]. A 4.8-8.4 ], 41-49 fs, high power laser pulse is focused into a dual density gas target using an F/40
off-axis parabola to a spot size of 43 um full-width-at-half-maximum (FWHM) containing up to 78% of
the laser energy, on average, to produce an initial normalised laser vector potential ay, defined by

8.5 x 10710\ (um) /I[W/cm?], between 0.85 and 1.43.

The accelerator medium comprises an additively manufactured, variable length, two-stage gas cell [26].
The first 3 mm long injector cell, filled with He + 2% N, is followed by a 1 mm thick slit (to enable the
laser pulse to propagate through) and an acceleration stage with variable length (2-21 mm), cell filled with
He. The exit wall of the gas cell is tilted at 45 degrees with respect to the vertical enabling modifications of
the length of this stage by varying the vertical position of the target. The entrance of the first stage is initially
placed at a position that we define as z = 0 mm. 25 um thick, gold coated, Kapton tape is placed
immediately after the gas cell to block laser radiation, while allowing the electron beam to be transmitted.

The energy spectra of the electron beams are measured using an electron spectrometer comprising a
0.8 T, 0.1 m long kicker dipole magnet, placed 0.1 m from the source, followed by a 1 T, 0.5 m long,
three-component dipole magnet, placed at z = 0.7 m. A scintillating Lanex screen is placed at z = 1.808 m.
This allows characterisation of the electron beam spectral properties, while enabling measurement of the
divergence of the beam in the non-dispersion plane. The resolution of the spectrometer at 500 MeV is
below 1%. A second Lanex screen is inserted after the weakly dispersive kicker magnet at 0.35 m from the
source to directly measure the electron beam profile only when the larger magnet assembly is not on the
beam axis.
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Figure 1. Schematic of the experimental layout. The laser beam is focused into a two-stage, variable length, gas cell. Kapton tape
is used to block the laser beam transmitted through the cell. The electron beam is deflected from the axis using an electron
spectrometer comprising a weak kicker magnet, a set of three dipole magnets and a Lanex scintillating screen. An additional
Lanex screen is inserted before the dipole magnets to directly measure the electron beam profile with minimal spectral dispersion
in the horizontal plane, when required.
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Figure 2. Representative single-shot electron beam profiles measured using the Lanex screen placed after the kicker magnet;
(a—f) example images of the ring structured beam for various experimental conditions. Vertical (magenta) and horizontal (red)
line-outs of (d) presented in (g) and (h), respectively. The size and FWHM thickness of the ring structure are annotated on plots
(g) and (h). The images shown are recorded under the following range of experimental parameters: 0.85 <a, < 1.06, for a laser
focused between 1 mm in front of and at the entrance of the gas cell, an acceleration length between 15 and 20 mm and an

average electron density 2—4 x 10" cm™.

2.2. Results

2.2.1. Electron beams

Experimental results show that the on-axis electron beam is often surrounded by a ‘ring’ structure
characterised by a small divergence and energy spread, which appears as a clear annular shape in the spatial
distribution and the energy spectrum. In some cases, however, when the energy spread and divergence are
large, the structure appears as a halo. Ring and halo features are observed in the beam profile images
measured using the Lanex screen after the kicker magnet, as shown in figure 2, for various experimental
conditions: g, in the range of 0.85 to 1.06, for a laser focused between 1 mm in front of and at the entrance
to the gas cell, an acceleration length between 15 and 20 mm, and an average electron density varying from
2to 4 x10' cm™2. Six representative shots are reported in figures 2(a)—(f). Figures 2(g) and (h) show the
vertical (magenta) and horizontal (red) line-out, respectively, corresponding to (d). A consistent narrow
divergence (compared with the ring radius) central beam is visible in most of the images recorded, but ring
structures are only present in some shots for the same experimental conditions. In some cases multiple
rings with displaced centres are observed, which may be due to different energies for each ring. The
divergence of the rings are 30—60 mrad and their thicknesses are about 2.5 mrad, with small shot-to-shot
fluctuations. These results have been obtained at relatively high pressure (700—1000 mbar) gas,
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Figure 3. Example of ring like structure measured using the electron spectrometer. (a) Electron spectrum in raw spatial
coordinates, with a vertical (magenta) and horizontal (red) line-out shown in (c) and (d), along with a fit to 3 (2) Gaussian
distributions in the non-dispersed (dispersed) axes, respectively; (b) electron spectrum plotted in angular/spectral energy
coordinates, where the solid red line represents the calibrated spectrum; (e) calibrated horizontal line-out shows the spectrum in
MeV. This image is obtained for an initial a, of 1.3, a backing pressure of 360 mbar in the first stage and 480 mbar in the second,
the laser focused 2 mm inside the gas cell and the acceleration length of 20 mm.

corresponding to an electron density higher than 2 x10'® cm ™2, in the accelerator stage cell and with
relatively long accelerating length (>12 mm). The highly saturated parts of the images are due to laser light
leaking through holes in the Kapton tape and illuminating the scintillating screens. The line-outs are slightly
offset from the centre to clearly distinguish the ring structure.

2.2.2. Electron spectra
The electron beam spectra comprise two parts: (i) a narrow divergence (compared with the ring/halo
structure) but broad spectrum, and (ii) the ring beam, as shown in figure 3. This image is obtained for an
initial a of 1.3, a backing pressure of 360 mbar in the first stage and 480 mbar in the second
(corresponding to an average electron density of 1.2 x 10'® cm™?), with the laser focused 2 mm inside the
gas cell and an acceleration length of 20 mm. The figure shows a raw image recorded on the spectrometer
Lanex screen (1.808 m from the gas cell) (a) with horizontal (red, dispersion axis) and vertical (magenta)
line-outs. This shows that electrons are continuously injected on-axis with relatively small transverse
momenta, and also the presence of the 500 MeV ring electron beam. The vertical and horizontal line-outs
in (c) and (d) with a fit to 3 (2) Gaussian distributions in the dispersed (non-dispersed) planes, respectively,
are included. Panel (b) shows the same data as in (a), but in MeV and mrad, and the spectrum is
represented by the solid red line. Figures 3(d) and (e) are line-outs of the respective angular and spectral
distributions. The ring appears at 2 different positions on the energy axis in figures 3(b) and (e), which is
due to the effect of the divergence of the ring entering the dipole, as will be shown in section 3.1.

The rings, often observed as indistinct halo structures, are only present for accelerator lengths
(second stage of the gas cell) exceeding 12 mm and for relatively low pressures (<500 mbar in both stages of
the gas target, corresponding to an average electron density less than 1.5 x 10'® cm~2). The line-outs shown
in (¢) and (d) give ellipse diameters of 12.1 and 7.7 mrad, and an average FWHM thickness of 9.4 and
4 mrad (4 and 1.7 mrad root mean square or RMS) in the dispersed and non-dispersed directions,
respectively. Both the radius and the thickness of the ring are larger in the dispersion plane because
electrons experience the Lorentz force of the dipole magnet (see discussion below). The relatively narrow
width in the dispersion direction indicates that the energy spread for the ring structure is small (<3%) and
the thickness in the non-dispersive plane is due to the transverse momentum spread of the ring. A larger
energy spread or transverse momentum spread would wash out the ring structure into a halo, as is
sometimes observed. The ring radii and thicknesses shown in figure 3 are used to inform the particle
tracking simulations presented in the next section. When the gas cell length is reduced, both the energy of
the main beam and of the ring decrease, which explains why electron ring structures are only observed for
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Figure 4. 23 consecutive electron spectrometer images obtained under the same experimental conditions. This shows the
stability of the ring/halo electron structure. This data is recorded for an initial a, of 1.3, a backing pressure of 360 mbar in the
first stage and 480 mbar in the second, the laser focused 2 mm inside the gas cell and an acceleration length of 20 mm.

relatively long gas cells. Below a certain length (=12 mm), the energy of the halo is below the spectrometer
cut-off energy (=360 MeV) and is therefore not detected.

Ring features are observed in up to 75% of all shots under the most favourable experimental conditions,
as reported in figure 4, which shows a series of 23 consecutive images recorded on the spectrometer Lanex
screen obtained under the same experimental conditions. A ring or halo structure is not observed on every
shot because of fluctuations in parameters such as laser energy (=1.3%), pulse duration (=1 fs) and focal
spot size (/=3%) and position. The high power laser will also ablate material from the gas cell walls, which
causes modifications of the density profile over time. This shows that the ring or halo beam can be
accelerated up to 750 MeV under these experimental conditions, for an initial a, of 1.3, a backing pressure
of 360 mbar in the first stage and 480 mbar in the second, with the laser focused 2 mm inside the gas cell
and the acceleration length of 20 mm. Moreover, this figure highlights the generation of several ring/halo
structures, which will be discussed in the next section of the paper. Calibration of the scintillator screen
indicates that the charge in the ring structures averages at 3.1 4= 2.1 pC RMS and is up to 10 pC, which
represents up to 20% of the total charge detected by the spectrometer.

The dependence on the gas cell position relative to the focal spot position is shown in figure 5. The
position z = 0 mm represents the case where the laser is focused at the entrance to the first stage of the gas
cell. This shows that when the focal spot is in front of the entrance to the gas cell (z < 0), virtually no
electrons are injected on axis and no halo is detected. When the target is moved toward the focal spot
(z < 0), electrons are injected on-axis. When the focal spot is positioned 2 mm inside the gas cell a halo,
and ring structure is observed. Beyond 4 mm into the gas cell, the energy of the halo begins to decrease,
indicating that the length over which the halo accelerates, is shortened. This is discussed in more detail in
the next section. The same observation is made for the on-axis beam. This set of data is obtained for an
initial ay of 1.24, a backing pressure of 360 mbar in the first stage and 480 mbar in the second
(corresponding to an average electron density over the full length of 1.2 x 10'® cm~?) and acceleration
length of 20 mm.

A laser energy scan has also been conducted, presented in figure 6, which shows that the ring-like or
halo structures only appear for a given range of ay values. At low ay, no on-axis or halo electrons are
produced. When the intensity is increased, on axis electrons are consistently injected and a low energy halo
appears; the energy of this halo increases with gy initially, but when the laser energy is further increased, to
ag > 1.4, the halo vanishes and only on-axis electrons are observed. This will be discussed in the next
section. The energy scan is undertaken for a backing pressure of 360 mbar in the first stage and 480 mbar in
the second (corresponding to an average electron density of 1.2 x 10'® cm™?), the laser is focused 2 mm
inside the gas cell and the acceleration length is set to 21 mm.
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Figure 6. Variation of the initial g, to investigate its effect on electron spectra and the appearance of halos/rings. The energy scan
is undertaken for a backing pressure of 360 mbar in the first stage and 480 mbar in the second one, (corresponding to an average
electron density of 1.2 x 10'8 cm™?), the laser focused 2 mm inside the gas cell and an acceleration length set to 21 mm.

3. Numerical simulations

3.1. Particle tracking simulations

Particle tracking simulations have been undertaken to determine the properties of the electron beam
emitted from the exit of the LWFA using the general particle tracer (GPT) [27, 28] code, with the objective
of reproducing the measurements for the experimental geometry. The layout shown in figure 1 is simulated
using GPT with a measured magnetic field map to model the dipole used. The effect of the Kapton tape has
been investigated and found to be negligible. The measured shape of the ring structure shown in figure 3
along the non-dispersed axis informed the choice of the divergence (for both the radius and the thickness).
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Figure 7. Results of the GPT particle tracking simulations aiming at reproducing the ring shown in figure 3. (a) Histogram plot
of the final electron ring structure distribution on the simulated screen and horizontal (red, dispersion axis) and vertical
(magenta) line-outs; (b) and (c) vertical and horizontal line-out.

Measurements in the dispersive plane enables the spectral properties (energy and energy spread) to be
determined.

A beam energy of 525 MeV and energy spread of 2.5% RMS is used to reproduce the ring beam
presented in figure 3. The initial spatial distribution of the electron beam can be estimated from the
assumed symmetric Gaussian distribution, which has an RMS width of 5 mm and a ring centred 10 mm
from the axis. The divergence corresponding to the measured radius of the ring is 9.2 x 4.2 mrad
(dispersive and non-dispersive axis, respectively). The thickness is calculated as 1.75 mrad. The charge
simulated in GPT is 5 pC, and self-consistent calculations of space charge forces are enabled but found to be
negligible for the energy range, charge and typical divergences. The distributions are shown in figure 7,
where (a) is the 2D histogram of the simulated electron distribution evaluated on the screen with the
horizontal (red, dispersion axis) and vertical (magenta) line-out presented in (b) and (c), respectively. This
figure shows that with these initial parameters the spatial profile of the electron ring structure on the Lanex
screen is well described by a bi-Gaussian distribution: the average ring size is 9.8 mrad and its average
FWHM thickness is 9.3 x 4 mrad in the dispersed and non-dispersed axis, respectively. This is in very good
agreement with the experimentally observed profile reported in figure 3 and suggests that we can use the
low energy spreads observed in the ring structure to retrieve the properties of the electron distribution
forming the ring structure at the exit of the plasma. The asymmetry observed in both figures 3(d) and 7(c)
is due to the dispersion of the dipole varying with the initial divergence of the ring structure.

3.2. PIC simulations

Simulations to reproduce the experimental results have been performed using the quasi-3D PIC code FBPIC
[29]. A laser pulse with duration of 40 fs (FWHM) and beam waist wy = 36 pm, with temporal and
transverse Gaussian profile, interacts with a mixture of helium and nitrogen gas. The helium density
distribution is uniform over 25 mm (starting at z = —3 mm, so the gas cell entrance is assumed to be at

z =0 mm) and its density is 6 X 10'7 atoms cm >, comprising both stages of the gas cell. The first stage of
the gas cell is 3 mm long with the walls of the cell being 1 mm thick. The nitrogen distribution represents
the injection stage and is modeled by a fourth order super-Gaussian centred at z = 2 mm, with width of

3 mm (FWHM) and peak density of 2.4 x 10'® atoms cm . This results in a density profile with a down
ramp, also observed and previously discussed in [22]. Simulations are performed for several laser energies,
corresponding to an initial normalised vector potential ay between 1.3 and 1.55, and for two positions for
the laser focal plane, corresponding to a focus inside the gas cell (z = 3 mm), and outside (z = —3 mm).
The box size is 120 pm in the radial direction and 150 pm in longitudinal direction, with resolutions of
234 nm and 58 nm, respectively. The number of azimuthal modes is 3 and the number of macro-particles
(number of atoms which will release electrons after their ionisation) per cell for both gases is 1 in the radial
and longitudinal directions and 6 in azimuthal direction.

Simulations performed without nitrogen show that the laser pulse ionises helium and only produces a
quasi-linear wakefield. In the presence of nitrogen, however, an electron beam with a broad energy spread is
produced in the injection stage and accelerated in the second stage to energies of up to 1.4 GeV through
ionization injection. This electron beam drives a strongly nonlinear wakefield, resulting in the formation of
several accelerating buckets in addition to the wakefield excited by the laser, as shown in figure 8. The
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Figure 8. Electron density distribution obtained using FBPIC shows both the ring-shaped and the on-axis electron beams
produced by a laser pulse with an initial 4y = 1.35 focused inside the gas cell (at z = 3 mm). This snapshot is taken after 10 mm
propagation.

accelerating field in these additional buckets is of the order of 20 GV m™!, but this value depends on the
laser intensity and electron density. Electrons ionised from nitrogen stream backwards and are deflected
off-axis by the dense sheath of electrons surrounding the buckets, becoming trapped in the exterior
accelerating field of the laser-generated wakefield, which results in a ring-shaped electron beam. Although
this mechanism was originally discussed in [21, 22], here we undertake a systematic parametric study of the
ring beams in a higher energy range.

The ring appears when the accelerating structure trailing the electron beam is fully formed. For
ag = 1.35, this occurs at z = 5 mm, when the laser is focused inside the cell (z = 3 mm) and at z = 6 mm,
when the laser is focused outside (z = —3 mm). In both cases the initial energy spectrum of the
ring-shaped beam is broad, extending up to 250 MeV. The length of the first accelerating bucket slowly
oscillates during propagation as the electron beam is accelerated by the wake, resulting in a slow expansion
and contraction of the transverse size of the ring. When the laser is focused outside the cell, the first bucket
gradually shrinks and electrons slip inside the second bucket at z = 11 mm, resulting in a filled beam with
no ring structure. In this case the charge of the driving electron beam is about 90 pC. When the laser focus
is inside the cell, on the other hand, the charge of the driving electron beam is about 140 pC and the size of
the first bucket is larger, allowing the ring structure to be preserved and accelerated until the end of the gas
cell. Part of the beam will be bunched in the accelerating bucket and produce a narrow energy spike. The
charge of the on-axis beam determines the size of the bucket where ring electrons are accelerated, and the
acceleration length. These simulation results reproduce what is observed experimentally and reported in
figure 5 where no ring or halo structures are observed when the laser is focused in front of, or at the
entrance of the gas cell. The discrepancies obtained in the charge estimation are due to the incomplete
knowledge of the experimental parameters when modeling the experiment with PIC simulations i.e. the
precise density profile. The same mechanism can result in the production of additional ring-shaped beams
of lower energy around the accelerating buckets further behind the laser, as observed experimentally and
shown in figure 4.

The final electron distribution of the ring-shaped beam is shown in figure 9 for both laser focus
positions along with a 3 dimensional representation for the latter case. A ring with a radius of 13 ym and
thickness of 11 pym is observed when the laser beam is focused inside the gas cell, whereas no halo is
observed when focused outside. The energy spectrum, including both the driving electron beam and the
ring-shaped beam, is shown in figure 10 for several laser energies and focus positions to reproduce the
trends observed in the scans presented in figures 5 and 6. Note that the measured ring structures are due to
the ring shaped momentum distribution. For ay = 1.3 and a4y = 1.35 a peak with energy between 400 MeV
and 500 MeV, energy spread of about 7% and charge of about 40 pC, which corresponds to 30% of the total
charge, is formed when the laser is focused inside the gas cell. As can be seen from figures 9(a) and 10(a),
no ring structures are formed when the laser is focused before the entrance of the gas cell. The spectrum
observed at ~500 MeV in figure 10(a) with ag = 1.55 are electrons from the first bunch and no clear ring
structure is observed. It starts to develop at z ~ 8 mm, as electrons bunch during acceleration in the
quasi-linear wakefield excited by the laser. These simulations results are in good quantitative agreement with
the experimental and particle tracking simulation results reported in figures 3 and 7. The small discrepancy
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Figure 9. Results of FBPIC simulations showing the spatial distribution of electrons accelerated behind the on-axis electron
beam by a laser pulse with a, = 1.35 focused (a) outside (z = —3 mm) and (b) inside the gas cell (z = 3 mm). The snapshots are
taken after 24 mm propagation. (c) Corresponds to a three-dimensional representation of (b).
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Figure 10. Results of FBPIC simulations showing the final energy spectra of electrons accelerated in the first two buckets by a
laser pulse with varying a, focused outside (a) (z = —3 mm) and inside (b) the gas cell (z = 3 mm). The shaded area left of the
vertical line represents the region of the spectrum that cannot be accessed by our measurement due to the spectrometer cut off.

observed in the energy spread estimation compared to the results shown in the previous section is due to
the assumptions made when modeling the experiment with PIC simulations i.e. on the precise density
profile. It is worth noting that similar results are obtained when using a density down ramp where a helium
density of 7.5 x 1017 atoms cm ™ is used in the first stage and 6 x 10'7 atoms cm ™ in the second. Another
simulation run with a constant effective electron density (where the helium density is decreased in the first
stage) shows that the density down ramp between the two stages helps preserve the ring structure in the
transition from the first to the second stage, preventing it from diverging, as previously discussed in [22].

For ap = 1.55, a ring structure is still formed, but the energy spread is broader and the divergence larger.
In this case, the laser is sufficiently intense to produce an ion cavity, resulting in a strongly nonlinear
wakefield and additional on-axis injection. This is, once more, very similar to that experimentally observed
as reported in figure 6 where no ring or halo structures are observed outside the range of g, values between
1.23 and 1.35 limit in the energy range accessible. Here, the increase in divergence of the halo/ring structure
is not observed as predicted by the PIC simulation because as the images on this diagnostic are relatively
noisy, even after background subtraction, increasing the divergence of this pattern will lead to its extinction.

A simulation has also been performed for parameters matching the experimental results presented in
section 2.2.1. The helium density is 1.2 x 10'® atoms cm ™ in both stages of the gas cell and the laser is
focused at the entrance of the gas cell (z = 0 mm) with a9 = 0.9. A ring structure containing a charge of
about 1.3 pC is formed and accelerated to an energy of about 230 MeV after 9 mm propagation. The beam,
however, is subsequently decelerated to about 100 MeV and starts diverging at z ~ 14 mm due to the
expansion of the accelerating structure. For this higher plasma density an ion cavity is formed and injection
takes place also in the second stage of the gas cell. This is also in good agreement with the experimental
findings presented in figure 2.

In general, we find that the formation and general properties of the ring depend weakly on the shape of
the density profile and the effect of the simulation grid resolution is even weaker. When varying the grid
size, variations of the order of 10% in energy and charge are observed but the main features and trends
presented are similar. The boundary conditions do not affect the simulations results. On the other hand,
finer details, such as position and width of the energy peaks, show a stronger variation. More precise
modeling of the experiment would require accurate gas density measurements, which were not available at
the time of this experiment. These simulations show that the charge of the ring structured electron beam is
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Figure 11. Electron spectrum obtained from FBPIC simulations reported in figures 9(b) and 10(b) transported using GPT
through a set up reproducing the experimental one.

proportional to the gas density. Therefore, it may be possible to precisely reproduce the charge of the
experiment by reducing the density. However, the beam energy typically increases when the density is
decreased. To control both the charge and the energy, the density profile should also be changed, or the
density of the first and second stages should be adjusted independently. This requires better knowledge of
the gas density profile used in the experiments.

The electron beam with a distribution presented in figures 9(b) and 10(b) is transported using GPT
through a beam line that reproduces the experimental set up. The simulated electron spectrum is shown in
figure 11 where the halo around the main beam is clearly visible. However, the formation of a clear ring is
prevented by the relatively large energy spread obtained in the PIC simulation (7%, compared to the 2.5%
obtained from the particle tracking simulations presented in section 3.1).

4. Conclusions

In conclusion, the observation of ring like structures associated with on axis electron injection has been
demonstrated experimentally and compared with PIC simulations. Parametric studies have been conducted
that demonstrate a level of control on the appearance of these structure and ability to tune some of their
properties. Particle tracking simulations have been performed, which enables the distribution of the
particles forming these structures to be determined (after exiting the plasma). PIC simulations enable an
understanding of the injection mechanism and beam evolution leading to the formation of the observed
features. Ring-like beams may be of interest for transporting currents higher than the Alfvén limit [30]
because of their hollowed shapes specifically in the case of lower energy electrons. The fields they transport
can be used to collimate relativistic proton bunches [31, 32] and other charged particles as positrons or the
production of unique mode structured x-ray beams.
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