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Abstract: Laser wake field acceleration (LWFA) is an efficient method to accelerate electron beams
to high energy. This is a benefit in research infrastructures where a multidisciplinary environment
can benefit from the different secondary sources enabled, having the opportunity to extend the
range of applications that is accessible and to develop new ideas for fundamental studies. The ELI
Beamline project is oriented to deliver such beams to the scientific community both for applied and
fundamental research. The driver laser is a Ti:Sa diode-pumped system , running at a maximum
performance of 10 Hz, 30 ], and 30 fs. The possibilities to setup experiments using different focal
lengths parabolas, as well as the possibility to counter-propagate a second laser beam intrinsically
synchronized, are considered in the electron acceleration program. Here, we review the laser-driven
electron acceleration experimental platform under implementation at ELI Beamlines, the HELL
(High-energy Electrons by Laser Light) experimental platform .

Keywords: LWFA; laser-plasma acceleration; laser-driven electron acceleration; ultrahigh intensity
laser-matter interaction; laser-electron collider; laser counter-propagation; ELI Beamlines; HELL

1. Introduction

Laser-plasma electron acceleration [1] allows for generating high-energy particles in relatively
short distances as compared to conventional linear accelerator systems, thus allowing for such energetic
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beams also at small and medium size research infrastructures [2-5]. Nowadays, laser-accelerated
electron beams are produced with table-top laser systems from TW to PW peak power [6-10],
thus accessing a broad energy range up to the multi-GeV level [11].

The use of an ultrashort laser pulse driver enables at the same time the possibility to pump and
probe a sample with secondary laser or particle beams, thus offering ultrafast temporal resolution
in the 10-fs range. These features are extremely interesting for several potential multidisciplinary
applications [12]. On the other hand, the non-optimal electron beam quality in terms of pointing
stability, average energy and energy spread impose severe limitations to the usability of such beams.
At the same time, such challenge requirements have increased the number of test experiments aiming to
improve the beam reliability for applications. As recently shown, innovative injection approaches can
stabilize the average electron energy and limit the energy spread down to 1% [13]. These achievements
are promising and encouraging for further improvements of the accelerated electron beam features,
but at the same time, also allow for reaching a sufficient level for their use for specific applications [12].
The ELI Beamlines project [2] main mission is to deliver laser-produced secondary beams to the
scientific community, both for applied and fundamental research in different fields. For this reason,
different user-oriented beamlines are being implemented with the goal of delivering particle and
radiation with unique features, especially when compared to conventional facilities. Since the capability
to produce secondary beams using ultra-high-power laser systems is still in a fast development phase,
some of these beamlines are geometrically organized to be flexible and modular to offer the possibility
to arrange advanced optical setups for future development of the source or just the preparation of a
complex user experiment. This is, for example, the case of the High-energy Electrons by Laser Light
(HELL) experimental platform, a project that is mainly based on the laser wake field acceleration
(LWFA) concept [1,5,11,14,15].

Figure 1 shows a typical three-dimensional (3D) Particle In Cell (PIC) simulated electronic density
of the LWFA process using the code EPOCH [16] on the ELI Beamlines clusters ECLIPSE. In this case,
a 0.2 PW, 30 fs laser pulse is focused to a waist of 19.8 um onto a supersonic gas-jet generating an
electron plasma density of 1.5 x 10'8 e~ /em3. This condition is shown to produce strong electron
injection, already at 1 mm of propagation in the plasma, as its evident at the center of the dark region
also called wake-field.
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Figure 1. Electron density after 1 mm of propagation in a three-dimensional (3D) Particle In Cell (PIC)
simulation of a 0.2 PW, 30 fs pulse focused to a waist of 19.8 um at 1.5 x 1018 e~ /cm3.

Typically, such an acceleration regime [14] requires long focal lengths; furthermore, a laser
beam counter-propagating with the accelerated electrons is requested for fundamental studies [15,17].
Such requirements in terms of electron energy and setup flexibility, in the case of PW-class lasers
suggest to use two separate vacuum chambers: one for the laser driver, which includes the main

focusing optics, and one for the acceleration areas. These two chambers are then connected through
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vacuum pipes to allow for the propagation of the laser beams. Since LWFA is rapidly evolving and
experimentally observed maximum energies are quickly increasing [11], a value of 10 GeV is used
for the implementation of electron spectrometry into the HELL platform, as well as radioprotection
considerations. In this manuscript, we provide a general overview of the capabilities of the HELL
platform, reporting its main technical features and the main related research and development activities,
with the intent to highlight the experimental potentialities that such a platform will offer to the ELI
user’s community.

2. The Experimental Platform HELL: High-Energy Electrons by Laser Light

This section describes the HELL platform technical details and it is divided in four subsections.
The first one describes the HELL optical setup providing an overview of the different experimental
capabilities: the variable configuration to position off-axis parabola with very different focal lengths,
which is self-synchronized with a counter-propagating laser beam, and the use of dedicated deformable
mirror (DM) to improve the focal quality or to apply the requested focus shaping capabilities.
The following subsection describes conceptually the basic set of single-shot laser-pulse diagnostics
available, which will enable to correlate shot-to-shot each experimental data characterizing (i) the
plasma interaction, (ii) the accelerated electron beam, and (iii) the user sample irradiated by electrons,
with the corresponding laser pulse parameters. This will be crucial for further optimization or
development of novel acceleration schemes, thus to overcome the current experimental limitations.
An interesting tool is for example the “focal shaping” enabled by the deformable mirror to enhance
some specific feature of the considered experimental scheme. The third subsection describes the
basic diagnostics used to monitor the laser-generated plasma (optical imaging and interferometry),
the basic electron bunch diagnostics with corresponding calibrations and the user station, which allows
irradiating any user sample in an automatic way once the electron bunch parameters are fixed. The last
subsection describes the electron beam dump conceived for electron beam energy up to 10 GeV,
together with the simulated dose distribution and secondary particles.

2.1. The 10 Hz, 1 PW Laser Driver “L3”

The main laser considered in the first stage of implementation of the HELL platform at
ELI-Beamlines is called high-repetition-rate advanced petawatt laser system (L3-HAPLS), which
is designed to deliver PW pulses with energy of at least 30 ] and durations <30 fs, at a repetition
rate of 10 Hz [4]. It is the first all diode-pumped, high-energy femtosecond PW laser system in the
world. The laser was developed at Lawrence Livermore National Laboratory (Livermore, CA, USA),
with ELI-Beamlines (Dolni Bfezany, Czech Republic) cooperating on the development of short-pulse
diagnostics, short-pulse subsystem controls, timing, and delivering the PW vacuum compressor.

The system was demonstrated to provide highly stable continuous operation at specified energy
and pulse duration. HAPLS will be the world’s highest average power Petawatt laser system. Even if
the HELL project is organized to accommodate at the same time different laser beams that are available
at ELI-Beamlines, including the 10 PW (called “L4” [4]) laser interesting for specific interaction
regime [17,18], in the following, we will mainly focus on the use of the L3 laser. All of the optical
simulation results depicted in the article (related to the near and far-field) are carried out by commercial
software (Virtual-Lab) based on Maxwell solver field tracing. Figure 2 (left) shows the modelling of
a spatial distribution of the L3 laser operating at a central wavelenght 820 nm in ideal conditions at
the compressor output. The squared super-gaussian distribution gives a value of 1/€"2 of 226 mm.
Together with the ideal case, Figure 2 (right) shows an L3 spatial distribution in which artificially
generated intensity modulations (speckle, white Gaussian) were introduced to consider diffraction
effects during the propagation in vacuum. In Figure 3, a phase-front distortion is shown, as introduced
in the artificially modulated case to verify the capability of the entire optical system to correct potential
phase-front modulations.
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Figure 2. Modeling of (left) the L3 laser ideal spatial distribution (right) the L3 spatial distribution
with artificial modulations.

+0.02

30 \‘\. ——
N |

Figure 3. (left) L3 artificially modulated phase-front. (right) Simulation of the deformable mirror
corrected phase-front.

2.2. The HELL Platform

This correction can be applied thanks to the use of a DM available in the HELL optical setup.
For this reason, in the first set of optical simulations a free propagation of the laser in vacuum is
considered starting from the compressor output up to the HELL deformable mirror (the total distance
is 100 m). At the end of such free-space propagation, the resulting phase-front is simulated to
be corrected to the best level reachable by using the 64-actuators of the given deformable mirror
(see Sections 2.3.1-2.3.3 for further details). The phase front at a distance of over 100 m was extracted
for virtual DM correction through soft-ware. Wave front aberration correction while using Zernike
Polynomials generated a corrected phase front file, which then was propagated back from the point
that it was extracted, to see the improved effect in the far-field.

Figure 3 (right) shows the residual wave phase-front distortion after the simulated correction by
the deformable mirror. Finally, the HELL off-axis parabola (OAP) focuses the beam and the simulation
output is compared with the ideal case. The same simulation procedure is used for the two different
focal length OAPs that are available at the HELL platform during its first phase of operation.

Figure 4 (top) shows the HELL platform configuration in the experimental hall E5 and (bottom) a
detailed view of the optical setup. As it is shown in Figure 4 (bottom), the possibility to accommodate
different focal length parabolas, still keeping the intrinsic synchronization of the counter-propagating
beam, is considered and it can be easily achieved by shifting to the East of E5 (right in Figure 4)
the interaction chamber with respect to the first auxiliary chamber. The intrinsic synchronization
in any case can be tuned using the dedicated delay line (visible in Figure 4 in the right-up corner).
The focal lengths of the two OAPs (initially available) have been selected while considering the two
main interaction regimes of major interest for LWFA: the self-injection regime [19-21] and the guided
regime [6]. The first regime, which typically uses higher intensity, will be realized with a 4.4 m focal
length OAP, and the guided regime with a 10 m focal length OAP. A third (shorter focal length) OAP
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will be used to enable the counter-propagation beamon a fixed off-axis angle of about 30 deg. In future
works, the description of a system to fine tune the off-axis angle will be given.

eakmiror 1 HLE.L.L. platform

bean:pllttel.'l cdunter—propagation beam
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Figure 4. (top) High-energy Electrons by Laser Light (HELL) platform in the E5 experimental hall of
ELI-Beamlines. (bottom) Detailed view of the HELL platform showing the auxiliary chamber with the
OAP, the DM and leak mirrors; the interaction chamber with the basic driver beam for laser wake field
acceleration (LWFA) and the counter-propagating beam is also shown.

Counter-propagating pulse configuration will be used for fundamental physics studying,
including studies of the radiation friction effects and the effects of nonlinear quantum electrodynamics
in the interaction of the high intensity laser pulse with laser accelerated ultra-relativistic
electrons [22-24] and extremely high intensity electromagnetic field generation within the framework
of the Relativistic Flying Mirror concept [24-27].

Figure 5 shows the focal distribution that was obtained in the ideal case (left), in the artificially
modulated case (center), and in the DM corrected case (right) for the 4.4 m OAP. As it is shown the
correction works well, however, even after corrections (high focal quality), lateral wings coming
from the squared near field of the beam are present and may affects the dynamic of a typical
LWFA experiment.

Figure 6 shows the focal distribution obtained in the ideal case (left), artificially modulated
(center-red) and the corrected case (right and center-blue) for the 10 m OAP.
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Figure 5. Simulated focal distributions (up) for the 4.4 m off-axis parabola (OAP) and intensity plot
(down) in the ideal case (left), in the artificially modulated case (center-red), with the deformable
mirror (DM) compensation (right) and (center-blue).
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Figure 6. Simulated focal distributions (up) for the 10 m OAP and intensity plot (down) in the ideal
case (left), in the artificially modulated case (center-red), with the DM compensation (right) and

(center-blue).

It is worth mentioning that the side wings that are visible on the far field of a rectangular Super
Gaussian beam is the natural consequence of its shape (Figure 7). However, those wings might be
diminished using different techniques usually at the cost of intensity drop. We discuss those techniques

later in text.

Also, in the self-injection regime, these side wings act as independent focal points and ultimately
drive independent laser wake-fields, thus giving rise to wing-produced-bunches of electrons and
generating, as a consequence, a mixture of electron bunches that deteriorate the main bunch parameters,

as shown in Figure 8.
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Figure 7. Simulated far fields of ideal intensity masks—circular (left) and square (center). The left
pane shows a far field intensity distribution for the circular and square shaped beams. Although side
wings are mitigated for the circular space distribution it is not the case for the square one.
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Figure 8. 3D PIC simulation of electrons self-injection in the side wings of the far field intensity
distribution for the square beam. The beam (FWHM = 15, 30 fs, A = 0.82 pum ) propagates in a
cylindric plasma channel with the radius of 15 um. On axis electron number density is 1012 em 3,
outside the channel the density is four times higher. Beam intensity is 1020 W/cm?.

In the lowest intensity scenario of Figure 6, the guided regime, such wings are less capable to drive
independent wake-field. On the other hand, it must be emphasized here that such regime typically
makes use of specifically developed target systems. The formation of plasma by low intensity EM fields
or electric discharges prior to the arrival of a high intensity pulse significantly changes the interaction
of the main laser pulse with the target. Therefore, a study of the formation process is important
to laser-driven electron acceleration. With the increase of available laser power the acceleration of
electrons becomes increasingly sensitive to the evolution of target density profile during the interaction.
A low current capillary discharge in the resistive regime may form a radial distribution of electron
density that is necessary for the formation of a plasma wave guide that is capable of transporting a
channeled laser beam at a distance that is much longer than its diffraction Rayleigh range [11,28-30].

The external edges of the capillary can suffer of damages induced by the wings present in the laser
focal spot. Such problem is already reported in literature [31-35] and two solutions to moderate the
wings are discussed hereafter: (i) the laser beam apodization and (ii) the use of the deformable mirror
(see Section 2.3). Figure 9 shows the simplest conceptual scheme that is considered for the apodization
simulation. After a 5 m free propagation in space, the L3 square beam is apodized by a round shape
clear aperture of 210 mm, then the beam propagate for other 95 m in free space and finally is focused
by the 10 m focal length OAP. The apodization of the beam is shown here only as an example and can
give even better results when considering non-flat cutting apertures. A second possibility, shown again
as an example, will be described below in the deformable mirror subsection (see Section 2.3). Figure 10
shows the intensity focus distribution (considering 1 PW pulse) in log color scale of the 10 m OAP in
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the (left-top) “square” case and (left-bottom) “apodized” case. From a qualitatively point of view, it is
evident that in the “square” case, the wings are present up to the third order, while in the “apodized”
case, only the first order wing peak is present. The wing-to-peak contrast comparison is improved
of a factor higher than two, as shown in Figure 10 (right), where the maximum intensity profiles are
renormalized to the “square” case peak value. Such comparison also shows a peak intensity reduction
and a small change in the FWHM of the apodized focal spot, such effect has to be considered when
selecting the best plasma density matching conditions for LWFA. The solution with the L3 square
beam apodization simplifies the use of discharge-based capillary targets. Another way to improve
the wing-to-peak contrast consist in a specific configuration with deformable mirror (see Section 2.3).
A combination of the two methods can further enhance the wanted result.

‘ Circularaperture
\ 210mm dia.

L3 output ) !

<— 5m 3 95 m

Figure 9. Conceptual scheme of apodization for the L3 square beam using with a single aperture.
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Figure 10. Simulated focus distribution in log color scale of the 10 m OAP in the (left-top) “square” case
and (left-bottom) “apodized” case, (right) maximum intensity profiles renormalized to the “square”
case peak value for the wing-to-peak contrast comparison.

Research and development activities in the field of capillary-discharge plasma wave-guide are
in progress in order to enable the guided regime of acceleration into the HELL platform. Due to
the complexity of the processes leading to plasma channel formation, computer simulations take the
leading role in study of these processes. We develop a three dimensional magneto-hydrodynamic
(3D MHD) code [36], which is able to model capillary discharges. The 3D MHD simulations of the
capillary discharges will be accompanied by simulation of laser beam coupling with the capillary
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plasma as well as of the laser beam propagation inside the wave guide and of the process of injected
electron bunch acceleration. To achieve the electron acceleration, we need to know the electron density
distribution and its dynamics in the capillary. Design of the capillary near its ends should be taken
into account to determine the time-dependent electric current density distribution, which in turn,
determines ohmic heating of the discharge plasma, and, as a result, its dynamics. We also need to know
the initial distribution of neutral hydrogen near the capillary orifice. For this reason, we performed
simulations on initial filling of the capillary with neutral hydrogen, using 3D gas-dynamic simulations
that take into account the capillary design, including filling supplies. Results of the gas simulations
were used as an initial condition for the capillary discharge MHD simulations [32].

The majority of the experiments use circular cross-section capillaries. On the other hand, square
cross-section capillaries have several advantages for transverse plasma diagnostics. We have modeled
plasma properties inside a hydrogen-filled capillary discharge waveguide to enable the analysis
of capillaries of circular and square cross-sections, implying that square capillaries can be used to
guide circularly symmetric laser beams [33,34]. The MHD simulations of a hydrogen-filled capillary
discharge with circular and square cross-sections under the same initial plasma density, capillary size,
and the parameters of the external electric circuit showed that the calculated magnetic field, electron
temperature, and density distribution in the near-axis region of the square and circular capillaries are
similar. The effect of cross-section on the electron beam focusing properties was studied using the
simulation-derived magnetic field map. Particle tracking simulations showed only slight effects on the
electron beam symmetry in the horizontal and diagonal directions for square capillary. These results
indicate that square capillaries, which allow for greater diagnostic accessibility, can be employed to
guide cylindrically symmetric laser pulses and focus electron beams.

Particular attention is being focused on matching the given L3 laser focal distribution with the
capillary geometry, thus avoiding damages of the capillary walls. A radial gradient of the plasma
electron density suppresses diffraction of the laser beam and allows for elongating the high intensity
laser-plasma interaction length up to centimeter scales. A preliminary capillary-discharge test has
been experimentally performed on a 0.3 mm inner diameter, 3 cm long capillary prototype with gas
feeding system, and thyratron based discharge drives. Figure 11 shows the typical electronic signals, as
obtained in the test, in particular the applied voltage and the current probe of the discharge itself [35].

Tek Stop +—

Ch4 Min
—-13.1kv

[Pscstcborsporbobebtdtibagrinie bl ey tpebidteteasd CH4+Ch2 UL
63.88ns

CAPILLARY

Chi 2.00V (@ 10.0V WM 100ns| A Chl J 2.40V

Ch4| 5.00kV 27 Apr 2017
R — 1510.00 % 17:34:03

Figure 11. Upper left: CAD model and picture of the capillary, Lower left: Discharge circuit.
Right: Discharge current measurement (CH1—Trigger signal, CH2—current probe 10 A/V,
CH4—Electrode voltage).

At the same time, it is important to note that the guided regime can also be obtained in other ways,
for example, generating a plasma channel using a nanosecond laser. Plasma channels in neutral gas can
be produced in the region of an elongated focus of knife-like nanosecond duration laser beam [31,36].
The laser beam is assumed to propagate perpendicularly to the long axis of the focus. We have
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simulated the plasma channel formation. Within the framework of the assumption that initial gas
and the laser intensity along the axis perpendicular to the direction of the laser pulse propagation are
homogeneous, the physical problem becomes two-dimensional. We use the magneto-hydrodynamic
(MHD) code MARPLE for the two-dimensional (2D) simulations. The aim of the simulations was to
study when the plasma channel becomes cylindrically symmetric, since obviously symmetric channel
are preferable for waveguiding. When an effective focal length is substantially large, the shape of the
focus is elongated along the direction of the laser beam propagation. In this case, the symmetrization
of the plasma channel may be questionable. The 2D simulations were performed to investigate the
process of symmetrization of the channel, when the asymmetry of initial channel is caused by the
asymmetric deposition of the laser energy due to spatial structure of a plane focus of the laser beam.
The simulations showed how to reach the regimes of symmetric plasma channel formation [31].

A first experimental test has been performed while using a combination of cylindrical and
plano-convex lens to focus the nanosecond laser energy mainly in one-dimension, giving rise to a
strongly elongated or line-shape focus. Figure 12 shows the simulated focal distribution an /4.5
cylindrical lens coupled with an f/9 plano-convex lens to obtain a peak of intensity approximately of
1 x 102 W/cm?. It shows the simulated line-shape (or knife-like) focus of five micron extended for
about 5 mm.

First experimental results were already obtained and will be described in a different manuscript.

F 1011
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Figure 12. Simulated focus of a plano-convex coupled with a cylindrical lens to obtain a knife-like focal
distribution. It shows the simulated line-shape (or knife-like) focus of five micron extended for about
5 mm.

2.3. Diagnostics for the Driver Laser Pulse

Over the L3-HALPS diagnostics itself, additional diagnostics of the CPA laser pulse are enabled at
the HELL platform in different geometries. Here, we review the main configurations with the purpose
of providing an overview of the typical scenario that is useful in LWFA experiments. Since laser
pulse length and spectral dispersion are key parameters for LIWFA experiments, the possibility to
measure them directly in vacuum must be considered. A direct measure to the entire laser beam
aperture require to demagnify the beam diameter down to few mm to match the wavefront sensor
area. At HELL, this is simply obtained using a very thin beam splitter immediately after the main
focusing parabola, which is used as a first optical element of a reflection-based telescope. Beyond the
“in-vacuum laser diagnostics”, a second set of diagnostics is placed in air for a simpler access and
fine tuning of the given experimental setup. Even if partial information of some laser properties is
lost in air (e.g., pulse length), the “in-air diagnostics” can still be considered as a valid tool to monitor
shot-to-shot fluctuations, such as laser pointing or focal spot quality. The in-vacuum wave-front-sensor
(WEFS) along with an in-focus diagnostics, operating at reduced laser power, enable carrying out proper
calibrations of the used detectors. The use of a fast closed loop control system is very important in
complex laser systems because it can strongly reduce laser pointing and focusing instabilities [37,38].
Figure 13 shows a 2D top view of the HELL auxiliary chamber with the in-vacuum WFS diagnostic
area and the dedicated optical table for in-air diagnostics.
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Optical Table in air
for laser and plasma
diagnostics

Figure 13. HELL auxiliary chamber with the in-vacumm wave-front-sensor (WFS) laser diagnostics
area and the in air optical table.

2.3.1. Wavefront Diagnostics; Examples and Tests “in Air” and “in-Vacuum”

The wavefront measurement is of fundamental importance to correct laser aberrations and to
increase the stability of the laser accelerator. Sensing of the wavefront can be carried out using a beam
splitter, which brings a small portion of the laser light to the wavefront sensor. Commercial Shack
Hartmann wavefront sensors have a clear aperture of the order of about 5-7 mm, and therefore, it is
necessary to reduce the laser beam size. One possibility is to realize a telescope, as shown in Figure 14.
With this setup, it is possible to sense the laser beam aberrations and to realize a closed loop control of
the deformable mirror. In this case, the adaptive optics system will correct the wavefront before the
focusing parabolic mirror; therefore, any Non Common Path (NCP) aberration that takes place after
the deformable mirror will not be corrected. Additional important sources of NCP aberrations are the
ones relative to the sensing optical path. These aberrations include both the optical components of the
telescope and the aberrations of the optical window on the vacuum chamber.

Vacuum Chamber

/%

,/

WFs //
e ’ Beam
sV, :

Splitter

Figure 14. “In air” wavefront correction system (not in scale). The orange optical path is the Non
Common Path (NCP) between the laser beam and the wavefront sensor beam.

Another possibility to reduce the impact of NCP aberrations is illustrated in Figure 15. In this
case, the beam splitter is positioned after the parabolic focusing mirror and the wavefront sensor is
positioned after its recollimation with a lens inside the vacuum chamber. This approach strongly
reduces non common paths of both arms, and is therefore preferable. Its implementation is anyway
typically difficult because of the limited space in the vacuum chamber and the long optical paths.
This is anyway enabled in the HELL platform.
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Vacuum Chamber

LASER ——

Off-axis Beam
parabola Splitter

Figure 15. In vacuum wavefront correction system (not in scale). The orange optical path is the NCP
between the laser beam and the wavefront sensor beam.

2.3.2. Correction of Non Common Path Aberrations

Non common path aberrations are relative to wavefront errors generated in the non-common
optical paths after the beam splitter that separates the laser beam and the secondary beam feeding the
wavefront sensor.

The detection and the correction of NCP aberrations can be carried out in many ways. The closed
loop control system reduces the aberrations up to the wavefront sensor. Therefore, any additional
wavefront aberrations that are generated after the beam splitter is not sensed and not corrected, leading
to a reduction of the point spread function intensity.

The NCP aberrations can be corrected exploiting the possibility to change the target aberration
of the closed loop system from a flat wavefront to a wavefront opposite to the NCP aberrations [38].
The identification of the NCP aberration can be carried out with different methods: by the use of a hill
climbing optimization algorithm on the PSF intensity or via indirect wavefront sensor measurement,
such as curvature wavefront measurement. Alternative solution are currently being tested on large
aperture (L3 size) laser beam without the needs to de-magnify, and thus, avoiding the use of an
in-vacuum space-consuming telescope. Figure 16 (left) shows a large size (300 mm) array of lenses
used to project on a diffusing screen the sub-focus array imaged with a simple optical camera, and
(right) the sub-focus array of a large size aperture CW beam projected on a diffuser imaged with an
optical camera useful for the wavefront reconstruction.

Figure 16. (left) large size (300 mm x 300 mm) lens array printed on a thin transparent screen,
(right) sub-focus array projected on a diffuser imaged with an optical camera.

Further investigations about the spatial resolution are in progress and will be matter of
future works.
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2.3.3. Beam Shaping with the Deformable Mirror

The deformable mirror is exploited both for aberration correction and also to manipulate the
point spread function spatial distribution in order to enhance the interaction of the laser pulse with
the target. For example, Figure 17 reports a simulation of a case where the deformable mirror is used
to create a point spread function (PSF) with more contrast between the peak intensity and the side
lobes intensity. Figure 17 (left) shows that, by the application of the wavefront in Figure 17 (right), the
contrast can be increased by about an order of magnitude. Moreover, this is an interesting example
of laser focal shaping that is useful from the experimental point of view. Recently, the possibility
to accelerate two independent and parallel wake-fields [39] to be used for positron acceleration has
emerged. In this case, the focal shaping shown in Figure 17 is a very interesting solution, even if a
more detailed investigation is needed.
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Figure 17. (left) logarithmic cross section of the Point Spread Function of the diffraction limited beam
(red) and with the beam shaping (green) with the wavefront reported in the diagram on the (right).

2.4. Diagnostics for Plasma Interaction and Electron Beams

To optimize the laser-plasma interaction, thus the acceleration of electrons, it is important to
consider the gas target neutral density profile that determines the generated longitudinal and transverse
plasma profile. Moreover, its evolution is important both before and after the main driver pulse.
For this, a probe beam is usually used in the direction perpendicular to the driver pulse. In addition to
such active probing of the plasma, Thomson scattering emission provides useful information during the
interaction by means of optical imaging [40,41]. Such diagnostics can be realized by directly detecting
the laser light scattered by the relativistic electron bunch with a CCD or CMOS camera, and also setting
up an optical system to resolve the fine details of the laser propagation in the acceleration area around
the laser waist position. Since the Thomson scattering pattern is polarization dependent, typically it
is observed from a top window in the interaction chamber, i.e., in the direction perpendicular to the
p-polarized laser beam plane of incidence.

Figure 18 shows an example of top-view Thomson scattering image from which it is possible to
infer the laser beam propagation direction inside the supersonic gas target by identifying the position
corresponding to the maximum scattered light intensity. This diagnostics is very useful both in the
first stage of a LWFA experiment (or during the warm-up of an electron acceleration beamline as
HELL) and in the fine tuning optimization of the electron beam parameters. Indeed, in the first phase,
it is used to optimize the plasma interaction by monitoring the laser propagation into the plasma
(Thomson scattering) and moving the gas target and/or changing the gas density profile. Since such
light scattering is also density dependent, a proper gas-jet density profile measure is very important.
This is obtained with simultaneous interferometric measurements. Figure 19 shows the optical setup
used for interferometry (left), the longitudinal phase-shift profile (center), the transversal phase-shift
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profile of a 4 mm by 1 mm gas-jet profile in the case of Argon at 40 bar (right). Figure 20 shows the gas

density distribution at three different heights z above the nozzle exit obtained by the multiplicative
algebraic reconstruction technique.

Chart I: Density (Longitudinal Profile)

~3]

Density [Kg/m

Figure 18. (left) Example of an experimental top-view image showing the Thomson scattered light
within a gas target with near-uniform neutral density in the case of a 300 mJ]—40 fs laser beam

propagation in Nitrogen. (right) Simulated neutral density profile of gas target at different distances
from the nozzle exit.
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Figure 19. (left) optical setup used for interferometry, (center) the measured longitudinal phase-shift
profile, (right) the measured transversal phase-shift profile.
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Figure 20. (left) neutral density reconstruction in Argon at 40 bar backing pressure at 0.1 mm from the
nozzle, (center) at 1 mm, (right) at 2 mm.

The neutral density profile measurement in combination with the Thomson scattering diagnostics
are of key importance for the optimization of the propagation of the driver pulse, hence to efficiently
accelerate the electron beam. The effect of different gas-density profile on LFWA can be beneficial in
particular conditions [42].

Electron beams accelerated in the HELL platform will be characterized in terms of their
geometrical properties (charge, divergence, and pointing stability) and energy spectrum (pC MeV !
msr—!). In order to retrieve this information, a combination of fluorescent screens and magnetic
dipoles has been designed and tested. The design of the spectrometer is not trivial, since the expected
range of energies at the HELL platform spans over more than three orders of magnitude (MeV-GeV),
and a single magnetic dipole cannot cover with sufficient resolution such a wide range of energies.
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A preliminary set of measurements at a multi-GeV energy range as been performed and will be
described in a different manuscript.

According to the state of the art, the highest energy experimentally demonstrated with a PW-class
laser is 4.6 GeV [11], the choice for the HELL platform implementation is to design a spectrometer
that is capable of resolving with good resolution energies up to at least 10 GeV. In order to meet these
requirements a series of different magnetic dipoles has been designed [43,44]. Each dipole is mounted
on a linear stage, and by their combination, it is possible to achieve the highest spectral resolution at
the energy of interest. The modular configuration, in which different modules can be additionally used
for a specific energy range, is shown in Figure 21. A 0.5 to 10 GeV case is analyzed. The electron beam
enters the series of dipoles from the right side of the image. First, the electron beam is cleaned from
its low energy component up to 6 MeV by the first small dipoles, which deflect the low energy on a
dedicated local shielding, and do not affect the electrons above 100 MeV. After that, a H-shaped-magnet
is used to bend electrons in the energy range of interest into the 80 cm long, 1 T, C-shape dipole. This last
is the strongest dipole, the one that allows for high resolution GeV-spectrometry, as shown in Figure 22.
The simulation is done in two steps: first the magnetic field is simulated with the Radia Software,
then the electrons are propagated in such field with the software Simion. Due to the overall length of
the system, and to the typical LWFA beam parameters, each gap has been designed to have the highest
acceptance. The minimum gap for each dipole has been designed to be 15 mm, which corresponds to
a 12 mrad full angle acceptance of the system. Figure 22 shows the simulated deflection for a pencil
beam in the range 1-10 GeV. After designing the electron beam diagnostics, the performance of the low
energy range have been characterized with the preinjector electron beam at the synchrotron Elettra [45].
The parameters of the preinjector beam are 100 MeV, 100 pC at 2.6 Hz repetition rate . During the test
by varying the beam energy between 80 and 110 MeV, the bending of the 7 cm, 0.8 T magnetic dipole
has been tested. The measured values are in very good agreement with the ones that were predicted
by the simulations, as shown in Figure 23 (right). The spectrometer resolution over the entire energy
range will be described in future work.

Figure 21. Modular configuration design of the 10 GeV electron spectrometer.
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Figure 22. Simulated deflection for a pencil beam in the range 1-10 GeV using the softwares Radia for
the magnetic field and Simion for the particle tracking.
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Experiment vs Simulation
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Figure 23. (left) 3D view technical design of the HELL User Station, (right) measured and simulated
electron deflections for the 5 cm, 0.8 T permanent magnet dipole.

Being the HELL platform partly devoted to multi-disciplinary experiments, the first end station
of a laser plasma electron accelerator has been realized. It has been designed and built by Elettra,
according to the specifications that are provided by ELI-Beamlines. A picture of the station is shown
in Figure 23 (left). The overall size of the User Station fits in a 1 m side square. The scope of the
User Station is twofold: (i) to position with an accuracy of at least 10 um a user samples, and (ii) to
characterize shot-to-shot the beam which hits the sample. Thanks to this system, the user sample
can be scanned in XYZ and rotated of 27t around the vertical axis. The maximum weight allowed for
the sample is 5 kg. The electron beam is characterized on-line by two movable fluorescent screens;
one placed before the target and one after it. Finally, the User Station has been designed to be
compatible with the HELL beamline and with the ELI-Beamlines control system, in order to provide to
the Users an integrated set of data compatible with the other facility diagnostics devices.

2.5. Radioprotection Analysis and Shielding Design

The electron beams produced by HELL will generate mixed radiation high energy fields, whose
strength will increase with the beam energy. Given the aim to accelerate electrons in the GeV range,
an adequate assessment of the ionizing radiation hazard is necessary. The studies were performed
by means of simulations using the FLUKA Monte Carlo transport code [46—48], for a conservative
worst-case scenario from the radioprotection point of view. Specifically, for a monochromatic 10 GeV
electron beam with a conservative 100pC pulse-charge, 10 mrad divergence, and single shot operation
mode. Civil structure of the experimental building was designed in such a way that the shielding
provided by the walls, together with a suitable beam dump, allows for operations of electron beams of
tens of GeV, while keeping the dose rate in the highly occupied areas, such as control rooms, below
1 mSv per year (which is the legal limit for exposure of general public).

Several factors have to be taken into account for the beam dump shielding design: the possible
presence of a magnet to bend the electron beam (as in reality the beam will not be monochromatic);
the need for the shielding to be modular in order to scale with the experimental modifications and
improvements (e.g., beam energy and charge); the need to allocate sufficient space downstream the
beam to allow for the installation of additional experimental equipment; the need to minimize the
backscattering toward the experimental chamber; and, the presence of another beamline in the same
experimental hall. All of these considerations lead to the preliminary design of the shielding shown
in Figure 24. The preliminary shielding design is symmetric with respect to the beam height (1.3 m
from the ground). The core of the shielding, designed to be hit at its centre by the electron beam, is
located 10 m from the experimental chamber and is flanked by two long lateral “legs”. The shielding
core (3m x 1 m, w X h) is made of five layers of polyethylene, two layers of iron, and two layers
of concrete, each layer being 20 cm thick. The core is lying over concrete foundations of the same
horizontal dimensions. The electron beam will be stopped mainly by the iron, the concrete behind will
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absorb the attenuated radiation, while the polyethylene will reduce the backscattering. The two lateral
legs are 10 m long and 0.5 m wide. One shields the other beamline, while the second shields the beam
deflected by the spectrometer and protects walls from possible long term irradiation damage. Figure 25
shows the ambient dose equivalent rate results that were obtained from the Monte Carlo simulations,
where it is apparent that between the two shielding legs only few shots would lead to integrating a
personal dose of 1 mSv. Currently, modifications to the shielding design and experimental setup are
being investigated [49]. First, adding a thin window to the chamber wall that was hit by the electron
beam. While the beam is generated with a small divergence, its interaction with the downstream
experimental chamber panel (2 cm thick aluminium) produces a widespread radiation. Instead, thin
window would effectively reduce the beam scattering. Other modifications under investigation include
the presence of a spectrometer in the beam and the reduction of the radiation escaping the back of
the shielding. Another future research option is to exploit muons present in this escaping radiation
for obtaining “non-collimated muon beam” that could be used for the testing of muon detectors for
high energy physics. The highly penetrating radiation visible in Figure 25 (i.e., the zones in tones of
magenta on the right end of the picture) indicate large muon production in the dump already at the
considered energy.

Figure 24. 3D view cut at beam height of the FLUKA model of the HELL beamline. The experimental
chamber and the shielding in its preliminary design are visible.
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Figure 25. Horizontal view at beam height of the ambient dose equivalent rate map obtained with
FLUKA simulations. The shielding effect of the dump is clearly visible. The units are mSv per shot.
The user station is not considered here.
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3. Conclusions

A general overview of the “HELL platform project” have been given with a first description of the
main instrumentations and capabilities that will be available to the scientific community. The concept
of experimental platform is flexible to allow for additional experimental schemes not shown in
this manuscript.
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