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Abstract

Laser-target acceleration represents a very promising al-
ernative to conventional accelerators for several potential
pplications, e.g. in nuclear physics and medicine. However,
‘S some extreme features, such as a wide energy and angular
§ spread, make optically accelerated ion beams not immedi-
§ ately suitable for multidisciplinary applications. Therefore,
'3 in addition to improvement of laser-target interaction, a large
i effort has been recently devoted to the development of spe-
£ cific beam-transport devices in order to obtain controlled
—g and reproducible output beams within the ELIMAIA user
2 beamline development at ELI-Beamlines. The transport
'é beamline will be composed by three sections for the collec-
‘G tion, selection and final shaping of the transported beams.
& The collection section is made of a set of super-strong high
2 field quality permanent magnet quadrupoles with large ac-
Z ceptance to minimize beam losses and a gradient of 100 T/m
2 over a 36 mm net bore able to correct the angular dispersion
é and focus laser driven ions. The beam selection is done by a
smagnetic chicane made of C-shaped electromagnetic dipoles
§ able to select beams with an high resolution and to work as
© an active energy modulator (up to 300 MeV for protons and
g carbon ions up to 70 MeV /u). The final beam shaping is
§ done by two steerers and two electromagnetic quadrupoles.
Z In this contribution the actual status of the beam transport
< line is described together with the preliminary test performed
@ with conventional accelerators at INFN-LNS. The feasibility
o study of a possible upgrade will be also reported.
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INTRODUCTION

Laser-driven ion beams are a promising alternative to con-
o ventionally accelerated particle beams [1-7] even if they
& are not directly suitable for most applications because of
2 the large angular and energy spread. Several efforts have
= been already put in order to develop beam-transport lines
5 able to produce a controllable beam from laser accelerated
-q-i particles [8—11]. Moreover, studies on the radiobiological ef-
E fectiveness of laser driven protons have been also carried out,
~« showing promising results [12]. A collaboration between
£ ELI-Beamlines and INFN-LNS (ELI-Beamlines [13]) was
£ launched to realize the beam transport, the dosimetric and the
é irradiation section of the ELIMAIA (ELI Multidisciplinary
% Application of laser-Ion Acceleration) beam-line dedicated
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to ion acceleration. ELIMED represents the section of ELI-
MAIA addressed to the transport, handling and dosimetry of
laser-driven ion beams and to the achievement of stable, con-
trolled and reproducible beams that will be available for users
interested in multidisciplinary and medical applications of
such innovative technology. The transport and dosimetric
beam-line has been installed at ELIMAIA in Jul 2018, Fig.1,
and it is made of three main elements: a collection system,
namely a set of Permanent Magnet Quadrupoles (PMQs)
placed close to the laser-interaction point, an energy selec-
tion system (ESS) based on four resistive dipoles, and a set
of conventional electromagnetic transport elements for the
final focusing of the beam before the injection in the in-air
dosimetric station [14—16]. The beam-line will be working
for laser-produced ions up to 70 MeV /u and for protons up to
300 MeV, offering, as output, a controllable beam in terms
of energy spread (varying from 5 % up to 20 %), angular
divergence and hence, manageable beam spot size in the
range 0.1 — 10 mm, and acceptable transmission efficiency
of about 10 %.

Figure 1: The ELIMAIA beamline with description of each
section.

In order to fulfill the project requirements the two main
elements of the beam-line, the PMQs system and the ESS,
have been optimized. The aim of the collection system is to
collect the accelerated ions within a certain energy range,
correct their angular divergence and inject them into the
selection system which will cut the particle outside the en-
ergy range of interest. The beams coming out from this
first part of the beam-line (PMQs+ESS) will have charac-
teristics closer to conventional beams and, hence, easier to
be transported and shaped with conventional electromag-
netic lenses (quadrupoles), which will be placed in the last
part of the in-vacuum beam-line. The above description of
the proposed beam-line, makes it clear that the ESS is the
core element. It has been designed and realized as a single
reference trajectory device based on four resistive dipoles
with wide acceptance and, its laminated core allows the use
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of the chicane as an active energy modulator system. The
performances of the ESS are strictly related to the input
beam features. Hence, the collection system has been real-
ized to properly inject the beam component to be selected in
the ESS using five permanent magnet quadrupoles (PMQs).
PMQs lenses have the advantage to be relatively compact
with an extremely high field gradient, of the order 100 T/m,
within a reasonable big bore of few centimeters. The PMQs
system allows to collect most part of the particles with wide
divergence produced in the laser-target interaction process,
providing a beam of good quality in terms of controlled size
and divergence. For these reasons the interest in the appli-
cation of PMQs in the handling of laser produced beams
is growing in recent years [17-19]. Several PMQs designs
have been proposed, based on pure Halbach scheme [20] or
hybrid devices using saturated iron to guide the magnetic
field [21,22]. Moreover, PMQs can be placed in the vacuum
chamber, which means close to the laser-target interaction
point, allowing a good collection and transmission efficiency.
In this contribution we present the installed beamlines at the
ELIMAIA facility and a possible upgrade is also proposed.

THE COLLECTION SYSTEM

The PMQs system consists of five quadrupoles described
in Table 1, [23]. The system has to work for the collec-
tion of a wide range of ion energies from 3MeV/u up to
70MeV/u and inject a certain beam component in the ESS,
hence, it has to be versatile in order to respect the transfer
matrix element constraints required for the proper injection,
i.e. a waist on the radial plane close to the selection slit
position (M; > = 0) and a parallel beam on the transverse
plane (M4 4 = 0) [24,25] and it has to ensure a reasonably
good transmission efficiency. Hence, the PMQs have been
designed and realized with a big bore of 36 mm, a strong
field gradient and high uniformity within the 75 % of its
surface. The net bore is reduced to 30 mm in diameter as
a 3 mm thick shielding pipe for magnet protection is set in
the aperture. The quadrupoles are based on a standard trape-
zoidal Halbach array [26] surrounded by a external array
made of rectangular magnetic blocks. The choice of this lay-
out results to be robust with a very good field quality and, at
the same time, a cost effective alternative to a pure Halbach
array. The PMQs are set on a mechanical system which for
changing the magnetic lenses relative position and, hence,
for tuning the optics according the energy to be transported;
it also allows an easy alignment of the magnets. The system
is shown in Fig. 2.

Table 1: PMQs Main Features

PMQs | Geometric Length | Field Gradient | Bore Diameter
1 160 mm 101 T/m 30 mm
2 120 mm 99 T/m 30 mm
2 80 mm 94T/m 30 mm
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Figure 2: PMQs with their mechanical system.

THE ENERGY SELECTION SYSTEM

The definition of the ESS reference orbit, resolution and
required fields for H* and C*® are shown in Fig. 3. It is
based on four resistive dipoles with alternating field [27],
similar to a bunch compressor scheme, and its main trajec-
tory parameters are calculated according to the description
proposed in [28]. The main feature of the ESS are sum-
marized in Table 2. The upper panel of Fig. 3 shows the
trajectory within the four dipoles (colored lines). The se-
lected path will guarantee a fixed energy resolution of about
5 % if a 5 mm aperture slit is used. This resolution is inde-
pendent form the particle energy and ion species, as shown in
Fig. 3 LHS of the bottom panel. What have to be changed, in
order to put particles with different energy on the reference
trajectory is the magnetic field, as shown in Fig. 3 RHS of the
bottom panel, which have to vary between 0.085 upto 1.2 T
for protons with energy ranging between 3 and 300 MeV,
while it has to reach the value of 1 T for carbons (C*®) with
energy of 70 MeV /u. The proposed layout allows to vary
the energy resolution changing the slit aperture size. The
ESS has laminated cores for the dipoles and offer also the
possibility to work changing the excitation current with the
same repetition rate of the laser, 1 Hz. The current ramping
in the coils will produce eddy currents circulating in the
vacuum chamber that can cause an effective sextupole field
superimposed to the dipole field [29-32]. Hence, the main
dipole field distortions due to the current ramp have been
investigated [27] showing no relevant effect on the main
dipole component when the field is stable.
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Figure 3: ESS reference orbit, resolution and required fields
for H* and C*S.
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Table 2: ESS Dipole Features

Dipoles | B field Length Effective | Gap
length
4 0.085 - | 400 mm 450 mm 59 mm
1.2T
GFR Field uni- | Curvature| Drift Max Cur-
formity radius length rent density
100mm | <0.5% 2.593m 500 mm 2.53 A/mm?

Figure 4: ESS installed at INFN-LNS for calibratiion.

The whole system was calibrated using standard accelera-
tor beams at INFN-LNS, Fig. 4.

ELIMAIA UPGRADE: HIGH ENERGY
THOMSON PARABOLA

The possibility to use the first dipole of the ESS as mag-
etic deflection sector of a Thomson Parabola spectrome-
ter [33,34] is a simple solution for having an on-axis diag-
nostics system with extremely high energy resolution for
g protons up to 300 MeV and for carbon ions up to 900 MeV.
§ The large horizontal space inside the vacuum chamber also
2 offer the possibility to install two electrostatic dipoles, as
> shown in Fig. 5.
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Figure 5: Setup of two electric field inside in the ESS vacuum
chamber.

This solution would optimize the performances of the
device. In fact, one sector would have a large dynamics
range but a limited energy resolution of about 10 %, the
other sector would have a limited dynamics range but the
resolution can be up to 1 %. The simulated spectrogram for
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the large-dynamics, low-resolution sector is shown in
Fig. 6.
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Figure 6: Realistic spectrogram obtained using the large-
dynamics, low-resolution sector

In order to have the correct charge separation it will be
necessary to use a small collimating system with an aperture
of 0.2 or 0.1 mm which is still under design and, most impor-
tantly, the proper electric field strength should be achieved
considering that 30 mm clearance in the ESS vacuum cham-
ber must be guaranteed. Due to this relatively large gap the
voltage on the electrode should be of 100kV and this lead to
some issues with the choice of the proper insulator and con-
nection between electrodes and high voltage feedthoroughs.
Even if few promising solutions have been already identified
it would be necessary to carry on some prototyping before
the final realization. A detailed study of this upgrade will
be presented elsewhere.

CONCLUSION

The actual status of the ELIMED beam transport line is
here reported. The transport line has been installed as a part
of the ELIMAIA user beam line at ELI after testing the most
important elements with conventional beam at INFN-LNS
accelerators. The possibility to use the chicane as a Thomson
Parabola spectrometer is also proposed. This would be the
first upgrade of the ELIMAIA beamline.
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