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Abstract

Novel plasma-based particle accelerators allow a drastic reduction in size and
cost, compared to conventional RF-based structures, due to strong accelerating
and focusing fields established inside plasmas. A key role in the development
of plasma-based accelerators is played by plasma sources. Indeed, the design of
specific devices able to produce stable and uniform plasma channels is crucial for
the efficiency of the plasma acceleration mechanism. The development of plasma
sources is particularly focused on the realization of m-scale devices, able to generate
stable and long plasma channels for high energy gain acceleration. Furthermore,
the longevity of plasma sources is a key aspect for long-term operation at high
repetition rate, which is a fundamental requirement for many particle accelerator
applications. In this context, this PhD thesis presents the design and development of
m-scale and high repetition rate plasma sources for plasma-based particle accelerators.
Experimental and theoretical activities are carried out at Plasma_ lab laboratory,
located at National Laboratory of Frascati (LNF-INFN), and in the framework
of EuPRAXTAQSPARC_LAB project, with special focus on plasma discharge
capillaries, in which plasma channels are created by means of high voltage pulses.
Experimental and numerical studies are performed to investigate the effect of the
capillary geometry on the plasma density distribution, aimed at improving the plasma
density modulation required for efficient plasma acceleration. Novel schemes are
designed and tested for the realization of compact and cost-effective m-scale plasma
discharge capillaries, able to provide high energy gain acceleration, staged focusing-
acceleration and guiding of charged particle beams. Moreover, high repetition rate
tests are performed with innovative ceramic capillaries, assessing the ability of
adopted materials to withstand the heat load produced by high voltage plasma
discharges. In addition, laser-induced plasma filaments are studied and characterized
as an alternative plasma source for high repetition rate applications. In conclusion,
a preliminary design and test of a 60 cm-long capillary, conceived for the plasma
module of EUPRAXTAQSPARC_LAB project, is presented.
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Introduction

Nowadays, particle accelerators are spread all over the world and used in a variety of
applications, from research in high energy and particle physics to nuclear medicine,
radiotherapy and industrial applications. However, limitations in the size, cost and
technology of conventional RF-based accelerators are driving interest towards novel
acceleration mechanisms, based on plasma technology.

Plasma-based accelerators rely on the use of laser pulses or particle bunches
to drive strong perturbations in plasma channels, resulting in the production of
high GV /m accelerating fields and kT /m focusing fields. Such plasma structures
provide a drastic reduction in the size and cost of particle accelerators, compared to
conventional MV /m-range RF cavities and hundreds T /m-range focusing magnets.

Due to the instability of the acceleration mechanism, plasma-based accelerators
do not provide yet the performances of RF-based structures, especially in terms of
stability and beam quality. For this reason, the scientific community is putting effort
in the development of such technology, with recent achievements that demonstrate
the suitability of plasma accelerated beams for practical applications, such as driving
FEL radiation. In this regard, a key milestone towards the utilization of plasma accel-
erators in scientific applications is represented by the EuPRAXIA project (European
Plasma Research Accelerator with eXcellence In Applications), which includes the
realization of the first plasma-driven FEL user facility (EuPRAXIA@QSPARC LAB
project), that will be built at National Laboratory of Frascati (LNF-INFN).

In order to enhance the stability and quality of plasma acceleration, plasma
sources play a crucial role. Indeed stable and uniform plasma channels are required
to sustain GV/m plasma wakefields in order to accelerate and focus particle beams
with high quality (low emittance, low energy spread). For this reason, many different
devices are developed and used to create and control plasma channels for plasma-
based applications. In particular, plasma discharge capillaries represent a compact
and cost-effective plasma source, based on the production of plasma channels by
means of high voltage pulses, providing a fine control over the plasma properties,
and so on the plasma acceleration mechanism.

Given the GV/m accelerating gradient provided by plasma structures, m-scale
plasma channels are required to enhance the energy gain in a single plasma stage to
the GeV range. In this sense, R&D on plasma sources is particularly focused on the
realization of m-scale devices, able to generate stable and long plasma channels for
high energy gain acceleration.

Moreover, another major requirement of many particle accelerator applications,
including linear colliders and FEL facilities, is the high repetition rate operation, i.e.
from hundreds Hz to the kHz range. In the context of plasma-based acceleration, high
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repetition rate operation represents a remarkable challenge, in particular concerning
plasma sources constituted by solid structures for the plasma confinement, such
as discharge capillaries. Indeed, the heat load produced by high voltage plasma
discharges and deposited onto the inner walls of the capillary structure can cause
erosion and damage issues and, consequently, the production of plasma discharges
at high repetition rate can dramatically affect the longevity of the plasma source.
For this reason, the development of plasma sources able to sustain the heat load
produced by high voltage plasma discharges at high repetition rate is essential for
the realization of plasma-based accelerator facilities for users.

Within this context, the presented PhD thesis project is devoted to the design
and development of m-scale and high repetition rate plasma sources for plasma-based
particle accelerators. Experimental and theoretical activities, carried out in the
framework of EuPRAXIA@QSPARC__LAB project, are focused on the development
of plasma discharge capillaries, in which the plasma formation is achieved by means
of high voltage pulses. Activities related to the PhD thesis project are carried out
at Plasma_lab laboratory, within the SPARC LAB collaboration (LNF-INFN).

Studies on the capillary geometrical design are performed to evaluate the ability
to modulate the plasma density according to the required application.

Novel schemes of compact m-scale capillaries are tested and characterized for the
development of m-long sources able to produce uniform plasma channels, but also
to provide combined configurations for staged focusing and acceleration of particle
bunches.

Furthermore, high repetition rate tests are performed to evaluate the longevity
of discharge capillaries, specifically made of high temperature resistant ceramics,
able to withstand the heat load produced by plasma discharges. In addition, testing
and characterization of laser-induced plasma filaments are carried to evaluate the
properties of such plasma sources, which represent a suitable option for high repetition
rate applications.

0.1 Organization of the thesis

After this introductory discussion, the thesis is organized as follows:

e Chapter [1] presents an overview of particle accelerators, including a detailed
description of plasma-based acceleration schemes, their motivation and advan-
tages. In addition, the FuPRAXIAQSPARC_ LAB project is introduced, as
one of the key milestones in the development of plasma-based accelerators and
the main project leading R&D activities on plasma sources in regard of this
PhD thesis.

o Chapter[2 provides an overview on plasma sources for plasma-based accelerators,
including the different mechanisms adopted for the plasma formation, such
as electrical discharges and laser or beam ionization. A particular focus is
given to plasma discharge capillaries, widely studied within the thesis project,
and their applications, including focusing of charged particle beams (in the
so-called Active Plasma Lenses) and guiding of high power laser pulses.
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e In chapter |3 the plasma module employed at Plasma_ lab laboratory to study
and characterize plasma discharge capillaries is presented. Detailed descriptions
of the main components of the plasma module are provided, including the
design of discharge capillaries, the features of the gas injection and high voltage
systems and the diagnostic techniques adopted for the characterization of the
plasma.

o Chapter [4 presents a study of the geometrical design of plasma discharge
capillaries, performed by means of experimental tests and numerical simulations
and aimed at improving the modulation of the plasma density distribution in
such plasma sources.

e Chapter [5] includes a series of novel schemes for m-scale plasma discharge
capillaries, conceived for the realization of long plasma channels for high
energy gain plasma-based acceleration, but also for staged acceleration and
focusing within compact plasma sources and for plasma-based bending of
charged particle beams.

o Chapter [0] describes the development of high repetition rate plasma sources.
First, the longevity issue of plasma discharge capillaries is introduced, dis-
cussing the effect of long-term plasma discharge operation. Afterwards, de-
sign and testing of high repetition rate plasma discharge capillaries, based
on the combined use of machinable and cost-effective ceramic materials, is
widely described. Experimental testing of ceramic capillaries and heat trans-
fer simulations are reported, discussing the reliability of such solution for
long-term high repetition rate plasma acceleration, in particular concerning
the EuPRAXIAQSPARC_LAB project. In addition, Chapter [6] includes the
characterization of laser-induced filaments, providing various advantages for
high repetition rate operation.

e Chapter [7] presents a preliminary design of a 60 cm-long capillary, targeted for
EuPRAXTIA@SPARC__LAB project, which includes numerical fluid dynamics
simulations and a novel scheme based on a modular capillary structure.

Finally, main results are summarized in the conclusions, with further remarks
on future perspectives. Additionally, the Appendix reports the description of
distribution functions adopted for the spectroscopic analysis of plasma channels
produced by tested capillaries.






Chapter 1

Particle Accelerators and
Plasma technology

1.1

Overview on particle accelerators

Particle accelerators are nowadays adopted into a variety of applications, with a
total amount of around 40 thousands machines all around the globe. Only a minority
of those is devoted to research activities, in the field of high energy physics, particle
physics and material science, while the majority is employed in industrial and medical
applications [42]. On a general ground, particle accelerators are constituted by the

following components:

Particle sources, which produce low energy particle beams, mainly through
thermionic or photo-electric emission.

Radiofrequency (RF) accelerating structures, used to accelerate particle
beams delivered by the sources.

Magnets, which guide and focus the beams along the accelerator design
trajectory.

Vaccum systems, which prevent the interaction between the accelerated
beam and the atmospheric gas inside the vacuum pipe travelled by the beam.

Cooling systems. Normal conducting electromagnets and RF systems are
usually equipped with water cooling systems, providing heat removal during
operation. On the other hand, specific cooling systems based on liquid helium
are employed for superconducting magnets and RF structures.

Diagnostics systems. A huge variety of diagnostic tools are employed to
monitor the properties of particle beams along the accelerator, such as the
beam size (scintillating or OTR screens, wire scanners), beam position inside
the vacuum pipe (stripline or cavity beam position monitors), or the beam
current (current transformers, Faraday cups).
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A schematic representation of a particle accelerator, with mentioned components,

is depicted in FiglI.1]

Figure 1.1. Schematic representation of a synchrotron, i.e. a type of circular particle
accelerator [74].

1.1.1 Particle sources

According to the specific particle beam, a variety of particle sources are commonly
used in particle accelerators. Regarding electron beams, particle sources are divided
into two main categories:

e« Thermionic sources, based on the thermionic effect, are constituted by
metal filaments which are heated to few thousands degrees to provide the
required kinetic energy to atomic electrons to escape the metal. Usually, a
high voltage is applied to facilitate the extraction of electrons and provide an
initial acceleration.

 Photoemission sources, based on the photoelectric effect, are constituted
by a negatively charged electrode, coated with a photosensitive compound.
Semiconductors are generally used for such sources, due to their high quantum
efficiency, i.e. the ratio between emitted electrons and incident photons. The
photocatode is struck by short laser pulses with pm spot size, which induce
the emission of electron bunches from a small area of the target within a
short time interval. Hence, photoemission sources are able to produce high
brightness electron beams, characterized by high peak current, small transverse
size and low energy spread, and are commonly used in free electron lasers and
for ultrafast electron diffraction.

Furthermore, both types of electron sources can be coupled to an RF cavity,
which accelerates the extracted electrons up to the MeV range. The so-called RF
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guns allow to mitigate the space charge effect at low energy, thus delivering high
peak current beams to the accelerating sections.

1.1.2 Accelerating RF structures

RF structures consist of cylindrical metallic cavities, usually made in copper, which
sustain and confine RF accelerating electromagnetic fields. RF cavities are designed
such that confined EM waves are characterized by a specific spatial configuration
(resonant modes), in particular with a longitudinal component of the electric field.
When charged particles travel through an RF cavity, they get accelerated by the
Coulomb force associated with the electric field, thus resulting in an increase of their
kinetic energy at expenses of the electromagnetic stored energy.

RF waves are produced by high power microwaves generators, called klystrons,
and delivered to RF structures by means of waveguides, coaxial cables and couplers.

According to the dynamics of the RF waves, RF structures are subdivided in:

o Standing Wave (SW) cavities, in which EM waves oscillate in time without
spatial propagation. Such structures are usually composed by multiple cells
in m mode operation, meaning that the EM fields in adjacent cells are in
phase opposition, such that particle bunches traveling along the cells always
experience an accelerating field. Standing wave structures are used for any
kind of particle (electrons, protons, ions) but can only work with bunched
particle beams.

o Traveling Wave (TW) cavities, in which accelerating EM waves co-
propagate with the particle beam, with a phase velocity equal to the beam
velocity. According to the dispersion curve, the phase velocity of a RF wave,
propagating through a cylindrical cavity with constant cross section, is larger
than the speed of light ¢, therefore it cannot be synchronous with a particle
beam, having a propagation velocity lower than c. In such case, beam par-
ticles would slip along the waveform of the RF wave until they experience a
decelerating field, preventing a correct acceleration. To solve this issue, TW
structures are designed with a series of metal irises, which allow to reduce the
phase velocity to ¢ or below. TW structures are generally used with electrons
and positrons, which become ultra-relativistic at low energies (few MeV) and
propagate at constant velocity v = ¢, allowing an easy synchronization between
EM waves and beams. In principle, TW structures could be used also for
protons and ions, which are not relativistic below GeV range and so they
increase the propagation velocity along the accelerating structure, however the
realization of TW cavities with varying phase velocity would be more complex.

Standing wave cavities are characterized by high energy transfer efficiency and
compactness and can be used in superconducting structures, however they operate at
low frequency (200-800 MHz) and require fine tuning of the structure, leading to high
design complexity. Conversely, traveling wave cavities are characterized by lower
energy transfer efficiency and longer structures, but operate at higher frequency (>3
GHz) and are easier to design and fabricate. Therefore, SW structures are usually
used for proton and ion beams, where efficiency and compactness are required,
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whereas TW structures are preferred for electron linear accelerators (linacs) and
applications requiring high accelerating gradients at high frequencies, such as medical
and research electron linacs.

1.1.3 Magnets

Relying on Lorentz force F = q(7 x g), magnets are used to bend and guide particle
beams along the designed reference trajectory of a given accelerating machine.
Normal conducting electromagnets are made of copper coils wrapped around the
poles of iron yokes, generating fields of up to 2 T. Furthermore, superconducting
magnets based on NbTi are used for high energy beams, providing maximum fields
of up to 8 T. Depending on the magnetic field geometry, different magnets provide
different features for the transport of particle beams.

Dipoles

Dipole magnets, characterized by a constant vertical field, apply a transverse force
to charged particle beams, bending their trajectory along the accelerating machine

(FiglL.2).

Figure 1.2. (Left) Schematic representation of the magnetic field map in a dipole magnet
[93]. (Right) Dipole magnets at SESAME facility [I].

Quadrupoles

Due to electrostatic repulsion between particles of the same beam (so-called space
charge force) and intrinsic divergence of the beam due to its initial transverse
thermal distribution, particle beams tend to diverge while propagating through the
accelerator. For this reason, quadrupole magnets and solenoids are used to focus
particle beams, providing a transverse force that focus charged particle beams along
the reference trajectory in the center of the vacuum pipe (Fig.
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Figure 1.3. (Left) Schematic representation of the magnetic field map in a quadrupole
magnet [93]. (Right) Quadrupole magnets at SESAME facility [I].

Sextupoles

When particles with different energies go through a quadrupole, they are focused in
different positions. Such phenomenon, analogous to what happens to white light
focused by a lens, is the chromatic aberration and it is generally mitigated by higher
order magnets, such as sextupoles (Fig.

Figure 1.4. (Left) Schematic representation of the chromatic aberration downstream a
quadrupole and its mitigation with a sextupole [93]. (Right) Sextupole magnets at
SESAME facility [1].

1.1.4 Vacuum systems

In order to avoid any interaction between accelerated particle beams and the at-
mospheric gas, which would worsen the beam quality (increase in energy spread
and divergence, beam losses) and trigger plasma arcs damaging the accelerator
components (mainly RF structures), particle beams propagate inside vacuum pipes,
in which vacuum levels of up to 10~!2 mbar are established by specific vacuum pumps.
Generally, primary pumps, such as scroll or roots pumps, extract atmospheric gas
from the vacuum pipe reducing the pressure from 1 bar to 1072 — 10~3 mbar, while
secondary pumps, such as turbo-molecular pumps, ion pumps or others, provide a
further decrease of the residual gas pressure to the required level.
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1.2 Motivation of plasma-based accelerators

Since the first RF-based particle accelerator, invented by Ising and Wideroe in 1928
[10], progress in accelerator technology has determined an exponential increase in
the highest beam energy that can be achieved. However, technological limitations in
bending magnets and RF accelerating structures are leading the maximum achievable
energy to saturation, as reported in the Livingston diagram in Fig. [I.5] In the
meantime, novel schemes for particle acceleration, based on plasma technology, are
experiencing a rapid development in recent decades, approaching the potentiality of
conventional RF-based accelerators.

Figure 1.5. Updated Livingston plot for accelerators, showing the maximum reach in beam
energy versus time. Grey bands visualize accelerator applications [10].

1.2.1 Limitations of circular accelerators
Hadron beams

Depending on the particle beam, circular accelerators are affected by different
limitations. For hadrons, such as proton and ion beams, the highest achievable
energy is limited by the size of the accelerator and the magnetic field provided by
bending dipoles. In particular, considering the definition of magnetic rigidity, which
gives the required magnetic field B to bend a particle beam with charge ¢ and
momentum p along the reference trajectory of the accelerator, with curvature radius

p:

P _ By (1.1)
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and considering the direct proportionality between the particle energy and
momentum, given by:

E? = p*? + mic! (1.2)

the highest achievable beam energy that can be handled depends on the magnetic
field of bending dipoles and the curvature radius, hence the size of the accelerator.
Given the highest magnetic fields generated by superconducting dipoles, 8 T for NbTi
magnets, used at LHC, and 16 T for NbsSn magnets, currently under development
for FCC project, the requirement to increase the energy of accelerated beams beyond
the TeV-range can only be meet by increasing the size of the accelerator. For instance,
FCC project is studying the construction of a 100 km long proton-antiproton collider
with maximum energy of around 100 TeV [72]. Therefore, due to technological limits
in magnet dipoles, the cost and the footprint of such accelerator machines is destined
to increase.

Lepton beams

Regarding leptons, such as electrons and positrons, the accelerating energy is not
limited by magnetic dipoles, since the magnetic rigidity is much lower and a magnetic
field of few mT is needed to bend a lepton beam along circular machines. However,
lepton circular colliders are affected by another limitation, which is the synchrotron
radiation. When relativistic charged particles travel along curved trajectories, they
emit electromagnetic radiation in a forward cone, tangential to the particle trajectory,
as shown in Fig. [I.6]

Figure 1.6. Qualitative radiation patterns related to charged particles moving in a circular
orbit. The dipole pattern achieved for slow particles (left) (5 = v/c << 1) is distorted
into a narrow cone when 8 ~ 1 (right) [13].
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Such radiation emission results in an energy loss per turn given by:

204, 4
Uy = 2P0 (1.3)
3eop
in which § =wv/c and v = E/Ey are the relativistic velocity and mass Lorentz
factors, €q is the vacuum permettivity and p is the curvature radius of the accelerator.
Therefore, the amount of energy emitted by a particle beam per turn increases with
the fourth power of the nominal beam energy, related to the Lorentz factor ~.
Generally, in circular accelerators, such energy loss is compensated by RF structures,
which provide the same amount of energy back to the beam. However, if we consider
to increase the beam energy, the energy loss due to synchrotron radiation becomes
comparable to the nominal beam energy itself, meaning that the beam loses almost
all the energy provided by RF structures. For instance, considering the FCC concept
for a 100 km long electron-positron collider, with around 100 GeV maximum energy,
so with curvature radius and Lorentz mass factor of 16 km and 2 x 10° respectively,
the energy loss per turn would be ~ 1 GeV. However, in a hypothetical upgrade
to 1 TeV, the energy loss per turn would be of ~ 10 TeV, such that the beams
emits through synchrotron radiation all the energy provided by the RF accelerating
sections. In conclusion, circular accelerators for leptons do not seem feasible for high
energy physics experiments beyond the TeV range.

1.2.2 Limitations of conventional linear accelerators

In order to overcome mentioned limitations of circular machines, linear accelerators
(linacs) are coming back into fashion for the next-generation particle colliders. Unlike
in circular accelerators, in which particle beams are forced to travel through the
same RF sections by means of the bending dipoles, inside linacs particle beams pass
through RF structures only once. Therefore, in order to enhance the energy gain
FE of a particle beam, keeping a reasonable length L of the overall machine, it is
necessary to improve the accelerating gradient G of RF structures:

E[MeV] = G[MeV/m] - L[m] (1.4)

According to the frequency band, typical RF structures are characterized by
maximum accelerating fields reported in Tab.

Band designation Frequency Maximum accelerating field

L-band 1-2 GHz 10 MV/m
S-band 2-4 GHz 20 MV/m
C-band 4-8 GHz 60 MV/m
X-band 8-12 GHz 120 MV /m

Table 1.1. Frequency bands and corresponding maximum accelerating fields.

In particular, recent progress has been achieved in the development of X-band
structures with accelerating field of up to 120 MV /m [§], within the framework of
CLIC project [79]. Such results have been reached through a wider understanding
in the phenomenology of breakdown discharges, which represent the main limitation
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in the accelerating field of RF structures. RF breakdown events take place from
fractures on the surface of RF structures, caused by electrostatic tensile stress.
Neutral molecules in the fractured region are ionized by the strong electric field,
resulting in the formation of plasma arcs over the molten area, which in turn causes
an intense ion bombardment onto the cavity surface. Plasma discharges cause a
significant alteration on the RF structure shape, with crater formations and vacuum
breakdown, thus limiting the maximum operating field.

As shown by scaling laws recovered from experimental data [65], the accelerating
gradient of an RF structure scales with the breakdown rate (BDR) and the RF pulse
length ,:

30 .45
BDRp = const (1.5)

Therefore, in order to maximize the achievable accelerating field while limiting
the breakdown rate, it is necessary to reduce the RF pulse length, which in turn
is limited by the RF peak power. One possibility to reduce the peak power is to
decrease the pulse energy required for the same E-field in the structure, by adopting
structures operating at higher RF frequency, characterized by a reduced volume to
fill with energy. In this way, the stored energy scales with RF frequency as f~3,
leading to a considerable reduction of the required input peak power [50].

The design of smaller structures with higher working frequency has led to the
achievement of the highest accelerating gradients in RF structures, as for the 300
MeV /m gradient achieved at the Stanford Linear Accelerator Center (SLAC) with a
140 GHz RF structure [41], reported in Fig.

Figure 1.7. mm-range traveling wave accelerating structure with detail of the output part,
including coupler and output waveguides [41].

Moreover, a further improvement in high gradient RF copper cavities has been
obtained by cooling them to temperatures below 77 K, which results in the reduction
of the RF surface resistance, crystal mobility and coefficient of thermal expansion
and the increase of the hardness and thermal conductivity, allowing a reduction in
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the breakdown rate. Indeed, recent studies show that an X-band structure can be
conditioned up to an accelerating gradient of 250 MV /m at 45 K and a breakdown
rate of 2-10~%/pulse/m.

On the other hand, such smaller structures are limited by fabrication tolerances
and beam instabilities due to wakefields, which are inversely proportional to the
third power of the structure aperture and cause energy spread, off-axis deflection
and eventually beam losses. Therefore, despite the outstanding upgrades achieved by
high gradient RF structures, it is unlike to expect high frequency metallic structures
achieving gradients in the range of GV/m [50].

In order to overcome limitations of RF-based accelerators, novel particle acceler-
ation mechanisms, based on plasma technology, are driving interest in the scientific
community. In such innovative particle accelerators, metallic structures are replaced
by an ionized gas, or plasma, thus solving the breakdown issue of RF structures.
Before going into detail of plasma acceleration, a brief overview of plasma physics is
provided.
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1.3 Principles of plasma physics

1.3.1 Introduction

Generally, a plasma is defined as a quasi-neutral gas of charged and neutral particles,
which exhibit collective behavior [29]. Quasi-neutrality consists in the local equilib-
rium between negative and positive charges, established by Coulomb interaction,
which translates into a local balance between plasma electrons and ions:

Pe = Pis Me = Zin; (1.6)

with p and n representing charge and particle densities. The collective behaviour
shown by plasma particles is due to the long-range Coulomb interaction, affecting
the dynamics of the entire plasma. Indeed, if a local charge separation takes place
due to thermal excitation or external perturbations, the charge imbalance generates
an electrostatic field, acting to restore the initial neutrality according to Gauss Law:

V-E= £7 with p=e(Zn; —ne) (1.7)
€0
Likewise, electrical currents established by moving charged particles, having
velocities v; and ve, result in a magnetic field, according to Ampere Law:

VxB= ,uoj, with J = e(Zn;v; — neve) (1.8)

Generated electric and magnetic fields govern the dynamics of the plasma,
including its response to external fields, applied through particle or laser beams, like
in the case of plasma-based acceleration schemes [5§].

1.3.2 Debye shielding

Considering to insert two charged spheres into a plasma, the electrons and ions will
rearrange their distribution by moving towards the spheres with opposite charge, as
shown in Fig.

The time response of plasma electrons and ions is related to their average
thermal velocity 7. and ©7;. By definition, considering ions and electrons with
same temperature (T; = Te):

1 1 3
§meUTe2 = §szTz2 = §kBTe (19)

Figure 1.8. Debye shielding of charged spheres in a plasma [58].
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and considering a hydrogen plasma (Z; = 1), the ratio between the thermal
velocities is:
UTy Me 1

=,/— ~ — 1.10
VTe m; 43 (1.10)

Therefore, ions are much slower than electrons and can be considered almost
unmovable in the electron motion time scale:

n; = no (111)

where ng is the unperturbed particle density. On the other hand, considering a
plasma in thermal equilibrium, electrons follow a Boltzmann distribution:

ne = noe®®/keTe (1.12)

where ¢ is the electrostatic potential of the external perturbation and kg is the
Boltzmann constant.
By inserting ion and electron densities into Poisson equation, we have:

V2 =—L = —Z(n; —no) = —Znp(1 — ee?/knT) (1.13)
€0 €0 €0
In the region where |e¢/kpT.| << 1, i.e. the potential energy of the external
perturbation is much smaller than plasma thermal energy, it is possible to expand
the exponential term in the Taylor series:

2
ofkple — 14 0 41 ( - ) 1.14
e + KpT + AV + .. (1.14)

Such approximation is not suitable for the region near the external charged
spheres, where |e¢/kpT,| may be large. However, this region does not contribute
much to the thickness of the electron and ion sheaths surrounding the charged
spheres, because the potential falls very rapidly there [29]. By truncating the Taylor
series to the linear term, Poisson equation simplifies to:

e2ng

1.15

As a result, the electrostatic potential of the external perturbation, expressed in
spherical coordinates, is:

V24 =

1 e*T/)\D

o(r) (1.16)

dmey T

Comparing ¢ to the 1/r-dependent Coulomb potential of a charged sphere in vac-
uum, the exponential term describes the damping effect caused by the rearrangement
of plasma electrons, which screen off the external perturbation [29]. Such effect is
called Debye screening and its characteristic length, the Debye length Ap, represents
the distance over which the external perturbation is shielded by the plasma:

Gok‘BTe
AD =4/ 1.1
b e2n, (1.17)
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A general condition that characterizes plasmas is that the Debye length Ap is
much smaller than the dimension of the system L, Ap << L, such that whenever
local concentrations of charge arise or external potentials are introduced into the
system, they are shielded out in a distance short compared with L, leaving the bulk
of the plasma free of large electric potentials or fields [29].

Plasmas are characterized by a large amount of charged particles per Debye sphere
Np, such that their collective motion is able to screen off external perturbations
and establish quasi-neutrality [59]:

4
Np = negwA% >>1 (1.18)

Alternatively, such ideal behaviour of plasmas is expressed by the so-called
plasma parameter [29):

=1 (1.19)
9= neAd, '

Furthermore, the plasma parameter describes the relation between long-range
collective effects and short-range collisions between charged particles, as described
in the following.

1.3.3 Plasma oscillations

To evaluate further the response of the plasma to external perturbations, we consider
a quasi-neutral plasma slab in which an electron layer is displaced from its initial
position by a distance x. Such displacement results in a charge separation between
ions and electrons, which in turn determines the onset of an electric field, analogous
to that between two capacitor plates with surface charge o = +en.x [58]:

o eNneT

E=_ = 1.20
P (1.20)
Thus, according to Newton Law for plasma electrons:
d?z 9 MeT
Me g —eE = —e - (1.21)
d*x
w7+ wex =0 (1.22)
in which wy, is the electron plasma frequency, defined as:
e2n,
= 1.23
Wpe . ( )

Therefore, the electric field produced by the charge separation, generates a
restoring force that guides electrons towards their initial positions, setting up plasma
oscillations with frequency wye. Such oscillations result in electron plasma waves,
propagating with phase velocity v, and characterized by a plasma wavelength given
by:
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_ 2mvp

Ap =

1.24
» (124)
The characteristic time of such plasma oscillations (and in general for long-range
collective effects in plasmas) can be considered as the inverse of the plasma frequency,
hence it scales as:
ml/2
ty o —— (1.25)

1/2
ene/

The same behaviour concerns plasma ions on a longer time scale, and an analogous
ion plasma frequency wy,; can be defined.
In case of a laser pulse or a particle bunch entering a plasma, the plasma response
depends on the frequencies of the plasma and the external electromagnetic wave:
2 2 2
w e°n, A
L= 2 (1.26)

w?  meeg Am2c2

The condition wz = w? determines the so-called critical density, defined as [58]:
47T2€0m662 21\ —2 -3
ey = —— 35— = 10" A" “em (1.27)

in which X is the wavelength of the external EM wave, expressed in um. Therefore,
given the external EM wave of a laser pulse, if the plasma density is lower than
the critical density, i.e. the external EM wave frequency is higher than the plasma
frequency, plasma electrons do not rearrange in time to screen off the external
radiation, which propagates through the so-called under-dense plasma. Vice versa,
if the plasma frequency is higher than the laser pulse frequency, plasma electrons
shield the external field and the laser pulse is reflected back. In this case the plasma
is over-dense.

For typical Ti:Sapphire or Nd:YAG lasers, having 800 nm and 1 um wavelength
respectively, the critical density is around n. ~ 10%' cm™3, therefore a plasma
produced by the ionization of a gas column at atmospheric pressure (around 1 bar),
having density of 10'® — 10'? cm™3, will result as an under-dense plasma, allowing
the propagation of laser pulses in such wavelength range. In this case, the laser
pulse propagates with group and phase velocities depending on the plasma refractive
index 7 [58]:

wr ¢ owr, wp
1)¢ kL n T)g akL cn n w% ( )

with k7 the laser wavenumber, defined as k;, = 27/Ar. The electron plasma
wave, excited by the laser pulse, propagates at a phase velocity corresponding to the
laser group velocity.

When a laser pulse or an electron bunch propagates through an under-dense
plasma, the plasma collective behaviour manifests if w,7, > 1, with 7, the duration
of the laser pulse or particle bunch. For instance, given a pulse duration of 200 fs, a
plasma frequency of w, = 5 THz, corresponding to a plasma density of n, ~10'

cm ™3, is required for an appropriate plasma response to the external perturbation.
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This condition is crucial to have a significant plasma response in the laser-plasma or
beam-plasma interaction timescale, which is required in many applications, such as
short-wavelength radiation, nonlinear refractive properties and plasma acceleration
[58].

1.3.4 Collisions in plasmas

Binary collisions in plasmas are divided into Coulomb collisions between charged
particles and collisions between charged particles and neutral atoms. In the first
case, considering an electron traveling in the vicinity of a positive ion, the long-range
Coulomb field generated by the ion determines a deflection of the electron trajectory.
The cumulative effect of multiple collisions with ions determine an average variation
in the electron velocity given by [59]:

d <Av‘ ‘>

T — — ViU (129)
in which v)| is the component of the electron velocity in the initial propagation

direction and v; is the electron-ion collision rate (or frequency), defined as [59]:

n;Z%e*ndg;

4redm2u’

(1.30)

Vej =

where n; and Z are the ion density and charge, m, and v are the electron mass
and velocity and InA.; is the Coulomb logarithm, a slowly varying term, usually in
the range of 5-20, given by [68]:

(1.31)

3/2 3/2
. AEi_ln[ 3 (4mep)®?(kpT.) ]

2 V 27 egné/z
The electron-ion collision frequency scales inversely with the cubic electron
velocity and, considering that in thermal equilibrium plasma electrons follow a

Maxwellian distribution , the average collision frequency between electrons and ions
can be derived as [59, [68]:

4 27 e*neIn A;
< Vgi >= =y | — 1.32
Yei 2= 3\ e, (dmeo)2(kpT.)32 (1.32)

Electron-ion collisions play a key role in presence of an external electric field.
When an electric field E is applied to a fully ionized plasma, electrons and ions
are accelerated in opposite directions and the increasing relative motion between
them produces an increasing electrical current j in the direction of £ (mainly due
to electron motion, due to higher inertia of ions) [59]. However, Coulomb collisions
between electrons and ions impede this relative motion, and after a few electron-ion
collision times, a steady state equilibrium is reached, with a relation between the
electric field and the current density given by:

—

E = peJ (1.33)

in which the proportionality constant p.; is introduced as the plasma resistivity.
By means of the equation of motion for electrons, it is possible to directly relate the
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plasma resistivity to electron-ion collisions. Indeed, for a uniform plasma, with no
pressure gradients and external magnetic fields [59]:
du -
mnﬂ = —enE + Ry (1.34)
where me, n. and u. are the electron mass, density and fluid velocity and R_;i is
the momentum variation of electrons due to collisions with ions, defined as:

—

Rei = —mene < v > (g — ;) (1.35)

with < ve; > the average electron-ion collision frequency and w; the ion fluid
velocity. In steady state (due/dt = 0), combining Eq Eq and Eq and

expressing the current density as j = —ene(ue — 4;), the plasma resistivity results
to be:
Me
Pei — @ < Vej > (136)

Electron-electron collisions are characterized by a repulsive Coulomb force, but
with same magnitude compared to electron-ion collisions. Therefore, to within
factors of order unity, the related collision frequency is given by [59]:

Vei

_ 1.
niZ?/ne (1.37)

Vee =
and in a hydrogen plasma (Z = 1) we have v, = v¢;, meaning that electrons
collide with other electrons as frequently as they collide with ions.
Moreover ion-ion collisions are characterized by a similar frequency as in Eq[T.32]
but with a dependence on the ion mass m;, charge Z and temperature 7;. Thus, for
a hydrogen plasma (Z=1) in local thermal equilibrium (with 7; ~ T¢) [59]:

Vei/Vii ~ \/mi/me ~ 43 (138)

As a result, electrons scatter about 43 times faster than ions in a hydrogen
plasma.

Electron collisions with neutral atoms are generally the predominant mechanism
in weakly ionized plasmas, in which the electron and ion density is many orders of
magnitude lower than the density of neutral atoms. According to kinetic theory, the
mean free path for electrons in partially ionized plasmas, i.e. the distance traveled
by electrons between two subsequent collisions with atoms, can be expressed as [87]:

kpTe

— 1.39
— (1.39)

)‘mfp =

in which 7T, is the electron temperature, p the neutral gas pressure and rg the
Bohr radius. The mean time between collisions can be considered as:

T = /\mfp/ve (1.40)

with v, the electron velocity, and the electron-atom collision frequency is then:
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nrép
kpTe.

By averaging electron velocities in a Maxwellian distribution and introducing the
electron thermal velocity vp. = \/kpTe/m., we obtain the average electron-atom
collision frequency [29), [7]:

(1.41)

-1
Vea =T = Ve/Ampp = Ve

nrép
vVmekpTe
In case electron-ion and electron-atom collision frequencies are comparable, it

is possible to define an overall plasma resistivity, including the contributions from
both collisional terms [7]:

< Vg >= (1.42)

m,
Ptot = Pei T Pea = T;(< Veij > + < Vegq >) (143)

e

In partially ionized plasmas, considering electron densities and temperatures in
the range of 10171 ¢m™3 and 1-10 eV and gas pressures from tens mbar to few
bars, which are typical values in the context of plasma-based acceleration, Coulomb
collisions between charged particles (electrons and ions) dominate over collisions
with neutral atoms [29].

From dimensional analysis, the characteristic time of short-range binary interac-
tions, considered as the time interval between two subsequent collisions, i.e. in our
case the inverse of electron-ion collision frequency, scales as:

/2312

1.44
in (1.44)

t, o

1.3.5 Plasma classification

Together with A\p << L, another condition that an ionized gas must fulfill to be
considered a plasma is that collective electrostatic effects dominate over collisions
with neutral atoms. Such condition is described by the relation [29]:

wpT >>1 (1.45)

in which w), is the plasma frequency and 7 is the average time between subsequent
collisions. If a weakly ionized gas does not fulfill Eq[I.45] its charged particles
collide so frequently with neutral atoms that their motion is controlled by ordinary
hydrodynamic forces rather than by electromagnetic forces [29).

By comparing the characteristic times of collective electrostatic effects and
Coulomb binary interactions, it is possible to define an ideal condition for plasmas,
which can be expressed in terms of the plasma parameter [53]. Indeed, by combining

Eq[.25 and Eq[T2%
tp _ e3ni/2
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Therefore, if:

e g << 1, the plasma is in collective regime, with collective electrostatic interac-
tions dominating over binary collisions. This is considered an ideal condition,
which characterizes the majority of natural and artificial plasmas.

e g >> 1, the plasma is in collisional regime, in which Coulomb collisions
overcome collective interactions. This regime characterizes the dynamics of
non-ideal strongly coupled plasmas [53].

Moreover, a second dimensionless parameter is defined to address the quantum
behaviour of plasmas:
. hz 37r2ng/3 . TF
S 2me T T
in which T is the Fermi temperature [76], h and m, are the reduced Planck
constant and the rest mass of the electron. By definition, if:

(1.47)

e X << 1, i.e. the plasma temperature is much larger than the Fermi tempera-
ture, plasma dynamics is well suited with a classical description.

e Y > 1, a quantum approach is required.

With defined dimensionless parameters, it is possible to visualize the classification
of natural and artificial plasmas in a temperature-density chart, reported in Fig.

Figure 1.9. Types of plasmas and their position in the temperature-density chart [62].

In the context of plasma-based particle acceleration, as previously mentioned,
typical plasmas are characterized by electron densities and temperatures in the range
of 1015719 em=3 (1021725 m~3) and 1-10 eV (10*~5 K), hence they share the same

properties with natural lightning.
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1.4 Plasma-based particle acceleration

1.4.1 Introduction

The principle of plasma acceleration is based on the excitation of relativistic plasma
waves inside a plasma channel, by means of a so-called driver pulse, which can
be a high intensity laser pulse (Laser-driven Wakefield Acceleration - LWFA)
or a high energy ultra-relativistic particle bunch (Particle-driven Wakefield
Acceleration - PWFA). While propagating through the plasma, the driver pulse
induces a strong plasma density perturbation, resulting in the excitation of rapid
plasma oscillations, with frequency w, and wavelength A, (defined in , which in
turn produce high GV/m longitudinal and transverse wakefields. A ultra-relativistic
electron bunch, called witness bunch, can be externally positioned in the driver
wake (or generated by the plasma itself) to take profit of such strong accelerating
and focusing fields, gaining a large amount of energy within a short acceleration
length (up to tens of MeV in few millimiters). As a result, the plasma acts as a
medium to transfer energy from the driver to the witness pulse.

According to the properties of the driver pulse, two main acceleration regimes
characterize the excitation of the plasma wakefield. For low intensity laser pulses or
low density particle bunches, the plasma response to the external perturbation is
linear with the intensity of the driver field. In the so-called linear regime, sinusoidal
longitudinal and transverse wakefields are generated, with accelerating gradients of
few GV/m. Conversely, high intensity driver pulses induce strong non-linear plasma
wakefields that result in the formation of complex structures in the driver wake.
This non-linear regime, also called bubble or blow-out regime, is characterized by
accelerating wakefields with linear profile and peak amplitude of up to 100 GV /m.
A schematic representation of the bubble regime acceleration mechanism is depicted

in Fig. [1.10]

Figure 1.10. Schematic representation of the plasma acceleration mechanism in the bubble
regime. In the detailed view, the waveform of the longitudinal wakefield is reported [28].
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In the bubble regime, a ultra-short driver pulse propagates through the plasma
channel and repels plasma electrons transversely, while leaving on its wake the plasma
ions, whose motion is negligible in the timescale of the driver pulse propagation
due to their inertia. Behind the driver pulse, positive ions attract plasma electrons
back to their initial position, through Coulomb interaction, resulting in the onset of
relativistic plasma waves, which in turn determine the formation of ion cavities, or
ion bubbles, surrounded by an electron sheath. The electron sheath results from
the rearrangement of plasma electrons at the surface of the positively charged ion
cavity, whose electrostatic potential is screened off by the electron sheath and does
not affect the bulk of the plasma far from the driver propagation axis, according to
the Debye shielding mechanism described in Sec[I.3] The charge separation between
the outer electron sheath and the inner ion cavity results in strong longitudinal
and transverse fields, which can be exploited to accelerate and focus an externally
injected witness bunch. Otherwise, if the longitudinal electric field due to the charge
unbalance is strong enough (complete blow-out regime), plasma electrons can be
injected inside the bubble and accelerated along the driver propagation direction,
without the need of external witness beam injection.

A detailed description of the physics of LWFA and PWFA is reported in the
following section.

1.4.2 The physics of LWFA and PWFA

In order to give an exhaustive description of the physics of plasma-based acceleration,
first we consider the dynamics of a single plasma electron interacting with a intense
laser pulse, as for the LWFA mechansim. The motion of a plasma electron is
influenced by the EM wave of the laser pulse, as shown by the Lorentz equation:

A’y
dt?

First, considering a Gaussian laser beam with linear polarization, the correspond-
ing electric field is given by:

Me = ¢(E + v, x B) (1.48)

E(r,z,t) = Ecos(wit — kpz + ¢1) (1.49)
in which wy, k;, and ¢ are the laser frequency, wavenumber and phase, while
the electric field amplitude is given by:

E = %e’ﬂ/w(z)%*(t*z/c)zﬁg (1.50)

where w and 7y represent the spot size and pulse duration, and the two exponential

terms describe the transverse and longitudinal envelope of the Gaussian beam. For

a non-relativistic case (v, << ¢ and B = E/c), the equation of motion simplifies to:
d*z

Me sy = —eFEcos(wpt — k1, - &+ 1) (1.51)

Now, by averaging the electron motion over an optical cycle of the laser, the
equation of motion results:
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42 (¥
medij’) - VU, =F, (1.52)

in which U, and F}, are the ponderomotive potential and force, defined as:
e’E? e2Ip\?

U, = = F,=-VU, —V 1 1.53
P Amew? dm, ’ P VUp o =Vlo ( )

in which Iy is the laser pulse intensity. As a result, the ponderomotive force,
related to transverse and longitudinal gradients in the laser pulse intensity, governs
the second-order motion of plasma electrons and is responsible for driving plasma
oscillations, as described for LWFA in bubble regime. Another important quantity
for describing the electron motion is the laser pulse normalized vector potential
agp, defined as:

ap = eAo ~ (0.854/Ip[1018W /em?] - A\[um] (1.54)
MmeC

e

In particular, ag provides a useful criterion to distinguish non relativistic (ve << ¢,
ap << 1) from relativistic plasma electron motion (v. ~ ¢, ag ~ 1), given the
properties of the laser pulse. For example, for a Ti:Sapphire laser (A =800 pm), the
relativistic condition is reached with a laser intensity of around 2 x 10'® W/cm?.

In order to describe the excitation of relativistic plasma waves by means of the
laser ponderomotive force, a fluid dynamic approach is adopted, coupling with
the continuity equation for plasma electrons and Poisson equation:

One

e_' = 1.
5 + V(n.v) =0 (1.55)
2 p 6”6
Vo =—-——=e (1.56)
€0 €0

in which dn. = (ne — ng) is the plasma density perturbation. As a result, the
density perturbation driven by the ponderomotive force is given by [124]:

2 2
(8 +w§> One _ v% (1.57)

8t2 no

The same phenomenology concerns electron-driven PWFA | in which the space-
charge electric field plays the role of the ponderomotive force. In particular, plasma
wakefield excitation is described by:

0? 9\ 0ne 9
(E)tz +wp> o = —wya (1.58)

in which a@ = ny/ng is the ratio between the driver bunch density and the
unperturbed plasma density.

Depending on ag or «, so on the laser intensity or the electron bunch density,
two different regimes characterize the plasma wave excitation, with different features
for the density perturbation and electric wakefields.
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Linear regime (ap,a << 1)

In case of small laser intensities (ag << 1), or driver bunch densities (o << 1), and
weakly perturbed plasmas (0n. << ng), and yield an analytical solution
for the scalar potential:

¢(r,§) = —f(r)sin(kpf) (1.59)

in which r and § = z — v,t are the radial and longitudinal coordinate in the
driver frame, k, = 27/, is the plasma wavenumber, f is a form factor depending

on ag and ¢ = 75(122 is the normalized scalar potential. From the definition of scalar

potential (E = —V®) and Poisson equation, the normalized density perturbation
and the transverse and longitudinal wakefields are given by:

on. _ 1 9% E. __19¢ Er _ 199 (1.60)
no k2 062’ Epo  kp0¢’ Epyo  kpOr '

in which E}, o is the cold wave-breaking limit, defined in this section. The response
of plasma quantities in this non-relativistic regime is shown in Fig. for the
plasma scalar potential, longitudinal wakefield and density perturbation, driven by

a low intensity laser pulse (ap = 0.4).

Figure 1.11. Normalized plasma potential ¢, longitudinal electric field E,/Ey and density
perturbation dne/ng on axis (r = 0) in linear regime [128].

A particular aspect of the linear regime is the 90° phase shift between transverse
and longitudinal electric fields, determining alternating phase regions of focus-
ing/defocusing and accelerating/decelerating fields, as shown in Fig. m

Due to this, only a A,/4 phase region allows for an injected witness beam to be
both accelerated and focused in the driver pulse wake. Furthermore, the accelerating
and focusing fields in this weakly relativistic regime reach gradients of few GeV/m,
and further increase is allowed with the laser intensity (or bunch density) until the
relativistic regime is reached.
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Figure 1.12. Spatial distribution of the (Top) longitudinal E,(r,{) and (Bottom) radial
electric field E,.(r, &) in the linear regime [128].

Bubble non-linear regime (ag, o > 1)

At high laser intensities (ap > 1), or driver bunch densities (o > 1), the plasma
response becomes highly non-linear and has to be treated non-perturbatively. The
use of 3D particle in cell (PIC) codes and scaling laws, employed to describe the
wakefield excitation driven by highly intense laser pulses, has led to the discovery
of the bubble or blow-out regime. In the bubble regime, the driver ponderomotive
(LWFA) or space-charge (PWFA) force repels radially plasma electrons, which are
then attracted back by plasma ions and cross the driver propagation axis at a distance
Ap,rel, Tesulting in a density spike, with A, ., the relativistic plasma wavelength,
larger than the non-relativistic one due to electron mass increase in relativistic
regime. This determines the formation of a spherical ion cavity, i.e. the ion bubble,
with a radius of:

\/%
. (1.61)

In the bubble regime, the normalized potential and electric fields inside the ion
cavity are given by:

Ty =2

2
_ kil’ E, k,

E k
2 2 2 j
d) 4 (T Tb)a Ep70 2 57 Ep,O 4 r ( )

in which 7 is the bubble radius. The excitation of plasma wakefields is achieved
with driver pulses shorter than the plasma period, i.e. with laser pulse length
ctp < A\p/2 and bunch length o, < V2 /kp (with transverse size o, << o, for particle

bunches).
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For instance, the plasma response driven by a Gaussian laser pulse (ag = 2.1) is

depicted in Fig. [I.13]

Figure 1.13. Normalized plasma potential ¢, longitudinal electric field E,/Ey and density
perturbation dne/ney on axis (r = 0) in non-linear regime [128].

While nearly sinusoidal in the linear case, the non-linear density distribution
exhibits narrow peaks with a periodicity of A, ,e; > Ap, separated by low-density
regions. The longitudinal electric field has a sawtooth shape and it is linear over
most of the period, while the transverse field is focusing all along the period.

Considering to inject a witness electron bunch in the plasma wakefield, in the
leading half of the bubble (0 < & < r,/2) the longitudinal wakefield would be
decelerating, while in the back of the bubble it would accelerate the beam. The
accelerating gradient does not depend on the radial position, since the longitudinal
field only depends linearly on &, as shown in [1.62] and the maximum gradient is
reached towards the bubble exit. The transverse focusing region for electrons extends
over the whole bubble, while defocusing only occurs around the on-axis density peak,
and, in addition, it is an emittance-preserving force, due to the linear dependence of
the transverse field on the radial offset.

At high laser intensities or driver bunch density, self-injection into the bubble
occurs via transverse wave-breaking at the density spike, at the location of the
highest accelerating field. Due to the large initial deflection by the ponderometive or
space-charge force, electrons forming the spike exhibit a large transverse momentum,
resulting in a large transverse emittance, with strong transverse oscillations that
result in the emission of radiation in the X-ray spectrum (the so-called betatron
radiation), analogously to radiation emission in wigglers.

Beam matching, acceleration and extraction

The efficiency of the acceleration process is strongly determined by the plasma
channel uniformity. Indeed, as shown in and both the bubble size and
the accelerating and focusing wakefields depend on k,, which in turn scales as né/ 2,
This means that a non-uniformity along the plasma channel would cause the bubble
to shrink or expand, thus modifying the wakefields phase regions. Therefore, if the
witness bunch is reasonably injected towards the phase of the highest accelerating
field, a non-uniformity in the longitudinal plasma density would lead the bunch
towards phase regions where the field is zero or even decelerating. For this reason, a
longitudinal plasma density plateau is required to provide stability to the overall
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accelerating structure along the plasma channel.

Moreover, an optimum condition can be defined for the injection of driver
and witness beams in the plasma channel, in order to keep a constant amplitude
accelerating wakefield and preserve the accelerated beam quality. For laser pulses, the
optimum condition to keep a constant width and intensity is achieved by matching
the laser spot size, according to [128]:

Wy = Tph = 2\/%/1{2}3 (163)

For beam driven wakefields, the beam maintains a constant width, and so drives
a constant amplitude wakefield, if the emittance pressure is balanced by the focusing
force of the wakefield [49]. The matching condition can be obtained by solving the
envelope equation:

" k"]% 6727,
o+ 550 = 33 (1.64)

in which o, is the transverse beam size, v is the beam energy and ¢, is the
normalized emittance. Therefore, given the plasma density, related to the plasma
wavenumber £, and the beam energy, the matched beam size is given by:

oy = | (1.65)
ks

in which kg = k,\/7/2 is the betatron wavenumber. For example, a 150 MeV
electron bunch with 1 pgm normalized emittance, injected in a plasma channel with
around 107 cm™3 electron density, should be focused inside the plasma with a
2-5 pm transverse size, producing tens GV /m accelerating gradient. Conventional
quadrupoles are not able to fulfill such requirement, therefore it is necessary to relax
the matching condition at tens of pum and operate at lower plasma density, even
though the accelerating gradient is lower.

To overcome quadrupole limitations, plasma-based focusing devices, called active
plasma lenses, represent a promising solution, as described in Sec[2.3.1] Furthermore,
another solution can be to use a matching section consisting of a density up-ramp
at the entrance of the plasma channel, so to reduce the emittance growth of initially
unmatched beams and provide a focusing wakefield that progressively shrinks the
beams down to the matched spot size at the beginning of the uniform plasma density
plateau. In addition, this concept can be also applied at the exit of the accelerating
stage, using a density down-ramp at the end of the plasma channel to catch the
witness beam and preserve its emittance towards the exit, which otherwise would
rapidly increase in case of free propagation in a drift space.

For these reasons, a fine tailoring of the plasma channel distribution is crucial
in plasma-based acceleration, and proper plasma sources are designed and used for
this purpose.

Wave-breaking

For very high intensity laser pulses (ap >> 1), the velocity of background plasma
electrons can exceed the phase velocity of the plasma wave, such that electrons are
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self-injected inside the accelerating bubble, leading to a breakdown of the wakefield
structure, called longitudinal wave-breaking. The corresponding maximum field E), o
can be estimated by assuming that the perturbation involves all the electrons in the
plasma wave (dn. = ng), oscillating at w,. Therefore, by solving the Gauss Law:

VE = —“ng (1.66)
€0

the cold non-relativistic wave-breaking field results:

E,o = mf‘*’p E,o[GV/m] ~ 961/no[108cm 3] (1.67)

The self-injection of plasma electrons generally continues once it has started,
causing a large energy spread. Therefore, for high beam quality, it is sometimes
desired to avoid self-trapping by operating below the wave-breaking threshold, and
relying on other injection methods. On the other hand, this approach limits the
highest achievable accelerating field and, so, the maximum energy gain for a fixed
acceleration length.

Methods for particle injection

Generally, in PWFA experiments, the driver and witness bunches are produced by
the same particle source, thus avoiding to create the witness bunch by injecting
plasma electrons into the plasma wakefield. On the other hand, in LWFA different
injection methods can be adopted for controlling the injection of plasma electrons and
so to improve the quality of the accelerated witness bunch, compared to self-injection
occurring at the wave-breaking.

e Injection in a density gradient. A first method concerns the use of a
downward density gradient in a region longer than the plasma wavelength.
Inside the density gradient, the plasma wave slows down, reducing the threshold
for self-injection and so inducing a controlled wave-breaking in a localized
spacial region of the plasma [25]. This mechanism allows to reduce the energy
spread of the accelerated beam. However, if the density ramp is too long, the
injected beam can be affected by space charge and blow up before reaching
relativistic velocities. An alternative way can be to use a sharper density
ramp, shorter than the plasma wavelength, which can be obtained through
the shock-front created by a knife-edge inserted in a gas jet [107].

e Injection with colliding laser pulses. Such method is based on the use of
two counter-propagating laser pulses [48]. The first one, the pump pulse, is
used to excite the plasma wakefield, while the second one, the injection pulse,
is used to heat plasma electrons during the collision with the pump pulse, thus
providing them the required energy to be injected in the wakefield. After the
collision has occurred, injected electrons are further accelerated in the wakefield.
As the overlapping of the lasers is short in time, the electrons are injected
over a very short distance and can be accelerated to an almost mono-energetic
beam. Moreover, it is possible to tune the energy of the accelerated beam by
properly delaying the two pulses and let them collide in a different position of
the plasma channel.
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o JTonization injection. Another scheme for controlled injection includes the use
of a high-Z/low-Z gas mixture, e.g. helium with small percentage of nitrogen
or argon. When the driver laser pulse propagates through the mixture, the
leading edge of the pulse ionizes helium atoms and outer electrons of nitrogen,
creating the plasma channel, while the peak of the laser pulse ionizes electrons
from the nitrogen K shell, by tunnel ionization, and injects them into the
plasma wake [106]. Because of the relativistic self-focusing effect, the laser
propagates over many Rayleigh lengths with peak intensity variations that can
inject electrons inhomogeneously and on a long distance, thus leading to large
energy spread. To improve the accelerated beam quality, ionization injection
can be performed with two separate gas cells. The first cell is filled with the
gas mixture, so that ionization injection is localized within the first stage and
a low energy beam with good quality is created. Downstream, a second long
cell is filled with low Z gas (e.g. pure helium), such that no injection takes
place and the pre-injected witness bunch gets accelerated over a long distance
[95].

Limitations in plasma-based particle acceleration

Regarding LWFA, the main limitations in the achievable energy gain are:

e Laser diffraction. As any focused laser pulse, after the beam waist the
driving laser pulse tends to diffract, increasing its spot size and thus reducing
its intensity. For example, a 1 J, 30 fs FWHM, 800 nm laser pulse focused
to a 15 pum spot size to reach ag = 2, is characterized by a Rayleigh length
zr = Twi/A ~ 1 mm, i.e. the distance over which the intensity halves due
to diffraction. Laser guiding methods are implemented to overcome such
limitation and keep a constant radial width along the entire plasma stage, so
to excite large and contant amplitude wakefields. The simplest method relies
on the relativistic self-guiding, induced by the non-linear plasma refractive
index, that for ag << 4 and w, << wy is given by:

1w? on 20w a?
ml--Ll1+—=-—_-2 1.68
" 2w3 ( Ne,0 wo 4 ( )

in which wy is the central laser frequency, while n.y and w, are the plasma
density and frequency. In particular, the a3/4 term is due to the relativistic
mass increase of plasma electrons in the laser field. Since a Gaussian laser pulse
has an on-axis intensity peak, the plasma density and frequency are lowest
on axis, leading to a maximum of the refractive index. Therefore, a radially
decreasing refractive index, with a maximum on axis, provides a focusing effect
to the laser pulse analogous to a lens. As a result, a perfect balance between
the laser diffraction and the focusing effect of the plasma lens can be achieved
for a laser pulse power above the critical power, defined as [128]:

P.~179% Gw (1.69)
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In the bubble regime, the condition for self-guiding is given by [84]:

ap = (”C’")M) (1.70)

in which ne, is the critical frequency. If this condition is fulfilled, the laser
pulse propagates with a spot size wy = 2/ag/kpr. Self-guiding has been
demonstrated to occur over up to 100 Rayleigh lengths [94] However, pump
depletion, taking place during the excitation of plasma wakefields, causes a
reduction in the laser energy and after a while the self-guiding condition is
no longer fulfilled and the laser diffraction takes place. For this reason and
for achieving higher energy gain, laser guiding can be obtained by means of
specific waveguides, which provide tailored radial plasma density profiles to
focus laser pulses compensating diffraction, as described in Ch2

Dephasing. During acceleration, the electrons of the witness beam propagate
at relativistic velocities (ve & ¢), while the laser group velocity is limited by
the plasma refractive index (v, = en < ¢). Due to this, the witness bunch
can catch up the driver beam and dephase, entering the decelerating phase
of the wake. The dephasing length L4, defined as the distance travelled
by the witness bunch in the lab frame before crossing the zero accelerating
field, depends on the plasma wavelength. In particular, in the linear regime Ly
corresponds to the distance in which a relativistic electron phase slips by A, /4
with respect to the laser field, exiting the phase region in which the wakefield
is simultaneously accelerating and focusing:

=22 1.71
2w = (1.71)
in which ~, is the plasma Lorentz factor. In the non-linear regime, the increase
in the plasma wavelength has to be taken into account, resulting in:

ao
La=Ap— (1.72)
m
The dephasing length scales inversely with the electron density (Lg o ne 3/ 2),
therefore dephasing can be mitigated by operating at lower densities, albeit at
longer acceleration length.

Pump depletion. During propagation, the laser energy is transferred to the
plasma wake until it is depleted and acceleration ends. The characteristic
length for pump depletion L,q can be estimated by comparing the energy
density in the wake, uy = %EoE? , contained in the volume V' = mwgL,q, and
the laser energy density, uy = %GoEg, contained in the volume V = mwyecry.
The pump depletion length is given by:

(ap << 1)
Lpa = VoA X : (1.73)

(ag >> 1)

3 ‘g ogm‘ =
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According to laser parameters, the working point for LWFA is defined through
a compromise between the mentioned limitations, aimed at achieving the
maximum energy transfer from driver to witness beam.

e Beam loading. For highly charged witness bunches, the electric field of
the plasma wake is modified by the witness Coulomb field, thus affecting the
acceleration process. In a non-linear 1D description, the beam loaded wakefield
is evaluated by including the witness bunch density distribution into Poisson
equation:

0%¢ n np
=k =51 1.74

852 P (ne,O T TNe,0 ( )
Fig[T.14) reports the effect of the beam loading on the plasma wakefield, in

case of a driver pulse with ag = 1.5, considering a Gaussian witness bunch
with different bunch densities placed at £ = —0.6),,.

Figure 1.14. Normalized 1D wakefield quantities. (a) Plasma wakefields driven by a
linearly polarized 20 fs laser pulse with peak ag = 2.1. (b) Plasma wakefields driven
by a 10 fs Gaussian electron bunch with normalized density ny/n.o = 0.8. (Bottom)
Laser-driven plasma wakefields, beam loaded by the witness bunch at £ = —0.6\, with
normalized density of 0.4 (c) and 0.8 (d). The bunch charge modifies both the potential
and the longitudinal electric field and lengthens the cavity [128].

In the right condition, beam loading can provide benefit to the acceleration
mechanism. For example, as shown in Fig[l.14|c) for ny/neo = 0.4, the
accelerating field (blue line), normally decreasing towards smaller values of
&, remains constant over the entire duration of the electron bunch. This
means that all the bunch electrons experience the same accelerating field, thus
reducing the energy spread of the accelerated bunch.

Concerning PWFA, beam loading and pump depletion affect the maximum
achievable energy gain as in LWFA, but the dephasing issue is avoided, since the
driver bunch propagates at relativistic velocity as well as the witness bunch.
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1.4.3 LWPFA overview

The first pioneering theoretical work on plasma acceleration, published by Tajima
and Dawson [I19] in 1979, described how an intense laser pulse can excite a wake of
plasma oscillations through the non-linear ponderomotive force associated to the
laser pulse. In their proposed scheme, relativistic electrons were externally injected
and accelerated in the high GV/m electric field, sustained by relativistic plasma
waves.

Since then, many different plasma acceleration regimes have been explored, while
the laser technology was pushing towards ultra-short high power laser systems. First
evidence of LWFA was obtained with the laser beatwave technique, in which the
excitation of resonant plasma waves is driven by the beatwave of two long laser
pulses of a few tens of picoseconds (i.e. with duration much higher than the plasma
period). First results in the excitation of resonant plasma waves and the acceleration
of electrons up to 30 MeV were obtained at UCLA [35, 36]. However, accelerated
electrons were characterized by a large energy spread, with a Maxwellian energy
distribution.

Thanks to the chirped pulse amplification (CPA) technique, invented by Donna
Strickland and Gerard Mourou [118] in 1985, the development of powerful laser
systems with short pulse duration allowed to discover more efficient acceleration
regimes. The self modulated LWFA regime, observed with <500 fs long laser
pulses, occurs when the laser pulse duration exceeds the plasma period and the
laser power exceeds the critical power for self-focusing. The cumulative effects of
the self-focusing and the self-modulation of the laser envelope, induced by the initial
perturbation of the electron plasma density, generates a train of laser pulses, which
become resonant with the plasma wave. As a result, the laser pulse gets modulated
at the plasma wavelength during its propagation, as shown in Fig. [85].

Figure 1.15. Evolution of the laser pulse and plasma density in the self-modulated laser
wakefield regime.

Such resonant excitation proceeds until wave-breaking occurs, i.e. oscillating
electrons of the plasma wave are self-trapped in the laser wake and get accelerated
to high energies. However, because of the heating of the plasma, caused by the
interaction with the long laser pulse, the wave-breaking occurs before reaching the
theoretical wave-breaking limit (described in the previous Section) thus limiting the
highest achievable accelerating field. The self-injection of plasma electrons allows to
avoid external injection of electron beams, even though no particular improvement
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is obtained concerning the beam quality.

Plasma heating issue is overcome in the Forced LWFA regime, achieved by using
even shorter laser pusles, with time duration and beam waist approximately equal to
the plasma period and wavelength. In this regime, highly non-linear plasma waves
can be reached, corresponding to strong accelerating fields of around 100 GV /m.
Furthermore, due to a limited interaction between the laser and the accelerated
electrons, the quality of the electron beam is also improved [55].

Finally, if the laser pulse duration and spot size are shorter than the plasma
wavelength, two efficient accelerating regimes characterize the LWFA mechanism,
according to the laser pulse intensity. For relatively low laser intensities (I <
10*® W/cm?), the linear regime LWFA characterizes the plasma wave excitation,
with sinusoidal longitudinal and transverse wakefields and accelerating gradients
of few GeV/m. Conversely, for high laser intensities (I > 10'® W /cm?), the non-
linear bubble regime is reached [103]. The resulting accelerated bunch is char-
acterized by transverse and longitudinal size smaller than the laser pulse and a
quasi-monoenergetic distribution.

Remarkable results of high quality acceleration of monoenergetic electron beams
have been obtained at the Berkeley Lab Laser Accelerator (BELLA) [61]. A 20 cm-
long discharge capillary was adopted to create plasma channels, heated by laser pulses
to generate parabolic radial density profiles, enabling the guiding of petawatt laser
pulses at low density (= 3 x 10'7 cm™3) over ~ 15 Rayleigh lengths. Laser pulses
with peak power up to 850 TW were guided over 20 cm, resulting in the generation
of electron beams with hundreds of pC charge and multiple quasimonoenergetic
peaks, the highest of which was at 7.8 GeV.

A scheme of BELLA experimental layout is depicted in Fig[T.16, while measured
energy and angular spectra of accelerated electron bunches are reported in Fig[I.17]

Figure 1.16. BELLA Laser Plasma Accelerator layout, including the main laser and heater
laser beamlines, the discharge capillary and the diagnostics setup.
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Figure 1.17. Accelerated electron beams angular (left) and energy (right) spectra.

1.4.4 Electron-driven PWFA overview

In 1985, Chen and Dawson [30] proposed to use a bunched electron beam to drive
plasma wakes with GV/m accelerating gradients. In the case of electron-driven
PWFA, the excitation of plasma waves is driven by the Coulomb repulsion due to
the space charge of the electron bunch. Similarly to LWFA, according to the driver
bunch intensity, linear and non-linear bubble regimes characterize the wakefield
excitation. In the PWFA bubble regime, plasma electrons are blown out radially,
but because of the space-charge attraction of the plasma ions, they are attracted
back towards the rear of the driver beam, where they overshoot the beam axis and
set up a wakefield oscillation. Also in this scheme, a bunch of charged particles can
be properly injected in the rear of the driving electron bunch, extracting energy
from the wakefield.

The first electron-driven PWFA experiments were achieved in 1988 at the Argonne
National Laboratory [104], using low energy electron beam drivers. Since then,
important experiments have been carried out at Stanford Linear Accelerator Center
(SLAC), using an ultra-relativistic electron beam delivered by the SLAC linac to
drive GV /m accelerating fields. As a first experiment, a single 42 GeV long electron
bunch was used to drive the accelerating wakefield in a m-scale plasma column [I8].
In this configuration, since the electron bunch length is longer than the plasma
wavelength, the head of the bunch loses energy to drive the plasma wakefield, while
electrons in the tail gain energy from the excited wakefield up to 85 GeV, achieving
the doubling of the initial beam energy. On the other hand, since only a small
fraction of the beam is actually injected and accelerated, the beam quality is definitely
low, with a Maxwellian energy spectrum. In order to enhance the beam quality, a
second experiment was performed with two ultra-relativistic electron bunches in
the driver-witness configuration [80]. In this case, the witness bunch is properly



1.4 Plasma-based particle acceleration 33

distanced from the driver in order to feel the highest accelerating field and extract
the highest amount of energy available from the excited plasma. As a result, a 80
pC bunch with 1% energy spread and was obtained with an energy gain of 1.6 GeV
and a driver-to-witness energy transfer of 30%, comparable to LWFA results. A
schematic representation of the two PWFA experiments is depicted in Fig. [[.18]

while Fig. reports the corresponding measured energy spectra of the accelerated
beams.

Figure 1.18. PWFA experiments with (a) a single long electron bunch and (b) two bunches
in driver-witness configuration [I8][80].

Figure 1.19. Resulting energy spectra of accelerated electron beams in the single bunch
(left) and two bunches (right) PWFA experiments [I8][80].
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1.4.5 Proton-driven PWFA

As previously mentioned, the energy gain in plasma-based acceleration is limited
by the energy of the driver beam and its propagation length in the plasma. For
linear collider applications, the goal of accelerating nC-range electron bunches up
to around 1 TeV would require kJ-range driver beams. To fulfill such requirement,
the first idea was to exploit high energy proton beams produced at LHC. The first
proposal of proton-driven PWFA was made in 2009, estimating that a proton bunch
in resonance with the plasma could accelerate an injected 10 GeV electron bunch
to 0.5 TeV in a single 450 m long proton wakefield stage [27]. Due to the lack of
such short high-energy proton bunches, the first proton-driven PWFA experiments
were proposed and carried out using the CERN SPS 19 kJ, 400 GeV proton beams
in the framework of AWAKE project [66]. Since the 10 cm long proton bunch is
much longer than the plasma wavelength (1 mm, with plasma density of 1014 cm =3,
corresponding to a 1 GeV/m gradient), the wakefield excitation is based on the
self modulation of the driver bunch, also called self-modulation instability (SMI),

schematized in Fig

Figure 1.20. Schematic representation of the self-modulation instability (SMI) [67].

During interaction with plasma, the proton bunch is split into a train of micro-
bunches that excite resonantly a strong plasma wave. Furthermore, a 100 fs 450
mJ laser pulse, used to ionize a rubidium column and produce a 10 m long plasma
channel, additionally provides seeding to the SMI process, thus stabilizing the
wakefield and the acceleration mechanism. First results with such scheme have
shown the possibility to accelerate 18 MeV electrons, injected at the plasma entrance,
up to 2 GeV, even though future upgrades are required to improve the quality of
accelerated beams.

1.4.6 Ion acceleration: TNSA

Differently from plasma-based electron acceleration, in which driver and witness
beams propagate through a plasma channel originating by the ionization of a neutral
gas column, plasma-based proton and ion acceleration relies on the use of high
intensity laser pulses impinging on micro-structured solid targets.

Among the various laser-driven ion acceleration regimes, the main one reached by
commercial TW-class laser systems is the so-called Target Normal Sheath Accelera-
tion (TNSA) [40]. In TNSA mechanism, schematized in Fig. a TW laser pulse
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with duration of tens of femtoseconds is focused onto the front side of a pm-thick
foil, reaching intensities of around 10 W /cm?.

Figure 1.21. Schematic representation of the Target Normal Sheath Acceleration mechanism
[109)].

When the laser impinges the target, the laser pre-pulse interacts with its front
surface, creating a blow-off plasma. The main pulse interacts with the plasma,
accelerating plasma electrons mainly in forward direction, through the LWFA mech-
anism in self-injection regime. Hot electrons propagate inside the target within a
30° emission cone, due to collision with the background material, and they exit
its rear surface creating a dense non-homogeneous electron sheath. The resulting
charge separation generates an electric field of the order of few TV /m in the rear
side of the target, which in turn ionizes atoms in the bulk of the target and rapidly
accelerates emitted protons and ions in the forward direction up to energies of 1-10
MeV. Since electron sheath distribution is highly non-homogeneous, protons and
ions experience a non-uniform electric field, with a radial decreasing trend, and get
accelerated to different energies, depending on their initial position inside the target.
This results in the production of ion beams with Maxwellian energy distribution
and large angular divergence. On the other hand, thanks to the rapidity of the
overall acceleration process, the ion beam is generated within a single bunch with a
sub-picosecond time duration and is characterized by low transverse emittance, of
1073 7 mm mrad.

Comparing these properties to ion and proton beams produced by conventional
RF-based accelerators, which are characterized by complex bunch structures and
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lower intensities, proton and ion beams accelerated through TNSA results to be
particularly useful for applications that require high time resolution or fast energy
deposition in biological targets, such as the FLASH radiotherapy [22]).

In addition to hot electrons and ion and proton beam acceleration, several types
of radiations and particles are produced by TNSA. In particular, the relativistic
blow-off plasma, created by laser-matter interaction, emits intense electromagnetic
waves able to produce secondary particles and radiations, such as neutrons, pions,
x-rays, y-rays and neutrinos and so on, as shown in Fig. These particles can
be easily separated from protons or ions by applying a dipole magnet, which bends
particle trajectories in different directions depending on their charge-to-mass ratio.

Figure 1.22. Emission of particles and radiation from the laser-ionized blow-out plasma
[40].
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1.5 EuPRAXITIAQSPARC__LAB project

Due to the strong accelerating gradients of up to 100 GV /m, plasma-based accelera-
tion allow a drastic reduction in size and cost of particle accelerators, compared to
RF-based structures, leading to a significant impact on various applications such as
Free Electrons Lasers (FEL) and beam colliders. In particular, as shown in FiglL.5
test facilities based on plasma acceleration are approaching the energy range and
beam quality required for FEL technology. FEL represent the fourth generation of
light sources, characterized by high brilliance and short pulse duration. Due to its
excellent properties, FEL technology allows to probe matter at a subatomic scale
and in the femtosecond time range, resulting in a powerful tool for material science,
biology and other applications.

Nowadays, several X-ray free-electron laser facilities are in operation [2} [44) [71] [5],
however, the requirement for large, high-cost, conventional RF accelerators has
limited the widespread of FELs. In this context, the advantage of plasma-based
particle acceleration in reducing the cost and footprint of accelerators represents
a great opportunity for the design of compact cost-effective and sustainable FEL
facilities. Moreover, recent pioneering experiments have demonstrated the feasibility
of plasma-accelerated electron beams to produce Free Electron Lasing in both SASE
and seeded configuration [100] 126 [56], [78].

Achievements in plasma acceleration and the ferment in the scientific commu-
nity have lead to the creation of EuPRAXIA project (European Plasma Research
Accelerator with Excellence In Applications) [I1], based on the collaboration of 41
Laboratories within a Horizon 2020 design study, funded by the European Union.
EuPRAXIA represents the first European project that develops a dedicated particle
accelerator research infrastructure based on novel plasma acceleration concepts
and laser technology, aimed at enabling versatile applications in various domains,
including compact FELSs, compact sources for medical imaging and positron gen-
eration, table-top test beams for particle detectors, as well as deeply penetrating
X-ray and gamma-ray sources for material testing. EuPRAXIA framework is spread
over the European continent and includes the construction of two compact FEL
plasma-driven user facilities and the operation of six Excellence Centers, providing
scientific and technological support to R&D activities concerning the two FEL sites.

National Laboratory of Frascati (LNF-INFN) has been designated as the first site
of the EuPRAXIA framework and will host the so called EuPRAXIAQSPARC LAB
project, which foresees the realization of a FEL user facility, driven by a PWFA
particle accelerator [52]. The facility layout, reported in Fig. includes the
compact accelerator hall, two FEL lines and the corresponding experimental lines in
the users hall.

The accelerator is based on a combination of cutting-edge technologies, including
a S-band high-brightness photoinjector, a X-band booster and a plasma module for
PWFA, schematized in Fig.

e The S-band (2.856 GHz) photoinjector is composed by a photocathode 1.6
cells SW RF Gun, one 3m-long and three 2m-long TW S-band structures.

o The X-band (11.994 GHz) booster is composed by 16 0.9m-long TW X-band
accelerating structures, with a nominal gradient of 60 MV /m, and 8 X-band
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Figure 1.23. EuPRAXTIAQSPARC_LAB layout

Figure 1.24. EuPRAXIAQSPARC_LAB accelerator

power stations (25 MW, 1.5us, up to 400 Hz).

e The plasma module includes a 60cm-long plasma discharge capillary, installed
inside a 3m-long vacuum chamber, used for the PWFA stage.

Two working configurations are considered for electron beams acceleration, as

reported in Tabl1.2}

e Two electron bunches are accelerated to 500 MeV by the X-band booster
and enter the PWFA stage, in which the first (driver) bunch excite 1 GV/m
wakefields along the 60cm-long capillary, accelerating the second (witness)
bunch to 1-1.2 GeV.

e A single electron bunch is accelerated to 1 GeV by the X-band booster at full
power, without using the PWFA stage.

Comparing the two configurations, the main difference is the lower charge and
shorter duration of accelerated beams in the PWFA case, compared to full power
X-band. Moreover, the second option does not include a possible future upgrade,
since X-band booster design is already at the technological limit. On the other hand,
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Parameter Unit  PwFRA o Pand
full power
Electron energy GeV 1-1.2 1
Bunch charge pC 30-50 200-500
Peak current kA 1-2 1-2
RMS energy spread % 0.1 0.1
RMS bunch length um 6-3 24-20
RMS normalized emittance um 1 1
Slice energy spread % < 0.05 < 0.05
Slice normalized emittance mm- mrad < 0.8 0.5
Repetition rate Hz 100-400  100-400
Table 1.2. Expected parameters for the accelerated electron beams at Eu-

PRAXIAQSPARC_LAB

an upgrade of the PWFA stage, with around 3m-long plasma sources and 1.5 GV/m
gradient, is foreseen for a future enhancement of the accelerated beam energy to 5
GeV.

Downstream the accelerator hall, high energy ultra-relativistic electrons drive two
FEL lines in the Undulators hall. The first one, called AQUA, is a soft X-ray SASE
FEL in the water window (2-4 nm), constituted by 10 APPLE-X undulators. The
second one, called ARIA, is a VUV seeded FEL in High Gain Harmonic Generation
configuration, constituted by a 3 m long modulator, a dispersive section and three
radiators. Both the modulator and the radiators are Apple II undulators, which,
analogously to Apple X undulators of AQUA, allow to tune the FEL polarization
from linear to circular. Moreover, ARIA seeding laser will work in OPA configuration,
with 200-400 fs duration, > 20 uJ energy and two possible wavelength ranges (320-
400 nm and 600-800 nm), in order to seed FEL radiation in a wide VUV spectrum
from 50 to 180 nm.

AQUA FEL radiation will be used to study biological samples (cells, organelles,
viruses) through coherent imaging, exploiting the potentiality of the radiation in the
water window, i.e. the energy range between carbon (282 eV) and oxygen (533 eV)
K-edge, in which the absorption contrast between the carbon of organelles and the
water of both cytoplasm and the liquid surrounding the cell is quite high [14]. In
addition, X-ray absorption spectroscopy and Raman spectroscopy experiments will
be performed to study metals, semiconductors and superconductors. Furthermore,
the short pulse duration of plasma-driven FEL radiation will be exploited for time-
resolved pump-probe experiments, in order to study fast chemical reactions and
processes, such as photo-fragmentation of molecules.

On the other hand, ARIA can provide many different experimental opportunities
for investigations with pump—probe techniques in the fields of atomic, molecular and
cluster physics, as well as in the study of gas adsorbates at interfaces and liquids [125].
Moreover, the photon energy range of ARIA will give access to the photo-ionization
thresholds and to the valence ionic states of atmospheric constituents, while a VUV
monochromatic beamline, together with photo-emission techniques, would allow for
the study of species of interest in both the physics of the upper atmosphere and in
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combustion. In addition, the possibility of changing the polarization of the FEL
light from linear to circular allows to obtain important information regarding the
chirality and natural dichroism in biotic media.

A set of expected parameters for the FEL radiation produced in the two undulator
lines and considered for the mentioned applications is reported in TabJI.3land TablI.4}

Parameter Unit AQUA PWFA AQUA X-band
Radiation wavelength  nm 3-10 4-10
Radiation energy eV 415-120 310-120
Photons per pulse x1012 0.25-1 0.25-1
Photon bandwidth % 0.3 0.3
Configuration SASE

Table 1.3. Expected parameters for AQUA FEL radiation at EuPRAXIAQSPARC_LAB

Parameter Unit ARIA PWFA ARIA X-band
Radiation wavelength  nm 50-150 50-150
Radiation energy eV 25-8 25-8
Photons per pulse x 1012 10-60 12-150
Photon bandwidth % 0.05 3
Configuration HGHG seeding

Table 1.4. Expected parameters for ARIA FEL radiation at EuPRAXIAQSPARC_LAB

1.5.1 SPARC_LAB facility

Towards the realization of EuPRAXIAQSPARC_LAB project, a key role is played
by SPARC__LAB accelerator facility. SPARC__LAB [I15] is a test-facility operating
at the National Laboratory of Frascati (LNF-INFN) devoted to advanced radiation
sources and innovative acceleration techniques. Recent activity has been focused on
the realization of plasma-based acceleration experiments with the aim to provide
large accelerating field, up to several GV /m, for high-quality (small energy spread
and normalized emittance) electron beams [99]. These experiments culminated with
the first proof of Free-Electron Laser (FEL) lasing from a plasma-accelerated electron
beam [100].

SPARC_ LAB is based on the combination of the high-brightness (=~ 10> A m—2
rad~?) SPARC photo-injector [4] with the high-intensity (~ 10 W/cm?) FLAME
laser [I7]. The joint presence of these two systems allows the investigation of several
plasma acceleration schemes, e.g. self and external-injection, laser and beam-driven,
and a wide spectrum of interdisciplinary leading-edge research activities based on
novel radiation sources such as Free-Electron Laser (FEL), both in Self Amplified
Spontaneous Emission (SASE) and seeded schemes, and high peak power THz
radiation both in the broadband and narrow-band range [3I]. The layout of the

facility is shown in Fig.
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Figure 1.25. SPARC_LAB facility layout

The SPARC photo-injector starts with a S-band (frrp = 2.856 GHz) 1.6 cell
RF-gun [I14], which provides a 120 MV /m accelerating electric field. Electrons
are extracted from a copper (Cu) cathode by means of a UV laser (A, = 266 nm),
whose shape and duration (0.1-10 ps) can be tailored according to the specific
experimental activity. The electrons are accelerated up to 5.6 MeV in the gun
and then injected into the linac, consisting of two TW S-band structures and a
TW C-band (frr = 5.71 GHz) structure. The maximum achievable beam energy
is approximately 180 MeV. The first TW section is also used as RF-compressor
by means of velocity-bunching (VB) [I1I]. Solenoid coils embedding the first two
sections can provide additional magnetic focusing during the VB process and control
of emittance and envelope oscillations [5I]. Downstream the linac, electrons enter
the plasma module, in which plasma-based acceleration experiments are performed
in PWFA configuration. The plasma module includes a m-long vacuum chamber,
in which a 3-20 c¢m long plasma discharge capillary is installed. The capillary is
filled with hydrogen or nitrogen gas and connected to a HV system, which delivers
kV-range voltage pulses to ionize the neutral gas and produce the plasma channel for
plasma wakefield acceleration. A set of turbo-molecular pumps are connected to the
vacuum chamber to preserve a vacuum level of 10~® mbar in the upstream C-band
structure. Additionally, the vacuum chamber hosts an electro-optical sampling
(EOS) diagnostic, a THz diagnostic and two permanent magnet quadrupole (PMQ)
triplets in the Halbach configuration, located before and after the capillary [45]. In
particular, the first PMQ triplet is used to match the size of driver and witness
bunches to the plasma channel, while the second one catches the accelerated witness
bunch after the PWFA stage. A schematic representation of the final part of the
photo-injector and the plasma module is reported in Fig. while a picture of the
plasma module chamber with a 3 cm long capillary is shown in Fig.
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Figure 1.26. Schematic representation of the photo-injector and the plasma module

Figure 1.27. (Left) Vacuum chamber of the plasma modoule. (Right) 3cm-long plasma
discharge capillary, installed inside the vacuum chamber and used for PWFA experiments.

Downstream the plasma module, a diagnostics transfer line, consisting of a
magnetic spectrometer and a RF-deflector (RFD), allows for a complete 6D beam
characterization by measuring the beam longitudinal phase space and its projected
and slice emittance [33]. The SPARC photo-injector feeds three different beamlines
located downstream the main magnetic spectrometer. The first one is dedicated to
the Free-Electron Laser (FEL) by means of six magnetic undulators. The second
one consists of a dogleg line [97] and hosts two THz undulators devoted to users
applications. The third one is currently under development and will be integrated
in the EuPRAXIA Advanced Photon Source (EuAPS) project.

The SPARC_LAB framework additionally includes a third experimental lab-
oratory, Plasma_ lab, which is devoted to develop and characterize the plasma
stages used for acceleration experiments, performed both at SPARC and FLAME.
The research activity performed at Plasma_ lab concerns theoretical studies and
experimental developments of cm-scale devices (few cm up to 60 cm) used to create
and confine the plasma. In particular, gas-filled capillary-discharges are employed
for particle-driven wakefield acceleration experiments at SPARC__LAB, due to their
ability to provide appropriate tailoring of the plasma density distribution, allowing
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to optimize the matching with particle beams.

Within Plasma, lab activities and the SPARC__LAB framework, the presented
PhD thesis project is focused on the experimental and theoretical design and
development of plasma sources, aimed at improving the compactness and cost-
effectiveness of plasma-based acceleration and meet the requirements of stability,
longevity and reproducibility foreseen for EuPRAXIA@QSPARC__LAB project.

Before describing the activities and the achievements related to the thesis project,
a description of the main plasma sources, employed in plasma-based particle acceler-
ators, is provided in the following chapter.
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Chapter 2

Plasma sources for plasma-based
particle accelerators

2.1 Introduction

As described in ChlI] plasma properties play a key role in the efficiency of plasma-
based particle acceleration. In particular, the longitudinal and transverse uniformity
of the plasma column is crucial to sustain accelerating and focusing wakefields that
remain constant along the acceleration process, allowing to preserve the accelerated
beam quality (low emittance and energy spread). On the other hand, a proper
tailoring of the longitudinal plasma density distribution can provide direct control
over particle injection, thus limiting the energy spread. In addition, tapered density
transitions can be used to mitigate the hosing instability [86] and the energy chirp
induced by the longitudinal variation of the accelerating wakefield along the witness
bunch (in absence of beam loading) [23].

Moreover, plasma channels can be employed for applications other than particle
acceleration, including laser guiding, focusing of charged particles and phase space
manipulation, as described in the following.

For these reasons, a proper design of the plasma source is crucial for the realization
of a plasma-based particle accelerator. In recent years, various plasma sources have
been developed and employed in plasma-based experiments, including gas jets [47],
gas cells [12], Alkali vapor ovens [I8| 66] and discharge capillaries [61], T00]. Such
plasma sources rely on different ionization mechanisms for the plasma formation
and provide fine tuning of plasma properties for the above mentioned applications.

2.2 Plasma formation mechanisms

Generally, the production of plasma channels is based on the ionization of a neutral
gas column, whose distribution is properly controlled by means of a gas injection
system. In particular, a plasma source can include one or different gas injection
channels (as discussed in Ch7 with particular configurations that allow to control
the pressure distribution of the gas column and hence the density distribution of the
plasma channel once the gas is ionized. Eventually the gas injection mechanism can
be also studied for gas mixtures, in order to control the distribution of the different
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gas components [(5]. Gas injection is generally designed to optimize the properties of
the plasma channel for the specific application (e.g. density gradients for controlled
beam matching, high-Z component localization for ionization injection and so on).
The specific mechanisms exploited for the plasma formation are described below.

2.2.1 High voltage electrical discharges

One of the main approaches for producing a plasma is to apply high voltage pulses
to a couple of electrodes to ionize an interposed gas column and produce an electrical
discharge. Early research on the physics of electrical discharges was historically
performed in low pressure devices, whose geometry consists in an evacuated dielectric
tube, with two plate electrodes at both ends, connected to a high voltage DC power
supply, as schematized in Fig[2.1]

Figure 2.1. Schematic representation of a low pressure electrical discharge tube.

When the voltage is applied and the electrical discharge is triggered, electrons and
ions migrate in the formed plasma towards the anode and the cathode respectively,
while colliding with the neutral background gas. By adjusting a ballast resistor
connected to the electrical circuit, it is possible to raise the voltage and measure the
current flowing through the discharge, tracing the non-linear voltage-current charac-
teristic of the discharge tube [105]. As depicted in Fig. the V-I characteristic
identifies three main regimes for a DC electrical discharge.

Dark discharge

The dark discharge regime occurs in the region A-E of the V-I characteristic. It is
characterized by low discharge current (below the puA range) and, except for the
corona discharges and the electrical breakdown spark itself, the discharge remains
invisible to the eye. Starting from a low voltage in the background ionization regime
(A-B in the V-I characteristic), first electrons and ions are created by background
radiation originating from cosmic rays, radioactive minerals and leaks from the
electrodes surface, but can also include free electrons from previous discharge cycles
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Figure 2.2. Current—voltage characteristic curve of a DC electrical discharge in a low
pressure tube. The exact shape of the curve depends on the type of gas, pressure,
electrode geometry, electrode temperatures, electrode materials and any magnetic fields
present [129].

[105]. Free charges gain energy from the external electric field and collide with
orbital electrons of gas atoms and molecules, resulting in the production of other
charge carriers [46]. With increasing voltage, the current between the electrodes
raises until reaching saturation at few nA. In the saturation regime (B-C in Fig,
all of the ions and electrons produced by background ionization are removed from
the discharge volume, and the electrons do not possess enough energy to create new
ionization. By increasing the applied voltage, the corresponding electric field gets
high enough to accelerate free electrons up to the ionization energy of the gas.

Due to electron impact ionization, other charge carriers are generated, which in
turn can accelerate enough to produce further ionization, resulting in a Townsend
avalanche, in which the discharge current grows exponentially with the applied
voltage (Townsend regime, C-E in Fig. Given the number of electrons emitted
by the cathode ng, the number of charge carriers produced during the avalanche is
given by:

Iy — (e (2.1)

in which the number of additional free electrons dn. produced in a distance dx
depends on the number of electrons at that point n. and the Townsend primary
ionization coefficient «, i.e. the average number of additional electrons per unit
length. As a result, the number of carriers grows exponentially from the cathode to
the anode, inside the avalanche [46]:

ne = npe™” (2.2)
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Figure 2.3. (a) Avalanche distribution of charge carriers and corresponding (b) charge
density and (c) electric field longitudinal profiles [46].

with n. = nge®® at the anode, considering d as the distance between the
electrodes.

The avalanche is characterized by a negative head, comprising the avalanche of
free electrons, and a positive tail, comprising the positive ions left behind after the
ionization avalanche has passed. Due to their higher mass, ions take much longer
time to accelerate to ionizing energy and they travel a small distance from the
ionization point. The difference in mobility of the ions and electrons results in the
charge distribution shown in Fig. which in turn determines an alteration in the
electric field distribution.

Tons, directed towards the negative cathode, would eventually cause ion impact
ionization, determining the emission of secondary electrons from the cathode surface.
In addition, photons emitted by the primary avalanche contribute to the production
of free electrons, which in turn trigger additional avalanches. Secondary emission
of electrons from the cathode, due to ion impact on the cathode surface, is taken
into account in the secondary ionization coefficient ~, i.e. the average number of
electrons emitted from the cathode surface per incident positive ion [81].

The influence of v on the total discharge current can be deduced as follows. For
each electron leaving the cathode, e®® electrons reach the anode and e®? — 1 ions are
formed in the gap. Ions move towards the cathode, where they impact on the surface
and release y[e®? — 1] electrons by secondary ionization. The "second generation'
of electrons grows until reaching a total number of y[e® — 1]e®? electrons at the
anode, resulting in vy[e®*® — 1] ions, which in turn produce a "third generation'
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of 72[e®? — 1]? electrons. Therefore, the total amount of electrons emitted by the
cathode through primary and secondary ionization is [81]:

1
— 1 ad_l 2 ad_12 3 ad_13 =
ne =m0 [149(e™ = 1) 4 9% = 1) 47 = DY = oy
(2.3)
and the total number of electrons reaching the anode is:
ead
=ny—————— 24
e T T (end T 1) 24)

As a result, the total discharge current collected by the electrode in steady state
and produced by primary and secondary ionization is given by [81]:

B Ioeocd
1 —y(e2d —1)
in which I is the photoelectric current from the cathode.
By increasing the applied voltage to the breakdown condition, the Townsend
discharge becomes self-sustained, with a rapid increase of the current expressed by
the condition:

I (2.5)

y(e*?—1) =1 (2.6)

The breakdown voltage of a gas column between two flat electrodes depends on
the electron mean free path and the distance between the electrodes. The electron
mean free path is the average distance travelled by electrons before colliding with
atoms, so it is the key parameter defining the growth of an avalanche discharge. In
particular, the electron mean free path is inversely proportional to the gas pressure:

A= L = el (2.7)
on op

where o is the effective cross-sectional area for collisions, kp is Boltzmann
constant, and the ideal gas relation has been used to relate the gas density to the
pressure. At very high gas pressure, the mean free path is too short, so electrons
collide without gaining enough energy to ionize atoms and molecules. On the other
hand, at very low pressure, the mean free path is longer than the electrodes distance,
meaning that electrons accelerate to ionizing energies but they do not significantly
interact with neutral atoms. Therefore, in both cases, a very high voltage is required
to trigger an electrical breakdown. However, in the intermediate region, there is a
minimum of the breakdown voltage, which depends on the gas composition and the
electrode material. The dependence of the breakdown voltage on the gas pressure
and the distance between the electrodes is expressed by the Paschen curves, reported

in Fig. 2.4
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Figure 2.4. Paschen curves for different gases, showing the dependence of the breakdown
voltage on the product between gas pressure p and the electrodes distance d [57].

In the region D-E of the V-I characteristic, unipolar corona discharges occur, as
the result of local electric field concentrations on the surface of the electrodes at
sharp points, sharp edges, or asperities. These strong local electric fields exceed the
breakdown strength of the surrounding neutral gas [105].

Glow discharge

When high voltage is applied in low pressure environments, at around 0.1-10 mbar,
the avalanche breakdown process can cause a voltage drop to some tens of Volts,
indicating that the discharge has entered the glow discharge regime, corresponding
to the E-H region of the V-I characteristic in Fig[2.2] The term "glow discharge'
is referred to the high luminosity of the plasma, in contrast to the low power
dark discharge. After the voltage drop in the region E-F, the discharge enters
in the normal glow region, in which the voltage across the discharge is almost
independent on the current over few orders of magnitude. The glow discharge is a
self-sustained continuous DC discharge, characterized by the emission of secondary
electrons through ion impact ionization on the surface of the cold cathode. During a
glow discharge, the gas turns into a highly-conductive, cold plasma, with electron
temperature and density of 1-3 eV and 10%~!! ¢cm™2 in the positive column. The
pattern of light emission of a glow discharge in a tube is characterized by alternating
glow and dark regions [54], as shown in Fig[2.5]

Towards the cathode, electrons are emitted at low energy, not sufficient to excite
atoms, resulting in the Aston Dark Space. Downstream the cathode, the electric field
accelerates electrons to exciting energy, thus producing the Cathode Glow. Further
acceleration of electrons in the Cathode Dark Space leads mostly to ionization,
which overcomes electronic excitations of atoms and pertains a reduction in the light
emission and a significant increase of electron density. The high electron density
at the end of the Cathode Dark Space determines a reduction in the electric field,
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Figure 2.5. (a) Picture of a glow discharge in a low pressure tube [108]. (b) Schematic
representation of the light emission pattern [122]. (c) Physical parameters distribution
in a glow discharge [83].

which in turn leads to a decrease in the electron energy and hence a lower ionization
rate and a higher radiation emission, resulting in the Negative Glow. Further from
the cathode, the electron energy decreases until electronic excitation is overcome by
vibrational excitation, leading to the dark Faraday Space. Plasma density decreases
in the Faraday dark space and the electric field again grows, establishing the Positive
Column. The average electron energy in the positive column is about 1-2 eV, which
determines emission of light. Finally, towards the anode, positive ions are repelled
and electrons are removed from the positive column, creating a negative space charge
and leading to an increase of the electric field in the anode layer. The reduction of
the charge density and the increase of the electric field result in the Anode Glow
and the Anode Dark Space [54].
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As mentioned, the current in a normal glow discharge can be increased over few
orders of magnitude (from 10 pA to few mA) with very little increase in discharge
voltage. During the current increase, the formed plasma distributes around the
cathode until its surface is completely covered (point G on Figl2.2). It is noteworthy
that a discharge starting at point G (abnormal glow) with decreasing voltage would
experience a form of hysteresis in the V-I characteristic, keeping the normal glow
regime until F’ and than turning back to Townsend regime.

A further increase in the discharge current from G leads to the abnormal glow
(G-H region), in which the voltage raises proportionally with the current. Beyond
the point H, the current density on the cathode becomes large enough to heat the
cathode to incandescence, thus triggering a discontinuous glow-to-arc transition (H-I
region) [105].

Arc discharge

Arcs are self-sustaining DC discharges, with low cathode fall voltage of about 10
V. Due to the electrical breakdown, the large current density produces a massive
ion bombardment on the cathode, which rapidly heats up. The cathode heating
results in the growth of thermionic emission, which becomes the dominant process
in the production of charge carriers and determines the glow-to-arc transition [54].
Thermionic effect consists in the emission of electrons from the hot cathode surface
due to thermal energy of electrons located in the metal, which is higher than the
metal work function (i.e. the binding energy of the electron in the highest electronic
level, also called the Fermi level). Emitted electrons induce an image charge effect
that alters the electric potential profile close to the surface [54]:

(2.8)

in which e® is the cathode work function. The negative space charge produced
by thermionic emitted electrons prevents further electron emission from the cathode
and leads to a saturation current density. An increase in the external electric field
results in a reduction of the electrostatic potential towards the cathode, i.e. the
Schottky effect, which allows to increase the thermionic emission of electrons and
thus the current density. If the external electric field is very high (about 1-3 x
10% V/cm), the effective electrostatic potential turns into a barrier, which can be
crossed through quantum-mechanical tunneling. The so-called field emission allows
to extract electrons from cold cathodes, without cathode heating. The mechanisms
of electron emission from the cathode, governing the arc discharge regime, are
summarized in Figf2.6

The arc discharge regime is characterized by a hot high-density plasma uniformly
distributed in the region between the electrodes. In the non-thermal arc regime (I-J
region of the V-I characteristic in Fig, plasma electrons are hotter than ions and
neutral atoms and the voltage drops with increasing current in the range from few
to hundreds Amps. As the current in the arc increases to hundreds of Amps, the
plasma becomes almost completely ionized and, eventually, the ions accelerate to the
same average energy as the electrons, thus reaching local thermal equilibrium. In
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Figure 2.6. Schematic representation of the thermionic, Schottky thermionic and field
emission mechanisms from a metal cathode [38].

this case, the discharge enters the thermal arc regime, where the discharge voltage
grows as the current increases.

Generally, power supplies can provide high voltage pulses that directly generate
thermal arc discharges after the electrical breakdown, resulting in hot high density
plasmas. In particular, this is the case for plasma discharge capillaries, used for
plasma-based particle accelerators and relying on the use of HV pulses to produce
high peak current plasma discharges. An example of arc discharge generated in a
40-cm long capillary at Plasma_lab is reported in Fig[2.7]

Figure 2.7. Arc discharge in a 40 cm-long capillary, tested at Plasma_ lab. The hot plasma
distributes uniformly along the capillary channel.

2.2.2 Laser-induced ionization

A convenient method to ionize a gas or solid, arget is by means of laser pulses. Laser-
induced ionization relies on the interaction of orbital electrons of the target with
laser photons having energy higher than electrons binding potential. Usually, the
energy of a single photon from conventional laser systems is not enough to ionize an
atom or molecule. For example, Ti:Sapphire lasers are characterized by wavelength
of 800 nm, corresponding to 1.55 eV photon energy, while the ionization potential
for hydrogen is 13.6 eV. Therefore laser ionization mainly relies on multi-photon
ionization, which occurs when the laser intensity is high enough to have a large
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number of photons in the atomic volume to simultaneously ionize the atom.

An alternative process governing laser-induced ionization is the barrier suppres-
sion ionization, in which the electric field of the laser pulse modifies the electric
potential experienced by orbital electrons, bounded to atomic nuclei. In a 1D de-
scription, the binding potential affected by the external laser electric field is given
by:

2
V(z) = —4i;x —eEx (2.9)
where Z is the atomic number minus the electron taken into account for ionization,
while FE is the laser electric field. By setting the modified potential equal to the
ionization potential, it is possible to recover the threshold laser electric field over
which suppression ionization occurs:

Teq®?
B =—2" 2.10
t Z€3 ( )
in which ®;,, is the ionization potential. In practical units, the threshold laser

intensity required for ionization is given by:

71'2686 (1)4 9 (I)ion 4 1 2

For example, relying on the required laser intensity for hydrogen ionization
is 1.4 x 10 W/cm?, while for complete ionization of helium the required intensity
is 8.8 x 10 W/cm?. As a consequence, LWFA schemes do not actually require the
presence of a pre-formed plasma channel, but they rely on the leading edge of 10'® -
10* W /cm? driving laser pulses to produce the plasma channel in which to excite
strong plasma wakefields.

A further ionization process, tunnel ionization, can take place if the laser
electric field is slightly lower than the threshold value. The Keldysh parameter
v = wy/2P;on /I provides a criterion to distinguish the different ionization mecha-
nisms, depending on the laser intensity and frequency, as reported in Fig.

Figure 2.8. The atomic Coulomb potential under the influence of intense laser fields is
shown for the (a) unperturbed, (b) multi-photon ionization, (¢) tunnel ionization, and
(d) barrier suppression ionization cases. I, and y are the ionization potential and the
Keldysh parameter [6].
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2.2.3 Beam-induced ionization

Barrier suppression ionization can also be achieved in PWFA | if the Coulomb field
of the driver particle bunch exceeds the threshold defined in For example, the
electric field of a cylindrical electron bunch is given by:

enyr

ET<7”;, = - 260 (212)
2
enpri 1
Er>rb == 260b ; (2'13)

with maximum field at » = ry, with r, the bunch radius. The peak field of a
cylindrical bunch with n, = 10'® em™2 and 7, = 5 pm is 45 GV /m, which is higher
than the threshold value of 32 GV /m for hydrogen. On the other hand, in absence
of a pre-formed plasma, the driver bunch would be affected by head erosion, due
to interaction with the neutral gas. For this reason, the production of pre-formed
plasmas by means of suitable plasma sources is preferred for PWFA experiments.

2.3 Gas-filled plasma discharge capillaries

Gas-filled plasma discharge capillaries represent one of the most used plasma sources,
thanks to the possibility to easily confine and modulate plasma channels. Such
sources are based on the generation of confined plasma channels by means of high
voltage (HV) electrical discharges [116]. Capillaries are characterized by a central
channel with 1-2 mm diameter, which is filled with low pressure gas, e.g. hydrogen,
argon or helium, generally from tens to hundreds mbar. In order to have a uniform
gas distribution inside the capillary channel, the capillary design can include a
variable number of inlets and particular channel shapes, whose effect on the plasma
channel uniformity is discussed in Ch4]

Once the capillary is filled with gas, few tens kV pulses are delivered by a specific
HV system to a couple of electrodes attached to the capillary extremities, thus
producing the plasma discharge. Electrodes, generally made in copper, steel or
other metals, are characterized by a central hole which allows driver and witness
beams to pass through. This determines a gas and plasma outflow from the capillary
channel to the vacuum in the experimental chamber, thus resulting in the formation
of density ramps in the plasma plumes, outside the capillary.

Due to the short ps-range duration of HV pulses, the plasma discharge only
lasts for few ps. In particular, during the HV pulse, the plasma density increases
along with the gas ionization. Then, after the HV pulse is over, plasma recombines
into neutral gas atoms and molecules, with a recombination time depending on
the plasma peak density and temperature. It is noteworthy that ultra-relativistic
beams travel a 30 cm-long capillary within 1 ns, therefore they do not experience the
temporal variation of the plasma density. For this reason, a proper synchronization
between the plasma discharge and the injection of driver and witness beams into
the plasma channel allows to tune the operating plasma density (10'°-10'® cm~3) at
which plasma acceleration is performed.
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Capillaries can be machined or 3D-printed and are generally made in plastic,
glass or sapphire. Such transparent materials are used to allow both transverse and
longitudinal diagnostics, performed by means of spectroscopic and interferometric
techniques, as described in Ch3| Three examples of plasma discharge capillary
designs are reported in Fig[2.9]

Figure 2.9. Example of discharge capillaries developed at (a) BELLA Berkeley Laboratory,
(b) DESY and (c¢) LNF-INFN.

Due to the stochastic behaviour of plasma discharge formation, shot-to-shot
stability can be an important issue for such plasma sources. An easy way to improve
the plasma stability is to operate at voltage much higher than the breakdown
level, producing almost completely ionized plasma channels. Moreover, shot-to-shot
stability can be enhanced by using low power laser pulses, impinging on the anode,
to pre-ionize the gas column few us before HV is applied [16].

Although the advantages of modulability and tunability of the plasma channel
density, major issues for discharge capillaries consist in longevity at high repetition
rate operation and scalability to m-long sources. In this context, the presented PhD
thesis provides novel designs to overcome such limitations, as discussed in Ch[j| and

Chldl
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2.3.1 Active plasma lenses

Apart from plasma acceleration itself, plasma discharge capillaries can be employed
as active plasma lenses (APL) for guiding and focusing charged particles. The
operation of APLs is based on the magnetic field generated by the electrical current
developed during the plasma discharge. According to Ampere Law:

V x B = ugJ (2.14)

in which pg is the vacuum permeability, J is the discharge current density and
B is the associated magnetic field. Assuming cylindrical symmetry and a pure
longitudinal discharge current, Ampere Law yields:

L2 (rBe) = po-(r) (2.15)
%m:?AﬂwwW (2.16)

in which r, z and ¢ are the radial, longitudinal and azimuthal coordinates. The
focusing strength is then given by:

9By(r) eo
or  mgocy

K= (2.17)

where mgy and  are the rest mass and energy of the focused particle. As a
result, the plasma discharge current induces an azimuthal magnetic field, which
can be exploited to focus charged particle beams in both horizontal and vertical
planes. Moreover, plasma discharges with typical peak currents of hundreds of
Ampere determine focusing gradients of few kT /m, one order of magnitude higher
than conventional quadrupoles, and, in addition, the focusing strength is also easily
tunable by changing the discharge current. Thanks to the compactness, tunability
and high focusing strength, APLs represent a promising alternative to conventional
quadrupoles, which are characterized by maximum focusing strengths of few hundreds
T/m and can only focus on one transverse plane at a time. A schematic picture of
an active plasma lens is shown in Fig[2.10]

An optimal condition for focusing in an APL is to have a current density perfectly
parallel to the capillary axis and with a uniform transverse distribution:

1
TR2
where I is the current intensity and R is the radius of the capillary channel. In
this case, the magnetic field would be linear with the radial position:

Jideal = (2.18)

Ko pol
Bideal = ?Jidealr = W

providing a linear emittance-preserving focusing force, which pushes charged
particles towards the capillary axis with intensity proportional to the particle
transverse offset. However, according to Ohm Law, the current density is proportional
to the plasma conductivity:

r (2.19)
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Figure 2.10. Schematic representation of the focusing effect in an active plasma lens [32].

J.(r)=0o(r)E, (2.20)

which, in turn, depends strongly on the plasma temperature and weakly on the
plasma density [68]:

) o L
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Due to thermal balance between ohmic heating and heat conduction with the
colder capillary walls, the transverse distribution of the plasma temperature is
characterized by an on-axis peak and a radial gradient towards the boundary walls.
Hence the plasma conductivity is affected by transverse gradients as well, leading to
a non-linear magnetic field. In addition, non-linearity can also be caused by partial
ionization of the gas column, which forces the current to flow closer to the axis.
For example, Fig[2.11] reports the radial profile of the azimuthal magnetic field and
the ionization degree for a 130 A peak current Hy discharge [32], highlighting the
non-linear behaviour of the magnetic field towards the capillary walls, where the
plasma is weakly ionized [98].

Among the possible applications, APL can play a key role for beam injection and
extraction from plasma acceleration stages, since strong focusing fields are required
for the beam matching, as discussed in [1.4.2]

(2.21)
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Figure 2.11. Radial profile of the azimuthal magnetic field and the ionization degree for a
130 A peak current Ho discharge [32].

2.3.2 Capillary discharge waveguides

Another application for plasma discharge capillaries concerns the guiding of high
intensity laser pulses. As mentioned in laser diffraction is a major limitation
for LWFA mechanism and it can be mitigated by the focusing effect of plasma
channels with radial density gradients, which allow to guide laser pulses over many
Rayleigh lengths. In particular, Gaussian laser pulses can be guided by parabolic
radial density profiles as:

2
r
ne(r) = ne(0) + Aneﬁ (2.22)
where 1 is the radial coordinate, R is the plasma channel radius and n.(0) is the
on-axis plasma density. Such density profile, corresponding to a radially decreasing
refractive index, is able to guide a laser pulse with matched spot size:

1/4
Wy = <R2) (2.23)
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where 7. is the classical electron radius. Plasma channels with such transverse
density modulation can be easily produced by plasma discharge capillaries. As
mentioned for APLs, the thermal balance between ohmic heating, related to the
electrical discharge, and the heat conduction with the capillary walls determines a
radial plasma temperature profile with an on-axis peak and a decreasing gradient
towards the boundary walls. The associated pressure gradient causes a re-distribution
of the plasma density until the pressure is approximately constant along the capillary
radius, with a steady-state parabolic density profile given by [21]:
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2
ne(r) (1 + 0.33% + ) (2.24)

with R the channel radius.

For instance, Fig reports the hollow radial density profiles measured by [73].
In this work, a Mach-Zehnder interferometer system was adopted to measure the
transverse plasma density distribution outside a 2 cm-long glass discharge capillary,
characterized by two ends with 300 ym and 500 pm diameter and a monotonic
increase of the capillary channel. Plasma density distribution, obtained by means of
8 kV discharge pulses and measured 500 ns after the discharge initiation and 100
pm outside the external electrodes, are characterized by hollow radial profiles, with
more than 50% of density decrease from the lateral peaks to the on-axis minimum.

Figure 2.12. (a) Experimental setup for the characterization of the plasma discharge
capillary by means of Mach-Zehnder interferometry. (b) Example of interference pattern
acquired by a CCD camera. (¢) Radial hollow profiles measured at both sides of the
capillary, 100 pm outside the external electrodes and at a delay of 500 ns after the
discharge initiation [73].

The parabolic density profile produced in plasma discharge capillaries provides
laser guiding with a matched spot size:

1/4
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m~ | — 2.2
v <0.337r7“en6(0)> (225)

Discharge capillary waveguides have been employed to guide laser pulses with
up to 10'” W/cm? over more than 5 cm distance [26]. Moreover, laser heating can
be coupled to the electrical discharge to improve the focusing effect [20]. After the
discharge initiation, a long ns-range laser pulse can be used to heat plasma electrons
on axis, producing a deeper radial density profile. In addition, by tuning the laser
energy, it is possible to control the channel width and depth. This option allows
to reduce the on-axis plasma density and increase the matched spot size, which is
crucial for guiding high power PW-range laser pulses [61].
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2.4 Gas jets

Due to their simplicity, supersonic gas jets represent one of the most common sources
used for plasma-based acceleration experiments. The geometry of such devices is
based on a convergent-divergent configuration, analogous to de Laval nozzles. High
pressure gas (up to 100 bar) is contained in a proper tank and released by a fast
valve into the a conical nozzle. After reaching supersonic velocities through the
divergent section of the nozzle, the gas enters the interaction region, in which it is
ionized by a laser pulse to produce the plasma channel.

The nozzle geometry, in particular the choke and exit diameters and the nozzle
height, are designed according to the desired density profile [110]. Flat-top profiles
can be obtained with simple geometries, as the one reported in Fig[2.13] whereas
more complex geometries are used for a fine control of density ramps. In addition,
razor blades can be placed at the exit of gas jets to produce a shock-front in the
plasma density profile, triggering controlled electrons injection in a localized region
and thus producing high charge, low energy spread beams [24].

Figure 2.13. (Left) Schematic representation of a supersonic gas jet. The gas flow is
tailored by the design of the choke and exit diameters Dy and D, and the opening angle
¢. M is the Mach number in each region of the conical nozzle. (Right) Flat-top density
profile achieved by design optimization [T10].

A further advantage of the gas jet is the 360° degree access to diagnostics and
the easy alignment. On the other hand, the major drawback of gas jets is the large
gas volume injected in the experimental chamber, which must be removed by the
vacuum system, preventing high repetition rate operation above few Hz. Moreover,
the injection of high pressure gas also causes erosion and damage of mechanical
components. In addition, imperfections on the nozzle surface can lead to ripples
in the gas density profile, causing unwanted self-injection and acceleration of dark
current [77].
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2.5 Gas cells

Gas cells consist of cylindrical or cubic structures, filled with low pressure gas in
the range from few mbar to 1 bar. Two metallic plates with pinholes are placed at
the ends of the cell to confine the injected gas and allow the propagation of driver
and witness beams [I2]. The described geometry allows to create a flat-top plasma
density distribution within the two plates and density ramps towards the pinholes,
through which the plasma expands entering the experimental chamber. The pinhole
diameter and the plate thickness determine the shape of the density ramps, whereas
the length of the density flat-top can be tuned by changing the distance between the
plates. An example of ELISA (ELectron Injector for compact Staged high energy
Accelerator) gas cells, developed at CNRS, is reported in Fig.

Figure 2.14. (Left) Picture of ELISA gas cell. (Center) Schematic longitudinal cut of the
gas cell. (Right) Longitudinal plasma density profiles with different plate widths for the
modulation of the exit density ramp [12].

Alternative gas cells have been designed for longitudinal tapering of plasma den-
sity distribution, including "sandwich" targets based on the assembly of transparent
glass or sapphire layers, as shown in Fig2.15] In such sources the gas is injected
from two independent reservoirs into a main square channel, in which the plasma
is produced by an intense laser pulse. The presence of two independent feedlines
allows for a fine tuning of the gas distribution, and thus the plasma density profile,
and also the possibility to use particular gas mixtures.

Figure 2.15. (Left) Detailed picture of the gas cell developed by [75]. (Center) Front view
and (Right) side view of the assembled cell.
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Compared to gas jets, the lower pressure of injected gas allows high repetition
rate operation and higher shot-to-shot stability. However, damage of the pinhole,
due to the interaction with high intensity laser pulses, can strongly affect the gas
cells longevity.

2.6 HOFI channels

Hydrodynamic Optical-Field-Ionized plasma channels represent a novel plasma
source for high repetition rate plasma-based applications, including laser guiding
and plasma acceleration.

In hydrodynamically formed plasma channels, a cylindrical region of plasma,
contained in a gas cell, is formed and heated by one or more laser pulses [112]. Rapid
expansion of the plasma column drives a radial shock into the cold, neutral ambient
gas to form a transverse electron density profile which increases with radial distance
out to the position of the shock front. Such plasma sources are a promising solution
for practical plasma accelerators working at kHz-range repetition rate operation,
since the plasma channel is free-standing, with no nearby physical structure that
could be damaged by the driver pulse.

Initial versions of hydrodynamic expanded plasma channels were based on laser-
driven electron-ion collisions. However, since rapid collisional heating requires
high plasma densities, it has proved difficult to generate channels with low on-axis
densities. For example, plasma channels with typical central densities of around 108
cm~3 have been obtained in argon gas [34].

To overcome such limitation, hydrodynamic expansion of plasma columns based
on Optical Field Ionization (OFI) allows to generate long and deep plasma channels
with low propagation losses. Since OFI operates at the atomic level, the electron
heating is independent of the initial density, thus allowing the formation of low
density plasma channels. In addition, axicon lenses can be used to focus the ionizing
laser pulse over long distance, achieving the production of tens cm-long plasma
channels with 10'7 ecm™3 plasma density and matched spot sizes of around 40 ym
[112]. An example of a HOFT channel, designed at Oxford University, is reported in
Fig[2.16]

An improvement in the production of low-density, low-loss, meter-scale plasma
channels can be obtained by ionizing the neutral gas collar surrounding the HOFI
channel by means of a conditioning laser pulse (CHOFI channels). Such method
allows to increase the attenuation length by two orders of magnitude, enhancing the
plasma channel length to the m-scale [92].

An example of transverse plasma density profiles obtained with HOFI channels
is reported in Fig[2.17] while Fig[2.18| shows the long-term stability of the HOFI
channel during operation in the kHz-range [3].
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Figure 2.16. (Top) Picture of a 16 mm-long HOFT plasma channel. (Bottom) Schematic
representation of the interaction region and the plasma channel formation [T13].

Figure 2.17. Temporal evolution of the transverse electron density profile produced by:
(left) a single channel-forming pulse and (right) the second of a pair of channel-forming
pulses separated by 1 ms. 1 mJ, 40 fs laser pulses with 5 pum spot size are used to ionize
350 mbar ambient gas [3].

Figure 2.18. Transverse electron density profiles of the HOFI channels formed 1.5 ns after
the second of the pair of channel-forming pulses, separated by 1 ms. Measurements are
acquired at 200 Hz operation over a period of 6.5 hours [3].
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2.7 Alkali metal vapor heat-pipe ovens

In the framework of AWAKE project, m-long plasma sources based on the ionization
of alkali metal vapors are used. First versions of such sources, developed at SLAC,
consist of heat-pipe ovens, in which few milligrams of lithium are heated to 750°C
to produce lithium vapor columns, reaching neutral density of 10!5-10'¢ cm=3 [89].
The hot Li vapor is confined to the heated central part of the heat-pipe by means
of room temperature He buffer gas, located at the ends of the heat-pipe. The Li
density is determined by adjusting He pressure, while the length of the Li column
is approximately equal to the length of the heated section of the pipe, and can be
varied around that value by changing the heating power delivered to the oven [88].

Lithium is adopted for its low ionization potential (5.3 €V) and thus can be
ionized over a large volume through a single photon absorption process, using UV
laser pulses focused with an axicon lens to ionize the entire vapor column. The
low ionization potential of alkali metals allows to produce fully ionized plasma
channels, whose uniformity is given by that of the neutral vapor column. Therefore,
uniform 10'-10'6 cm—3 plasma channels are obtained by controlling the temperature
uniformity inside the oven.

A recent upgraded version of such plasma sources is based on Rubidium, having
lower ionization potential (4.18 e€V) and requiring lower temperatures for desired
density values (150-200°C) [I30]. In this version, independently heated liquid
reservoirs provide the desired Rb vapor density into a 10 m-long 2 cm-radius pipe,
which is heated by another independent circuit. The use of two independent heating
systems allows to keep the pipe temperature two degrees above that of the reservoirs,
thus preventing Rb condensation inside the pipe. Such operating principle represents
a major improvement compared to lithium pipe-ovens, which are based on a dynamic
equilibrium, with lithium constantly condensing, evaporating and circulating from
the hot region of the device to the cold region, by means of a fine metal structure
surrounding the inner surface of the heat-pipe [I30]. Fast valves are used to let proton,
electron and laser beams pass through the heat-pipe. Schematic representations of
the two heat-pipe oven versions are shown in Fig[2.19]

Figure 2.19. Schematic representations of (Left) Lithium and (Right) Rubidium heat-pipe
ovens [89][130].
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After this general overview on plasma sources, the following chapters are devoted
to describe the activities carried out in the context of the presented PhD thesis project.
In particular, chapter 3 provides a detailed description of the experimental setup of
the plasma module, used at Plasma,_ lab laboratory to test and characterize plasma
discharge capillaries, designed in the framework of EuPRAXIAQSPARC LAB

project.
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Chapter 3

Design and characterization of
plasma discharge capillaries at
Plasma lab

Plasma sources design and characterization is carried out at Plasma_ lab laboratory,
located at the National Laboratory of Frascati (LNF-INFN), in the framework of
SPARC__ LAB collaboration. Experimental and theoretical activities mainly concern
the development of plasma discharge capillaries, which are adopted at SPARC_LAB
accelerator facility for plasma-based acceleration experiments, as mentioned in
Ch[l] Experimental activities include the optimization of the capillary design and
the development of the overall plasma module, aimed at improving the stability,
reproducibility and uniformity of plasma discharges and enhance the compactness,
cost-effectiveness and longevity of tested plasma sources.

3.1 Plasma module setup

The plasma module set up to test and characterize plasma discharge capillaries, is
reported in Fig. Capillaries are installed inside a vacuum chamber and filled
with pure Hs or different gas mixtures, injected by means of a dedicated gas injection
system. A set of vacuum pumps extracts the gas that flows outside the capillary,
keeping a vacuum level of 1072-10~2 mbar inside the chamber, suitable to produce
and confine plasma discharges.

A high voltage (HV) system delivers kV-range pulses to a couple of electrodes
attached to the capillary ends, thus ionizing the gas column inside the capillary
channel and producing the plasma discharge. The waveform of the discharge current
is acquired by means of an oscilloscope, connected to the HV system. A delay
generator synchronizes the HV system with the gas injection system, allowing to
deliver high voltage pulses when the capillary channel is filled with neutral gas. In
addition, a diagnostic system allows to characterize the plasma discharge by means
of the spectroscopic analysis of the plasma-emitted light.

A detailed description of the main components of the plasma module is provided
in the following sections.
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Figure 3.1. Plasma module experimental setup

3.2 Design of plasma discharge capillaries

In the context of the PhD thesis project, a variety of capillaries with different
materials and geometrical configurations have been tested, as shown in Figl3.2]
Typical capillary lengths range from 3 cm to tens of centimeters (up to the 60 cm
length targeted for EuPRAXIAQSPARC LAB project), with cylindrical channels
having 1-2 mm diameter.

Short capillaries with various number of inlets or particular channel shapes have
been tested to determine an optimal configuration for a uniform gas injection into
the capillary channel, in order to enhance the plasma density uniformity. For such
investigation, tested capillaries are 3D-printed and made in VeroClear, a transparent
rigid material that simulates PMMA (polymethyl methacrylate).

On the other hand, longer capillaries are generally produced by mechanical
processing of Lexan blocks, which provides a higher precision in the production of
thin and long channels.

For high repetition rate studies, plastic materials experience rapid erosion, due
to the thermal load delivered by plasma discharges onto the inner capillary walls.
For this reason, experimental testing on high melting temperature materials are
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performed, including sapphire and ceramics.

Each capillary design includes a series of screw threads, realized on the capillary
extremities to attach the electrodes, which in turn are connected to the HV system
by means of copper cables. Electrodes are usually made in copper or stainless steel,
even though other metals are employed for high repetition rate studies. Cylindrical
holes are created into the electrodes, in order to let particle and laser beams pass
through the capillary.

Figure 3.2. Plasma discharge capillaries tested at Plasma_ lab

3.3 Gas injection and vacuum systems

The gas injection system includes a NM Plus Hydrogen Generator, which produces
pure hydrogen through water electrolysis, and a set of gas tanks, containing mixtures
of No-Hs or Ar-Hy with 5% hydrogen, thus allowing the possibility to use different
gas mixtures for the plasma formation. Hydrogen is usually present in gas mixtures,
even in small percentage, because it provides a useful method to characterize the
plasma discharges, as described in Sec[3.6] A gas distribution network injects the gas
into the vacuum chamber, filling the installed capillary. The gas pressure is controlled
by means of a mechanical regulator, located outside the chamber, which reduces the
injection pressure from 2-5 bar to 100-800 mbar. In addition, an electro-mechanical
valve is installed upstream the vacuum chamber to control the repetition rate of
the gas injection, with typical frequency of 1-10 Hz and a valve opening time of few
milliseconds. Moreover, the valve provides a further decrease of the gas pressure,
with a final range of 20-50 mbar inside the capillary.

Once the gas fills the capillary, it flows through the electrodes holes and expands
inside the vacuum chamber, in which it is extracted by a set of vacuum pumps. In
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particular, two primary scroll pumps and a turbo-molecular pump are used, keeping
a vacuum level of 1072-10~3 mbar during the gas injection and 10~% mbar at rest.

3.4 High voltage system for plasma formation

The high voltage system includes a HV generator, feeding in DC operation a HV
electrical pulser circuit up to 20-25 kV, which is the operative limit of the circuit.
The HV pulser circuit is constituted by a set of resistors and capacitors, which charge
and discharge within the ps range, and a SCR switch which delivers kV-range us
pulses to the capillary electrodes through a couple of copper cables, as reported in

Fig.

Figure 3.3. Schematic representation of the high voltage system

The circuit branch composed by the protection diode D, and the resistor R,
prevents any negative overshoot of the current at the end of the current pulse, while
the protection diode Dy, is used to bypass negative pulses up to 1 kA, that could
damage the SCR switch.

As the voltage pulses trigger the electrical breakdown inside the capillary, the
resulting discharge current is measured by means of a Pearson 110 probe, which
converts the current pulse into a voltage signal with a transfer impedance of 0.1 V/A.
The voltage signal is then acquired by a WaveAce 2032 oscilloscope, characterized
by a 300 MHz bandwidth, a 1.2 ns rise time, an input range of £5 V and a vertical
resolution of 8 bits, corresponding to a precision of 10 V/28 = 40 mV.The waveform
of the discharge current pulse is retrieved by applying the 0.1 V/A factor to the
voltage pulse acquired by the oscilloscope.

The typical waveform of a current pulse, produced by a HV capillary discharge, is
shown in Fig[3.4a] The reported discharge current waveform is obtained by applying
20 kV pulses to a 3 cm-long 1 mm-diameter capillary, ionizing around 50-100 mbar
of hydrogen (breakdown voltage around 5 kV).

In addition, the characteristic current-voltage curve of the pulser circuit is shown
in Fig[3.4Db| for a short circuit configuration and a 3 cm-long capillary, with maximum
current of 1200 A and 1100 A respectively. The lower current produced with the
capillary is due to the electrical resistance of the plasma channel, which increases
with the capillary length.
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(a) (b)

Figure 3.4. (a) Current pulse waveform produced with 20 kV pulses delivered to a 3
cm-long 1 mm-diameter capillary. The FWHM pulse duration is around 600 ns. (b) Peak
current as a function of the applied voltage in short circuit configuration (red circles)
and with a 3 cm-long capillary (black squares). The lower peak current achieved with
the capillary is due to the plasma channel resistance. The pulser circuit characterization
is performed in the range 5-25 kV, from around the breakdown condition to the operative
limit of the circuit.

The switch activation is synchronized to the electro-mechanical valve by means
of a delay generator (Stanford Research DG535), which triggers the ionization of
the gas column, and thus the plasma discharge formation, only once the capillary is
filled with gas. Typically, the valve opening time is set to 3-5 ms, after which the
gas has reached a steady state distribution along the capillary. 5-10 ms after the
valve closure, the SCR switch triggers the plasma discharge. Such delay is manually
set to optimize the plasma discharge formation.

With capillary lengths of around 3 cm and gas pressure of 50 mbar, the voltage
breakdown is around 3 kV, as shown by the Paschen curve for hydrogen gas reported
in Fig[3.5

The highest achievable plasma density depends on the gas pressure. Indeed,
according to the Ideal gas Law:

p = ny,kT (3.1)

in which p and T are the gas pressure and temperature, while n,, and kg are
the molecular gas density and the Boltzmann constant. Considering 50 mbar of
pure Hs at room temperature, the molecular density inside the capillary channel is
around 1.2 x 10'® cm™3. Since the ionization of a hydrogen molecule produces two
free electrons, the highest achievable electron plasma density is around 2.4 x 10'8
cm ™3, in case of complete gas ionization.

By setting the applied voltage from 5 to 20 kV, it is possible to tune the plasma
density by changing the ionization degree inside the plasma channel.



73. Design and characterization of plasma discharge capillaries at Plasma_ lab

Figure 3.5. Paschen curve for hydrogen, showing the breakdown voltage dependence on
the product between pressure and length of the gas column.

3.5 Plasma Diagnostic system

The plasma diagnostics system is based on the spectroscopic analysis of the plasma-
emitted light. The light emitted during the plasma discharge exits the capillary,
usually made in transparent materials, and is transmitted by a window installed
on the vacuum chamber. Outside the chamber, the light is collected through an
optical line, made of a series of 3" mirrors and lenses, and is guided into an imaging
spectrometer (SpectraPro 275), equipped with an intensified CCD Camera (Andor
Istar 320).

3.5.1 Design of the optical line

The optical line, shown in Fig is made of a telescopic system (including L; and
Ly lenses), which reproduces the image of the plasma discharge at the spectrometer
entrance, matching the plasma channel length to the dimension of the spectrometer
slit.

Given the vertical dimension of the slit and the portion of the plasma channel
light collected by the mirrors, respectively around 6 mm and 5 cm, the required
magnification is:

6 1
M=—=-
50 8

Since the transport line is made of two lenses, the corresponding magnification
factors are:

(3.2)

1 1
My=-=, My=— 3.3
1 4 3 2 9 ( )
Given the focal lengths of Ly and Lo, respectively fi = 15 cm and fo = 8 cm, the
lenses position is determined through the Lens Maker formula and the magnification
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Figure 3.6. Picture of the optical line in the experimental setup

factors:
1 1 _ 1 1,1 _ 1
171+q7_f1 p2+q2_f2 (3.4)
M =4 My =2
p1 P2

in which p and ¢ represent the object-lens and lens-image distances. As a result,
p1 = 75 cm and ¢ = 18.75 cm, whereas po = 24 ¢cm and g9 = 12 cm. Therefore,
L, is located 75 cm downstream the capillary, Lo is placed around 43 cm after Lq
(distance given by ps + ¢1) and the spectrometer is positioned 12 cm after Lo, where
the 1/8 de-magnified image of the plasma discharge is located.

The light collected into the spectrometer is decomposed by a 1200 grooves/mm
diffraction grating, used to select hydrogen spectral lines which are then guided onto
the ICCD camera objective. Spectral images of hydrogen lines are then analyzed
to recover the density distribution of the plasma discharge, relying on the Stark
broadening method [63], as described in the following section.

3.6 Stark broadening method for plasma density
measurements

Generally, the light coming from a plasma discharge is emitted after the plasma
recombination into neutral atoms and molecules, occurring when the electrical
discharge is over. Once free plasma electrons return to bound atomic states, they
perform a sequence of optical transitions from outer to inner energy levels, resulting
in the emission of photons. In particular, considering the hydrogen atom, optical
transitions from states with principal quantum number n > 3 to n = 2 compose the
so-called Balmer series, which is characterized by photon emission in the visible range
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of the electromagnetic spectrum. The wavelengths of the Balmer series emission
lines can be obtained by the Rydberg formula:

% — Ry (1 ! ) (3.5)

m2  n?
in which Ry = 1.097x 10" m~! is the Rydberg constant for hydrogen and m and
n refer to the final and initial energy levels. In particular, concerning the Balmer
series, m = 2 and n > 3. The wavelengths of the emission lines are reported in
Table. together with the corresponding electronic transitions. Hydrogen emission
spectrum in the visible range is reported in Fig. together with the other spectral
series in the infrared and ultraviolet range.

Name Transition Wavelength [nm]

H-o 3—2 656.279
H-p 4—2 486.135
H-~ 5—2 434.0472
H-6 6—2 410.1734

Table 3.1. Nomenclature, transitions and corresponding wavelengths of hydrogen spectral
lines of the Balmer series

Figure 3.7. (Top) Hydrogen spectral lines of the Balmer series in the visible region.
(Bottom) Optical transition series in the UV, visible and IR region (respectively Lyman,
Balmer and Paschen series).
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In presence of a plasma, in which free charged particles give rise to electromagnetic
fields, hydrogen emission lines experience a characteristic broadening that can be
related to three main mechanisms.

3.6.1 Natural broadening

According to Heisenberg principle, atomic levels are characterized by an intrinsic
energy uncertainty related to their lifetime:

h
AEAt> 5 (3.6)

Regarding the hydrogen atom, while the ground state (n = 1) is stable (At = c0)
and has a determined energy level, the excited states are characterized by energy
uncertainty, including the initial and final ones of the Balmer series. Given E = hw,
the energy uncertainty translates into a frequency (or wavelength) uncertainty:

AwAt > % (3.7)

As a result, the energy uncertainty of the atomic levels of optical transitions
determine a "natural’ broadening of the corresponding emission lines.

3.6.2 Doppler effect

Due to thermal motion of atoms, photons emitted during optical transitions expe-
rience a Doppler shift, which depends on the gas temperature, thus resulting in a
characteristic broadening of the corresponding spectral line. Considering a gas in ther-
modynamic equilibrium, particle velocities are described by the Maxwell-Boltzmann
distribution function:

m

1@) = orkpT

3/2 mo2
exp <_2kBT> (3.8)

When a particle emits a photon, while moving towards the observer with velocity
U, the photon emission is characterized by a Doppler shift given by:

(3.9)

Ww—wy v
wo C
where wq is the central frequency of the emission line. Therefore, given the

relation between the Maxwellian velocity distribution of light emitters and the shape
of the corresponding spectral line:

Lp(w)dw = f(0)dv (3.10)

and including the Doppler shift the spectral line profile due to Doppler effect
is given by [64]:

Lp(w) =< f (ew_wo) (3.11)

wo wo
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The obtained Gaussian distribution, describing the so-called Doppler broadening
of a spectral line, is characterized by a FWHM linewidth:

kT

Aw = 8In(2 3.12
w = w1 /8ln( )mac2 (3.12)
or in wavelength units:
kgT
AX = Aoy /8In(2 3.13
0 TL( )ma02 ( )

in which Ag is the unshifted wavelength and m, is the emitter atomic mass.
Concerning Doppler broadening in plasmas, highlights the dependence on the
plasma temperature, while no direct role is played by the particle density.

3.6.3 Stark effect

Regarding spectral emission in plasmas, spectral line broadening can be also related
to the plasma pressure. The so-called pressure broadening is generally due to the
interaction of emitting atoms with the electric fields established by surrounding
charged particles, even though in some cases also the interaction with neutral atoms,
through Van der Waals forces, becomes significant. The interaction of neutral atoms
with the external electric field produced by plasma electrons determines the Stark
effect, consisting in the splitting of energy levels of the emitting atom, as depicted
in Fig. 3.8

Figure 3.8. Energy level spectrum of hydrogen as a function of the external electric field.
Each n level consists of n — 1 degenerate sub-levels and the application of the external
electric field breaks the degeneracy [70].



3.6 Stark broadening method for plasma density
measurements 77

Due to the energy levels splitting, optical transition photons are emitted in a
wider energy range, corresponding to broader spectral lines. For isolated lines, not
overlapping with other transitions in the same spectrum range, the line shape given
by Stark broadening can be described by a Lorentzian function [64]:

w/m

L) = =y

(3.14)

in which w is the HWHM linewidth and wg the unperturbed transition frequency.
For hydrogen spectral lines, Stark broadening theory [64] yields the following relation
between the linewidth and the plasma density [9]:

3/2
N, = 8.02 x 10'2 (AAI/Q> (3.15)
Qq/2

in which A\; /5 is the FWHM linewidth in A, N, is the plasma density in cm ™3
and ay/ is the reduced wavelength tabulated in [63], which depends on the plasma
density and temperature. In the context of plasma discharge capillaries, ay/, can
be determined assuming the order of magnitude of the plasma density (usually in
the range 10'6-10'® cm™3) and estimating the plasma temperature by means of the
quasi-static model of the plasma discharge [19]:
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where [ is the discharge current intensity and rq is the capillary radius.

As highlighted by spectral line broadening depends on the plasma density
(which is directly related to the intensity of the external field) and so on its pressure.

Concerning the cold and dense plasmas that are usually employed in particle
accelerators, characterized by densities and temperatures of 10'6-10' cm=3 and 1-6
eV, the predominant contribution to spectral line broadening is given by Stark effect.
Indeed Eq[3:15] yields a linewidth ranging from few to hundreds Angstrom, while
Doppler effect and natural broadening account for linewidths of 0.1-1 A. In this way,
Stark broadening provides a tool to determine the density of a plasma in presence
of hydrogen atoms, by measuring the broadening of hydrogen spectral lines due to
the interaction with plasma charged particles.

Such method is adopted for the characterization of plasma discharge capillaries
tested at Plasma_ lab. As previously mentioned, the plasma-emitted light is collected
into a spectrometer, which allows to select hydrogen spectral lines and acquire spectral
images of the plasma light with the ICCD camera. The camera objective acquires
1024x255 pixel images with a horizontal resolution of 0.7 A /pixel given by the 1200
grooves/mm grating of the spectrometer. Acquired light is collected into a Multi
Channel Plate for the signal intensification.

For instance, Fig. [3.9n shows the spectral image of a plasma discharge acquired
from a 3 cm-long 1 mm-diameter capillary, obtained through the ionization of 10
mbar of pure hydrogen by means of 15 kV pulses. The horizontal axis reports the
spectral wavelength, with the line centered at 486 nm (H-{ line of the Balmer series),
while the vertical axis reports the longitudinal position along the capillary channel.
Therefore, by measuring the H-5 line broadening at each vertical position of the
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image, it is possible to recover the longitudinal profile of the plasma density inside
the capillary. The dark horizontal lines correspond to two vertical lines drawn on
the capillary, which allow to optimize the image focus and retrieve the vertical
resolution. The two spikes at the vertical edges of the spectral image represent the
plasma plumes, in which the plasma density drops exponentially due to expansion
in vacuum.

Fig. [3.9b shows the fitting procedure performed at a given vertical position
of the image (solid green line) to compute the spectral linewidth and recover the
plasma density in the center of the capillary channel. A Voigt function, given by the
convolution between a Lorentzian and a Gaussian distribution, would properly fit
the broadened spectral line. However, since Doppler effect is negligible compared to
Stark effect, a simple Lorentzian fitting function, analogous to [3.14] is suitable to
appropriately fit the hydrogen spectral line. This is not the case for low density or
hot plasmas, for which proper Voigt functions are adopted, as described in [A]

Figure 3.9. (a) Spectral image of a plasma discharge, acquired from a 3 cm long capillary
with 1 mm diameter. (b) Lorentzian fitting of the H-8 Balmer line at a given vertical
position of the spectral image (solid green line from (a)), performed to recover the
plasma density in the center of the capillary channel.
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The acquisition gate width of the camera is usually set to around 100 ns, so
to analyze the plasma density in a short time interval compared to the us-range
duration of the plasma discharge. For lower gate widths the light signal is too low for
a reliable measurement. By gating the ICCD camera to the HV system by means of
the delay generator, it is possible to acquire spectral images at different delays with
respect to the onset of the discharge, thus obtaining a complete temporal-resolved
characterization of the plasma source, as described in Ch[4]

The minimum plasma density that can be measured by Stark broadening method
is in the range of 10'5-10'® ¢cm=2, below which H-a and H-3 linewidths are below
the spectrometer resolution.

3.7 Plasma temperature measurements

Other methods, based on the spectral analysis of plasma-emitted light, allow to
retrieve the electron temperature distribution inside plasmas. Such methods are
based on the measurement of relative intensities of spectral lines, emitted either by
the same atom or ion, or by neighboring ionization stages, or successive iso-electronic
ions. In optically thin plasmas of length [ along the line of sight, spectrally integrated
emission line intensities are given by:

in which wy, is the frequency of the transition from the state n to m, Ay, is
the transition strength and NV, is the ion density in bound state m.

Due to the relatively small differences between excitation energies and theoretical
uncertainties, line intensity ratios within a given atom or ion normally do not lead
to precise temperature measurements. For this reason, in dense plasmas in local
thermodynamic equilibrium (LTE), it is preferable to measure the relative integrated
line intensities from ions with subsequent ionization states. In LTE condition, the
ratio between the populations of a given ion in two bound states is given by:

No _ 9n, (_En—Em)
Nm  gm kT
in which g is the level degeneracy. In addition, the balance between electrons

and ions in two subsequent ionization states ¢ and ¢’ is given by Saha equation:

NNy 2Zy(T) ( kT \*? Es
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where ag and E'g are the Bohr radius and hydrogen ionization potential, while
E is the ionization energy of the ion at lower ionization state .

By combining the definition of the integrated line intensity [3.17] with[3.18 and [3.19)]
the ratio between the spectral line intensities of two ions in subsequent ionization
states is given by:

Apm Nyl (3.17)
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in which N, is the plasma density, £’ and E are the excitation energies of the
two ions and AE is the high density correction to Eo, given by [64]:

AE, = 22Eg (‘“)) (3.21)
PD

where pp is the Debye radius and z is the ion charge. Finally, by measuring
the integrated intensity of two emission lines, emitted by two ions in subsequent
ionization states, it is possible to retrieve the plasma electron temperature from
Eq[3:200

As an example, Fig[3.10p reports the emission spectrum acquired from a plasma
channel, produced through laser ionization of a gas mixture composed by No 95%
and Ho 5%. Emission lines, contained in the acquired spectrum, are identified by
means of the NIST Atomic Spectra Database [90] and lines related to subsequent
ionization stages of Nitrogen are taken into account. As shown in Fig7 NI (N)
and NII (N*) lines, centered at 468 nm and 500 nm, are fitted by two Lorentzian

Figure 3.10. (a) Emission spectrum acquired from a plasma channel produced by laser
ionization of a Ny 95% - Ha 5% gas mixture. (b) Lorentzian functions are used to fit
the emission lines of neutral Nitrogen atoms (NI) and NVt ions (NII), retrieving the
integrated line intensity (green and red areas) at a given position of the plasma channel
(solid green line from (a)).
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functions to retrieve the integrated line intensity from a given position of the plasma
channel. Measured line intensities are then inserted into Eq[3.20] together with
the plasma density, previously measured through Stark broadening of the H-£ line,
and the other parameters of the two emission lines, retrieved by the NIST Atomic
Spectra Database as well. Analogously to Stark broadening for plasma density, this
method provides a spatial (longitudinal) and temporal characterization of the plasma
temperature distribution.

An example of the implementation of such method for the characterization of
laser-induced plasma filaments is described in Sec[6.2]

3.8 Laser system for plasma discharge stabilization

As described in CH2] the electrical discharge between two electrodes is initialized
by background ionization, which produces the first free electrons in the gas column.
Due to the stochastic behaviour of such phenomenon, the instant of the voltage
breakdown is affected by an intrinsic time jittering, resulting in a shot-to-shot
variation of the plasma density at arrival time of driver and witness beams. A
reliable method to stabilize the plasma formation consists in the use of a laser pulse,
impinging onto the negative capillary electrode few tens-hundreds of ns before the
high voltage discharge, allowing to control the production of first free electrons [16].

Plasma_ lab experimental setup includes a 1064 nm Nd:YAG laser system, which
delivers 11 ns laser pulses for the controlled pre-ionization of the gas column. 50-80
mJ pulses are focused onto the negative electrode of the installed capillary with a
few mm spot size, resulting in a laser intensity of around 10°-10® W/cm?. Such
laser intensity is below the ionization threshold for hydrogen, but enough to produce
the first free electrons that trigger the arc discharge along the capillary channel.

The laser-induced pre-ionization allows to reduce the time jitter of the discharge
current, thus improving the shot-to-shot plasma stability. For example, Fig[3.1]]
reports the waveforms of the discharge current produced by applying 5 kV pulses to
a 3 cm-long capillary, filled with around 10 mbar Hs. Figl3.11a]shows 50 consecutive
waveforms acquired by the oscilloscope without the laser stabilization. An amplitude
jitter of 10.7 A characterizes the current profile, with peaks varying from 70 to 110
A. In addition, a RMS time jitter of 32 ns is measured. On the other hand, Fig3.1Tb]
shows the current waveforms obtained with gas pre-ionization by means of 80 mJ
laser pulses. As a result, amplitude and time jitters of 1 A and 1.7 ns are measured,
proving the laser-induced discharge stabilization.
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(a)

(b)

Figure 3.11. Discharge current waveforms acquired with laser turned off (a) and on with 80
mJ (b) pulse energies. Each plot shows a set of 50 measurements obtained by applying
5 kV between the capillary electrodes. The inset shows the laser pulse signal measured
with a photo-diode.
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Chapter 4

Geometrical design of plasma
discharge capillaries for plasma
density modulation

A first study carried out in the context of the PhD thesis concerned the design of
the capillary geometry to optimize the modulation of the plasma channel density.
As described in SeclT.4.2] the longitudinal plasma density distribution plays a key
role in the plasma acceleration mechanism. A uniform flat-top profile is required to
excite constant-amplitude accelerating wakefields along the plasma channel, whereas
smooth density ramps can be used to match and extract particle bunches from a
plasma accelerating stage.

Therefore, in order to assess the possibility to modulate the plasma density
profile with plasma discharge capillaries, different geometrical configurations have
been designed and characterized at Plasma_ lab laboratory. In particular, 3 cm-long
capillaries with 1 mm-diameter, made in 3D-printed VeroClear, were realized and
tested, as described in the following Sections.

4.1 Experimental characterization

4.1.1 Inlets arrangement

First, the experimental study was focused on the arrangement of the gas inlets,
testing 3 cm-long capillaries with two 0.9 mm-diameter inlets located at different
relative distances, respectively 9, 15 and 24 mm, as shown in Fig[.T]

The characterization of the three capillaries was performed by applying 7 kV
pulses at 1 Hz to ionize around 50 mbar of pure hydrogen, producing 380 A peak
current plasma discharges. The electro-mechanical valve was set to open for 5 ms,
allowing to properly fill the capillaries, while a delay of 7 ms was set between the
valve closure and the discharge trigger to optimize the plasma formation.

As described in Chf3] the plasma-emitted light is collected into the imaging
spectrometer, which selects Ho spectral lines for Stark broadening method. Spetcral
images are acquired by the ICCD camera with a gate width of 100 ns and tuning the
delay with respect to the HV discharge, so to temporally scan the density distribution
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(a) 9 mm spaced inlets (b) 15 mm spaced inlets (c) 24 mm spaced inlets

Figure 4.1. Tested 3 cm-long 1 mm-diameter capillaries with two inlets located at different
distances.

inside the plasma channel.
Fig[i.2] reports longitudinal plasma density profiles measured during the plasma
recombination phase, in particular 1100 ns after the discharge trigger.

Figure 4.2. Plasma density profiles at a delay of 1100 ns delay for 3 cm-long capillaries
with two inlets at different distances. Arrows indicate the inlet positions in the different
configurations, while blue rectangles represent the electrodes at the capillaries ends.

Plasma density profiles are peaked at the channel center, with a maximum of 6
+ 0.3 x 10'7 cm™3, and a gradual decrease towards the electrodes, beyond which
steep density drops are observed in the plasma plumes. Experimental results show
that a higher uniformity in the longitudinal profile is achieved with closer inlets,
with a maximum center-to-end uniformity of 75% obtained with 9 mm-spaced inlets.
Error bars are computed as the standard deviation of 50 spectral images, acquired
for each measurement.
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Fig[4.3] shows the temporal evolution of the plasma density, averaged along the
longitudinal profile at each delay. No significant difference is observed between the
different configurations.

Figure 4.3. Temporal evolution of the average plasma density inside the capillary channel for
different configurations. The solid black line represents the discharge current waveform,
measured by the oscilloscope.

4.1.2 Channel shaping

A second experimental analysis concerned capillaries with different channel shapes,
assessing the possibility to tailor the longitudinal density profile by controlling the gas
and plasma expansion within the capillary channel. In particular, the experimental
testing was performed with 3 cm-long 1 mm-diameter capillaries with a single 0.9
mm-diameter inlet and three different channel shapes, respectively uniform, cigar
(1.3 mm inner and 1 mm outer diameters) and tapered profile with conical ends (1
mm inner and 2 mm outer diameters), as shown in Fi

(a) Uniform (b) Cigar-shaped (c) Tapered channel with
channel channel conical ends

Figure 4.4. Tested 3 cm-long 1 mm-diameter capillaries with different channel shapes.
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The experimental characterization was performed in the same experimental
conditions, i.e. 7 kV pulses, 50 mbar Hoy, 380 A peak current discharges. Longitudinal
density profiles measured at 1100 ns are reported in Figld.5]

Figure 4.5. Plasma density profiles at 1100 ns delay for 3 cm-long capillaries with one
central inlet and different channel shapes. The black arrow indicates the position of the
single inlet, while blue rectangles represent the electrodes at the capillaries ends.

Regarding the capillary with uniform channel, a density peak of 5+0.2 x 10'7
cm ™ is measured, with a 80% center-to-end density uniformity. The cigar-shaped
channel is characterized by a slightly hollow profile, with density peaks of around
3.64+0.2 x 10'" cm™3. Such lower density is due to the larger cross section in the
central part of the channel. However a center-to-end density uniformity of 92% is
achieved with such geometry. On the other hand, the tapered channel with conical
ends is characterized by smooth density ramps from the channel center towards the
channel extremities, with a 50% density drop from the central peak of 3.8+0.2 x
10'7 em™3 to 1.940.2 x 10'7 cm™3 at the electrodes.

As a result, the cigar shape geometry allows to produce highly uniform plasma
channels, whereas tapered ends provide smooth density ramps that can be exploited
for beam matching and extraction, as previously mentioned.

The temporal evolution of the average plasma density is depicted in Fig[4.6]
Compared to the 1 mm-diameter uniform channel, the other channel shapes are
characterized by lower average density, due to the plasma expansion where the cross
section diameter is larger.
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Figure 4.6. Temporal evolution of the average plasma density inside the capillary channel
for different shapes. The solid black line represents the discharge current waveform.

4.2 Numerical analysis

In order to provide theoretical support to experimental studies, 3D fluid dynamics
simulations were performed with the CFD software OpenFOAM [127], analyzing
the Ho gas dynamics during the filling of tested capillaries. The SonicFoamART
solver was employed to simulate the gas in turbulent transient sonic regime. The
experimental testing is reproduced in fluid simulations by setting a gas injection
pressure of 200 mbar for 5 ms (electro-mechanical valve opening time) and closing
the inlet for the following 7 ms (time interval between the valve closure and the
electrical discharge trigger), so to have around 50 mbar of Hy inside the capillary
channel at the ionization instant. OpenFOAM is limited to describe only neutral
gas dynamics, therefore the electrical discharge formation and the plasma expansion
are not included in simulations. However this analysis provides useful information
regarding the hydrogen distribution inside the capillary before the plasma formation,
and how it relates to the plasma density distribution as well.

Fig[4.7 depicts the pressure distribution in the simulated geometry, specifically
for the 3 cm-long 1 mm-diameter capillary with two 15 mm-spaced inlets. An inward
pressure of 200 mbar is set at the inlet surface, while two vacuum boxes are connected
to the capillary extremities to simulate the gas expansion in the vacuum chamber.
The mesh grid is composed by 1 mm-side hexahedral cells, with a refinement level
of 2 and 3 respectively at distances of 1 cm and 5 mm from the capillary walls, so to
have a better spatial resolution towards the boundary regions.
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Figure 4.7. 3D view of the pressure distribution inside the simulated geometry

Figld.§ shows a longitudinal section view of the Hy distribution in dynamic
equilibrium, which is reached around 2 ms after the valve opening. In particular, a
molecular density of around 2 x 10'® ¢cm™3 is reached along the capillary channel,
corresponding to a maximum achievable plasma density of 4 x 10'® cm™3. Such
result is in agreement with the measured plasma density peak of around 7 x 10'7
cm ™3 (Fig, considering that only a partial ionization of the gas column is
achieved.

Figure 4.8. 2D hydrogen distribution at fluid dynamic equilibrium, reached 2 ms after the
valve activation.

Additionally, equilibrium temperature and velocity distributions are reported in
Figll.9] Regarding the gas temperature, a uniform room temperature is kept within
the entire domain (due to heat exchange with capillary walls), except for the gas
plumes towards the electrodes holes, in which a temperature decrease is observed
due to the gas expansion in vacuum. Concerning the gas velocity, values around 500
m/s are reached inside the capillary channel, in particular from the inlets to the
extremities, thus below hydrogen speed of sound (1300 m/s), whereas supersonic
motion is reached in the gas plumes. In the central region between the two inlets,
the gas is in stationary condition, which is reached once the region has been filled in
the first millisecond of the valve opening time.
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(a) 2D temperature distribution at fluid dynamic equilibrium

(b) 2D velocity distribution at fluid dynamic
equilibrium

Figure 4.9. (a) Equilibrium gas temperature and (b) velocity distributions.

Going back to the comparison between different capillary geometries, Fig/4.10|
reports the longitudinal Ho density profiles, obtained along the channel axis, for the
3 cm-long capillaries with two inlets located at different distances.

In particular, Fig{d.10a] shows Hy density profiles at fluid dynamic equilibrium,
reached 2 ms during the valve opening time. Density profiles are characterized by a
central plateau in the region between the two inlets, which decreases from 2.6 x 108
cm ™2 to 1.4 x 10'® cm™3 with larger inlets spacing. In addition, a slightly hollow
profile is observed for 24 mm-spaced inlets, probably due to pressure drop taking
place within such distance. In addition, steep density drops are observed from the
inlets towards the electrodes.

After 5 ms, the inlet is closed and the gas pressure starts to decrease until the
gas ionization is triggered, 7 ms after the valve closure. Hydrogen density profiles at
the ionization instant are reported in Fig/d.10D]
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(a) Longitudinal Hy distribution at equilibrium, during the valve opening.

(b) Longitudinal Hy distribution at the ionization instant,
7 ms after the valve closure.

Figure 4.10. H, density profiles at equilibrium (a) and at the ionization instant (b) for 3
cm-long capillaries with different inlet configurations.

Simulation results show that the region between the inlets is characterized by
a curved profile, peaked at the center, with a density uniformity that drops from
98% to 76% when increasing the inlets distance from 9 to 24 mm. In addition, steep
density drops are observed from the inlets to the capillary ends. A comparison with
measured plasma density profiles (Fig suggests that the plasma formation and
rapid propagation along the capillary significantly alters the density distribution
from the simulated neutral gas profiles, especially in the region between the inlets
and the electrodes, where the steep gas density drop is turned into a gradual plasma
density decrease. However, a correspondence between simulation and experimental
results is given by the higher density uniformity observed with closer inlets both for
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neutral gas and plasma distributions. Furthermore, CFD simulations also suggest
that a higher density uniformity could be achieved by triggering the HV discharge
during the valve opening time, in which gas density profiles are characterized by
central plateau.

Concerning the effect of the channel shape, Figld.11]depicts simulated longitudinal
Hs density profiles both at equilibrium and ionization instant.

(a) Longitudinal Hs distribution at equilibrium, reached 2 ms after the
valve activation.

(b) Longitudinal Hs distribution at the ionization instant,
7 ms after the valve closure.

Figure 4.11. H, density profiles at equilibrium (a) and at the ionization instant (b) for
3cm-long capillaries with different channel shapes.

The uniform channel is characterized by a bell-shaped density profile, with sharp
density drops from the center to the ends. On the other hand, the cigar-shaped
channel geometry partially compensates the density drops towards the capillary
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extremities, thus establishing a uniform profile within the central channel region.
Obtained results confirm the higher uniformity of the cigar-shaped channel compared
to the one with uniform shape. In addition, the tapered channel with conical ends
is characterized by smooth density ramps towards the ends, in agreement with
experimental results.

In conclusion, experimental and simulation results provided a fundamental insight
in the optimization of the capillary geometry to control the gas and plasma density
distribution. In particular, the use of inlets at relatively close distance or an enlarged
cross section in the central region of the capillary channel can improve the plasma
density uniformity, as required for efficient plasma acceleration. On the other hand,
a gradual increase in the channel diameter towards the capillary extremities allows
to control the plasma density ramps towards the vacuum, which can be exploited
for beam matching and extraction in plasma acceleration stages.

Further improvements can be obtained in the future with simulation codes
that include the gas ionization and the plasma dynamics, thus providing a direct
connection between CFD neutral gas simulations and plasma density measurements.
Up to now, due to the lack of reliable codes for the gas ionization, neutral gas
dynamics simulations represent a powerful tool to support the design of plasma
discharge capillaries.

In addition, studies on the capillary geometry for optimizing the plasma density
modulation have been extended to m-scale capillaries, as discussed in the following
chapter.
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Chapter 5

Novel schemes for compact
m-scale capillaries

A key goal in the development of plasma-based particle accelerators concerns the
realization of m-scale plasma sources, able to provide stable and efficient plasma ac-
celeration with high energy gain. As described in Sedl.5] EuPRAXTAQSPARC LAB
project includes a PWFA stage based on a 60 cm-long capillary and, in addition,
a future energy upgrade is foreseen with a 3 m-long PWFA stage. In this regard,
this PhD thesis includes the design and testing of novel schemes for m-scale plasma
discharge capillaries. R&D activities, carried out within the thesis project, were not
only focused on long plasma sources for high energy gain plasma acceleration, but
also on particular devices providing compact plasma-based focusing and guiding for
high energy particle beams.

5.1 Segmented capillary

The first scheme, tested in the context of the thesis project, consists in the so-called
segmented capillary, based on the production of long plasma channels composed by a
series of independent plasma discharges, which are triggered by parallel high voltage
circuits. A prototype of the segmented capillary, shown in Fig5.1] consists in a 16
cm-long capillary made in Lexan, constituted by an upper channel for a uniform
gas injection, four vertical inlets and a main channel composed by two 8 cm-long
segments. The two segments are connected to positive copper electrodes at the edges
and a shared grounded electrode in the center of the device. The working principle
of the segmented capillary, schematized in Figh.2] is based on the utilization of two
HYV generators, feeding in parallel two HV pulser circuits, which in turn apply HV
pulses to the capillary segments, triggering two independent plasma discharges.

Such configuration allows to freely modulate the entire 16 cm-long plasma channel
by tuning the voltage applied to the segments or by delaying the two discharge
triggers by means of a delay generator.
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(a)

(b)

Figure 5.1. (a) Picture of the 16cm-long segmented capillary with copper electrodes. (b)
Segmented capillary installed inside Plasma_ lab experimental chamber. Positive cables
are connected to the electrodes at the capillary extremities, while negative (grounded)
cables are connected to the central one. Each electrode is made of copper.

Figure 5.2. Schematic representation of the segmented capillary. Each segment is connected
in parallel to an independent HV system, composed by a generator and a pulser circuit,
in order to create two independent plasma discharges.
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5.1.1 Plasma channel uniformity

A first experimental test with the segmented capillary was performed to demonstrate
the production of uniform plasma channels by triggering two synchronized plasma
discharges. In the experiment, around 50 mbar of He were injected at 1 Hz into the
capillary. 6 kV pulses were delivered at the same time by the two HV systems to
the capillary segments, producing synchronized plasma discharges with 280 A peak
current. Spectral analysis of the entire plasma channel was performed by shifting
the optical line in the longitudinal direction, since the optical line mirrors can only
collect 5 cm-long portions of the plasma channel light. Fig[5.3| reports the plasma
channel generated during the experiment, with a spectral image of the H-5 line
acquired from the center of the capillary channel during the plasma formation.

Figure 5.3. (Top) Picture of the plasma channel produced inside the segmented capillary
by two synchronized discharges with same current. (Bottom) Spectral image of the the
H-£ line acquired from the center of the capillary channel 1200 ns after the discharge
trigger. The shaded vertical region in the center of the image corresponds to the central
electrode. Red dashed lines highlight the identical spectral linewidth in the two segments,
corresponding to equal plasma densities.

Plasma density profiles of the entire channel were obtained by stacking longi-
tudinal profiles, measured from three portions of the plasma channel. In addition,
plasma density measurements were performed at different delays with respect to
the discharge trigger to analyze the temporal evolution of the plasma density in
the two segment. Experimental results, reported in Fig[5.4] show that a uniform
plasma channel is obtained during the plasma formation (1200 ns), with a density
peak of 8 & 1 x 106 cm™3 and a 80% uniformity along the 16 cm-long channel.
On the other hand, an asymmetric plasma distribution is observed in the plasma
recombination phase (2800 ns), with density peaks of 1.7 + 0.1 x 10'7 cm™3 and 1.1
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+ 0.1 x 10'7 cm™3 respectively in left and right segments. Error bars are computed
as the standard deviation over 50 images acquired for each measurement.

(a) Longitudinal plasma density profile at 1200 ns

(b) Longitudinal plasma density profile at 2800 ns

Figure 5.4. Longitudinal plasma density profiles measured 1200 ns (a) and 2800 ns (b) after
the trigger of the two plasma discharges. Results are obtained by stacking longitudinal
profiles measured from three portions of the plasma channel.

This phenomenon can be interpreted by analyzing the temporal evolution of the
average plasma density in the two segments, which is reported in Figl5.5] together
with discharge current waveforms measured by the oscilloscope. After the current
discharges are triggered, the leading edge of the discharge generated in the left
segment is considerably higher than the one in the right segment, leading to a higher
gas ionization in the left segment. Due to this, while a uniform plasma channel is
produced during the early stage of plasma formation, with equal densities in the
two segments, a plasma density unbalance takes place towards the current peak and
the recombination phase.
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Figure 5.5. Temporal evolution of the plasma density, averaged over the right (green) and
left (yellow) segments. Solid line represent the waveform of the two discharge currents
produced in the right (red) and left (blue) segments.

In conclusion, this first test proved the possibility to create a uniform plasma
channel by properly synchronizing the plasma discharges. However, a precise match-
ing between the two current waveforms is required to keep the plasma uniformity
during the entire plasma lifetime.

5.1.2 Plasma density modulation

A second test was carried out to assess the possibility to modulate the density
profile of the plasma channel by tuning the voltage applied to the segments. In the
experiment, 6 kV and 7.5 kV pulses were delivered at the same time to the left and
right segments respectively, producing plasma discharges with 280 A and 360 A peak
currents. Figl5.6]shows the plasma channel produced with such experimental settings,
together with a H-f3 spectral image acquired from the center of the channel at 900
ns, which highlights the larger spectral linewidth in the higher voltage segment,
corresponding to a higher plasma density.

Plasma density profiles, measured with the same acquisition procedure as the
previous test, are reported in Fig[5.7 specifically at delays of 900 ns and 2300
ns. During the plasma formation, the channel density profile is characterized by a
steep density ramp towards the central electrode, interposed between two plateau at
0.840.1 and 1.7540.1 x107cm™3, respectively in the left and right segments. On
the trailing edge of discharge pulses, corresponding to the plasma recombination
phase, the plasma redistributes along the capillary channel, determining a symmetric
density profile with a peak of around 1.7540.1 x 10'7 cm ™2 and gradual density
ramps towards the ends.
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Figure 5.6. (Top) Picture of the plasma channel obtained by applying 6 kV and 7.5
kV pulses to the left and right segments respectively. (Bottom) Spectral image of the
the H-$ line acquired from the center of the capillary channel at 900 ns. Red dashed
lines show that a sharp reduction in the linewidth occurs towards the central electrode,
corresponding to a plasma density drop from the right segment to the left one.

(a) Longitudinal plasma density profile at 900 ns

(b) Longitudinal plasma density profile at 2300 ns

Figure 5.7. Longitudinal plasma density profiles measured at 900 ns (a) and 2300 ns (b).
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Again, the temporal profiles of the average plasma density in the two segments
provide useful information regarding the plasma channel behaviour. As depicted in
Fig[5.8] during the plasma formation different plasma density values are reached in
the two segments, according to the intensity gap between the two discharge currents.
Furthermore, an observed time delay between the leading edges of the discharge
current waveforms determines a temporal offset in the density peaks, with the right
segment being in advance with respect to the left one. Due to this temporal offset,
the right plasma segment starts recombining in advance and its density decreases
to the lower values of the left segment, after which the two segments proceed to
recombine with the same trend.

Figure 5.8. Temporal evolution of the plasma density, averaged over the right (green) and
left (yellow) segments. Solid line represent the waveform of the two discharge currents
produced in right (red) and left (blue) segments.

This second test proved that by tuning the voltage applied independently to the
two segments, it is possible to modulate the plasma density profile along the channel.
This feature of the segmented capillary is particularly useful for the application of
plasma density ramps, including controlled particle injection or beam matching and
extraction for plasma accelerating stages. Furthermore, it was also shown that in
the recombination phase the plasma redistributes along the channel establishing a
symmetric profile with gradual density ramps towards the exits. Therefore, a proper
tuning of the plasma discharge pulses in time and voltage allows to freely modulate
the plasma density distribution according to the required application.
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Another major advantage of such scheme for long plasma discharge capillaries
can be visualized on the Paschen curve for hydrogen, reported in Fig[5.9]

Figure 5.9. Paschen curve for molecular hydrogen, showing the breakdown voltage
dependence on the product between pressure and length of the gas column.

Considering to operate a 3 m-long capillary using 10-20 mbar of Ho, the ionization
of the entire gas column would require around 70 kV pulses, available only with
expensive and cumbersome HV generators. However, a similar device composed
by five 50-60 cm-long segments would need only 10-15 kV to produce a 3 m-long
plasma channel with independent plasma discharges. In this case, a higher number
of HV pulser circuits would be needed, but the total cost and footprint of the overall
HV system would be much lower. In addition, the compactness of such HV system
could be further improved by feeding the HV circuits with the same HV generator
(as it was done for the integrated capillary described in the following Section). In
the end, the segmented capillary concept results to be a reliable solution to improve
the cost-effectiveness and compactness of the entire plasma module for very long
m-scale plasma sources.
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5.2 Integrated capillary for staged particle beam
acceleration and focusing

An alternative configuration of the segmented capillary was designed to produce
three independent plasma discharges, aimed at providing two focusing APL stages
and one accelerating PWFA stage, all integrated within a single plasma source. In
particular, the first APL matches driver and witness beams at the PWFA stage,
while the second one extracts the two bunches, compensating the large divergence
at the exit of the accelerating stage. As reported in Figl5.10] the three stages are
independently powered by three parallel HV circuits, which are fed by a single HV
generator through a HV mixer.

Figure 5.10. Schematic view of the integrated capillary, based on three independent
discharge segments powered by parallel HV pulsers, in turn fed by the same HV generator.

A first geometrical configuration of the so-called integrated capillary, depicted
in Fig[5.11] consists in a 19 cm-long 2 mm-diameter Lexan capillary, composed by
three 3 cm-long segments, separated by two 5 cm-long drifts.

The drift length is given by the expected focal lengths of the APL stages,
thus reproducing a FODO-like configuration with alternated beam focusing and

Figure 5.11. Picture of the integrated capillary
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acceleration. As for the first segmented capillary, an upper channel distributes
uniformly the neutral gas, which is then injected into the two drifts by two 1
mm-diameter inlets, thus filling the entire capillary channel.

Since APL stages are conceived to focus electron beams, the electrode polarization
needs to be set such that the discharge current is anti parallel to the beam propagation
direction, as shown in Fig[2.10] On the other hand, the electrode polarization is not
meaningful in the PWFA stage, if we consider to operate in the plasma recombination
phase, in which the current discharge is over and the lower plasma density allows for
a simpler beam matching. Therefore, in order to avoid connecting positive electrodes
of adjacent stages close to each other, which could cause unwanted discharges
propagating from one HV circuit to the other, an alternating polarization was
considered for the capillary operation.

A picture of the integrated capillary installed inside the Plasma_ lab experimental
chamber is reported in Fig[5.12] together with the HV system and the experimental
setup.

(a)

(b)

Figure 5.12. (a) Integrated capillary installed inside the Plasma_ lab experimental chamber,
with alternating polarization. (b) Experimental setup, including the HV system based
on three parallel HV pulser circuits fed by the same generator by means of a HV mixer.
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Compared to the previously described segmented capillary, the use of a single HV
generator, feeding the independent stages of the plasma source, allows to improve
the HV system compactness and cost-effectiveness. Moreover, even though this
configuration does not allow to independently tune the voltage in the three stages,
the three HV pulsers can still be properly synchronized by a delay generator to
freely modulate the plasma density.

5.2.1 Testing and characterization

The working principle of the integrated capillary is based on the synchronization of
the three stages with the arrival time of driver and witness beams. As discussed in
Sed2.3.1] charged particle beams must pass through the APL stages at the peak of
the discharge current, so as to experience the highest focusing field. In addition, as
previously mentioned for the PWFA stage, it is preferable to operate in the plasma
recombination phase, in which the slowly decreasing trend of the plasma density
allows for an easier density tuning and beam matching. For these reasons, the
plasma discharge in the central PWFA stage must be triggered few us earlier than
the ones in the APL stages.

In this regard, a first test of the integrated capillary was performed to characterize
the operation of the three plasma stages. Around 50 mbar of Hy were injected at 1
Hz inside the capillary and ionized by 10 kV pulses, delivered by the HV circuits
to the corresponding stages, thus producing plasma discharges with peak current
of 500 A and 250 A respectively in the APL stages and PWFA stage. Since high
current intensity is only required in the APL stages, the HV pulser connected to
the PWFA stage was equipped with a lower number of capacitors, hence the lower
current intensity measured in the central plasma stage. A delay of 3 us was set
between the central discharge and the other two, so to have a density of around 10'°
cm ™ in the PWFA stage when the plasma discharge is triggered in the APLs.

The characterization of each plasma stage was achieved by shifting the optical
line for the acquisition of hydrogen spectral images. Due to the delay between
the discharges, the ICCD camera was synchronized to each stage independently to
perform plasma density measurements. Figl5.13| reports the longitudinal plasma
density profiles measured through Stark broadening method in the three stages, at a
delay of 1500 ns with respect to the discharge trigger of each plasma stage. Regarding
the APL stages, it is noteworthy how the plasma propagates through the drifts with
smooth density ramps, differently from the steep density drops observed towards
the plasma plumes outside the capillary. In the central plasma stage, such smooth
ramps were hardly visible due to the lower plasma density (and light intensity).

Figl5.14 reports the waveforms of the discharge currents in the three stages and
the corresponding temporal evolution of the plasma density, averaged over the 3 cm
length of each stage. The vertical red line represents the time instant in which driver
and witness bunches should be injected to exploit the peak of the magnetic field in
the APLs. At the same time, the plasma density in the PWFA stage is around 10'°
cm ™3, below the measureable density range of Stark broadening method.
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(a)

(b)

Figure 5.13. (a) Picture of the integrated capillary during operation. (b) Longitudinal
plasma density profiles in the three plasma stages, measured at a delay of 1500 ns with
respect to the corresponding discharges, which are triggered with a 3 us delay between
PWFA and APLs stages. It is important to point out that the density profile shown in
the central stage is obtained 3 us before the others, due to the mentioned time delay,
whereas a central density of 10!° cm ™3 is reached when the lateral profiles are measured.

Figure 5.14. Temporal evolution of the plasma density, averaged over the first APL
(orange), the PWFA (blue) and the second APL (green) stages. Solid lines represent the
three discharge current waveforms produced in the first APL (orange), the PWFA (cyan)
and the second APL (green) stages. The red line represents the beam time of arrival.
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During the experimental characterization, a remarkable crosstalk was observed
between the discharge pulses of the three stages. In particular, the plasma discharge
generated 3 ps in advance in the central stage tended to trigger the other two,
preventing a correct synchronization between the three stages. Such behaviour was
strongly enhanced with the applied voltage and also worsened with heavier gases,
such as Ny. Moreover, dust deposition and sputtering were observed towards the
negative electrode of the second APL, which was the plasma stage mainly affected
by crosstalk.

In order to overcome the crosstalk issue, HV pulser circuits were equipped with an
optical insulation to prevent any electronic interference between them. Furthermore,
an upgraded version of the integrated capillary, reported in Figl5.15] was designed
and tested. The new configuration is characterized by three inlets in the three stages
and two open drifts, such that the injected gas fills the plasma stages and expands in
vacuum in the drifts, preventing bridge effects between adjacent electrodes. Moreover,
tungsten-copper electrodes were employed, exploiting the higher melting temperature
of tungsten (3400°C) to reduce sputtering.

Figure 5.15. Upgraded configuration of the integrated capillary, with two open drifts and
three inlets inside the plasma stages.

Fig[5.16] reports the characterization of the first APL stage of the second version
of the integrated capillary. As shown by the H-j3 spectral image and the recovered
plasma density profile, measured with a 1200 ns delay, a density drop in the inner
region of the drift is obtained similarly to the outer plasma plume, thus reducing
crosstalk due to the plasma jet impinging on the adjacent electrode.

Figure 5.16. Characterization of the first APL stage of the upgraded integrated capillary.
Both the H-3 spectral image (Bottom left) and the retrieved plasma density profile
(right) show that a density drop is obtained in the inner region of the drift.
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A final version of the source, depicted in Fig[5.17} was designed to optimize the
APL and PWFA stages. The inner drifts are completely removed, except for the
portions towards the central stage. In this way, smooth plasma density ramps after
the first APL and before the second one are replaced by steep density drops, thus
producing a uniform magnetic field localized only inside the plasma stages. On the
contrary, smooth density ramps are kept in the central PWFA stage to optimize
beam matching and extraction. Moreover, two shields with 2 mm-diameter holes are
inserted in each open drift to avoid the plasma jets, emitted by each stage, to reach
the adjacent electrodes. In addition, each electrode is shielded by a Lexan coating,
as a further countermeasure to crosstalk.

Figure 5.17. Final configuration of the integrated capillary, with Lexan shields and
electrode coatings to prevent discharge crosstalk. Drift portions are removed towards
the plasma stages, except for the central one.

5.2.2 Staged acceleration and focusing of electron beams at
SPARC_LAB

The final version of the integrated capillary was installed in the plasma module of
SPARC_ LAB accelerator facility, replacing the set of PMQ triplets to demonstrate
the possibility to focus, accelerate and remove the large divergence of witness electron
bunches within a single plasma source [101]. Such proof of principle experiment was
carried out with a 200 pC driver bunch and a 50 pC witness bunch, injected in the
capillary with energy of around 72 MeV and properties reported in Tabl5.1]

Parameter Unit Driver Witness
Electron energy MeV 71601 71.94+0.1
RMS energy spread MeV 0.49 + 0.03 0.72 £ 0.04
Bunch charge pC 200 50
RMS bunch duration fs 185 + 39 55 + 32
Driver-witness delay ps 1.15 £+ 0.03

RMS normalized emittance  pm 6.2 +£0.7 4.8 £0.4

Table 5.1. Beam parameters of driver and witness bunches injected in the integrated
capillary for staged focusing and acceleration.
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Beam transverse profile measurements were performed with a cerium-doped
yttrium aluminum perovskite (Ce:YAP) scintillating screen, located 5 cm downstream
the integrated capillary, where extracted bunches are focused by the second APL
stage. The magnetic spectrometer downstream the plasma module was then used to
characterize the energy profiles of the bunches.

N, gas was adopted for the experiment, in order to facilitate the gas extraction
from the plasma chamber, keeping 10~% mbar in the upstream C-band structure.
A Nd:YAG laser was employed to stabilize the plasma discharge formation in the
PWFA stage, reducing its time jitter down to few nanoseconds, as described in
Sec[3.8l The laser was installed close to the capillary vacuum chamber and injected
into it by means of a metallic mirror. The other stages, characterized by higher
current pulses, did not need for external stabilization.

The operative configuration of the plasma source is reported in Fig[5.18]

Plasma stages are powered by means of 10 kV pulses, ionizing around 50 mbar
of No gas. A 250 A plasma discharge is triggered in the PWFA stage around 8
us in advance, so to have a plasma density of around 4 x 10" cm™3 when the
electron beams pass through. In particular, this is an optimized condition for the
driver-witness configuration described in Tab[5.1] and has also been used in previous
experiments at SPARC__LAB [99] 100]. APL stages are syncrhonized such that the
electron bunches propagate in correspondence of the discharge current peak, around
600 A, with plasma density of around 2 x 107 cm™3.

The optimal parameters of the two APLs in terms of discharge current and
timing were obtained by measuring the beam size on the Ce:YAP screen with only
the second lens turned on, while leaving off the first two stages. In this way, since
the distance between the second APL and the screen corresponds to that between
the first APL and the PWFA stage, the optimized condition for the second APL
to produce a beam waist on the screen was also used in the first APL to focus the
beam at the PWFA stage entrance. In addition, a higher discharge current was set

Figure 5.18. Discharge current pulses. The accelerator stage (yellow) is triggered 8 us
before the electron beams arrival time (dashed green line), such that the plasma density
reaches the desired value during the recombination. Conversely, the two active-plasma
lenses (red and blue lines) are turned on a few hundreds of ns before so that the electron
beams experience the strongest focusing in correspondence of the current peak.
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in the second APL (670 A) compared to the first one (620 A), to take into account
the increase of the witness energy downstream the PWFA stage, which requires a
higher focusing field.

Fig[5.19|reports the scan of the beam spot size, performed on the screen by varying
the trigger timing of the second APL current discharge with respect to the beam
time of arrival. The values are computed from images with both bunches present,
thus they represent a convolution of the two transverse profiles, since the dynamics of
driver and witness bunches are strongly correlated by the velocity-bunching scheme
and cannot be decoupled.

Figure 5.19. APL scan. The data points (blue) show the horizontal (X) and vertical (Y)
beam sizes measured on the screen downstream the capillary. The scan is achieved by
turning on only the second lens and delaying its discharge current (red line) with respect
to the beam time of arrival. The error bars are obtained as the standard deviations of
the 50 shots collected for each delay.

With optimized settings for the discharge currents and timings, the PWFA stage
was turned on to perform staged focusing-acceleration tests. The witness energy gain
was measured on the scintillating screen downstream the magnetic spectrometer.
Finally, Fig[5.20| reports 200 consecutive energy spectra of the two beams, acquired
with and without the PWFA stage in operation. A final witness beam energy of
76.35 + 0.27 MeV was measured, with a resulting energy gain of ~ 4.5 MeV over 3
cm of acceleration length, corresponding to a ~ 150 MeV /m accelerating gradient,
and an energy spread of 1.09 + 0.12 MeV.
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Figure 5.20. Energy spectra with the PWFA stage turned off and on. The plots report
the energy spectra of 200 consecutive acquisitions of the driver (D) and witness (W)
beams. Each plot is obtained with the APLs turned on and with the accelerator stage
turned off (a) and on (b). The spectra are obtained in correspondence of the scintillating
screen located downstream the magnetic spectrometer. Vertical white lines highlight the
average witness beam energy at the entrance and exit of the PWFA stage, respectively
71.9 and 76.3 MeV, corresponding to a 150 MeV/m accelerating gradient.

The quadrupole scan technique was used to estimate the normalized vertical
emittance of the accelerated witness beam, evaluated on the same screen downstream
the magnetic spectrometer, where driver and witness bunches are well separated in
energy. The scan is obtained by measuring the witness vertical spot size as a function
of the current used in the electromagnetic quadrupoles, located between the plasma
module and the screen. By performing a numerical fit on the experimental values
a normalized emittance of 12.6 £ 1.1 um is measured for the plasma accelerated
witness.

As observed with numerical simulations, the performances of the three staged
capillary were limited by a non-optimized matching at the entrance of the APL
stages, leading to emittance growth. Future upgrades of the device could be achieved
by properly optimizing the bunch spot sizes at the entrance of the APLs, limiting
non-linear effects caused by the focusing field.

In conclusion, this proof of principle experiment demonstrated the feasibility of
the integrated capillary to provide plasma-based focusing, acceleration and extraction
of the witness beam within a single, compact plasma source.
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5.3 Curved plasma discharge capillary for compact
guiding of charged particle beams

As discussed in Sec]2.3.1] the discharge current produced in plasma discharge
capillaries generates strong focusing magnetic fields, which can be exploited to guide
and focus charged particle beams. Since the flux of plasma electrons driven by the
discharge follows the capillary geometry, such guiding mechanism can be exploited
to bend charged particles trajectories along curved plasma channels. This concept is
similarly implemented for guiding high intensity laser pulses along curved capillaries
[43], relying on the fact that hollow transverse density profiles can be obtained along
curved plasma channels for laser guiding.

Curved plasma discharge capillaries for guiding and deflecting charged particle
beams, also called Active Bending Plasmas (ABP), can in principle reach greater
magnetic fields (and, thus, larger deflection angles) than superconducting dipole
magnets and provide a significant reduction in the energy dispersion [96], even
though no experimental demonstration of such devices has ever been produced up
to now.

5.3.1 Design and characterization

To demonstrate the ABP mechanism and its advantages, a curved capillary was
designed, tested and implemented at SPARC_LAB facility for guiding electron
bunches on a curved trajectory. The device consists in a 10 cm-long 3D-printed
VeroClear capillary, having a 1 mm-diameter central inlet and a 2 mm-diameter
channel with vertical curvature. In particular a vertical offset of 3 mm was designed
between the channel entrance and exit, such that electron bunches are damped on
the capillary walls when the plasma is turned off. In addition, a lower channel was
included in the geometrical design, not connected to the gas injection inlet, in order
to allow the electron bunches to pass through when the plasma is turned off (after
shifting the capillary on the vertical axis). A picture of the curved capillary is shown

in Fig

Figure 5.21. Picture of the 10 cm-long curved capillary. A vertically curved channel is
designed to provide a 4 degree deflection to electron bunches trajectories, while a lower
straight channel allows the beams to pass through without plasma (after moving the
capillary in the vertical plane).
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The capillary was characterized in the plasma module of the SPARC_LAB ac-
celerator, equipped with systems for gas injection, plasma formation and diagnostics
analogous to those of the Plasma_lab setup described in Chf3] 1 bar of Hy gas was
delivered by a hydrogen generator and injected into the curved capillary by means
of an electro-mechanical valve, regulating the gas injection with a pressure of few
hundreds mbar and 1 Hz repetition rate. 10 kV pulses were applied to the capillary
electrodes by a HV pulser circuit, generating plasma discharges with 730 A peak
current and around 1 us FWHM duration.

Plasma density measurements were performed with Stark broadening method.
Since the optical line allows to acquire only 5 cm-long portions of the plasma channel,
it was properly shifted to scan longitudinally the capillary. Spectral images were
acquired from three different positions and elaborated measurements were stack
together to compose the longitudinal plasma density profiles of the entire capillary,
measured at different delays with respect to the discharge trigger, as reported in
Fig[5.22] Longitudinal profiles are characterized by density flat-tops, with a density
peak of 2.6 + 0.2 x 10'7 cm ™3, and smooth ramps towards the capillary ends.

Figure 5.22. Longitudinal plasma density profiles, measured by stacking three portions of
the curved plasma channel at different delays with respect to the discharge trigger.

5.3.2 Guiding of electron beams with an active-bending plasma
stage

A proof of principle experiment was carried out at SPARC__LAB facility to demon-
strate the deflection of relativistic electron beams by means of a curved discharge
capillary (ABP) [102]. A schematic representation of the experiment is depicted in

Fig
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Figure 5.23. Schematic representation of the active bending plasma experiment.

A relativistic electron bunch enters the capillary and is guided along the curved
plasma channel by the poloidal magnetic field. The beam trajectory is deflected
with a 1.6 m curvature radius, exiting the capillary with a 3 mm offset with respect
to the entrance and a deflection angle of 4 degrees. Downstream the capillary, the
beam is detected by a scintillating screen. To compare the deflected beam with
an undeflected one, the plasma is turned off and the capillary is shifted upwards,
allowing the electron bunch to pass through the straight channel in the lower part
of the capillary. Additionally, spot size images of the beam were acquired after
completely removing the capillary from the beam path, considering that dielectric
wakefields in the hollow straight channel, driven by the electron bunch, could affect
the beam characterization [123].

The experiment was carried out by using a 50 pC electron beam with 60.2 4+ 0.1
MeV energy, 0.9 + 0.1 ps duration, and 0.6 + 0.1 um normalized emittance [102].
The transverse spot size at the capillary entrance is 130 + 10 gym (rms) and its time
of arrival jitter is ~50 fs. A cerium-doped gadolinium aluminum gallium garnet
(GAGG) scintillating screen is installed 10 cm downstream the capillary to measure
the spot size of the deflected beam. The light emitted by the screen is collected into
a CCD camera with 20.2 ym pixel resolution.

ABP guiding was demonstrated with three beam configurations. The SPARC_LAB
RF linac was tuned to produce electron beams with low (o0 = 17 £ 1 keV), medium
(o = 0.33 + 0.01 MeV) and large (o = 1.4 + 0.2 MeV) energy spread, while
keeping the same energy, in order to prove the absence of chromatic dispersion in
the bending mechanism. Energy spectra of such electron beams were measured by
the magnetic spectrometer, located downstream the plasma module, as reported in
Fig[5.2]

Beam deflection was achieved with a discharge current of 1.5 kA, reached with
20 kV pulses delivered by the HV system. A comparison between deflected and
undeflected beams is reported in Figl5.25] showing that an overall vertical displace-
ment of 9.9 mm + 0.1 mm is reached by deflected beams at the screen position. It
is noteworthy that no difference is observed between the deflected beams with three
different energy spread, proving that the beam chromatic dispersion does not affect
significantly the ABP process.



5.3 Curved plasma discharge capillary for compact
guiding of charged particle beams 113

Figure 5.24. Beams energy spectra measured by the magnetic spectrometer for three
different working points of the linac. The corresponding energy spreads are indicated in
each plot.

Figure 5.25. Transverse spot sizes of deflected and undeflected beams, measured with a
scintillating screen downstream the curved capillary. Each plot is obtained by overlapping
a single shot of the undeflected beam (capillary out of the beam path) with a single
shot of the deflected one (capillary inserted and discharge current set to 1.57 kA). The
beam energy spread in each plot is 17 £ 1 keV, 0.33 & 0.01 MeV and 1.4 £+ 0.2 MeV
respectively from top to bottom. A vertical offset of 9.9 mm is observed in each case.
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Finally a discharge current scan was performed to evaluate the beam spot size
and charge transmission in the three configurations. By tuning the current in the
range 1.27+1.57 kA, 100 consecutive single-shot spot size images were acquired and
the percentage of transmitted charge was computed as the ratio between the CCD
counts with the ABP turned on and the counts when the capillary is removed from
the beam path. As shown in Fig[5.26] the beam guiding efficiency increases with the
discharge current, up to a 100% charge transmission. Furthermore, no dependence
on the energy spread is observed in case of high charge transmission.

Figure 5.26. The first two plots show the measured vertical and horizontal spot sizes for
several discharge currents. Each point is obtained by averaging 100 consecutive single
shots, with the error bar computed as the relative standard deviation. The third plot
reports the average percentage of transmitted beam charge downstream the capillary
with respect to the undeflected one, retrieved by summing the counts of the acquired
CCD images.

5.3.3 Capillary erosion and alteration of the plasma properties

At the end of the parametric scan, the curved capillary was characterized again to
evaluate possible variations in the plasma (and the source itself), due to long-term
operation with high current discharges. After an estimated number of 50000 plasma
shots at 1.3+1.5 kA, a remarkable enlargement of the curved channel was observed,
as shown in Fig[5.27] Such increase in the channel diameter is due to plastic erosion,
caused by the heat power produced by plasma discharges and delivered onto the
capillary walls. Indeed the intense discharge current generated for the ABP guiding,
results in considerably high plasma temperature, with T, ~ 6.7 ¢V for a 1.5 kA
peak current, according to Eq[3.16] The increase in the channel transverse cross
section resulted in a current density drop, therefore higher currents were required to
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continue bending electron beams at the end of the parametric scan, until the erosion
was too severe to continue the experiment.

Figure 5.27. Picture of the curved capillary after around 50000 shots with high current
discharges. A visible increase in the channel cross section can be noticed.

The same experimental settings were adopted for the plasma characterization,
using 10 kV pulses to ionize few hundred mbar of pure Hy and producing around
720 A plasma discharges at 1 Hz.

Fig[5.28 reports longitudinal plasma density profiles, obtained by stacking density
measurements from three portions of the plasma channel, as for the first characteri-
zation. Measured density profiles are characterized by a remarkable non-uniformity
along the plasma channel and a significant decrease in the overall density compared
to results obtained before the ABP experiment (Fig. The drop in the peak
density, from 2.6 x 10" cm™ to around 1 x 10'7 cm™3 is due to the capillary
erosion, causing an increase in the capillary channel diameter and thus a lower
plasma pressure. In addition, the non-uniformity of the density distribution is also
due to a non uniform erosion of the channel, which is less evident towards the inlet
and the capillary ends, as shown in Figl5.27]

Figure 5.28. Longitudinal plasma density profiles, measured after the ABP experiment.
Non-uniformity and an overall decrease of the plasma density can be observed, compared
to the preliminary characterization of the curved capillary.
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Such density drop can be also visualized by comparing the temporal density
profiles before and after the ABP experiment, reported in Fig/5.29] Each point is
determined by averaging the plasma density at a given delay along the capillary
channel.

Figure 5.29. Temporal plasma density profiles measured before and after the ABP
experiment. Fach point is obtained by averaging the plasma density over the longitudinal
profile. A dramatic decrease in the plasma density can be observed after long-term high
current discharge operation within the ABP experiment.

In conclusion, the novel concept of active bending plasma for guiding and
deflecting electron beams represents a promising option for plasma-based transport
of particle beams. The experiment carried out at SPARC_LAB have demonstrated
for the first time the feasibility of curved plasma discharge capillaries to provide
disperionless guiding and deflection of relativistic electron beams within compact
devices.

In addition, the characterization of the device used for the experimental campaign
has highlighted that erosion issues can affect the longevity of plasma discharge
capillaries in long-term operation. For this reason, also considering the requirement
of high repetition rate operation for EuPRAXIA@QSPARC_LAB project, a specific
investigation of high repetition rate plasma sources was included in this PhD thesis
project, as discussed in the following Chapter.
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Chapter 6

High repetition rate plasma
sources

Many applications of particle accelerators, from high energy physics and material sci-
ence to radiotherapy and industrial applications, require the utilization of accelerated
beams delivered with high repetition rate. The number of particle bunches produced
and accelerated per second is a key parameter for the luminosity of beam colliders,
and, in particular, future linear collider projects as ILC and CLIC foresee operation at
5 Hz [15] and 50 Hz [79] respectively. FEL facilities usually operate at tens-hundreds
Hz [2, 44, [71} [5] and, as mentioned in Sec[l.5| EuPRAXIA@QSPARC_LAB project
foresees operation at 100 Hz, with a future upgrade to 400 Hz.

In the context of plasma-based acceleration, one of the main challenges for
high repetition rate operation concerns the availability of plasma sources, able to
withstand the heat power deposited by the plasma and the particle bunches into
the source. In this regard, a main topic of this PhD thesis concerns the R&D
of high repetition rate plasma sources, including the study of suitable materials
for plasma discharge capillaries, which can withstand the heat produced by HV
electrical discharges. Moreover, laser-induced plasma filaments have been studied
and characterized, due to their suitable features for high repetition rate operation.

6.1 Advanced ceramic capillaries for high repetition rate
operation

As shown in Sec/5.3] the thermal load produced by high voltage plasma discharges
and deposited into the capillary can cause severe erosion and deformation of the
capillary channel, affecting the correct operation of the plasma source. This issue is
exacerbated by high repetition rate operation, in which the heat flux produced by
plasma discharges is enhanced.

Experimental testing carried out on plastic 3 cm-long capillaries, similar to those
characterized in Ch have shown that after 10%-10° plasma discharges produced at
1-5 Hz with 300 A peak current (i.e. after few hours of operation), such capillaries
experience channel erosion or even a severe damage of the entire structure, as

reported in Figl6.1]
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Figure 6.1. Picture of 3 cm-long 2 mm-diameter VeroClear capillaries, tested at 1-5 Hz for
10* shots (left) and 10° shots (right) respectively. Visible erosion is observed after 10*
shots, corresponding to few hours operations, while the capillary gets destroyed after
10 shots, i.e. few days of testing.

In order to overcome these issues, high melting temperature materials, such
as sapphire, have been proposed and widely tested in recent years [60]. However,
the significant production cost and poor machinability of such materials for long
and complex geometries can dramatically affect the cost-effectiveness of the plasma
source.

In this context, this PhD thesis project presents the development of high repetition
rate plasma discharge capillaries, based on the combined use of machinable and
cost-effective ceramic materials. In particular, the design of such capillaries was
based on Shapal Hi M Soft[121] and Macor, which are characterized by high thermal
conductivity, high melting temperature and excellent machinability.

An experimental campaign was carried out on a plasma discharge capillary
composed by a Shapal core, inserted into a Macor holder, in order to assess the
longevity of such materials exposed to high voltage plasma discharges in long-term
high repetition rate operation, specifically in the range 10-150 Hz.

Due to Shapal opacity, longitudinal diagnostics were unusable and alternative
diagnostic techniques were implemented to characterize the plasma source, such as the
transverse Stark broadening method for plasma density measurements. Furthermore,
an optical stereomicroscope and a Compact Laser Module were employed to monitor
the capillary profile during the experimental campaign, in order to detect any erosion
effect.

6.1.1 Ceramic capillary design

As mentioned, the ceramic capillary designed for high repetition rate tests is con-
stituted by an inner core made of Shapal Hi M Soft, which is a hybrid type of
machinable Aluminum Nitride (AIN) ceramic, mixed with Boron Nitride (BN).
Shapal is characterized by high thermal conductivity (92 W/(m-K) at room temper-
ature, 35 W/(m-K) at 1000°C), more than two times higher than sapphire, and high
melting temperature (1900 °C in vacuum). Moreover, its good machinability allows
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the realization of long and thin structures, required for the realization of plasma
discharge capillaries.

The designed Shapal capillary is characterized by a 3 cm-long channel, with a
2 mm-diameter circular hole, and two inlets with 1 mm-diameter for uniform gas
injection. The Shapal core is inserted and glued inside a ceramic holder made of
Macor, a machinable glass-ceramic having a thermal conductivity of 1.46 W/(m-K)
at room temperature and 1000°C maximum operating temperature. In particular,
Macor was adopted for its excellent machinability, cost-effectiveness and availability
for large geometries, allowing the design of long capillary holders that can be easily
drilled and machined.

Two electrodes, constituted by an inner molybdenum ring and an outer stainless
steel plate, are screwed to the extremities of the Macor holder. In such configuration,
the higher melting temperature metal (2623°C for molybdenum) is directly exposed
to the plasma discharge, while stainless steel is used for the outer plate due to
its good machinability, exploited to attach the electrode to the ceramic capillary.
Pictures of the ceramic capillary, with Shapal core and Macor holder, and the
molybnenum-steel electrodes are reported in Fig. .

Figure 6.2. (a) Front view and (b) side view of the ceramic capillary, with Shapal core
and Macor holder. (c¢) Molybdenum-stainless steel electrodes. (d) Assembled ceramic
capillary.

6.1.2 Experimental setup

The experimental setup, schematized in Fig. was slightly modified with respect
to the apparatus described in ChJ3] in order to include transverse diagnostics for
the ceramic capillary characterization and other variations for high repetition rate
plasma discharge operation.

Concerning the gas injection system, the electro-mechanical valve was removed,
due to its slow activation preventing operation above 10-15 Hz. As a consequence,
gas injection was performed in continuous flow regime, adopting a gas mixture of
Ny (95%) and Ha (5%) gas, since the Ha generator does not support continuous flow
injection. During the experimental campaign, around 80 mbar of the gas mixture
were injected into the capillary by means of a mechanical regulator.
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Figure 6.3. Schematic representation of the experimental setup, with transverse diagnostics
for the characterization of the ceramic capillary.

Due to continuous flow regime, a higher amount of gas was injected inside the
experimental chamber, going to burden on the vacuum system. As a consequence, the
turbo-molecular pump was characterized by overheating issues during continuous gas
injection, which were properly mitigated by equipping the pump with a water cooling
system. As a result, a thermal equilibrium was reached during the experimental
campaign, with a pump temperature of around 27° C and a vacuum level of 1072
mbar inside the experimental chamber during gas injection.

Regarding the high voltage system, the production of kV-range pulses at high
repetition rate resulted in the overheating of the SCR switch and the resistors of the
HYV pulser circuit, observed by means of a thermal camera. Also in this case, the
overheating issue was mitigated by equipping the circuit with an air cooling system,
establishing a thermal steady-state condition below 40° C during the experimental
testing. For instance, a thermal image of the HV circuit operating at 50 Hz is
depicted in Figl6.4l

During the experimental campaign, the operating repetition rate was set in the
range 10-150 Hz by means of the delay generator. The upper limit was imposed by
the maximum current delivered by the HV generator to charge the pulser circuit.
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Figure 6.4. Thermal picture of the HV circuit. The SCR switch (top left in the picture)
reaches an equilibrium temperature of 30-40° C during operation at 50-150 Hz, thanks
to an air cooling system equipped to the circuit.

Transverse diagnostics techniques

Due to Shapal opacity to visible and near-infrared light, longitudinal plasma density
distribution was not measurable by means of conventional spectroscopic or inter-
ferometric techniques, therefore a transverse spectroscopic analysis was performed
to characterize the plasma density. In addition, other transverse diagnostics were
adopted to characterize the integrity of the source.

First, a Compact Diode Laser Module (Thorlabs) was employed to monitor any
geometrical variation in the capillary channel cross section, eventually caused by
Shapal erosion. As shown in Fig. the laser beam enters the capillary with a spot
size larger than the channel diameter and is guided through a beam transport line,
made of a telescopic system analogous to the one described in Chf3] and collected
into the imaging spectrometer. A mirror, implemented inside the spectrometer,
guides the laser beam into the ICCD camera. In this way, the shape of the laser
spot image, acquired by the camera, is directly related to the channel walls profile
and any detected increase of the laser spot would be linked to the widening of the
capillary channel, caused by erosion. In addition, the electrodes are characterized
by a hole slightly larger than the 2 mm channel diameter, so as to prevent the
interference of electrodes erosion in the measurement reliability.

Laser spot imaging resulted particularly useful for online characterization of the
source integrity. However, this technique does not allow to detect a channel widening
in the inner region of the capillary, eventually caused by erosion, if the edges do not
experience the same deformation, therefore a microscopic analysis was performed
offline on the ceramic capillary to characterize the entire channel profile with higher
precision. In particular, an optical stereomicroscope (Euromex) was employed to
measure the cross section diameter along the capillary channel before and after the
experimental campaign. Figl6.5| reports a picture of the stereomicroscope, with a
couple of images acquired at the capillary entrance with magnification factors of 1x
and 3.5X respectively.
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Figure 6.5. (a) Optical stereomicroscope used to analyze the ceramic capillary channel.
(b) 1x and (c¢) 3.5x magnified images of the capillary entrance.

An accurate characterization of the plasma discharge was achieved by means of the
transverse Stark broadening method, used to measure the plasma density distribution
along the capillary channel. As depicted in Figl6.6] the light emitted by the plasma
channel exits the electrode holes and is guided into the imaging spectrometer by
means of the same optical line used for laser spot imaging. Hydrogen spectral lines
are selected by the spectrometer diffraction grating (600 grooves/mm) and spectral
images are acquired to retrieve the plasma density. In particular, as shown in Figl6.6]
acquired spectral images allow to reconstruct the transverse (vertical) plasma density
distribution corresponding to a specific slice of the plasma channel, which is imaged
onto the CCD camera detector by the optical line.

Figure 6.6. Schematic representation of the transverse Stark broadening diagnostics.
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By properly shifting the optical line, it is possible to acquire different slices of the
plasma channel, performing a longitudinal scan of the plasma density distribution.
Moreover, by gating the camera acquisition to the discharge trigger, it is possible
to analyze the temporal evolution of the plasma density. As a result, such diagnos-
tic technique allows to perform a complete transverse, longitudinal and temporal
characterization of the plasma channel produced inside the ceramic capillary.

Since the Stark broadening method specifically relies on the broadening of
hydrogen spectral lines, plasma density measurements were performed with pure Hg
gas, delivered by the hydrogen generator in pulsed injection regime (1 Hz). Therefore,
while high repetition rate tests were carried out with the mixture of Ny (95%) and H,
(5%) gas, injected in continuous flow, plasma density measurements were performed
with pure Hs, injected at 1 Hz by means of an electro-mechanical valve.

6.1.3 Preliminary characterization

Before high repetition rate tests, a preliminary characterization of the ceramic
capillary was performed with transverse Strak broadening method. 7.5 kV voltage
pulses were applied to the capillary electrodes, ionizing around 50 mbar of pure
Hy and producing plasma discharges at 1 Hz, with 500 A peak current. The
telescopic system of the optical transport line was moved by 1 cm to analyze different
longitudinal slices of the plasma channel, in particular 1 cm and 5 mm inside the
capillary and towards the electrode.

Fig. reports the evolution of the transverse plasma density profile, measured
5 mm inside the channel, at different delays with respect to the onset of the HV
discharge.

Figure 6.7. H-( spectral images and corresponding transverse plasma density profiles,
measured 5 mm inside the capillary channel at different delays with respect to the
discharge trigger.
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Towards the discharge current peak (600 ns), the plasma density distribution
is characterized by a slightly hollow profile, with a on-axis minimum of 1.25+0.08
x 10' cm™ and a near-wall peak of 1.44+0.08 x10'7, corresponding to a 14%
profile depth. In the recombination phase, after the discharge is over (>1500 ns),
the transverse distribution turns into a gaussian-shaped profile. Measured error bars
represent the standard deviation calculated over 50 acquired images.

The same behaviour is observed in the transverse slice located 1 cm inside
the plasma channel, as reported in Fig. Hollow profiles are observed during
the plasma formation, up to a maximum transverse profile depth of ~18% at the
temporal density peak (600 ns), while a gaussian transverse distribution characterizes
the plasma recombination phase.

Figure 6.8. Transverse plasma density profiles, measured 1 cm inside the capillary channel
at different delays with respect to the discharge trigger.

Observed transverse density profiles are in agreement with theoretical models
[19], showing that, due to the thermal balance between ohmic heating and heat
conduction with colder capillary walls, the transverse distribution of the plasma
temperature is characterized by an on-axis peak and a radial gradient towards the
boundary walls, corresponding to a parabolic transverse density distribution, as also
discussed in Sec[2.3.2

Finally, Figl6.9 reports the temporal evolution of the plasma density in the three
channel slices. Each point is obtained at a given delay with respect to the discharge
trigger, averaging the plasma density over the transverse profile for each slice. A
slight difference is observed between the slices, with a higher density towards the
inner part of the channel, consistently with longitudinal density profiles measured in
plastic capillaries, as discussed in Ch[4]



6.1 Advanced ceramic capillaries for high repetition rate operation 125

Figure 6.9. (a) Picture of the ceramic capillary discharge during the preliminary char-
acterization. Colored circles represent the three analyzed plasma channel slices. (b)
Temporal density profiles measured from three plasma channel slices, specifically 1 cm
(red) and 5 mm (yellow) inside the capillary and towards the exit (blue). The 500 A
peak current discharge waveform is also reported.

6.1.4 High repetition rate operation

High repetition rate tests were performed in the range 10-150 Hz, using the No-Hy
mixture injected at 80-100 mbar in continuous flow inside the ceramic capillary. 5 kV
voltage pulses were applied to the electrodes, producing 400 A peak current plasma
discharges up to a total amount of 20 million shots, reached after several days of
operation.

During the experimental campaign, laser spot imaging and plasma density
measurements were performed regularly to monitor any modification both in the
capillary walls and the plasma density distribution. In particular, after a given
number of shots at high repetition rate, plasma density measurements were acquired
by using 7.5 kV pulses to ionize pure hydrogen in pulsed flow regime, as done for the
preliminary characterization. Higher voltage pulses were applied, compared to 5 kV
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pulses used in high repetition rate tests, in order to maximize the plasma stability and
the intensity of the emitted light, thus minimizing the error in density measurements.
Results obtained at the end of the experimental campaign are reported in Fig. [6.10
depicting the transverse plasma density profiles acquired 1 cm inside the channel at
the density peak (600 ns after the HV discharge trigger).

Figure 6.10. Transverse plasma density profiles, measured 1 cm inside the plasma channel
at a delay of 600 ns and after different millions of shots.

Transverse density profiles, measured in the same experimental conditions after
a different number of plasma discharges, are well overlapped within the error bars,
which are computed by acquiring 50 images for each measure.

In addition, Fig. reports the evolution of the plasma density after different
millions of shots at different repetition rates. Each point represents the plasma
density averaged over the transverse profiles shown in Fig. [6.10] and normalized
to the average density obtained during the preliminary characterization. Results
highlight that the average plasma density remains approximately constant during
the entire experimental campaign at 10-150 Hz, thus proving the suitability of the
ceramic capillary to preserve the plasma density during long-term high repetition
rate operation.

Regarding the capillary channel integrity, Fig. reports the analysis of laser
spots acquired during the experimental campaign. Horizontal and vertical laser
spot lineouts, measured after 10 and 20 millions of shots, are well overlapped to
the preliminary results. Error bars were computed by acquiring 50 images for each
measurement. In conclusion, no significant increase in the laser spot was observed,
meaning that no erosion took place in the capillary during the experimental campaign.
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Figure 6.11. Plasma density evolution after different millions of shots at different repetition
rates. Each point represents the plasma density averaged over the transverse profiles
shown in Fig. and normalized to the average density obtained during the preliminary
characterization. Results highlight the ability of ceramic capillary to preserve the plasma
density during long-term high repetition rate operation.

Figure 6.12. Laser spot vertical and horizontal lineouts, measured after 0 (blue), 10
(orange) and 20 (green) million shots at 10-150 Hz. No laser spot increase is observed.
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In addition, microscopic analysis was performed at the end of the experimental
campaign, scanning the transverse cross section along the capillary channel to assess
if any deformation was present due to Shapal erosion. Fig. [6.13| reports the channel
diameter measured along the capillary channel, with 2 mm longitudinal steps, after
20 million discharges and normalized to the channel diameter profile measured before
the experimental campaign. For each longitudinal position, the reported diameter
was obtained by measuring the cross section diameter both in the horizontal and
vertical planes and computing the average, in order to take into account possible
deformations that would determine a transverse elliptical shape, even though no
difference was actually observed in the two measurements. Measured error bars
result from 200 acquired images. As shown in Fig. [6.13] the normalized channel
diameter is close to unity along the entire longitudinal profile, proving that the
capillary channel was well preserved at the end of the experimental campaign.

Figure 6.13. Longitudinal profile of the capillary channel diameter, measured after 20
million shots at 10-150 Hz and normalized with respect to the diameter profile measured
before the experimental campaign. The insert shows an image acquired from the capillary
center, in which the cross section diameter is computed by the average of the horizontal
and vertical measurements, supposing an elliptical shape possibly related to erosion.

In conclusion, adopted transverse diagnostics demonstrated the capability of
ceramic materials to preserve the plasma properties and the capillary integrity during
long-term plasma discharges operation at high repetition rate (up to 150 Hz).

6.1.5 Heat transfer numerical simulations

A numerical analysis was carried out to study the heat transfer inside the whole
plasma source during high repetition rate plasma discharge operation, and provide an
estimate on the operative limits of ceramic capillaries. Heat transfer inside plasma
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discharge capillaries is mainly governed by the heat power produced by plasma
discharges through Ohmic heating, which is deposited onto the inner walls of the
capillary channel and removed via heat conduction through the other components of
the plasma module. First, an analytical method was employed to estimate the heat
power produced by a single plasma discharge through Ohmic heating, considering,
as a reference, the experimental settings adopted for high repetition rate tests on the
ceramic capillary (5 kV pulses, 400 A peak current plasma discharges). According
to Joule effect, the Ohmic heating is given by [39]:

P(t) = Ry(t)1,(1)? (6.1)

in which I, and R, are the discharge current intensity and the electrical resistance
of the plasma channel. The current discharge I, was directly measured by the
oscilloscope during the experimental campaign, while the resistance of the plasma
channel R, was estimated through Ohm law [117]:

Ry(t) = ptot(t)%a (6.2)

in which the length L and radius r of the capillary channel are respectively 3 cm
and 1 mm, and the plasma resistivity pio is computed according to Eq[I.43}

prot(t) = ﬁ@ Vei(t) > + < Vea(t) >) (6.3)

Electron-ion and electron-atom collision frequencies are retrieved from Eq

and Eq[T.42}

4 |2 e*ne(t) In e mri P,
< Vgi(t) >= =4 — ;< Vgg(t) >= —2—— 6.4
Veilt) 3 \/ me (4meg)2(kpTe.(t))3/2 Vea(t) mekpTe(t) (64)

in which the Coulomb logarithm In \¢; is computed through Eq

3 (4meg)??(kpT.(t))3/?
227 e3ne(t)1/2

The Coulomb logarithm and the collision frequencies were determined by inserting
the temporal profiles of the plasma density n. and temperature T, depicted in
Fig. into Eq, Eq and Eq The density temporal profile was obtained
by means of plasma density measurements analogous to the one reported in Fig.
while the temperature temporal profile was computed by inserting the measured
discharge current into Eq[3.16] Computed parameters were then included in Eq[6.3|to
determine the plasma resistivity and, in turn, retrieve the plasma channel resistance
and the heat power from Eql6.2] and Eql6.1}

Analytical results for the plasma resistance and the heat power are reported in
Fig. together with the measured discharge current waveform.

Finally, by integrating the heat power over the plasma discharge duration, an
energy per pulse of ~ 100 mJ is obtained. Considering plasma discharge operation
from tens of Hz up to the kHz range, the average power deposited onto the capillary
walls spans from few Watts (10-50 Hz) to 100 W (1 kHz).

InAei(t) =1n l (6.5)
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(a) (b)

Figure 6.14. Temporal profiles of the plasma density (a) and temperature (b).

(a) (b) (c)

Figure 6.15. (a) Discharge current waveform, acquired during high repetition rate tests.
(b) Resistance of the plasma channel. (c¢) Resulting heat power deposited by a single
plasma discharge onto the capillary walls.

Given these reference values, 3D numerical simulations were performed with
COMSOL Multiphysics [37] to analyze the capillary overheating and the heat removal
inside the plasma source. Relying on Fourier law of heat conduction, the temperature
gradient inside the whole source is computed, given the thermal conductivity k of
the different components and the heat flux ¢, estimated through the analytical model
previously described:

q=—k(T)VT (6.6)

Heat transfer simulations were performed considering the Shapal-Macor capillary
shown in Fig. [6.2] subject to a constant heat transfer rate of 1-100 W flowing through
the capillary channel walls, thus reproducing the average power deposited by HV
discharges in the range 10 Hz - 1 kHz. As shown in Fig. [6.16] the simulated geometry
also includes HV cables and the gas injection pipe, conducting the thermal load from
the capillary to the HV pulser and the vacuum chamber, which in turn act as heat
sinks. In addition, the external surfaces of all the components are thermally insulated,
so as to replicate the experimental conditions inside the vacuum chamber. Due to
the heat removal from the source to the heat sink, a thermal steady-state is reached
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within the capillary. For instance, Fig. displays the equilibrium temperature
distribution within the whole plasma source, with a maximum temperature of
840°C inside the capillary, reached after three hours of continuous plasma discharge
operation at 300 Hz.

Figure 6.16. 3D view of the steady-state surface temperature distribution during plasma
discharge operation at 300 Hz. Thermal equilibrium is reached within around three
hours of continuous operation due to heat exchange with external components of the
plasma module.

Figl6.17] reports the temporal evolution of the temperature on the capillary
channel walls for different operative frequencies. A thermal steady state is reached
within three hours, due to the slow heat exchange and the large distance between
the capillary and the heat sink.

Figure 6.17. Temporal evolution of the temperature on the capillary channel walls for
different frequencies. A thermal steady state is reached within three hours of continuous
operation.
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Moreover, Fig. [6.18| reports the equilibrium temperature on the channel walls, the
holder and the electrode, as a function of the repetition rate, showing the operative
limits of the capillary according to the adopted materials. Due to the large distance
from the heat sink, the whole capillary reaches a uniform temperature, which is
equal for the capillary core and holder and the electrodes as well.

Figure 6.18. Equilibrium temperature reached on the capillary channel inner walls (solid
blue curve), the Macor holder (dashed red curve) and the electrodes (dashed yellow
curve) as a function of the operating repetition rate. Due to the large distance from the
heat sink, the whole capillary reaches a uniform temperature, hence the overlap between
the three curves. Horizontal dashed lines indicate the maximum operating temperature
for Macor (yellow), steel (grey), Shapal (green) and molybdenum (black).

In the range of 10-150 Hz, assessed during the experimental testing, the equi-
librium temperature is kept below the melting temperature of Macor and Shapal,
thus preventing any damage in the capillary. For higher repetition rate operation
up to the kHz range, the energy per discharge pulse can be reduced by tuning the
discharge duration or the current intensity, in order to compensate the repetition
rate increase and keep the capillary temperature under control.

In conclusion, a novel ceramic-based plasma discharge capillary was tested at 10-
150 Hz to assess the reliability of machinable, cost-effective ceramic materials, such
as Shapal and Macor, for long-term high repetition rate operation. Experimental
results showed that both the plasma properties and the capillary channel profile
are preserved during the experimental campaign, demonstrating the ability of the
device to withstand the thermal load produced by high voltage plasma discharges
at high repetition rate. Heat conduction simulations confirmed that no excessive
overheating takes place during operation up to 150 Hz and the capillary temperature
is kept below critical values. In addition, according to the numerical analysis,
long-term operation in the kHz range can be achieved by reducing the energy
deposited by a single plasma discharge, acting on the discharge duration and current
intensity. In this regard, considering the operative range of 100-400 Hz foreseen by the
EuPRAXIAQSPARC__LAB project, the proposed design of ceramic plasma discharge
capillaries represents a reliable solution in terms of longevity and cost-effectiveness.
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6.2 Femtosecond laser-induced plasma filaments

An alternative plasma source was tested and characterized for possible applications
in plasma-based acceleration at high repetition rate. Such source consist in plasma
filaments induced by laser ionization of low pressure nitrogen columns. Laser pulses
propagation inside gas columns can be extended over many Rayleigh lengths, ex-
ploiting the balance between relativistic self-guiding and defocusing from low-density
plasma induced by multiphoton/tunnel ionization, thus keeping high peak intensity
over long distance and produce long plasma channels, also called filaments. The
properties of such laser-induced plasma filaments can be controlled for different appli-
cations, including plasma-based acceleration, and can provide advantages compared
to plasma discharge capillaries, as described in the following.

An investigation on laser-induced plasma filaments was carried out at SPARC__LAB
facility. The experimental setup, reported in Fig[6.19] includes a Ti:Sapphire CPA
laser system, which delivers 80 mJ laser pulses at 800 nm central wavelength, with
a transform-limited duration of 30 fs FWHM and 10 Hz repetition rate. The laser
system is split into two beamlines, one seeding the SPARC LAB linear accelerator
and the other one used to create plasma filaments. The filament beamline, after a
pulse-shaping stage, delivers pulses with ~ 10 mJ energy, 350 fs (FWHM) duration
and ~ 15 mm diameter at 1/e? intensity. A 1 m focal length lens focuses the laser
pulse into a 10 cm x 1 m gas-cell, which is filled with approximately 1 mbar pressure
of nitrogen gas with a 5% of hydrogen. The distance between the gas-cell entrance
and the lens is about 50 cm.
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Figure 6.19. Experimental setup for plasma filaments test and characterization. A 25
GW laser pulse is focused onto a 1 mbar No 95% - Hy 5% gas column confined in a gas
interaction chamber (ICH), producing a cm-scale plasma filament. An ICCD camera
acquires side images of the filament light to retrieve its dimensions and decay time,
also benchmarked with a photodiode (PD). An imaging spectrometer equipped with an
ICCD camera is used to measure the plasma filament density and temperature.

A complete characterization of the plasma filaments was achieved by using a
side imaging fluorescence technique to measure the filament size and decay time,
also benchmarked with a photodiode, while the spectroscopic analysis of the plasma-
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emitted light allowed to retrieve the longitudinal distribution of the plasma density
and temperature.

6.2.1 Plasma filament dimensions

The light emitted by the plasma filament was imaged from the side onto a CCD
camera, coupled to a Hamamatsu C9547-01 intensifier. The ICCD camera was
installed perpendicular to the pulse propagation axis and the plasma emitted light
signal was collected and imaged onto the ICCD detector by using a Sigma 180 mm
MACRO f 2.8 EX-DG-OS-HSM objective. A band-pass filter coupled with a 0°
incident 800 nm dielectric mirror was placed in front of the camera to detect the
light emission from the filament, while rejecting the scattered light from the pump
laser and all other emissions. The field of view of the ICCD covered an area of about
4x6 cm? of the plasma filament. Furthermore, a gate duration of 5 ns was set for
the ICCD, with available scanning delay of 0-8 ns with respect to the laser pulse
arrival time. By measuring the filament emitted light at different delays, the side
imaging technique allowed to determine the temporal evolution of the longitudinal
and transverse sizes of the plasma filament. Figl6.20| reports filament side images
acquired at different delays with respect to the laser pulse arrival time.

Figure 6.20. Side images of the plasma filament, acquired at different delays with respect
to the laser pulse arrival time. The laser pulse propagates from left to right. Additionally,
the transverse (red dashed line) and longitudinal (red solid line) projection of the filament
are shown.

In addition, Fig[6.21] reports the temporal evolution of the filament length
and transverse size, retrieved from side imaging snapshots. Filament length and
transverse diameter of 4 cm and ~ 300 pm full width tenth maximum (FWTM)
were measured during the observed temporal range of 0-8 ns.
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Figure 6.21. Temporal evolution of the filament length (blue) and transverse size (red),
retrieved by filament side images.

6.2.2 Plasma density and temperature measurements

Stark broadening method was adopted to measure the plasma density distribution
along the filament. Light emitted by the plasma is guided by a telescopic system and
collected into an imaging spectrometer equipped with an ICCD camera (the same
used at Plasma_ lab laboratory). Due to the low amount of Ho, i.e. 5% of 1 mbar
gas mixture, the intensity of H- spectral line was too low for reliable measurements,
therefore H-a line was acquired to retrieve the plasma filament density. The ICCD
camera acquisition was synchronized with the laser pulse arrival time and, in addition,
a gate width of 500 ns was set to maximize the acquired light signal, thus averaging
the temporal evolution of the plasma filament.

An improved fitting code was developed to retrieve the plasma density distribution
from H-a spectral images, although affected by self-absorption [64]. As shown in
Figl6.22] a Voigt profile coupled with a hyperbolic function, both described in [A]
were adopted to fit the tails of the H-« line, extrapolating the expected peak (lowered
by self-absorption) and the corresponding FWHM to retrieve the plasma density
along the plasma filament.

Figure 6.22. (a) H-« spectral image of the plasma filament, acquired at the laser arrival
time with a 500 ns gate width. (b) A Voigt function is used to fit the hydrogen line,
extrapolate the emission peak and retrieve the plasma density at a given vertical position
of the spectral image (solid green line from (a)), corresponding to the filament center.
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Concerning the plasma temperature, the spectroscopic method described in
Sec[3.7 was adopted to determine the longitudinal temperature distribution of the
filament. The emission spectrum of No-Ho mixture was acquired in the range 450-520
nm, as reported in Figl6.23] and the integrated line intensities of NI and NII ions
(corresponding to N and NT) were measured to retrieve the plasma temperature

from Eq

Figure 6.23. (a) Emission spectrum acquired from a plasma channel produced by laser
ionization of a Ny 95% - Hy 5% gas mixture. (b) Lorentzian functions are used to fit
the emission lines of neutral Nitrogen atoms (NI) and NT ions (NII), retrieving the
integrated line intensity (green and red areas) at a given position of the plasma channel
(solid green line from (a)).

Properties of the two spectral lines, centered at 467.068 nm and 500.515 nm
respectively, were obtained by the NIST Atomic Spectra Database [90] and are
reported in Tabl6.1] together with other parameters contained in Eq[3:20]

Longitudinal profiles of the plasma filament temperature and density, measured
with mentioned methods, are reported in Fig[6.24] Uniform profiles characterize
both density and temperature, with plateau at 1.240.1 x 10'® ¢cm™3 and 1.3+0.1
eV respectively. In addition, density ramps are observed at the filament extremities.
Error bars are computed as the standard deviation over 100 acquired spectral images.
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Symbol Parameter Unit Value

A NI wavelength nm 467.068
N NII wavelength nm 500.515
A NI transition probability s! 3.02 x 10°
A’ NII transition probability s~1 1.14 x 108
g NI level degeneracy - 4

g’ NII level degeneracy - 9

ag Bohr radius m  5.29 x 1071
Eg Hydrogen ionization energy eV 13.6

E NI excitation energy eV 2.654
E NII excitation energy eV 2.476
Foo NT ionization energy eV 14.534
AE Correction factor to E eV 0.15

Table 6.1. Properties of Nitrogen ions emission lines and additional parameters for plasma
temperature measurements.

Figure 6.24. Longitudinal profiles of the plasma temperature (red) and density (blue) of
the filament, measured at the laser pulse arrival time with a camera gate width of 500
ns.

In addition, plasma density and temperature measurements were benchmarked
with NIST LIBS Database spectra [91], tabulated for a No-Hs gas mixture with
ne = 10'% em™ and T, = 1.3 V. As reported in Figl6.25] the filament spectrum
acquired by the ICCD and integrated over the filament length is well overlapped to
the one from the database, thus confirming the reliability of experimental results.
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Figure 6.25. Comparison between the acquired filament spectrum, integrated over the
filament length, and the NIST Database spectrum, tabulated for a Ny 95% - Hy 5% gas
mixture with plasma density and temperature of 10'® cm=3 and 1.3 eV respectively.

6.2.3 Plasma filament decay time

The temporal evolution of the plasma density was determined by extrapolating
the intensity of the plasma emitted light from side images at different delays. The
intensity decrease in the observed delay range was calibrated by Stark broadening
measurements, retrieving the plasma density temporal profile, reported in Figl6.26]
A decay time of 8 ns was observed, with the plasma density decreasing by one order
of magnitude from the peak at 106 cm—3.

Figure 6.26. Plasma density temporal evolution, retrieved by the side imaging technique.

This result was also benchmarked by measurements with a fast photodiode (1
ns rising time) installed on the laser propagation axis. An in-out band-pass filter
coupled with a 0° incident 800 nm dielectric mirror was placed in front of the short
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focal length lens to detect the light emission from the filament, while rejecting the
scattered light from the pump laser and all other emissions, as for the side images
acquisition. Figl6.27] reports the filament light signal acquired by the photodiode. A
decay time of 8 ns is observed.

Figure 6.27. Filament light signal measured by the photodiode, with a decay time of 8 ns.

In conclusion, the experimental characterization of laser-induced plasma filaments
has demonstrated the possibility to produce uniform plasma channels with suitable
density profiles for plasma-based acceleration.

The use of low energy laser pulses to produce plasma filaments provides a
significative reduction in the energy deposition onto the walls of the gas cell used to
confine the gas column, compared to plasma discharge capillaries. This, together with
the lower amount of gas injected in the ICH (1 mbar against 10-100 mbar for plasma
discharge capillaries), make plasma filaments a suitable option for high repetition
rate plasma acceleration. In addition, plasma filament properties can be easily tuned
by acting on the laser pulse energy and spot size. Furthermore, the laser-induced
ionization mechanism provides temporal jitter-free operation, since the laser system
is also used for the production of electron beams from the photocathode of the
particle accelerator, whereas plasma discharge capillaries require laser-stabilization
methods to mitigate the intrinsic time jitter of the electrical discharge. These
features make laser-induced plasma filaments a promising technology for high energy
plasma-based particle acceleration.
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Chapter 7

Preliminary design of a 60
cm-long capillary for
EuPRAXIAQSPARC LAB
project

In conclusion of this PhD thesis, a preliminary design of the 60 cm-long capillary,
targeted for EUPRAXTA@QSPARC_LAB project, is presented.

The basic capillary geometry was designed analogously to the segmented and
integrated capillaries described in Chl5| with an upper channel and a series of vertical
inlets for a uniform gas distribution inside the main lower channel. In order to
maximize the gas uniformity along the capillary, CFD simulations were performed
with OpenFOAM to determine an optimized geometrical configuration. In view of
the utilization of such device for a PWFA stage operating at 100 Hz, simulations
settings were focused on low pressure nitrogen gas. In particular, low pressure allows
to keep the breakdown voltage around 10 kV, compensating the remarkable length
of the gas column to ionize, and also to preserve the vacuum level required from the
upstream RF sections. On the other hand, Ns is more indicated for continuous gas
injection, required for 100 Hz operation, considering the higher impact of hydrogen
on the vacuum level and safety procedures.

A first geometrical configuration of the capillary, designed and simulated with
OpenFOAM, is characterized by two horizontal 60 cm-long channels and 10 inlets with
1 mm diameter, whose relative distance decreases towards the capillary extremities.
This geometry was simulated injecting 40 mbar of Na from the main upper inlet
and retrieving the molecular density distribution along the main channel at the
equilibrium, which is reached around 5 ms after the valve opening. As described in
ChH] the solver SonicFOAM was adopted for fluid simulations in transient, sonic and
turbulent regime. Figl7.1] reports the 2D equilibrium distribution of Ny molecular
density inside the 60 cm-long capillary.



7. Preliminary design of a 60 cm-long capillary for EuPRAXTA@QSPARC_LAB
142 project

Figure 7.1. 2D N; density distribution along the first 60 cm-long capillary design, with 10
inlets having 1 mm-diameter and decreasing relative distance towards the capillary ends.

Different configurations were simulated, modifying the inlets arrangement, num-
ber and diameter, and a significant improvement in the uniformity of the gas
distribution was achieved. The optimized geometry, reported in Fig[7.2] together
with the simulated equilibrium Ny density distribution, is characterized by 10 inlets
with increasing diameter, from 1 mm to 2 mm, from the capillary center towards
the extremities.

Figure 7.2. 2D N; density distribution along the optimized design of the 60 cm-long
capillary, with 10 inlets having a progressive increase in the diameter, from 1 mm to 2
mm towards the capillary ends.

Figl[7.3 reports a comparison between the equilibrium longitudinal No density
profiles simulated with the first geometry, with constant 1 mm-diameter inlets, and
the optimized one, having inlet diameter increasing from 1 mm to 2 mm towards
the capillary ends.

As shown in Fig(a), the first design is characterized by a curved longitudinal
profile, with a density peak at 3.2 x 107 cm™ and smooth density ramps along
the entire 60 cm-long channel. On the other hand, by increasing the inlet diameters
progressively along the channel, a flat-top profile is established at a lower density
peak, around 2.25 x 10'7 cm™3. By normalizing the longitudinal profiles with respect
to the relative peaks, as shown in Fig(b), a 80% uniformity is observed from
the center to the external inlets in the optimized geometry, compared to a ~ 58%
uniformity in the first configuration. Furthermore, the optimized geometry allows to
localize the density ramps in the lateral regions, between the external inlets and the
electrodes.
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Figure 7.3. (a) Absolute and (b) normalized Ny density profiles at equilibrium, simulated
with the first capillary design with constant inlet diameters (red line) and the optimized
geometry with progressively increasing inlet diameters (blue line).

Following the numerical analysis, a first prototype of the 60 cm-long capillary
was produced. Due to the difficult realization of tens cm-long holes with sub-mm
precision required for the capillary channel, the capillary design was based on a
novel approach, characterized by the use of modular blocks properly assembled to
compose the entire capillary structure.

A first structure is constituted by a series of rectangular blocks with inner
cylindrical holes. Blocks are joined by interlocking connections to create the gas
injection network, composed by the two horizontal channels, with 2 mm-diameter
holes and the 10 vertical inlets, with different diameters in the range 1-2 mm
according to the optimal geometry defined by numerical simulations. In addition, an
inner electrode is included in the structure for a segmented capillary configuration,
which could improve the capillary operation by reducing the breakdown voltage of
the plasma discharge, as discussed in Sec5.1] The structure is then inserted into a
holder matrix and the whole device is held by screwed vertical blocks.

Fig[7.4 reports a prototypical version of the 60 cm-long modular device, realized
in Lexan as a proof of concept.
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Figure 7.4. (a) Gas injection network, constituted by a series of rectangular blocks joined
together to realize the horizontal channels and the vertical inlets. (b) Holder matrix in
which the first structure is inserted. (c¢) Assembly of the 60 cm-long modular capillary.

The device was installed inside the experimental chamber of Plasma_ lab lab-
oratory for a preliminary test. The capillary was tested with pure Hs, injected at
1 Hz with 50 mbar pressure and ionized by means of 13 kV pulses, achieving the
production of a 60 cm-long plasma discharge without the segmented configuration.
A picture of the proof of principle of the modular capillary is reported in Figl7.5

Figure 7.5. 60 cm-long plasma channel produced inside the modular capillary.

In conclusion, a first prototypical version of the 60 cm-long capillary, foreseen
for EUPRAXIAQSPARC__LAB project, was designed by means of fluid dynamics
numerical simulations and realized with a novel approach, based on the use of
modular structures to improve the mechanical processing of the device and also
its cost-effectiveness. A preliminary test has proved the feasibility of the modular
capillary to produce a single 60 cm-long plasma discharge with 13 kV pulses.

The tested prototype, realized for this proof of principle, was made of Lexan.
However, the plasma source that will be designed and implemented in the Eu-
PRAXTAQSPARC_LAB PWFA stage will be made of ceramics, with Shapal and
Macor respectively adopted for the inner gas injection structure and the holder
matrix. The 60 cm-long ceramic capillary will be equipped with molybdenum or
tungsten electrodes for stable long-term operation at 100 Hz, with the possibility of
a future upgrade to 400 Hz also by means of a modular capillary entirely made of
Shapal.
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Conclusions and Future
Perspectives

In this PhD thesis, the experimental and theoretical development of plasma sources
for plasma-based particle accelerators was presented. Research activities, carried out
at Plasma_ lab laboratory, located at National Laboratory of Frascati (LNF-INFN),
were particularly focused on the design and characterization of plasma discharge
capillaries, employed at SPARC __LAB accelerator facility for plasma-based particle
acceleration experiments.

An overview on particle accelerators was presented in ChlI] including a detailed
description of plasma-based acceleration schemes, their physical principles, moti-
vation and advantages. In addition, a description of EFuPRAXTAQSPARC_LAB
project was reported in Sec[I.5] as one of the key milestones in the development of
plasma-based accelerators and the main project leading R&D activities on plasma
sources in regard of this PhD thesis.

ChJ2 provided an overview on plasma sources, used for plasma-based particle
acceleration and other applications, including the different mechanisms adopted for
the plasma formation, such as electrical discharges and laser or beam ionization. A
detailed description was given about plasma discharge capillaries and their applica-
tions, including focusing of charged particle beams (in the so-called Active Plasma
Lenses) and guiding of high power laser pulses.

CHJ| presented the plasma module employed at Plasma_ lab laboratory to study
and characterize plasma discharge capillaries. A detailed description was given
about the main components of the plasma module, including the design of discharge
capillaries, the features of the gas injection and high voltage systems and the
diagnostic techniques adopted for the characterization of the plasma, including the
Stark broadening method for plasma density measurements.

The following chapters provided a detailed description of R&D activities carried
out in the context of the PhD thesis. Ch[4]presented a study on the geometrical design
of plasma discharge capillaries, achieved by means of experimental tests and numerical
simulations and aimed at improving the modulation of the plasma density distribution
in such plasma sources. Capillaries with different inlet arrangements and channel
shapes were tested and characterized, analyzing the plasma density distribution
obtained by different geometries. In addition, 3D fluid dynamics simulations were
performed with the CFD software OpenFOAM, analyzing the neutral gas dynamics
during the filling of tested capillaries. Experimental and simulation results provided
a fundamental insight in the optimization of the capillary geometry to control the
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gas and plasma density distribution. In particular, the use of inlets at relatively close
distance or an enlarged cross section in the central region of the capillary channel
can improve the plasma density uniformity, as required for efficient plasma-based
acceleration. On the other hand, a gradual increase in the channel diameter towards
the capillary extremities allows to control the plasma density ramps, which can be
exploited for beam matching and extraction in plasma acceleration stages.

ChJf| presented a series of novel schemes for m-scale plasma discharge capillaries,
conceived for the realization of long plasma channels for high energy gain plasma-
based acceleration, but also for staged acceleration and focusing of charged particle
beams within compact plasma sources.

Sec[5.T] described the segmented capillary concept, in which long plasma channels
are generated by means of independent plasma discharges, produced by parallel high
voltage systems. Such scheme is characterized by the possibility to modulate the
longitudinal density distribution of the plasma channel by independently tuning
the timing and voltage in the different segments. The segmented capillary tested
at Plasma_ lab was characterized by two segments independently powered by two
HV systems to generate a single plasma channel. A first test demonstrated the
production of a uniform plasma channel by applying the same voltage to the segments
with HV pulses synchronized at the same time. In addition, a second test proved
the possibility to modulate the density profile by applying different voltage pulses
to the two segments, resulting in the production of localized density ramps that can
be exploited for controlled particle beam injection or beam matching and extraction.
Moreover, this proof of concept represented an important upgrade towards compact
and cost-effective m-scale discharge capillaries, thanks to the possibility to reduce
the breakdown voltage of very long gas columns (usually ~50-70 kV) by creating
plasma channels composed by multiple independent plasma discharges, each with
~10 kV breakdown voltage.

Sec[5.2included the design and testing of the integrated capillary, constituted by
three independent plasma discharge segments providing two focusing APL stages and
one plasma accelerating PWFA stage, all integrated within a single plasma source.
In particular, the first APL matches driver and witness beams at the PWFA stage,
while the second one extracts the two bunches, compensating the large divergence
at the exit of the accelerating stage. Different versions have been tested to overcome
crosstalk issues between the three plasma discharges and an optimized design of the
integrated capillary was installed at SPARC__LAB facility to focus and accelerate
electron beams. The proof of principle experiment demonstrated the ability of the
integrated capillary to provide plasma-based focusing, acceleration and extraction
of the witness beam within a single, compact plasma source, with an accelerating
gradient of ~ 150 MV /m.

Moreover, Secl5.3| presented the design and testing of a curved capillary for
compact guiding and bending of charged particle beams. The capillary was installed
at SPARC__LAB facility for a proof of principle experiment, aimed at demonstrating
the Active Bending Plasma (ABP) mechanism, consisting in the dispersionless
bending of charged particle beams by means of the poloidal magnetic field created by
plasma discharges inside curved capillary channels. The experiment demonstrated
for the first time the ABP mechanism by deflecting high energy electron beams
along the curved trajectory of the capillary channel, with a 4° bending angle and no
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significant effects of energy dispersion.

ChJ6] was devoted to high repetition rate plasma sources. Secl6.1], presented
the development of high repetition rate plasma discharge capillaries, based on the
combined use of machinable and cost-effective ceramic materials. In particular, the
design of such capillaries was based on Shapal Hi M Soft and Macor, which are
characterized by high thermal conductivity, high melting temperature and excellent
machinability. An experimental campaign was carried out on a plasma discharge
capillary composed by a Shapal core, inserted into a Macor holder with molybdenum-
stainless steel electrodes, in order to assess the longevity of such materials exposed to
high voltage plasma discharges in long-term high repetition rate operation, specifically
in the range 10-150 Hz. Due to Shapal opacity, transverse diagnostic techniques
were implemented to characterize the plasma source, such as the transverse Stark
broadening method for plasma density measurements, and microscopic analysis
and laser spot imaging to monitor the capillary channel profile and detect any
erosion effect. Additionally, a numerical analysis was carried out to study the heat
transfer inside the whole plasma source during high repetition rate plasma discharge
operation, and provide an estimate on the operative limits of ceramic capillaries.
First, an analytical method was employed to estimate the heat power produced
by a single plasma discharge through Ohmic heating, afterwards, 3D numerical
simulations were performed with COMSOL Multiphysics to analyze the capillary
overheating and the heat removal inside the plasma source. Experimental results
and heat transfer simulations demonstrated the capability of ceramic materials to
preserve the plasma properties and the capillary integrity during long-term plasma
discharges operation at high repetition rate (up to 150 Hz). In addition, according
to the numerical analysis, long-term operation in the kHz range can be achieved by
reducing the energy deposited by a single plasma discharge, acting on the discharge
duration and current intensity. In this regard, considering the operative range of
100-400 Hz foreseen by the EuPRAXIAQSPARC _LAB scientific case, the proposed
design of plasma discharge capillaries made in Shapal and Macor represents a reliable
solution in terms of longevity and cost-effectiveness.

In addition, Secl6.2] included an investigation of laser-induced plasma filaments,
tested and studied at SPARC__LAB facility. A complete characterization of the
plasma source, based on spectroscopic techniques for plasma density and temperature
measurements and other diagnostics for determining the filament dimensions and
decay time, demonstrated the possibility to produce uniform plasma channels with
suitable density profiles for plasma-based acceleration. In addition, the tunability of
the plasma density and filament length, the jitter-free operation and the reduced
energy deposition and amount of injected gas in the interaction chamber make plasma
filaments particularly interesting in the context of high repetition rate plasma-based
acceleration.

Finally, Ch[7] presented a preliminary design and test of the 60 cm-long capillary
targeted for EuUPRAXIAQSPARC LAB project. An optimal geometrical configura-
tion was designed by means of 3D fluid dynamics simulations, aimed at maximizing
the uniformity of the gas distribution in the capillary channel. Afterwards, a first
prototypical version has been realized by means of a novel approach, based on the use
of modular structures to improve the mechanical processing of the device and also
its cost-effectiveness. A preliminary test has proved the feasibility of the modular



148 Conclusions and Future Perspectives

capillary to produce a single 60 cm-long plasma discharge with 13 kV pulses.

Future perspectives, concerning the development of plasma sources for plasma
acceleration, include studies of plasma discharges properties at high repetition rate,
which may differ from those observed at 1 Hz with pulsed gas injection. In the
framework of EuPRAXTA@QSPARC__ LAB project, the development of the 60 cm-long
capillary will go on with the realization of modular ceramic devices, which will be
tested for long-term operation at 100 Hz, as foreseen by the project. In addition
the development of reliable simulation codes able to describe the plasma discharge
formation will be a crucial step ahead in the numerical design of plasma discharge
capillaries. Furthermore, studies on plasma discharges stability will provide a key
step forward towards stable and efficient plasma-based accelerators.
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Appendix A

Fitting optimization of
Hydrogen lines with Voigt
functions

As described in Chf3] plasma density measurements are performed by means of
Stark broadening method. Spectral lines of Hydrogen Balmer series are selected by
a spectrometer and acquired by an ICCD camera; afterwards, the hydrogen spectral
linewidth is measured to retrieve the plasma density, according to Eq[3.15]

For dense and cold plasmas, Lorenztian functions properly fit the broadened
Hydrogen lines and compute the related linewidth; however, in intermediate regions
(1-7 eV, 10'°-10'6 cm~3), Doppler and Stark effect can similarly affect the broadening
of Hydrogen lines and other distribution functions are more indicated for a precise
fitting. In particular, since the line profiles induced by Stark and Doppler effects
are described by Lorentzian and Gaussian distribution functions respectively, an
optimized fit of the spectral line can be achieved by means of a Voigt function,
defined as the convolution of the Gaussian and Lorentzian functions. For instance,
Fig[A 1| reports a comparison of three line profiles, Gaussian, Lorentzian and Voigt,
with normalized intensity and same FWHM.

Figure A.1. Comparison between Voigt, Lorentzian and Gaussian line profiles [82].
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The computation of the profile fitting algorithm, based on the use of the Voigt
function, may generally become quite time consuming. Therefore, the Voigt profile
can be preferably approximated by a pseudo-Voigt function, defined as a linear
combination between a Gaussian and a Lorentzian function, in which the FWHM
and Lorentzian weight of the pseudo-Voigt function are related to the FWHM values
of the deconvoluted Gaussian and Lorentzian functions, I'¢ and I'z, [120]:

fv(z) =1 -n)fe(x,va) +nfr(z,vL) (A1)

in which 7 is a parameter which mixes the two functions and fg(z,~v¢g) and
fr(z,~vr) are the normalized Gaussian and Lorentzian functions:

1
fa(zva) = \/77%'6_762/7% (A.2)

fole ) = ——(1+ a2/42)"! (A3)
YL

with the FWHM of the two functions given by 2v/In 27y and 2+, respectively.

A further improvement in the fitting accuracy can be achieved by adding to the
pseudo-Voigt two alternative functions, i.e. an irrational function and a squared
hyperbolic secant function, which are intermediate between Gaussian and Lorentzian
distributions [69]:

1
fr(z,or) = o —[1+ (x/v1)% 3/ (A.4)
I
v = 5 sech?(o /) = = . N
H\T,YH) = QPsteC T/YH) = 2’7H ex/vH _|_e—fl?/’YH .
whose FWHM are given by:
Ty = (223 — )Yy, Ty =2[n2"? + D]y (A.6)

A comparison of the two functions with Gaussian and Lorentzian distributions is

reported in Fig[A 2| [69].

Figure A.2. Proiles of the Gaussian, Lorentzian, irrational and hyperbolic functions.
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