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Introduction

Motivation

X and γ ray Inverse Compton sources are among the most performing devices in
producing radiation with short wavelength, high power, ultrashort time duration, large
transverse coherence and tunability. The expertise coming from the R&D activity on
high brightness linear accelerators and high quality high power ps laser system enables
today a transition phase towards the era of effective user facilities in X-ray imaging
and γ-ray Nuclear Physics and Photonics. Those sources require strong constrains for
the electron beam: the minimization of both the transverse normalized emittance and
the energy spread allows to maximize the spectral density and to guarantee the mono
chromaticity of the emitted radiation.

In this Ph.D. thesis a detailed study is presented on the 6D phase space optimisation
for high brigthness electron beams in RF linacs as drivers for advanced and high bril-
liance Inverse Compton sources. In particular this work focuses on the beam dynamics
studies for the ELI-NP Gamma Beam System (GBS) RF linac, currently in its deliver-
ing phase in Magurele (Romania), and on the commissioning phase of the SPARC LAB
Thomson Source electron beamline at INFN-LNF in Frascati.

In March 2014 the EuroGammas Consortium, which is led by Italy’s Institute of
Nuclear Physics (INFN), awarded and signed the contract to build and deliver the ELI-
NP Gamma Beam System (GBS) in Romania, therefore the executive phase of the RF
linac project started since then. Nearly at the same time the commissioning phase of the
X-Ray Thomson source started at SPARC LAB LNF facility.
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ii INTRODUCTION

The common aspects of the design of these two linac-based Compton sources have
played an important role in the understanding of electron beam optimisation processes:
beam dynamics studies together with the experience acquired in the commissioning
phase ongoing at the SPARC LAB Thomson source led the guide-lines for the 6D phase
space optimisation for electron beams in the ELI-NP GBS RF linac.

The ELI-NP Gamma Beam System is an advanced gamma ray source with unprece-
dented specifications of brilliance ( >1021), monochromaticity (0.5%) and energy tun-
ability ( 0.2 - 19.5 MeV ). Here the challenging source performances are provided by
the head on collision of a recirculated high power laser pulse and a train of 32 high
brightness high quality electron beams with tunable energy (75 - 740 MeV) at 100 Hz
repetition rate for the RF power system. My Ph.D. work has been focused on the beam
physics studies and optimisation of the electron beam dynamics in the ELI-NP RF linac.
Starting from the TDR of the machine, I focused on the aspects that are mostly involved
in the robustness, operational reliability and active and passive element constraint spec-
ifications of such a demanding machine and on the challenge introduced by the multi-
bunch operation. More in details I performed the start to end simulations for the RF
linac to optimise the 6D phase space of the electron beam at the interaction point for a
wide set of working points, each one as required by the user community. Beam dynam-
ics studies have been also performed for the C-band linac to evaluate the effect on the
beam quality of the short and long-range wakefields, both in the single and multi-bunch
operation. The transverse motion in the C-band linac has been investigated considering
the quasi-constant accelerating field profile of the cavities and has been shown that a
new linac matching can help to preserve the electron beam quality. Machine sensitivity
studies are also described aiming to check the robustness of the source in terms of jitter
and misalignments in the linac. Finally the evaluation of the dark current is addressed
to drive the design specifications for the shielding and the radiation safety system of the
linac tunnel.

In the meantime at the SPARC LAB X-ray Thomson Source (TS) the playground
opportunity has been taken to couple the SPARC high brightness photoinjector with
the high power FLAME laser system in order to provide a quasi coherent, moderate
monochromatic (10%) X-ray source with the photon energy tunable in the range of 20
to 250 keV. Here a head on collision is foreseen at the Interaction Point between a 30
to 150 MeV electron beam and the 250 TW FLAME laser pulse which provides ∼
2 J on target. For the first experiment a high brightness 30 MeV electron beam was
meant to be delivered at the interaction point for the generation of a X-ray beam for
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the X-ray imaging of mammographic phantoms with the phase contrast technique. In
this framework the dissertation aims to show both the beam dynamics simulations in the
TS beamline and the strategies adopted in the commissioning phase to optimise the 50
and 30 MeV electron beam at the interaction point in the first and second experimental
campaign.

Dissertation Overview

In this Ph.D. thesis are presented the studies on the 6D phase space optimisation
for high brigthness electron beams in RF linacs as drivers for advanced high bril-
liance Inverse Compton sources. Here the aim is to show how the expertise coming
from the R&D activity on high brightness linear accelerators, coupled with high qual-
ity high power ps laser system, impacts on the X and γ radiation source performances
and permits to achieve short wavelength, high power, ultrashort time duration, large
transverse coherence and tunability. In particular the work in this thesis focus on beam
dynamics studies in the ELI-NP GBS RF linac and on the commissioning phase of
the SPARC LAB Thomson Source, where high brigthness electron beams (as those re-
quired by these sources ) are currently handled by the SPARC LAB photo-injector.

In Chapter 1 the review of Inverse Compton Scattering X and γ-ray sources is re-
ported. The interest in the Compton radiation sources comes from the possibility to pro-
duce high energy photons as result of the scattering between a relativistic electron beam
and a low energy photon beam: in this case the emitted photon energy depends quadrat-
ically on the electron beam energy and is strongly correlated with the emission angle,
allowing narrow bandwidth by means of collimation systems. The recent technologi-
cal development in the field of high brightness linear accelerators and high energy/high
quality lasers enables today designing high brilliance Compton-X and Gamma-photon
sources that are considered to be the new roadmap to open the era of effective user
facilities in X-ray imaging and γ-ray Nuclear Physics and Photonics. In Chapter 1
are also reported few considerations on the handling of high brightness electron beam
in RF linac; then it follows theoretical studies on two of most common techniques that
permits the generation of high brightness electron beams in RF photoinjectors: the emit-
tance compensation method, together with the invariant envelope theory, and the veloc-
ity bunching technique. Finally the simulation tools adopted for the beam dynamics
studies, each optimised for the specific regime explored by the electron beam along the
RF linac (i.e. the space-charge dominated regime and the emittance-dominated regime)
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are here described.
In Chapter 2 the theory of Inverse Compton Scattering of relativistic electron beams

and low energy photons is described starting from the kinematics of the electron-photon
collision in the Compton model assumption; then the beam-beam interaction is treated in
detail, showing also very useful scaling laws to evaluate analytically the characteristics
of the photon beam produced by the Compton backscattering of the two colliding beams.
The features of the emitted photon beam are illustrated, in particular with regards to the
electron beam parameters showing that is possible to tune the energy and the bandwidth
of the source acting on the electron beam 6D phase space orientation.

Chapter 3 starts with a general description of the ELI-NP GBS project and of the
design criteria that lead to the final RF linac layout. Then are reported the beam dynam-
ics studies that have been addressed during the executive phase of the project: start to
end simulations of the linac are shown for several working points, each required as by
the user community; studies on wakefield effects in both single and multi-bunch oper-
ation, in particular with regards to the longitudinal beam dynamics in the multi-bunch
operation including long-range longitudinal wakefields; investigation of the transverse
motion in quasi-constant accelerating field profile in the C-band RF linac. Machine
sensitivity studies are also described in order to provide the basis for the alignment pro-
cedure and jitter tolerances . Finally the dark current transport has been simulated from
the photo-cathode up to the dumps to evaluate in more detail beam losses in the dumpers
and to provide the basis for shielding and safety system specifications.

In Chapter 4 the SPARC LAB Thomson source is presented and the commissioning
strategies and results are detailed illustrated. Firstly the SPARC LAB project is de-
scribed together with the research activity results here achieved and the current status
of the machine. Then are reported the numerical simulations of the electron beam dy-
namics in the SPARC LAB Thomson Source beamline needed to optimise the beam 6D
phase space at the IP in view of the source commissioning phase. Simulated and exper-
imental results are reported together with the upgrade of the electron beam transfer line
and interaction region that can permit to achieve better source performances.

At last we draw the final conclusions.
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Optimising RF Linacs as Drivers
for Bright Inverse Compton
Radiation Sources
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1.1 Introduction

The interest in the Compton radiation sources started nearly 100 years ago whit the
A.H Compton Nobel-Prize winning work, where the arise of an up-shifted frequency
photon as result of the Compton scattering of an electron and a laser beam was shown
[1]. Nevertheless the idea of producing high energy photons in accelerators through
Compton Scattering was proposed by H. Motz[2] and K. Landecker [3] in 1951-52 and
it was developed by R. Milburn [4] in 1963 and independently by F. Arutyunian and V.
Tumanian [5] later on. Indeed the scattering between a relativistic electron beam and
a low energy photon beam results in a radiation source whose energy depends quadrat-
ically on the electron beam energy and is strongly correlated with the emission angle,
allowing narrow bandwidth by means of collimation systems (see 2). Even if such
Compton sources were considered very effective “photon accelerators”, the laser and
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accelerator techniques at those times did not allow to consider Arutyunian and V. Tuma-
nian’s proposal from a practical point of view; the reason lied in the low cross section
value of this sources (the maximum value is given by the Thomson cross section σT H

tot =
0.67 barn) coupled with the unavailable high power laser needed for high performances
in terms of particle-photon collider luminosity, the figure of merit that measures the
ability of a particle collider to produce the required number of interactions [6].

In 1978 the LADON test facility at INFN-LNF in Frascati, the very first Compton
radiation source, worked in the head-on configuration for hadronic physics experiments
and produced polarised and tagged gamma-ray beams with energies up to 80 MeV with a
beam intensity of∼ 104 - 105 photons/s [7, 8]. Successful experiments at LADON were
followed by the construction of other facilities, as the Graal at European Synchrotron
Radiation Facility (ESRF) at Grenoble [9], and in this first phase several Compton scat-
tering experiments took place in existing electron storage rings that offered GeV-scale
electron energies needed to produce very hard γ-ray photons.

After a decade of R&D activity and machine test and development, the X/γ-ray
Compton sources are in the ongoing transition phase towards the era of effective user
facilities in X-ray imaging and γ-ray Nuclear Physics and Photonics. The development
of X and γ-ray sources with large spectral flux and high tunability opens the way to
applications at the frontier of science [10, 11], allowing us to deepen the fundamen-
tal knowledge and understanding of the properties of materials and living systems by
probing the matter on microscopic-to-nuclear scales in space and time [11]. Thomson
[12, 13, 14, 15, 16, 17, 18, 19] and Compton sources [20, 21] are among the most per-
forming devices in producing radiation with short wavelength, high power, ultrashort
time duration, large transverse coherence and tunability. In the existing Compton de-
vices, with emitted photon energies below Ep = 100 keV, the emission is generally pro-
vided by the collision between a high energy laser and a high brightness electron beam
generated by linacs or storage rings [15], while more sophisticated schemes and interac-
tion mechanisms are rapidly becoming a reality [22, 23, 24, 25, 26]. The most usual con-
figuration is the head-on scattering, so called Inverse Compton Scattering (ICS) source,
with the collision angle between the interaction beams θi = π , but also geometries with
different angles have been tested [16]. The mean photon energy actually measured in the
various sources ranges between 7 and 70 keV, each device presenting a wide tunability.
Experiments on the source characterization [27, 28, 29, 30], on the transmission, dark
field and phase contrast imaging, computed microtomography, K-edge techniques on
phantom [31], biological [15, 32], animal [33, 34] and human [16] samples have been
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then successfully performed.

Advanced Inverse Compton γ-ray sources based on the scattering between high
brightness electron bunches and high intensity high quality laser pulses are considered
to be the new road-map to open the field of nuclear photonics; high brightness electron
beam allows to improve both flux and brightness of the source, while increasing power
of the laser available systems from TW to PW leads to an improvement in terms of num-
ber of emitted photons of three orders of magnitude with given pulse duration and the
beam size. Within the next few years, laser performances are expected to increase by
about an order of magnitude, and up to three orders of magnitude may be gained at the
planned Extreme Light Infrastructure (ELI) facility (detailed described in 3.1) and High
Power laser Energy Research (HiPER) facility [35]. Several laboratories world-wide are
pursuing projects to develop such advanced Compton sources (Mega-ray project, AIST),
with the main aim to step up from the present state of the art parameters, represented
by the user facility for nuclear physics research HIGS, where the electron beam collides
with an intracavity FEL beam resulting in total gamma-ray intensities (energy between
2 and 100 MeV with linear and circular polarizations) higher than 109 photons/second
with few percent energy resolution.

The unique combination of high brightness electron beam and high quality-high
intensity laser system, also enabled possibilities of producing hard electromagnetic
radiation in a device that is relatively small bringing the quality and tunability of a
synchrotron beamline to an X-ray scientist’s local laboratory and so compatible with
locations inside University Campus, large Hospitals, Museums or mid-size research
infrastructures. New compact sources are rapidly being built all over the world, as
the linac-based Southern europe Thomson source for Applied Research (STAR), a 12
m long overall research infrastructure for a regional facility, or the storage-ring based
ThomX which fits in 10x10 m2 [36]. The existence of such new compact high-flux X-
ray machines based on Compton scattering has stimulated the commercial activity: the
Lyncean Compact Ligth source is in operation right now and provides a continuously
tunable energy spectrum and high spatial coherence - combined with some unique at-
tributes such as intrinsically narrow bandwidth (few %) and a moderate (few mrad)
diverging cone beam [37]. The Munich Compact Light Source (MuCLS) [38], installed
at the Technische Universitaty in Munich (Germany), is the first commercially sold
compact Compton source (10x10 m2) developed and manufactured by Lyncean Tech-
nologies Inc. and is in operation since early 2015.
Figure 1.1 lists the existing and planned compact Compton sources updated at 2010



4
CHAPTER 1. OPTIMISING RF LINACS AS DRIVERS FOR BRIGHT INVERSE

COMPTON RADIATION SOURCES

Figure 1.1: List of the existing and planned Compact compton sources updated at 2010
[39].

[39].

Many X and γ Inverse Compton radiation sources are based upon the novel RF
linac technology: the expertise coming from high brightness linear accelerators and
high quality high power ps laser system enables the production of high spectral density,
monochromatic and tunable energy photon sources. At this purpose it is interesting to
notice that both flux and brightness of the source can benefit from a linac-based config-
uration where the emittance dilution, that arises in storage-ring due to the recirculation
for millions of turns, can be avoided, while the possibility of a multi-bunch operation at
high repetition rate (∼ kHz) can allow to achieve flux comparable to that projected for
storage ring based Compton sources. These considerations, together with the wide elec-
tron energy range covered by a linac-based Compton source, and so the fast tuning of
the emitted photon beam frequency, make them very attractive to the user community.
The Extreme Light Infrastructure - Nuclear Physics Gamma Beam System (ELI-NP
GBS) γ-source and the X-ray Thomson Source at Sources for Plasma Accelerators and
Radiation Compton with Lasers and Beams (SPARC LAB) are only two of the RF linac
based Inverse Compton sources for users around the world.

These two sources are very similar since both foresee the head on collision between
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an intense high power laser beam and a high brightness high quality relativistic electron
beam; nevertheless the available electron energy and the required source bandwidth lead
the SPARC LAB Thomson source and the ELI-NP GBS γ-source to explore different
regimes (see 2.3), well described by the classical Thomson model and by the quantum

Compton model respectively. The ELI-NP GBS is a ∼ 90 m long advanced high spec-
tral density gamma ray source based on the Inverse Compton Scattering phenomenon
with unprecedented specifications of brilliance (>1021), monochromaticity (0.5%) and
tunable energy (0.2 - 19.5 MeV), presently under construction in Magurele, Bucharest
(RO); differently the SPARC LAB Thomson Source, is a compact quasi monochromatic
(∼ 10 %) X ray source with a tunable energy (20 - 250 keV) and high flux (109 ph. per
pulse in bw) based on the Thomson backscattering process presently under its second
commissioning phase at INFN-LNF in Frascati, Rome (Italy).

As mentioned the most innovative high brightness RF linacs, that allow to control
both the electron beam transverse normalized emittance and energy spread, permits to
achieve the challenging requirements of Inverse Compton Sources in terms of emitted
radiation features in the desired source energy range.
In the last two decades the crucial role played by the high brightness electron beams in
the frontier fields of radiation generation and advanced acceleration schemes has been
largely established. The production of high quality phase space electron beams has
shown to be essential for the coherent X-rays generation in the FELs as well to pro-
vide the matching conditions for the novel acceleration schemes based on high gradient
wakefields and for the realization of bright Gamma-ray Compton sources. The charac-
teristic brightness parameter B can be expressed as:

B =
2I
ε2

n
(1.1)

where I is the beam current in [A] and εn is the normalized emittance in the transverse
phase space, hence high brightness means high current and a small footprint in the trans-
verse phase space. The expertise coming from high brightness electron linacs driving
X-ray FEL’s can guide the design of RF Linacs to fulfil the requirements of high spectral
density Inverse Compton Sources, even if here the quest is for maximum phase space
density (instead of peak brightness). Noticeably, these rms beam quality factors have to
be evaluated on projected (integrated) values over the electron bunch, unlike in FEL’s
machines where the so called “slice”values are mostly relevant for the high gain FEL
process.
Finally a big effort has been devoted in these years to develop fruitful techniques of
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phase space control and manipulation of intense electron sources based on RF guns,
equipped with laser driven photocathodes, followed by one or two accelerating sections
(photoinjectors).

1.2 High Brightness Electron Beam Generation in RF
Photoinjectors

High quality electron beams can be achieved in RF photoinjectors by means of RF
guns, equipped with laser driven photocathodes, followed by one or two accelerating
sections. A simple emittance compensation scheme [40] based on a focusing solenoid
at the exit of the RF gun, can be used in photoinjectors to control emittance growth
due to the space charge effects while, from the invariant envelope theory [41], a proper
matching of the transverse space of the electron beam injected in the downstream accel-
erating sections (booster) after the gun exit, can help to control the transverse emittance
oscillations during the acceleration. Under the conditions of invariant envelope and
proper phasing of space charge oscillations [42] the final emittance is almost compen-
sated down to the thermal emittance value given by cathode emission with an expected
emittance scaling like εn ∝ σcath ∝

√
Q, where σcath is the hitting laser spot size on the

photocathode, and Q the extracted electron charge. A compression stage can occur to
shorten the beam length so to achieve the required high peak current; the so-called ve-
locity bunching method[43], has opened up a new possibility of compressing the beam
inside an RF structure and if integrated in the emittance compensation process [44]
can provide the desired bunch current values with the advantage of compactness of the
machine and absence of Coherent Synchrotron Radiation (CSR) effects present in a
magnetic compressor [45]. It is interesting to notice that a shortened beam length also
permits to reduce the energy spread dilution due to RF curvature degradation, in fact the
energy spread depends on the bunch length and the accelerating frequency as

∆γ

γ
≈ 2
(

π fRFσz

c

)2

. (1.2)

The RF linac hybrid scheme foreseen at ELI-NP GBS γ source is based on these con-
siderations.

The emittance compensation method, together with the invariant envelope theory,
and the velocity bunching technique are described in detail in following sections.
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Emittance Compensation Method and Invariant Envelope Theory

The electrons emitted from the cathode propagating trough the gun region are sub-
ject to the space charge forces that lead to the emittance degradation. Even if this effect
can be mitigated by means of high gradient accelerating field provided by RF gun, the
phase dependent focusing forces that the electrons experience in this high gradient field
still induce emittance growth[46]. Since the RF induced emittance grows with the beam
dimensions (both longitudinal and transverse), a solution can be to keep them small and
so leading to increased space charge forces once again. As mentioned above a focusing
solenoid placed downstream the RF gun region, referred to as emittance compensation

solenoid [40], can help reduce the space-charge induced emittance growth [46]. The
solenoid applies a focusing kick to the beam that counteracts the defocusing effect due
to the space charge that is strongest in the bunch middle and decreases towards the edge.
Assuming the beam as divided in more slices; if any focusing kick is applied the space
charge forces lead it to a fan-like distribution in the phase space; on the contrary if the
solenoid kick is applied the beam propagates in the downstream drift space until the
fan-like structure tends to close and a minimum phase space area is reached. If this
minimum is reached in a regime where space charge effects are no more dominant, is
possible to avoid the additional contribution to the emittance growth. At this purpose is
useful to define the laminarity parameter ρ that is the ratio between the space charge
force term and the emittance pressure term in the transverse plane

ρ =
Iσ2

t
2γIAεth2 (1.3)

where IA = 17 kA is the Alven current [47] and γ = 1 + T/mc2 is the normalized beam
kinetic energy or “relativistic Lorentz factor”. This parameter permits to distinguish
between the space-charge dominated regime, when ρ� 1, and the emittance dominated
regime, when ρ� 1. It is clear that, given the other beam parameters, ρ decreases while
γ increases; thus to avoid space charge induced emittance growth, the beam has to be
properly matched to the downstream accelerating sections in order to keep under control
the emittance oscillations and obtain the required emittance minimum at higher energy,
i.e. at the injector exit.

A full theoretical description of the emittance compensation process [41] demon-
strates that in the space charge-dominated regime, i.e. when the space charge collective
force is largely dominant over the emittance pressure, mismatches between the space
charge correlated forces and the external focusing gradient produce slice envelope os-
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cillations that cause normalized emittance oscillations. It has been also shown in [48]
that to damp these emittance oscillations secularly, the beam has to be propagated in the
to the so-called “invariant envelope”regime, given by

σINV =
1
γ ′

√
2I

IA(1+4Ω2)γ
(1.4)

where Eacc is the accelerating field, γ’ ∼ 2Eacc, I is the beam peak current in the bunch
and Ω is the normalized focusing gradient defined as

Ω
2 =

(
eBsol

mcγ ′

)
+

∼ 1
8 Standing Wave

∼ 0 Traveling Wave

The σINV is an exact solution of the rms beam envelope equation for a laminar beam,
with

σ
′′+σ

′ γ
′

γ
+ γ

Ω2γ ′2

γ2 − I
2IAσγ3 =

εth2

σ3γ2 ∼ 0 (1.5)

According to this theory, i.e injecting the beam at a laminar waist, the working point
was set for the LCLS FEL project [48]. By increasing the solenoid magnetic field, the
emittance shows a double minimum behaviour along the horizontal axis as in Figure 1.2.
If the accelerating structure is placed where the emittance exhibits its maximum then
the emittance oscillation can be frozen and its minimum is translated at the exit of the
accelerating section.

This solution corresponds to a generalized Brillouin flow condition that assures the
control of emittance oscillations associated with the envelope oscillations such that the
final emittance at the photoinjector exit is reduced to an absolute minimum. In order to
fulfil this condition, it is necessary to match two types of flow along the photoinjector:
the invariant envelope inside accelerating sections and Brillouin flow given by

σBRI =
mc

eBsol

√
I

2IAγ
(1.6)

in intermediate drift spaces.

By substituting the (1.6) in laminarity parameter definition (1.3) one can see that the
laminar regime extends up to an energy given by

γtr =

√
2
3

I
IAεthγ ′

(1.7)
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Figure 1.2: Emittance double minimum behavior, envelope evolution and emittance
behaviour when accelerating structures are properly matched [48].

As a consequence of such a theory, the definition of the “injector”has to be extended
up to an energy high enough to exit the laminar regime, termed transition energy. The
beam enters then in the so called emittance-dominated regime, where trajectories cross
over dominates over space charge oscillations and the total normalized emittance re-
mains constant in an ideal accelerator.

Finally it is worth mentioning that, even if the emittance growth can be partially
compensated, the beam emittance cannot by lower than its theoretical limit represented
by the so called “thermal emittance”,that is an intrinsic feature of the beam; indeed
the electrons extracted from the metal cathode belong to the tail of the Fermi-Dirac
distribution and have the Maxwell velocity distribution given by

f(vx,vy,vz) = f0exp(−
m(v2

x + v2
y + v2

z )

2kBT
) (1.8)

where kB is Boltzmann constant and T the cathode temperature. The result is that the
particles emerging from the cathode have an intrinsic velocity spread and so an intrinsic
emittance. The thermal emittance of a non relativistic beam emerging from the cathode
at the waist is

ε
th
n =

rs

2

√
kBT
mc2 (1.9)
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where rs is the radius of the emitting surface with the hypothesis of uniform current
density.

Velocity Bunching Technique

The velocity bunch technique is a compression process that consists in a rotation
of the longitudinal electron phase space based on a time-velocity correlation (chirp)
for which the electrons in the bunch tail are faster than those in the bunch head. This
happens in the longitudinal potential of a travelling wave accelerating structure that
accelerates the beam and at the same time applies an off crest energy chirp when the
injected beam is slightly slower than the phase velocity of the rf wave, in such a way
that when injected at the zero crossing field phase it slips back to accelerating phases.
The electron beam is then compressed and accelerated at the same time in the first ac-
celerating section after the rf gun and, under the above described conditions of invariant
envelope and proper phasing of space charge oscillations, it is possible to keep control
of the emittance growth.

In order to preserve the beam transverse emittance we have to integrate the longi-
tudinal dynamics of the RF compressor into the process of emittance compensation by
extending the invariant envelope theory [41] to the case of currents growing together
with energy along the RF compressor. Let us assume that the current grows in the com-
pressor at the same rate as the energy, i.e. I0γ

γ0
where I0 and γ0 are the initial values for

the current and the energy, respectively, at the compressor injection. As stated in [48]
this assumption is derived by observations performed in several simulations of the RF
compressor, indicating that best results in terms of final beam brightness are achieved
under this condition, which indeed gives rise to a new beam equilibrium. It should be
noted that this condition may be violated strongly near the end of the compression pro-
cess, but as this occurs at high energy, the violation may not have serious consequences.
The rms envelope equation becomes in this case

σ
′′+σ

′ γ
′

γ
+σ

Ω2γ ′2

γ2 = 0 (1.10)

whose new exact analytical solution is

σRFC =
1

Ωγ ′

√
I0

2IAγ0
(1.11)
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i.e. a beam flow at constant envelope (instead of 1/
√

γ as for the invariant envelope).
This is dictated by a new equilibrium between the space charge defocusing term (de-
creasing now as 1/γ2) and the focusing and acceleration terms (imparting restoring
forces to the beam): while for the invariant envelope equilibrium is achieved even in ab-
sence of external focusing (at Ω = 0), in this case we need to provide external focusing.

In reference [49] the first experimental results obtained at SPARC are reported of
velocity bunching compression with applied optimised compensation resulting in a sig-
nificant mitigation of the emittance growth due to the compression process.

Simulation Tools

Different simulation codes have been adopted for the beam dynamics studies here
presented, each optimised for the specific regime explored by the electron beam along
the RF linac, i.e. the space-charge dominated regime and the emittance-dominated
regime. In particular the beam dynamics in the injector has been simulated with the
multi-particles codes Tstep [50] and Astra [51]. The ELI-NP GBS C-band linac has
been simulated with the Elegant code [52], assuming the beam in the emittance domi-
nated regime; the Trace 3D code [53] has been instead used to simulate the beam dynam-
ics in the SPARC LAB Thomson Source beamline, where the maximum beam energy
chosen for the commissioning phase is below the transition energy (200 pC charge and
maximum energy of 50 MeV). Additionally the code MAD [54] (version 8.51) has been
employed to speed up the process of the transfer line matching.
The simulation codes with a short description of their capabilities are listed below:

• Tstep is an upgraded version of PARMELA [55]. It is a wide spread reliable
multi-particle code that transforms the beam, represented by a collection of par-
ticles, through a user-specified linac and/or transport system, where field maps of
magnets and accelerator cavities are derived from codes as POISSON, SUPER-
FISH and HFSS. It consists in calculating the self-fields by solving the Poisson
equation for the electrostatic field in the reference frame where the beam may be
considered at rest and then transforming the fields back to the laboratory frame
where kicks to the particles are applied. It includes a 2-D and 3-D space-charge
and thermal emittance calculation.

• Astra tracks particles through user defined external fields taking into account the
space charge field of the particle cloud. The tracking is based on a non-adapitve
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Runge-Kutta integration of 4th order. The beam line elements are set up w.r.t. a
global coordinate system in Astra. All calculations in Astra are done with double
precision, while output and input may be in single precision. It includes a 2-D
and 3-D space-charge and thermal emittance calculation.

• Elegant is a beam dynamics code that computes Twiss parameters, transport ma-
trices, non linear transport to 3rd order, closed orbits, beam transport floor co-
ordinates, error amplification factors, dynamic apertures, and more. It performs
6-D tracking with matrices and/or canonical integrators, and supports a variety of
time-dependent elements. It computes coherent and incoherent synchrotron radi-
ation effects using a 1D model, and also performs optimisation algorithms (e.g.,
matching), including optimization of tracking results. It includes also wake fields
and RF transverse field in the RF accelerating sections.

• MAD is a tool for charged-particles optics in alternating gradient accelerators and
beam lines. Includes linear lattice parameter calculation, linear lattice matching,
transfer matrix matching, and particle tracking.

• TRACE 3D is an interactive beam-dynamics program that calculates the envelopes
of a bunched beam, including linear space-change forces, through a user-defined
transport system. TRACE 3-D provides an immediate graphics display of the
beam envelopes and phase-space ellipses, and accommodates fourteen different
types of fitting or beam-matching options.
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2.1 Kinematics of the Interaction

Let us consider the scattering of a relativistic electron and a photon in the laboratory
frame coordinate system (xe, ye, ze). Without loss of generality we can assume the inci-
dent electron momentum pi along the ze direction and the incoming photon momentum
}ki (} is the Planck constant) along the direction given by the polar angle θi and the
azimuthal angle φi, as illustrated in Figure 2.1. The collision occurs at the origin of the
coordinate system. After the collision, the photon with a momentum }k f is scattered
into the direction given by the polar angle θ f and the azimuthal angle φ f , see Figure 2.1.
The momentum and energy conservation laws in case of an elastic scattering (as it is in
our case) lead to

pi + ki = p f + k f (2.1)

13
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Figure 2.1: Geometry of Compton scattering of an electron and a photon in a laboratory
frame coordinate system (xe, ye, ze) in which the electron is incident along the ze direc-
tion. The incident photon is propagating along the direction given by the polar angleθi
and azimuthal angle φi. The collision occurs at the origin of the coordinate system.
After the scattering, the scattered photon propagates in the direction given by the polar
angle θ f and azimuthal angle φ f . θ f is the angle between the momenta of incident and
scattered photons, ki and k f . The electron after scattering is not shown in the figure.

where pi= (Ee/c, pi) and ki = (EL/c, }ki) are the 4-momenta of the electron and pho-
ton before the scattering respectively, p f = (E f /c, p f ) and k f = (Ep/c, }k f ) are their
4-momenta after the scattering, Ee and EL are the energies of the electron and pho-
ton before the scattering, E f and Ep are their energies after the scattering and c is the
speed of the light. From (2.1) it follows that the electron after the interaction presents a
diminished Lorentz factor given by:

γ f = γi−
h

mc2 (νp−νL) (2.2)

where νp is the emitted photon frequency and can be obtained by squaring both sides of
(2.1) and after some manipulations

νp = νL
1− ek ·β i

1−n ·β
i
+ hν0

γimc2 (1− ek ·n)
(2.3)

where p j = γ jβ j
mc (j = i,f), ki = 2πνL

c ek and k f = 2πνp
c n; the angle-energy correlation

of the emitted photon is well described if the (2.4) is expressed in terms of angles and
energies

Ep = EL
1−βicosθi

(1−βicosθ f )+(1− cosθp)
EL
Ee

(2.4)
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Figure 2.2: Energy distribution - 3-dimensional on the left side plot and 2-dimensional
on a screen perpendicular to the electron propagation axis on the right side plot - of the
emitted photon at L = 50 m downstream the interaction point; the photon is emitted in
the head-on collision of a 740 MeV electron, the highest ELI-NP GBS source energy
working point, and a 515 nm wavelength photon. The scattered photon energy Ep only
depends on the scattering angle θ f , i.e the energy decreases in circles around z being it
independent of the azimuth angle Φ f .

The highest energy (corresponding to the so called Compton edge) of the emitted photon
is observed at θ f = 0 and it decreases with the θ f increasing (θ f =[0:π]); more detail in
it is possible, in principle, to select a desired photon energy with a simple geometrical
collimation system and by properly choosing its acceptance angle Ψ. If we assume an
head-on collision, θi = π and θp = π−θ f the equation (2.4) becomes

Ep = EL
1+βi

(1−βicosθ f )+(1+ cosθ f )
EL
Ee

(2.5)

which is independent from the azimuthal angle Φ f . This means that, given the energies
of the incident electron and photon, Ee and Ep, the scattered photon energy Ep only
depends on the scattering angle θ f , i.e the energy decreases in circles around z being it
independent of the azimuth angle Φ f . The relation between the scattered photon energy
Ep and scattering angle θ f is demonstrated in Figure 2.2 that shows the energy distribu-
tion - 3-dimensional on the left side plot and 2-dimensional on a screen perpendicular
to the electron propagation axis on the right side plot - of the emitted photon at L = 50
m downstream the interaction point; the photon is emitted in the head-on collision of a
740 MeV electron, the highest ELI-NP GBS source energy working point, and a 515 nm
wavelength photon. In this figure, the scattered photon energies Ep are associated to the
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colours in the sidebar (in MeV) and the scattering angles θ f are represented by the radii
R of the circles, i.e, θ f = R/L. We can see that the scattered photons with higher energies
are concentrated around the centre (θF = 0), while lower energy photons are distributed
away from the centre and that the maximum energy corresponds to θ f = 0, i.e when the
photon is scattered into the backward direction of the incident photon (sometimes called
backscattering).

For a small scattering angle (θ f � 1) and an ultra-relativistic electron (γ � 1), the
(2.5) can be simplified to

Ep ≈
4γ2

i EL

1+ γ2
i θ 2

f +4γ2
i

EL
Ee

(2.6)

Neglecting the recoil effect (2.6) can be reduced to the result given by the relativistic

Thomson scattering theory [56] Ep ' 4γ2
i EL; so in the Thomson approximation on axis

the incoming photon is boosted by a factor ∼ 4γ2
i by the relativistic electron and the

emitted photon energy reaches its maximum value; therefore the Compton scattering
can be used to produce high energy photons in the X/γ range.

The (2.6) is plotted in Figure 2.2 in the Thomson approximation for several electron
energies, each corresponding to the ELI-NP GBS source energy working point; the
figure shows not only that the emitted photon energy depends on the electron energy
(γI), but also that, since it decreases as γ2

i θ 2
f , the photon energy distribution narrows at

higher electron energies.
The (2.3) can be also expressed in terms of wavelength and angles:

λp = λL

(
1−βicosθ f

1−βicosθi

)
+

h
γimc

(
1− cosθp

1−βicosθi

)
(2.7)

Looking at (2.7) it is worth mentioning that the emitted wavelength is the sum of two
contributions: the first term on the right side of (2.7) represents the classical Thomson
effect λT , while the second part is related to the red-shift due to the inelastic electron
recoil λR and referred as “Compton recoil”. The latter gains importance as the electron
energy goes into the GeV range, when the desired bandwidth is very thin or when the
laser energy is extremely high, and is given by (see [57])

∆ = 2
λp−λT

λp−λT
(2.8)

or

∆ =
4γEL

E0 +2γEL
(2.9)
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Figure 2.3: Photon energy as function of the scattering angle θ f result of the scattering
of an electron and a 515 nm wavelength photon. The (2.6) is plotted in the Thomson
approximation for several electron energies, each corresponding to the ELI-NP GBS
source energy working point; the emitted photon energy depends on the electron energy
(γI) and, since it decreases as γ2

i θ 2
f , the photon energy distribution narrows at higher

electron energies.

with E0 the electron rest mass. Thus the emitted photon energy can be expressed as (see
[58, Intro.])

EICS = ET H(1−∆) (2.10)

where EICS is the source energy in the Compton model and ET H is the source energy
in the classical Thomson model. For example, the behaviour of the source energy and
of the Compton recoil ∆ as function of the electron beam energy has been calculated
in 3.2 for the ELI-NP GBS source and establishes the required electron beam energy
to range between 75 - 740 MeV. In our range of interest (up to 1 GeV) the Thomson
effect is definitely the dominant effect, even if to neglect the recoil effect causes some
percent shift in the wavelength value, which is not a small shift compared to the relative
bandwidth of 0.5% or even less desired for the ELI-NP experiment.

2.2 Beam-beam Scattering

The features of a photon beam emitted in the Compton scattering of a laser beam and
an electron beam, i.e in a beam-beam scattering, can be derived from the above consid-
erations on the electron-photon collision, being it equivalent to the scattering between
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Figure 2.4: Geometry of Compton scattering of an electron and a photon in a laboratory
frame coordinate system (x, y, z) in which the electron is incident along the z direction.
The incident photon beam is propagating along the negative zl-axis direction in its coor-
dinate system (xl , yl , zl). The coordinate systems (x, y, z) and (xl , yl , zl) share the same
origin.

a mono-energetic electron beam and a mono-energetic laser beam with zero transverse
sizes.

The Figure 2.2 shows Compton scattering of an electron beam and a laser pulse in
the laboratory frame. Geometry of Compton scattering of an electron beam and a photon
beam in the laboratory frame coordinate system (x, y, z) in which the electron is incident
along the z direction. The incident photon beam is propagating along the negative zl-
axis direction in its coordinate system (xl , yl , zl). The coordinate systems (x, y, z) and
(xl , yl , zl) share the same origin. The time t = 0 is chosen for the instant when the
centre of the electron beam and laser pulse arrive at the origin. The definition of these
two coordinate systems allows the study of the Compton scattering process with an
arbitrary collision angle, i.e, the angle between z-axis and negative zl-axis. For a head-
on collision, the collision angle equals π . In this case, the electron and laser coordinate
systems coincide. In these coordinate systems, the electron and laser beams can be
described by their respective distribution functions fe(r,p, t) and fL(r,k, t). The number
of the emitted photons per unit time dt and phase space volume dp dk dV generated in
the interaction is defined as

dN(r,p,k) = σtot(p,k)c(1−β
i
· ek)Ne fe(r,p, t)NL fL(r,k, t)dp dk dVdt (2.11)

where σtot is the Compton cross section and depends only on the momenta of the in-
coming electron and photon, Ne and NL are the total number electrons and photons and
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c(1− β
i
· ek) is the relative velocity of the two beams. The total number of scattered

photons can be obtained integrating the (2.11) on time, volume and momenta.

The Compton cross section in the Lorentz invariant form has been calculated in [59,
60, 61] by using Quantum Electrodynamics (QED) theory; after some manipulations the
total cross section can be obtained for unpolarized electrons scattering with polarised
photons as follows [62]

σtot = 2πr2
e

1
X

{(
1− 4

X
− 8

X2

)
log(1+X)+

1
2
+

8
X
− 1

2(1+X)2

}
(2.12)

where re is the classical electron radius and X is one of the Lorentz invariant variables
defined as follows

X = s−(mc)2

(mc)2 Y = (mc)2−u
(mc)2

where m is the electron mass at rest, s = (pi+ki)2, u = (pi-k f )2 and X and Y satisfy the
inequalities X

X+1 ≤ Y ≤ X [59].
Neglecting the recoil effect the (2.13) can be reduced to the classical Thomson cross

section:

σ
T H
tot =

8πr2
e

3
(1−X)≈ 8πr2

e
3

= 0.67barn (2.13)

In the case of an head-on collision occurring at the waists of both beams the total
number of photons per shot can be approximated by

N = Lsσtot '
NeNL

2πΣi
σtot (2.14)

where Ls is the single collision luminosity and Σi is

Σi =

√
σ2

x +
w2

0
4

√
σ2

y +
w2

0
4

(2.15)

with σi the transverse rms electron beam size (i=x,y) and w0 is the laser focal spot size
at collision. The (2.14) is valid whenever we can neglect the diffraction of both the
electron beam and the laser beam across the interaction (focal) plane. It means that,
given the beta function β = γσ2

t
εn

and the length σz of the electron beam, it has to be
verified σz ≤ β being εn and σt the transverse normalise emittance and spot size at the
interaction point; similarly, given the Rayleigh range Z = πw2

0
λL

and the length σzL of the
laser pulse, it has to be verified σzL ≤ Z (to avoid luminosity degradation due to the
well-known hour-glass effect, that is detailed described in [6]). The (2.14) can be also
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expressed as follows in terms of laser pulse energy EL, electron beam charge Q, laser
photon energy hνL

N = 4.12 ·108 EL[J]Q[pC]

hνL[eV ]Σi[µm2]
(2.16)

with σtot = σT H
tot .

2.3 Scaling Laws

The simple model introduced above permits to deduce very useful scaling laws [63]
to evaluate analytically the characteristics of the photon beam produced by the Compton
backscattering of the two colliding beams.

A very useful scaling law for the total number of photons emitted in a cone of rms
emi-angle θrms can be derived from (2.17), that represents the total number of scattered
photons per second over the entire solid angle and the entire energy spectrum. Assum-
ing, in fact, an electron beam with circular transverse section of radius σt ; the photon
number for a single shot scales as:

Nbw
γ = 0.35 ·109 EL[J]Q[pC]

hνL[eV ]Σi[µm2]
Ψ

2 (2.17)

where σtot has been assumed equal to σT H
tot and Ψ = γiθrms is the acceptance angle of

the collimation system; thus for example the number of photons emitted in the cone of
rms emi-angle θrms scales nearly like the square of Ψ or like the inverse square of the
Σi, and so on and so forth.

Any Compton source is a polychromatic source of back-scattered photons and, as
mentioned in 2.1, in order to produce a monochromatic photon beam one needs to select
a narrow cone around the electron beam propagation axis by means of special collima-
tors. So what really matters for experiments and applications of the collimated pho-
ton beams, is the number of photons Nbw

γ carried by the back-scattered radiation pulse
within a small angle, and the rms bandwidth associated with it νp - that is the concept of
spectral luminosity and spectral density, which are the real figure of merit for Nuclear
Physics and Photonics applications. The Spectral Density in the bandwidth in a single
shot is typically expressed in units of photons/s · eV and is defined as

SPDr =
Nbw

γ√
2πh[∆ν

ν
]r

(2.18)
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From (2.3) is possible to deduce the source bandwidth ∆ν

ν
, that scales with the

quadratic sum of contributes due respectively to the acceptance Ψ, to the electron nor-
malised emittance εn and energy spread ∆γ/γ and to the laser natural bandwidth ∆ν0/ν0,
diffraction d and temporal profile σzL:[

∆νp
νp

]
Ψ

≈ Ψ2
√

12[
∆νp
νp

]
εn

≈
[

εn
σx

]2

[
∆νp
νp

]
γ

≈
[

2∆γ

γ

]
[

∆νp
νp

]
d
≈

[
M2λL
2πwL

]2

[
∆νp
νp

]
νL

≈
[

∆νL
νL

]
[

∆νp
νp

]
σzL

≈
[

a3
0/3

1+a2
0/2

]

where a0 = 4.3 λL
w0

sqrt( U [J]
σzL[ps]) and in

[
∆νp
νp

]
γ

have been neglected the terms due to the

presence of the quantum frequency recoil. The term
[

∆νp
νp

]
σzL

represents the non-linear

effects due to the laser intensity responsible for multi-photon absorption/scattering phe-
nomena; these non-linear effects, strongly dependent on the interacting laser energy,
must be minimised in narrow bandwidth Inverse Compton Sources, as those for Nu-
clear Physics and Photonics, by using laser pulses with a0� 1.

Finally the relative bandwidth can be expressed as in the following formula

∆νp

νp
=

√√√√[ Ψ2
√

12

]2

+

[
εn

σx

]4

+

[
∆νp

νp

]2

γ

+

[
∆νp

νp

]2

L
(2.19)

whit
[

∆νp
νp

]
L

including all the collision laser contribution to the source bandwidth. Once

the bandwidth has been fixed at the required value
[

∆νp
νp

]
r

one can calculate the corre-

sponding acceptance as follows
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Ψ
2
r ≈

√√√√[∆νp

νp

]2

r
−
[

εn

σx

]4

−
[

∆νp

νp

]2

γ

−
[

∆νp

νp

]2

L
(2.20)

Looking at (2.20) it is worth mentioning that for beams characterized by high fo-

cusing, the term
[

∆νp
νp

]
εn

dominates in the bandwidth, thus limiting the collection of the

photons to a small acceptance angle. Lower focusing decreases the transverse momenta
of the electrons in the interaction region and permits to increase the acceptance, nev-
ertheless lower focusing means also a photon number in the shot decreasing, and so a
compromise is needed in order to optimise the spectral density of the source. These
formulas have been applied to the ELI-NP GBS case study and validated thanks to
comparisons with the simulated results obtained by Monte-Carlo codes, as CAIN [58,
Ch.1],[63].
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3.1 An advanced high brilliance γ source

The ELI-NP Gamma Beam System (GBS) is a high spectral density and monochro-
matic γ photon source based on the Inverse Compton Scattering process, that will be
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installed at the Magurele site (close to Bucharest in Romania) in 2017 and it is one of
the ELI project pillars.

The Extreme Light Infrastructure (ELI) project is part of a European plan to build a
new generation of large research facilities selected by the European Strategy Forum for
Research Infrastructures (ESFRI). The main goal of ELI is to provide ultra-short laser
pulses of a few femtoseconds (10-100 fs) duration and give performance up to 10 PW
and it bring new techniques for medical image-display and diagnostics, radiotherapy,
tools for new materials developing and testing, latest in X-ray optics. ELI will be im-
plemented as a distributed research infrastructure based initially on 3 specialised and
complementary facilities:

• ELI attosecond is located in Hungary where a new building is being built on
an old Soviet military base in the northern part of Szeged next to the number 5
main road. The primary mission of the ELI-ALPS Szeged research facility is to
make a wide range of ultrashort light sources accessible to the international sci-
entific community user groups. Laser driven secondary sources emitting coherent
extreme-ultraviolet (XUV) and X-ray radiation confined in attosecond pulses is a
major research initiative of the infrastructure. The secondary purpose of the fa-
cility is to contribute to the necessary scientific and technological developments
required for high peak intensity and high power lasers.

• ELI Beamlines is located in the Czech Republic in the Central Bohemia region,
near Prague. Here it will be creates a new generation of secondary sources for
interdisciplinary applications in physics, medicine, biology and material sciences.
Thanks to the tunability of its laser system, the ELI Beamlines facility will be able
to deliver high-quality sources of various kinds adapted to the needs of a large
variety of users.

• ELI-NP (Nuclear Physics) is located in Romania where a new building is being
built in Magurele, near Bucharest. It will focus on laser-based nuclear physics and
will generate radiation and particle beams with much higher energies, brilliances
suited to studies of nuclear and fundamental processes.

The EuroGammaS Consortium is in charge of providing the design, manufacturing,
delivery, installation, testing and commissioning of the Gamma Beam System (GBS),
for the benefit of the ELI-NP project, managed by the Horia Hulubei National Insti-
tute for Physics and Nuclear Engineering Bucharest - Magurele. The “EuroGammaS



3.1. AN ADVANCED HIGH BRILLIANCE γ SOURCE 25

”Association is composed by the Istituto Nazionale di Fisica Nucleare, the “Association
leader”, the Università degli Studi di Roma “La Sapienza”, the Centre National de la
Recherche Scientifique, ACP S.A.S., Alsyom S.A.S., Comeb Srl, ScandiNova Systems
AB.

At the Nuclear Physics pillar of ELI the scientific advanced potentials will be ex-
plored of a high intensity laser system (up to 1024 W/cm2) joined with a high brilliance
Gamma ray Beam System, in the field of Nuclear Physics and Nuclear Photonics for
users, not yet addressable nowadays. Such a γ photon beam is meant to provide a
source with unprecedented quality, as already mentioned, in terms of small bandwidth
(0.5 %), very high spectral density (> 104 photons/sec/eV) and peak brilliance (>1021)
in the wide energy range 0.2 - 19.5 MeV. It opens the era of nuclear photonics and
pursues advanced applications in the field of national security, material and life sci-
ences, nuclear waste treatment, nuclear medicine, as well as fundamental studies in nu-
clear physics dealing with the nucleus structure and the role of giant dipole resonances,
of great relevance also for astrophysics studies and answer questions concerning star
nucleo-synthesis.

At the ELI-NP GBS the γ beam is produced in the head-on collision of the high qual-
ity high brightness electron beam with maximum energy 740 MeV and a high quality
high power ps laser beam; it represents a steep forward jump in the available tech-
nologies in comparison to the present state of the art, with an expected step-up of the
various beam performances by at least two orders of magnitude, in particular the spec-
tral density, figure of merit for Nuclear Physics and Photonics applications that has to be
increased up to 104 photons/sec/eV for the ELI-NP source. Beside the ultra high quality
of the electron beams the upgrade comes from the operation at 100 Hz repetition rate
for the RF in the multi-bunch configuration and to recirculate the laser pulse as many
times as possible at the IP. The use of a multi-bunch train colliding with a high intensity
recirculated laser pulse allows to increase the number of collision per second, and so the
gamma flux.

The Figure 3.1 shows the machine layout, while the expected performances and
the source specifications are listed in Table 3.1. The completion of ELI-NP-GBS by
EuroGammaS is foreseen by the end of 2018 and so an intense study campaign has been
performed to optimise the RF linac to ensure the required performances (Table 3.1) and
a reliable routine operation of the γ source.

In the first and second sections of this chapter the design criteria and the layout of
the RF linac are illustrated; then in the following sections the optimisation is described
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Table 3.1: Summary of γ ray beam specifications and expected performances for elec-
tron beam and collision laser pulse.

Electron Beam Parameters @IP
all values are rms

Bunch charge, Q 25 − 400 pC
Mean Energy, Ee− 75 − 740 MeV
Relative Energy Spread, ∆γ

γ
0.4 − 1.0 ‰

Bunch Length, σz 200 − 300 µm
Spot Size, σt 15 − 30 µm
Normalised Transverse Emittance, εn 0.4-0.6 mm mrad
# Bunches in the train, 6 32
Repetition Rate 100 Hz
Bunch separation, Tb 16 ns
Energy variation in the train, ∆E 61 ‰
Emittance dilution due to beam break − up 610 %
Pointing jitter 1 µm

Yb:Yag Collision Laser Beam Parameters @IP

Pulse Energy 0.2 − 0.4 J
Wavelength 515 nm
Photon Energy 2.4 eV
Pulse Length [r.m.s.] 1.5 ps
Spot Size w0 >28 µm
Bandwidth [r.m.s] < 0.1 %
M2 <1.2
a0 0.02 − 0.04
Collision Angle α 172 deg
Repetition Rate 100 Hz
Recirculator Rate per Laser Pulse 32

γ−ray Photon Beam Specifications

Energy 0.2 − 19.5 MeV
Spectral Density 0.8 − 4.0 ·104 ph/s·eV
Peak brilliance 1020 − 1023 ph/s·mm2·mrad2·0.1%
Bandwidth [r.m.s.] 6 0.5 %
Source size [r.m.s.] 10 − 30 µm
Pulse length [r.m.s] 0.7-1.5 ps
# photons/shot within FWHM bandwidth 6 2.6·105

# photons/second within FWHM bandwidth 6 8.3·108
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Figure 3.1: ELI-NP Gamma Beam System (GBS) layout: a SPARC-like S-band high
brightness injector [49] followed by two C-band RF linacs (low and high energy) that
trough the relative transfer lines provide the electron beam to the Low and High Energy
Interaction Points (LE IP and HE IP) respectively [58].
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Figure 3.2: Behaviour of the source energy EICS and of the Compton recoil ∆ as function
of the electron beam energy Ee− . The electron beam energy is established to range
between 75 - 740 MeV

of the 250 pC electron beam dynamics to guarantee the desired values for the electron
beam emittance and energy spread also including the wakefields effects, both in single
and multi-bunch operation, and the quasi-constant gradient C-band cavities; then the
analysis of the robustness of the linac design is addressed regarding machine element
jitters and misalignments and on this basis alignment procedure and jitter tolerances
have been provided; in the last section is described the analysis related to evaluation of
the dark current along the RF linac.

3.2 Accelerator Design Criteria

The stringent requirements on the ELI-NP γ source spectral density - 0.8 - 4.0 · 104

ph/s·eV - and bandwidth - <0.5 % - in the desired energy range - 0.2 - 19.5 MeV -
provide the basis for the accelerator design criteria.

As mentioned in 2 the frequency of the emitted radiation depends on the electron
beam energy as in (2.10), here reported

EICS = ET H(1−∆) (3.1)

A 740 MeV electron beam colliding with the laser pulse described in Table 3.1 generates
a 19.5 MeV photon beam where ∆ ≈ 0.54 MeV. The behaviour of the source energy
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and of the Compton recoil ∆ as function of the electron beam energy is reported in
Figure 3.2. The ELI-NP GBS required electron beam energy ranges between 75 - 740
MeV.

The spectral density in the required r.m.s. bandwidth [∆ν

ν
]r can be described as

follows (3.1)

SPDr =
Nbw

γ√
2πh[∆ν

ν
]r

(3.2)

Being the number of number of photons in the bandwidth, Nbw
γ , and the r.m.s. value

of the bandwidth itself, ∆ν

ν
, described as in 2.3, is possible to define from eq. 3.12 the

following factor of merit η̂ for the electron beam

η̂ =
Qb

σt2[(∆γ

γ
)

2
+( εn

σt
)

4
]

1
2

(3.3)

where εn is the transverse normalized emittance, σt is the transverse spot size, ∆γ/γ
is the energy spread and Qb is the charge of the electron beam at the interaction point
(IP). In this form η̂ scales like the spectral density of the emitted radiation [64, eq. 3-5],
and points out the relevance of electron beam emittance and energy spread contribution
to the radiation quality.

In a high brightness linac the longitudinal and transverse phase spaces are not strongly
coupled, especially in the photo-injector where the energy is still low and low bunch
compression is foreseen; so it can be assumed that the transverse emittance can be
minimised, for a given charge, independently on the beam energy spread and a new
qualifying parameter η can be identified

η =
Qb

εn2 (3.4)

In this form η represents the 4D electron phase space density to maximise.

Based on above considerations an intense study has been performed to optimise the
final source design as reported in ELI-NP official Technical Design Report (TDR) [58];
here the chosen electron beam parameters are: εn in the range 0.2− 0.6 mm mrad, ∆γ/γ
6 0.1% and tunable energy in the range 75 − 740 MeV. As reported in [58, Ch. 1]
the behaviour of the source spectral density as function of the electron beam spot size
indicates 15 µm 6 σt 6 30 µm as the optimal range for the electron beam spot size at
the interaction point with the best result for σt ≈ 20 µm.
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The linac optimisation (exhaustive description for the ELI-NP case is reported in
[65]) has been divided in two parts:

1. minimisation of εn to maximise η ;

2. minimisation of the energy spread to preserve the source bandwidth.

The εn minimisation requires a bunch long enough in the RF gun to reduce the
emittance growth due to the space charge contribution, it is ensured with a SPARC-like
S-band photo injector [49]. Here the gun emittance compensation solenoid, together
with the gradients on following TW S-band cavities set to satisfy the invariant envelope
conditions, providing a “frozen”εn at the photo-injector exit (see ??).

The energy spread minimisation is obtained with a slightly off-crest operation in the
C-band RF linac, following the S-band photo injector, and it guarantees electron beam
energy in the range 75 - 740 MeV, taking advantage of the high accelerating gradients
provided by the C-band cavities to compact its length. The final energy spread induced
by to the RF curvature ∆γ

γ
can be described in terms of bunch length and accelerating

frequency and is shown in (3.3)

∆γ

γ
≈ 2
(

π fRFσz

c

)2

(3.5)

where an on crest operation, in full relativistic conditions has been considered.

To avoid the energy spread dilution due to RF curvature degradation effects keeping
∆γ/γ 6 0.1% , a σz 6 280µm must be injected in the C-band linac, see Figure 3.3.
A velocity bunching scheme is applied in the first S-band accelerating section, resulting
in a gentle compression factor f≤ 3; the emittance degradation due to a shortened bunch
its kept under control by means of a solenoid around the first S-band section, as routinely
and successfully applied at SPARC LAB.

3.3 The RF Linac Layout

The application of the above mentioned accelerator design criteria results in a hy-
brid scheme consisting in a SPARC-like S-band high brightness photoinjector [49] fol-
lowed by a C-band RF linac as shown in Figure 3.4. The 100 Hz repetition rate and the
multibunch configuration provide the demanding requirement of high spectral density,
enabling in this way to accelerate up to 40 bunches in the same 450 ns long RF pulse
with a 15-20 ns spacing to raise the effective repetition rate up to a ∼ 4 kHz value. The
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Figure 3.3: Behaviour of the energy spread dilution due to RF curvature degradation
effects as function of the bunch length and of the accelerating frequency in the on crest
operation and full relativistic conditions. At ELI-NP GBS the choice has been to inject a
σz 6 280µm in the C-band linac to avoid ∆γ/γ > 0.1%. This is obtained by means of the
adopted velocity bunching scheme, resulting in a gentle longitudinal compression factor
< 3 at the photo injector exit, as routinely and successfully applied at SPARC LAB.

routinely multi-bunch operation at the ELI-NP GBS foresees the collision of a train of
32 electron bunches, separated by almost 16 ns and each one carrying 250 pC of charge,
with a high intensity recirculated laser pulse.

The Photo-injector

The SPARC-like S-band injector, operating at 2.856 GHz, is composed of a 1.6 cell
S-band RF gun equipped with a copper photo cathode and an emittance compensation
solenoid, followed by two TW SLAC type S-band sections [66]; a second compensa-
tion solenoid surrounds the first S-band cavity for the operation in the velocity bunching
scheme. The whole system have been already mounted and aligned at INFN-LNF labo-
ratories in 2016 as illustrated in Figure 3.5, and is hosted on three independent modules
4 m long each: the RF gun and the gun solenoid are on the first module (M1), while the
S-band structures on the following ones (M2 and M3).

The RF gun will operate at the accelerating peak field gradient Eacc ≈ 120 MV/m,
while the two S-band structures will operate at a maximum of 23.5 MV/m allowing to
reach a maximum electron beam energy at the injector exit of 146 MeV on crest.
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Figure 3.4: ELI-NP Gamma Beam System (GBS) layout: a SPARC-like S-band high
brightness injector [49] followed by two C-band RF linacs (low and high energy) that
trough the relative transfer lines provide the electron beam to the Low and High Energy
Interaction Points (LE IP and HE IP) respectively [58].
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Figure 3.5: The whole system have been already mounted and aligned at INFN-LNF
laboratories and is hosted on three independent modules: the RF gun and the gun
solenoid are on the first module (M1), while the S-band structures on the following
ones (M2 and M3).

Figure 3.6: The RF gun region is composed of a 1.6 cell S-band RF gun, operating
at 2.856 GHz, equipped with a copper photo cathode and an emittance compensation
solenoid.
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Figure 3.7: The C-band accelerating structures are 1.8 m long and consist of 102 cells
with a 2π/3 phase advance per cell. The cavities will be hosted at INFN-LNF laborato-
ries until the commissioning phase; here the vacuum tests for some of them have already
started.

The gun region is one of the most critical part of the accelerator where the emittance
compensation process takes place; the design of this part has been carefully studied and
foresees the possibility to slightly tune the drift space between the injector elements
in order to satisfy the invariant envelop condition and optimise the beam parameters
at the first TW section entrance. The gun solenoid consists in two coils that can be
powered independently with alternate signs providing the compensation for eventual
alignment errors and residual multipolar components. A steerer, placed downstream the
emittance compensation solenoid, allows to control the electron beam trajectory before
the injection in the first travelling accelerating section. The Figure 3.6 shows the RF
gun region mounted and aligned at INFN-LNF laboratories in 2016.

The C-band Booster Linac

The C-band RF linac operates at 5.712 Ghz, with the accelerating structures de-
signed and developed at LNF, [67] (modules M4-M35). Here the accelerating gradient
can be set up to a maximum of 33 MV/m, allowing enough margin for the off crest op-
eration that minimise the final beam energy spread in the whole 75 − 740 MeV energy
range [64, 65]. The C-band accelerating structures are 1.8 m long and consist of 102
cells with a 2π/3 phase advance per cell. The cavities will be hosted at INFN-LNF lab-
oratories until the commissioning phase; here the vacuum tests for some of them have
already started.
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The linac is divided in two main sections as shown in Figure 3.4: the low energy
extraction line and the downstream high energy line. The low energy linac is composed
of four accelerating sections and can carry the electron beam up to the maximum energy
E≈ 320 MeV; a dogleg transport line DL1 downstream its exit provides on right side an
off axis deviation of∼ 90 cm and delivers the beam at the Low Energy Interaction Point
(LE IP). The straight-on branch of the dolgleg drives the beam along the downstream
high energy linac. It is composed of eight accelerating sections and brings the electron
beam up to the maximum energy E = 740 MeV; here a second dogleg DL2 delivers the
electron beam at the High Energy Interaction Point (HE IP) with a off axis deviation
of ∼ 120 cm. In each of the two IP’s regions a quadrupole triplet provides a flexible
final focusing for matching the electron beam spot size vs the counter-propagating laser
pulse.

Diagnostic Tools

The electron beam characterisation is essential to properly match the electron beam
coming from the RF linac to provide the required phase space orientation at the IP. The
beam envelope is captured in several positions along the machine and in particular at the
gun exit, at the low and high linac entrance and exit and at the IPs. The imaging on the
screen mounted at the gun exit is used for the beam energy measurement, provided by
means of the beam deflection a steerer (horizontal or vertical) upstream the screen, and
to centre the beam on the photo cathode. The longitudinal phace space characterisation
is obtained using a S-band RF deflecting cavity [68] coupled with a dipole in two main
locations: downstream the first C-band cavity of the low energy linac and upstream the
first C-band cavity of the high energy linac. The 6D phase space characterisation is
completed in these places with the emittance measurements by means of the quadrupole
scan technique. The latter can be also done at each straight-on section of the linac to
keep under control the eventual emittance dilution. Beam current monitors are placed
at the gun exit and all along the machine in order to optimise the beam charge transport
up to the IP. The current measurements at the gun exit together with a RF injection
phase scan enables the identification of the proper injection phase needed to maximise
the beam energy gain as indicated by the beam dynamics simulations. Finally the beam
trajectory is measured with beam position monitors all along the machine and at in
particular at the interaction region entrance and exit, where the special cavity BPMs
resolution is of the order of 2 - 3 µm.
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3.4 RF Linac Start to End Simulations

Intense beam dynamics studies have been performed to provide a reliable working
point for the linac to drive in collision an electron beam able to guarantee the γ-ray
source performances (see 3.2). The needed electron beam parameters, checked with
CAIN simulations, are described in [69] for different Working Points (WPs), each cor-
responding to the main user required γ-photon beam energy. The electron beam pa-
rameters at the interaction point have been optimised for the 250 pC nominal electron
beam with 30 k macro particles in the single bunch operation and are listed in Table 3.2.
Looking at the Table 3.2 results it has to be mentioned that for the very low energy 0.20
MeV WP the energy spread turns out to be slightly out of specifications even if still
acceptable by the user community.

The ELI-NP GBS nominal case foresees a 80 MeV electron beam coming from
the photo-injector with the parameters listed in Table 3.3; the beam transition energy
between the space charge and the emittance dominated regime occurs at ≈ 70 MeV.
Regarding the beam dynamics simulations, the machine can then be split into two parts
with the beam exploring two different regimes (for more details see 1.2): the laminar
regime in the photoinjector, where the beam dynamics optimisation is mainly devoted
to minimise the space-charge induced emittance; and the emittance-dominated regime
(where the total normalised emittance remains constant in an ideal accelerator) in the
C-band ”booster” linac to gain energy and minimise the ∆γ

γ
. Each electron beam gen-

erated in the injector has been tracked along the C-band linac to provide the final beam
parameters at the IP.

The Photo-Injector

The photo-injector optimisation aims to provide at the C-band entrance a 250 pC
electron beam with εn ' 0.4 mm mrad, σz ' 280 µm and energy in the range 80 ±
10 MeV; the beam line matching foresees a proper set of the emittance compensation
solenoids and the S-band cavity gradients in the velocity bunching scheme, according
to the invariant envelope criteria (see 3.2 and 1.2).

The beam dynamics in the injector has been simulated with multi-particles codes
Tstep [50] and Astra [51], which take into account the space charge effects, relevant at
very low energies, and the thermal emittance, considered to be εt ' 0.91 ± 0.01 [mm
mrad]/[mm] · σr [mm rms], as the measured value for an S-band RF gun operating at
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Table 3.2: Simulated parameters of the 250 pC electron beam at LE IP and at HE IP for
several Working Points (WPs), each corresponding to the user required γ-photon beam
energy. Following parameters result from electron beam dynamics studies devoted to
optimise the γ-ray source.

γ−source Ee−@IP Ee− ∆γ

γ
@IP σz@IP εn@IP βt@IP σt@IPWP @Inj Exit

[MeV] [MeV] [MeV] [‰] [µm] [µm] [m] [µm]

LOW ENERGY LINAC
0.20 75 70.5 1.15 275 0.51 0.16 23.5
1.00 165 80.5 0.86 274 0.44 0.43 20.0
2.00 234 80.5 0.82 273 0.44 0.43 19.6
2.85 280 80.5 0.78 275 0.45 0.50 19.5
3.50 312 90.5 0.80 278 0.41 0.55 19.3

HIGH ENERGY LINAC
10.00 530 80.5 0.45 272 0.44 0.71 17.5
13.00 605 80.5 0.43 273 0.44 0.71 17.5
19.50 740 90.5 0.48 278 0.41 0.95 16.5

Eacc = 120 MV/m [70].

The bunch distribution at the cathode surface strongly impacts on the optimisation
process of final parameters at the injector exit. Several computational studies and mea-
surements developed at the SPARC LAB photo-injector demonstrated that a laser pulse
with a flat-top longitudinal distribution allows to minimise the projected emittance value
at the injector exit [71]; even better results can be achieved by a tuning of the flat-top
pulse FWHM duration and rise time [72]. The above considerations, together with an
extensive simulation campaign reported in [58, Ch. 2], lead to consider a photo-cathode
laser pulse with a flat-top longitudinal profile of 8.5 ps FWHM duration, 1.5 rise time
and a transverse uniform distribution of rms spot size σr = 250 µm, radius r = 0.5 mm.
The Figure 3.8 shows the shaped charge distribution at cathode surface produced by
such laser pulse as obtained with 2D Tstep simulations; the cylindrical symmetry of the
beam allows us to adopt a 2D model which requires a reasonable number of particles
and mesh points, and so computational time.

Three working points have been optimised, around the reference one, to exit from
the photo injector with a beam energy in the range 80 MeV ± 10 MeV, to cover the
required energy range for the electron beam while preserving its quality: looking at
Table 3.2 each row colour corresponds to a beam energy at the injector exit.

The RF gun accelerating field is Eacc ' 120 MV/m and a slightly dephasing be-
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Figure 3.8: Charge distribution at cathode surface produced by the photo-cathode laser
pulse as obtained with 2D Tstep simulations. The photo-cathode laser pulse shows a
flat-top longitudinal profile of 8.5 ps FWHM duration, 1.5 rise time and a transverse
uniform distribution of rms spot size σr = 250 µm, radius r = 0.5 mm.

Table 3.3: Simulated parameters of the 250 pC electron beam at photo-injector exit for
several Working Points (WPs).

Ee− Eacc
∆γ

γ
σz εn βt σt

[MeV] [MV/m] [%] [µm] [µm] [m] [µm]
70.5 18.25 1.67 267 0.53 79.1 559
80.5 21.00 1.71 279 0.43 63.0 414
90.5 23.50 1.69 280 0.41 50.5 344

146.0 23.50 1.69 274 0.45 50.5 439

tween the field and the beam allows to maximise the energy gain in this part. Then, the
following S-band structures operate in the range Eacc = 17.5 - 23.5 MV/m to provide
the energy tuning in the range 80 ± 10 MeV. It has to be mentioned that for acceler-
ating gradients lower then 20 MV/m, needed to provide a 70 MeV electron beam, the
transition energy increases up to 90 MeV; nevertheless only a slightly difference can be
observed extending the multi particle simulation to the first cavity of the downstream
C-band linac.
The velocity bunching scheme in the first S-band cavity is adopted to shorten the beam
length from 740 to 280 µm. Finally, the emittance minimisation is obtained setting the
gun solenoid at ' 3 KG and the one surrounding the first S-band cavity at ' 0.3 KG.
A slightly off-crest operation of the second S-band cavity further reduces the energy
spread at the injector exit. In this configuration the design electron beam parameters at
the injector exit are: E = 80.5 MeV, εn = 0.45 mm mrad, σt = 439 µm, ∆γ/γ = 1.69 ‰,
σz = 274 µm (see Figure 3.10).
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Figure 3.9: Longitudinal and transverse phase spaces at the injector exit and evolution
of transverse normalised emittance (ε red line), spot size (σt blue line) and longitudinal
bunch length (σz green line) from the cathode to the injector exit for a 250 pC electron
beam with final energy of 70.5 MeV as obtained with the Tstep code.

Figure 3.10: Longitudinal and transverse phase spaces at the injector exit and evolution
of transverse normalised emittance (ε red line), spot size (σt blue line) and longitudinal
bunch length (σz green line) from the cathode to the injector exit for a 250 pC electron
beam with final energy of 80.5 MeV as obtained with the Tstep code.
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Figure 3.11: Longitudinal and transverse phase spaces at the injector exit and evolution
of transverse normalised emittance (ε red line), spot size (σt blue line) and longitudinal
bunch length (σz green line) from the cathode to the injector exit for a 250 pC electron
beam with final energy of 90.5 MeV as obtained with the Tstep code.

The simulation results are shown in Figure 3.9 - Figure 3.11 for a 250 pC electron
beam with final energy of 70.5, 80.5 and 90.5 MeV; the plots show the longitudinal and
transverse phase spaces at the injector exit and evolution of the transverse normalised
emittance (ε red line), spot size (σt blue dash-dot line) and longitudinal bunch length
(σz green dashed line) from the cathode to the injector exit as obtained with the Tstep
code.

The on-crest operation has been also explored resulting in a maximum 146 MeV
electron beam at the injector exit. Here the gun solenoid is set at ' 3.2 KG while the
one surrounding the first S-band cavity set at ' 0.4 KG.

The beam parameters obtained with the simulations are listed in Table 3.3 for all the
examined working points.

The C-band Booster Linac

The C-band linac optimisation aims to provide the electron beam, coming from the
injector, at IP with: εn ' 0.45 mm mrad, ∆γ/γ 6 0.1 ‰ and tunable energy in the range
75− 740 MeV; more detail in the beam line matching foresees to properly set magnetic
elements and accelerating cavities, including wake fields in the C-band sections and the
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Figure 3.12: Right: Pill box cavity model considered for the wake fields calculations.
Left: Longitudinal and transverse short-range wake function curves integrated over one
cell for the C-band accelerating structure.

coherent and incoherent synchrotron radiation effects in the bending magnets.

Electron beam dynamics simulations in the C-band booster linac have been per-
formed with the Elegant code [52] that includes the wakefields generated by the elec-
tron beam inside the accelerating structures together with the longitudinal space charge
and the coherent and incoherent synchrotron radiation effects in the bending magnets.
The code computes wake fields making the convolution of the specified time-dependent
moment of the particle distribution with the Green wake function, defined as the time
response of a system to a unit impulse. The longitudinal wake function is expressed in
Volt/Coulomb, while the transverse wake function as Volt/(Coulomb meter) in order to
be independent of the offset of the driving charge.

For the C-band structures the asymptotic values of the longitudinal and transverse
wake fields have been calculated according to [73, 74]

W0||(s)≈
Z0c
πa2 exp(−

√
s
s1
)

V
Cm

with s1 = 0.41
a1.8g1.6

L2.4

(3.6)

W0⊥(s)≈
4Z0cs2

πa4 [1− (1+
√

s
s2
)exp(−

√
s
s2
)]

V
Cm2 with s2 = 0.17

a1.79g0.38

L1.17

(3.7)

where Z0 is the free space impedance, c is the light velocity and a, L, b and g are
defined as in Figure 3.12. The calculated Green function wakes used in Elegant for the
C-band accelerating structures are reported in Figure 3.12.
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Several Working Points have been optimised to provide at LE-IP an electron beam
energy in the range 75 - 312 MeV and at HE-IP a beam energy in the range 530 -740
MeV, and the resulting parameters are listed in Table 3.2. An additional working point,
not reported in Table 3.2, has also been studied for the highest electron beam energy
of 740 MeV at HE-IP, relaxing the performances of the RF machine power system; an
uncompressed electron beam with 146 MeV energy is generated in the photo-injector
and then tracked-up to the HE-IP with final ∆γ/γ of at least 2 ‰, out of specifications
even if still acceptable by the user community.

The row colours in Table 3.2 are related to the electron beam energy at the photo-
injector exit needed to guarantee the required beam quality at the IPs. Low and the
high energy line have been matched to provide the design electron beam parameters as
follows

@LE-IP: εn ' 0.45 mm mrad, σt ' 19.5 µm, ∆γ/γ = 0.80 ‰, σz ' 270 µm.

@HE-IP: εn ' 0.45 mm mrad, σt ' 17.0 µm, ∆γ/γ = 0.45 ‰, σz ' 270 µm.

Accelerating gradients set in the range of 10 − 33 MV/m, complying with the ELI-
NP RF power distribution system, together with the proper off crest operation, i.e. de-
phasing of ±15 degrees with respect to the maximum RF accelerating field, allow to
reach energy spread values of 0.8 ‰ at LE IP and of 0.4 ‰ at HE IP. The beam transport
line optics is matched to close the horizontal dispersion at each dogleg exit. Further-
more, the final focusing system provides a spot size tunable in the range 18 − 25 µm at
the LE IP and in the range 10 − 25 µm at the HE IP.

Reference working points for the C-band linac are the 234 MeV electron beam at
LE-IP and the 530 MeV electron beam at HE-IP, respectively the 2.0 MeV and 10.0
MeV γ source energy. The simulation results are shown in Fig.3.14 for the 234 MeV
electron beam required at the LE IP for the 2 MeV γ photon beam production. The
accelerating gradient is set at 23 MV/m with the following dephasing: +15o on the first
two accelerating structures and −3o for the third and the fourth ones. The resulting
electron beam parameters at the LE IP are: E = 234 MeV, εn = 0.44 mm mrad, σt =
19.6 µm, ∆E/E = 0.82 ‰, σz = 273 µm. The simulation results are shown in Fig.3.16
for the 530 MeV electron beam required at the HE IP for the 10 MeV γ photon beam
production. The accelerating gradient is set at 22 MV/m with the following dephasing:
+20o on the first four accelerating structures and −3o for the following ones. The
resulting electron beam parameters at the HE IP are: E = 530 MeV, εn = 0.44 mm mrad,
σt = 17.5 µm, ∆E/E = 0.45 ‰, σz = 272 µm.
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Figure 3.13: Transverse and longitudinal phase space at LE-IP for the 75 MeV electron
beam as obtained by Elegant simulations and the Twiss parameters of the electron beam
lines from the photo-injector exit down to the LE-IP.

The simulation results are shown in Figure 3.13 - Figure 3.15 for the lowest, nominal
and higher energy working points of the low energy line and in Figure 3.16 - Figure 3.17
for the nominal - that is also the lowest - and higher energy working points of the high
energy line; the plots show the longitudinal and transverse phase spaces at IPs and the
Twiss parameters of the electron beam lines from the photo-injector exit down to the
LE-IP and HE-IP respectively.

Wakefield Effects in Single and Multi-bunch Operation

When an intense electron beam passes through a wall discontinuity, as RF accel-
erating structures, it gives rise to electromagnetic fields which can affect its own beam
dynamics. If the beam velocity is almost that of light, from the causality principle, fields
can only stay behind the leading charge and only trailing charge dynamics, in both lon-
gitudinal and transverse plane, will be perturbed in the sense of changing in momentum.
Longitudinal wake fields, where the forces are parallel to the beam axis, affect the en-
ergy profile of the beam; transverse wake fields, where the forces are perpendicular to
the beam axis, can deflect the beam further away from the axis in case of off-axis beam
trajectories. Results can be the bunch emittance growth and large transverse trajectory
errors [75].
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Figure 3.14: Transverse and longitudinal phase space at LE-IP for the 234 MeV electron
beam as obtained by Elegant simulations and the Twiss parameters of the electron beam
lines from the photo-injector exit down to the LE-IP.

Figure 3.15: Transverse and longitudinal phase space at LE-IP for the 312 MeV electron
beam as obtained by Elegant simulations and the Twiss parameters of the electron beam
lines from the photo-injector exit down to the LE-IP.
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Figure 3.16: Transverse and longitudinal phase space at HE-IP for the 530 MeV electron
beam as obtained by Elegant simulations and the Twiss parameters of the electron beam
lines from the photo-injector exit down to the HE-IP.

Figure 3.17: Transverse and longitudinal phase space at HE-IP for the 740 MeV electron
beam as obtained by Elegant simulations and the Twiss parameters of the electron beam
lines from the photo-injector exit down to the HE-IP.
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Figure 3.18: Beam energy profile at the C-band linac injection (blue curve) and at LE-
IP as obtained by including (red curve) and not including (green curve) the longitudinal
wakefields: the beam loses v 0.2 % of its energy due to the longitudinal wakefields.

Those fields are called short-range wakefields where they vanish in few bunch lengths
[76], otherwise they are called long-range wakefields and can lead to instabilities in case
of multi-bunch operation. In the following beam dynamics studies regarding the beam
quality sensitivity to wakefields effects in the C-band linac are presented in both single
and multi-bunch operation.

Single-bunch Operation

The 250 pC electron beam, represented by 50k macro-particles generated with the
Astra code, comes up to the C-band linac entrance with the following parameters: E =
80.5 MeV, εn = 0.44 mm mrad, σt = 401 µm, ∆γ/γ = 1.69 ‰, σz = 274 µm. Then the
beam is tracked through the C-band low energy linac with the Elegant code and short-
range longitudinal and transverse wakefields effects have been considered separately.

Longitudinal wakefields effects The study is in terms of the energy profile variation
in case of on-axis trajectory, so that the effect of transverse wake fields can be neglected;
longitudinal wakefields inside the C-band cavities have been calculated as described in
3.4. The Figure 3.18 shows the beam energy profile at the C-band linac injection (blue
curve) and at LE-IP as obtained by including (red curve) and not (green curve) the
longitudinal wakefields: the beam loses v 0.2 % of its energy due to the longitudinal
wakefields.
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Figure 3.19: Evolution of the electron beam horizontal distribution along the C-band
linac in ideal conditions (left) and in case of ∆in j = 500 µm (centre) or ∆mis = 500 µm
(right).

Figure 3.20: Behaviour of the simulated horizontal centroid (blue markers) - <x> - and
normalised emittance (red markers) - εx - as function of ∆in j (left) and ∆mis (right) with
(diamonds) and without trajectory correction (rounds) . The behaviour of <x> (blue
rounded markers) as function of of ∆in j (left) and ∆mis (right), confirms the expected
linear dependence on ∆i (blue dashed lines) analytically calculated as described in [75,
Ch. 2] (with i=[inj,mis]).
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Transversal wakefields effects The study is in terms of beam quality and trajectory
errors in case of injection offsets at the linac entrance (∆in j) or cavity misalignments
(∆mis), that both cause the arising of transverse wakefields inside the C-band cavities;
the latter have been calculated as described in 3.4. In both cases the head of the bunch
excites transverse wakefields that affect the tail motion. The mechanism is similar, but
not the same: if injection offsets occur, then the leading particle travels unperturbed
along the linac undergoing free betatron oscillations of amplitude ∆in j; differently, if
cavity misalignments occur, then the leading particle travels straight on, without under-
going betatron oscillations. The Figure 3.19 shows the evolution of the beam horizontal
distribution along the C-band linac in nominal conditions (left) and in case of ∆in j = 500
µm (centre) or ∆mis = 500 µm (right).

The singe bunch transverse motion in case of injection offsets at the linac entrance
or cavity misalignments is detailed described in [77] that also reports very useful ana-
lytical formulas to evaluate the expected centroid displacement and emittance growth
(more details in Appendix A).
For ∆in j 6= 0 the centroid displacement has been analytically calculated from the equa-
tion of motion of the head and tail particles (in the assumption that the beam consists of
two macroparticles, each of charge Q/2 separated by ∆z = 2σz). The horizontal motion
equation of the head particle is

x1(s) = ∆in j cos(ks) (3.8)

where s is the longitudinal position along the accelerator and k is the betatron wave
number for the head particle (k = 1/β ). Assuming that both particles have the same
betatron number k, the horizontal motion equation of the tail particle is

x2 = x1 +
QW0⊥(2σz)

4kE(s)
∆in jssin(ks) (3.9)

where W0⊥(2σz) is the transverse wakefield at the the distance ∆z = 2σz and E(s) the
electron beam energy at s.
For ∆mis 6= 0 the equation of motion of the beam centroid is [77]

x(s) =−
QW0⊥(2σz)

2E0

√
β (s)
γ(s)

( Ns

∑
j=1

√
β j

γ j
sin(Ψ(s)−Ψ j)

)
∆misL (3.10)

where β (s) and γ(s) are the beta function and the Lorentz factor of the electron beam at
s, L is the length of the accelerating cavity j and (Ψ(s)−Ψ j) is the phase advance from
the centre of the structure j to the position s.
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The beam centroid motion has been computed in the C-band linac structures in case
of ∆in j 6= 0 or ∆mis 6=0 following (3.8) - (3.10); beam dynamics simulations in the C-band
linac in case of on-axis motion give nominal values of β and γ along the machine. In
Figure 3.20 are reported the beam centroids at the exit of the 4th C-band accelerating
cavity as obtained by analytical calculation and simulations.

As illustrated in Figure 3.20, the behaviour of the simulated horizontal centroid (blue
rounded markers) - <x> - as function of ∆in j (left) and ∆mis (right), confirms the ex-
pected linear dependence on ∆i (blue dashed lines) analytically calculated as described
in [75, Ch. 2] (with i=[inj,mis]) and here reported in (3.8) - (3.10).

The trajectory correction can help to prevent emittance growth and centroid dis-
placements due to transverse wakefields [78, 79]; the Figure 3.20 also shows the be-
haviour of <x> (blue markers) and εx (red markers) as function of ∆i with (diamonds)
and without (rounds) the trajectory correction. Simulation results highlight that the tra-
jectory correction is much more effective in case of ∆in j 6= 0 µm then in case of ∆mis 6=0
µm and so, as it will be explained in details in 3.5, ∆mis < 100 µm, and even less, are
strongly suggested.

Multi-bunch Operation

The multi-bunch operation at the ELI-NP GBS foresees the collision of a train of
32 electron bunches, separated by almost 16 ns, with a high intensity recirculated laser
pulse and allows to increase the gamma flux. In such multi-bunch configuration long-
range wake fields, excited when the beams pass through the C-band linac cavities, can
strongly affect the beam dynamics of the bunches trailing the first one. Longitudinal
wake fields, related to the excitation of the fundamental accelerating mode and referred
to as beam loading effects, can produce a cumulative energy deviation from the first to
the last bunch, while transverse wake fields can drive to the multi-bunch beam break up
in case off-axis trajectories occur. The analysis, detailed reported in [80], has been done
in terms of variation of the bunch energy along the train in the case of on-axis electron
beam motion so that the effects of transverse long-range wake fields can be neglected. In
detail, as reported in the Introduction of [58], the electron beam energy variation along
the train is required to be lower than 1.0 ‰ with a relative energy spread lower than 1.0
‰. The electron beam dynamics of each bunch of the train has been simulated with the
Elegant code superimposing the long-range wakefields to the short-range wakefields in
each cell of the C-band linac accelerating structures. The longitudinal wakefields propa-
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Figure 3.21: Left: Wake potential inside a C-band cavity observed at different istances
tn corresponding to the nt h bunch arrive (n=0,1, ... , 20). Right: Total longitudinal wake
potential in full beam loading condition, i.e. in the steady state.

Figure 3.22: Left: Cumulative energy deviation in the multi-bunch operation from the
first to the last bunch due to longitudinal long-range wake fields. Right: Relative energy
spread in the multi-bunch operation from the first to the last bunch due to longitudinal
long-range wake fields.
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gation inside the C-band accelerating cavities has been accurately calculated at different
instances corresponding to the nt h bunch arrive (n=0,1, ... , 20) (see Figure 3.21); this
calculation and the proposed full beam loading compensation technique, consisting in
a modulation of the input power to maintain the required energy variation and energy
spread along the train, are described for our case in [81]. Since after the passage of 20
bunches the wake field reaches a steady state, the study regarded the calculation of the
beam loading in case of maximum 20 bunches, not expecting observable deviation from
the bunch 20t h to the last of the train. In Figure 3.22 is plotted the simulated cumulative
energy deviation in the multi-bunch operation from the first to the bunch 6t h due to the
beam loading effect: the energy decreases from the first to the 6t h bunch of the train,
resulting in a deviation from the first bunch energy of almost 2.0 ‰, reaching values
higher than the 1.0 ‰ required in [58]. Also a variation in the relative energy spread
along the train is expected due to the beam loading effect; in Figure 3.22 is also plotted
the relative energy spread in the multi-bunch operation from the first to the bunch 6t h

due to the beam loading effect: the relative energy spread increases from the first to the
6t h bunch, reaching energy spread values higher than 1.0 ‰ required in [58].

Above considerations enhance the importance of the full beam loading compensa-
tion proposed in [81] to avoid the energy modulation along the train so reducing the
longitudinal phase space degradation at the collision with the laser pulse. In the next
future the study will be extended to the electron beam dynamics in the RF gun and in the
two S-band SLAC type TW cavities. Further the transverse long-range wake fields will
be treated in order to estimate the multi bunch beam break up effect on the transverse
phase space.

Quasi-constant Gradient C-band cavities

The electron beam dynamics in the C-band linac, illustrated for the ELI-NP GBS
case in 3.4, has been investigated assuming a constant accelerating field in the twelve
TW disk loaded cavities. Actually, as reported in [67], the cavities are fed by a single
klystron with a constant RF input pulse and the cavity iris apertures have been shaped
to have a quasi-constant accelerating field with Eavg = 33 MV/m and a 15 % slope; the
reason lies in avoiding very small irises at the end of the structure, needed for a perfect
constant gradient profile, that lead to the increase of the dipole mode effectiveness,
reduction of the pumping speed and beam clearance. Further to achieve an average
accelerating field of 33 MV/m in a constant impedance structure the accelerating field
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Figure 3.23: Left: accelerating field as obtained by simulations and reported in [67].
Right: Accelerating filed as obtained by Elegant simulations (right): the cavity, 1.8 m
long and with 2π/3 field phase advance per cell, has been split in n constant profile TW
structures (with n = 1, 3, 6, 17) to provide a good enough approximation to the design
field profile (red dashed line).

in the first cell has to be increased up to more than 43 MV/m, giving potential problems
from the breakdown rate point of view. The design field profile, simulated and reported
in [67], is illustrated on the left in Figure 3.23: the non-constant field profile leads
to a change of the transverse motion in the input and output couplers of the cavities
(see Appendix B), that are due to RF focusing, adiabatic damping and RF kick and
depend on the accelerating gradient and on the electron energy citeitem130,item26; so
the booster matching robustness should be investigated and eventually newly computed.

The electron beam dynamics in the C-band linac is illustrated considering the quasi-
constant accelerating field of the C-band cavities by using the Elegant code, that includes
the transverse RF field effects. The code combines pure π-mode standing wave with a
travelling wave to accurately simulate the fringe field, at either beginning and end of
the cavity, based on the Serafini-Rosensweig model described in [82]: the fringe field
at beginning is simulated with a half standing wave cell leading the TW cavity; the
fringe field at end is simulated with half standing wave cell trailing the TW cavity. Each
cavity, 1.8 m long and with 2π/3 field phase advance per cell, has been split in n constant
profile TW structures (with n = 1, 3, 6, 17) to provide a good enough approximation to
the design gradient profile. The Figure 3.23 shows the design accelerating field on axis
[67] (left) and the ones simulated with Elegant for different n (right): higher is n and
more precisely can be simulated the mentioned effect at entrance and exit of a cavity,
indeed the model accuracy increases from 86.8 % by using n = 1 (constant TW structure)
to 99.2 % by using n = 17.
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Figure 3.24: Twiss parameters along the linac for the 234 MeV electron beam at LE-IP
in case of constant gradient (lines) and quasi constant gradient (dashed lines) C-band
accelerating structures.

At the very beginning the beam dynamics is simulated in the first C-band cavity, set
at the maximum 33 MV/m accelerating gradient, in order to estimate the effect on the
transfer line matching of the quasi constant field profile. The nominal 250 pC electron
beam, composed of 30 k macro particles, exits from the photo-injector with a final
energy of 80.5 MeV, then is injected in the linac. The quasi constant field profile affects
mainly the transverse beam dynamics resulting in a decrease of the spot size at the
cavity exit from σt = 334 µm for n = 1 to σt = 318 µm for n = 17. This behaviour can
be explained looking at the focusing strength associated to the transverse RF field in the
couplers, that scales as

Kr =−
1
8

[
γ ′

γ

]2

(3.11)

where γ ′ is the gradient in the particle energy over a period of the cavity (for details see
Appendix B).

A proper matching of the quadrupoles along the linac can help to prevent this effect
and to provide the nominal beam parameters at LE-IP.

On the above considerations a final beam dynamics study has been performed for the
reference 2.0 MeV source working point. The 250 pC electron beam has been tracked
up to the LE IP with a final energy of 234 MeV in case of quasi-constant gradient TW
cavities for n = 17. The beam line has been newly matched by acting on the strength of
the first four quadrupoles. The resulting beam parameters at LE-IP are listed in Table 3.4
and the Twiss parameters along the C-band linac are reported in Figure 3.24.
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Table 3.4: Simulated parameters for the 234 MeV electron beam at LE-IP in case of
constant gradient and quasi-constant gradient TW accelerating cavities.

234 MeV Constant Quasi Constant
@LE-IP Gradient TW Gradient TW
Energy 234.0 234.0 MeV
Energy Spread 0.82 0.82 ‰
Bunch Length 273.0 274 µm
εn 0.44 0.43 mm mrad
σt 19.6 20.5 µm

3.5 Machine Sensitivity Studies

The introduction of errors in the ELI-NP GBS electron beam lines affects the elec-
tron beam quality at the IP resulting in emittance and energy spread growth and large
transverse trajectory errors [75]. Intense machine sensitivity studies have been per-
formed in order to provide the basis for the alignment procedure and jitter tolerances
[83]. In order to ensure a reliable routine operation of the γ-photon source, starting
from the accelerator main systems specifications in [58] and taking advantage of the
experience acquired at SPARC LAB Thomson source [84, 85], the maximum reason-
able error values have been considered to face the most realistic situation, see Table 3.5,
trying not to count only on the best performance of the machine systems and to check
the actual robustness of the source design.

The following results are related to the 250 pC electron beam, composed of 30
k macroparticles, tracked up to the LE IP with a final energy of 280 MeV. Injector
sensitivity studies have been carried out using Giotto [86] and Astra codes to provide
tolerances and specifications for cathode laser system, power supplies and solenoids.
Each bunch generated in the injector, has been tracked up to the LE IP along the C-
band RF linac, whose sensitivity studies have been carried out using the Elegant code to
provide tolerances and specifications for power supplies, magnetic elements and BPMs
resolution. At first, the beam transport line is matched to obtain the desired electron
beam parameters at the LE IP: εn = 0.45 mm mrad, σt = 20 µm, ∆γ/γ/E = 0.81 ‰, σz

= 280 µm, then misalignments and jitter are introduced both in the injector and in the
booster to perform the tracking.

Machine sensitivity studies have been performed on samples of 100 machine runs
each one obtained generating for each machine a tracking code input in which the ele-
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Table 3.5: Maximum error values for power supplies, magnetic elements and beam
position monitors resolution.

Photo-Injector
GUN
RF Voltage [∆V ] ± 0.2 %
RF Phase [∆Φ] ± 0.2 deg
S-band Accelerating Sections
RF Voltage [∆V ] ± 0.2 %
RF Phase [∆Φ] ± 0.2 deg
Alignment on transverse plane [∆xy] ± 70 µm
Solenoids on GUN & TW cavities
Alignment on transverse plane [∆xy] ± 70 µm
Cathode Laser System
Arrival time [∆t] ± 200 fs
Pointing Instabilities [∆s] ± 20 µm
Energy Fluctuation ± 5 %
C-band RF linac
Modules
Alignment on transverse plane [∆xy] ± 300 µm
Tilt about incoming long. axis [∆θ ] ± 150 µrad
C-band Accelerating Sections
RF Voltage [∆V ] ± 0.2 %
RF Phase [∆Φ] ± 1 deg
Alignment on transverse plane [∆xy] ± 70, ± 100 µm
Quadrupoles
Geometric strength [∆k] ± 0.3 %
Alignment on transverse plane [∆xy] ± 70, ± 100 µm
Tilt about incoming long. axis [∆θ ] ± 1 mrad
Dipoles
Bend angle [∆B] ± 0.1 %
Tilt about incoming long. axis [∆θ ] ± 1 mrad
Steerers
Strength [∆kS] ± 0.2 µrad
Beam position monitors
Resolution [r] ± 10 µm
Cavity Beam position monitors
Resolution [r] ± 5 µm
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Figure 3.25: Right: Energy spread (∆γ/γ) occurrence over 100 machine runs at LE IP
in case of: RF voltage jitter (red dashed line), RF phase jitter (blue dots), RF phase
and voltage jitter (green line). The analysis suggests that the energy spread can grow
up to 0.1% if RF phase jitter in the range ±1o arises. Left: Transverse spot size (σt)
occurrence over 100 machine runs at LE IP for ∆xy = ±70 µm (red line) and ∆xy =
±100 µm (blue dashed line). The analysis suggests that the spot size can grow up to
almost 33 µm for ∆xy = ±100 µm.

ments errors are provided, in the chosen range, by means of the Matlab Latin Hypercube
function that returns an n-by-p matrix, containing a latin hypercube sample of n values
(machine run identifier) on each of p variables (element errors). For each column of ma-
trix, the n values are randomly distributed with one from each interval (0,1/n), (1/n,2/n),
..., (1-1/n,1), and they are randomly permuted, furthermore a normal random distribution
of minus and plus sign is also applied. In this way the error matrix randomly factorize
from−100% to +100% the considered error values listed in Table 3.5 for each element.
With the aim to determine most dangerous error contributions, charge fluctuations in the
range 237.5 − 262.5 pC, brought on by cathode laser energy jitter of ± 5 %, and errors
in the C-band RF linac are considered one by one according to Table 3.5. The trajectory
correction in the booster is not applied at first in order to enhance the emittance dilu-
tion and large transverse trajectory errors due to misaligned accelerating structures and
quadrupoles and to injection offset [75]. Injector sensitivity studies in case of charge
fluctuations result in a maximum deviation from the optimised parameters at injector
exit of ± 0.05 % and do not cause significant linac optics mismatch in case of any other
error. The electron beam affected by charge jitter has been injected in the RF linac. Tilt
about the incoming longitudinal axis of ±1o such as jitter on dipole bending angle of
∆B = ±0.1 % and quadrupole strength of ∆k = ±0.3 % have negligible effects on the
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Figure 3.26: Steerer strength needed to centre the electron beam on the BPMs (right)
and resulting trajectory errors at LE-IP (left): BPM resolution defines the mean value
of trajectory errors < c >, while steerer strength jitters introduce a standard deviation
from the mean value of ≈ ± 1 µm.

beam parameters at LE IP and so, are proposed, together with the cathode laser energy
jitter, as specifications for the ELI-NP GBS machine. The accelerating structure voltage
and phase jitter contributions mainly affect the energy spread of the electron beam. The
occurrence of resultant energy spread values over the 100 machine runs is plotted in
Figure 3.25 in case of: RF voltage jitter (∆V red dashed line), RF phase jitter (∆Φ blue
dots), RF phase and voltage jitter (green line). The Figure 3.25 shows that the case of
RF voltage jitter leads to almost all the machine runs producing an electron beam en-
ergy spread of≈ 0.81 ‰; nevertheless the case of RF phase jitter results in few machine
runs producing an electron beam energy spread growth up to ≈ 1.0 ‰. The analysis
suggests that energy spread lower than 1.0 ‰ needs RF phase jitter lower than ±1o in
order to ensure a successful routinely operation of the γ-photon source. Misalignments
on transverse plane, ∆xy, are considered on both accelerating structures and quadrupoles
in the range ±70 µm or ±100 µm. While the energy spread remains always lower than
0.88 ‰, the normalized emittance and the spot size grow up to respectively 0.7 mm
mrad and almost 33 µm for ∆xy = ±100 µm. More relaxed is the scenario for ∆xy =
±70 µm where εn is lower than 0.6 mm mrad and σt is lower 27 µm. The Figure 3.25
also shows the occurrence of resultant σt values over the 100 machine runs for ∆xy =
±70 µm (red line) and ∆xy = ±100 µm (blue dashed line). Even if the case of ∆xy =
±100 µm results in few machine runs producing a σt higher than 30 µm, the proposed
alignment precision is at least of ±70 µm.

According to previous study results and to Table 3.5, an enlarged sample of 352 ma-
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chine runs is considered introducing also errors in the injector and on the C-band linac
module alignment; the latter are treated in the code as beam injection offset, ∆xy = ±
300 µm, and divergence, ∆θ = ± 150 µrad, at the entrance of each module, including
the ones hosting the interaction regions. The 352 machine runs are generated with the
same procedure used before, but now misalignments are established in the range ±70
µm. Once more, injector sensitivity studies show negligible effects on the beam param-
eters at the injector exit not affecting the C-band RF linac matching. At this point the
trajectory correction is applied to control the large transverse trajectory errors due to
misaligned accelerating structures and quadrupoles, including in the Elegant code the
steerer strength jitter and BPM resolution as listed in Table 3.5. Steerers are switched
on centering the beam on all BPMs, avoiding off-axis trajectories, and on the two cavity
BPMs placed at the entrance and exit of the interaction regions, to maximize the source
luminosity. ( The alignment errors on steerer magnets and BPMs have not been intro-
duced so far and it will be done next). Figure 3.26 shows the steerer strength needed
to centre the electron beam on the BPMs (left side) and the resulting trajectory errors
at LE-IP, < c > (right side). Looking at the plot on right side, steerer strength always
< 1mrad, the maximum value allowed by specifications described in [58], suffices to
guarantee beam centroid offsets at IP lower than 10 µm. The plot also shows that BPM
resolutions define the mean value of trajectory errors, while steerer strength jitters in-
troduce a standard deviation from the mean value of ≈ ± 1 µm; a feedback loop that
works towards the source luminosity optimisation, not dependent on the BPM resolu-
tions, drives to the best collision alignment through a proper setting of the two steerers
before the IP and ensures a reliable routine operation with an electron beam pointing
jitter < 1 µm, as required in [58]. The result of the trajectory correction, that allows to
manage injection offset and the spot size growth due to emittance dilution, is an electron
beam with εn = (0.45 ± 0.03) mm mrad, σt = (22.5 ± 1.5) µm and ∆γ/γ/E = (0.81 ±
0.05) ‰, confirming the robustness of the source to jitter and misalignments inside the
tolerance range listed in Table 3.5.

Finally, beam dynamics studies in case of the random insertion of machine errors
listed in Table 3.5 have been performed for the reference working points of the low and
high energy line, the 2 MeV and the 10 MeV γ source respectively. A sample of 350
machine runs, generated with the same procedure used before, is considered. The 250
pC electron beam, composed of 30 k macroparticles, has been tracked up to the LE-
IP with a final energy of 234 MeV and to the HE-IP with a final energy of 530 MeV,
using the electron beamline matching described in 3.4. In Figure 3.27 - Figure 3.29 the
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Figure 3.27: Energy spread occurrence over 350 machine runs for the 2.0 MeV (234
MeV electron beam LE-IP) and the 10.0 MeV (530 MeV electron beam HE-IP) γ

source WPs in case of 70 µm misalignments and jitters on the machine as described
in Table 3.5.

Figure 3.28: Focal spot size occurrence over 350 machine runs for the 2.0 MeV (234
MeV electron beam LE-IP) and the 10.0 MeV (530 MeV electron beam HE-IP) γ source
WPs in case of 70 µm misalignments and jitters on the machine as described in Ta-
ble 3.5.
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Figure 3.29: Normalised emittance occurrence over 350 machine runs for the 2.0 MeV
(234 MeV electron beam LE-IP) and the 10.0 MeV (530 MeV electron beam HE-IP) γ

source WP in case of 70 µm misalignments and jitters on the machine as described in
Table 3.5.

Table 3.6: Simulated parameters for the 234 MeV electron beam at LE-IP in case of any
errors and in case of 70 µm misalignments and jitters on the machine as described in
Table 3.5.

234 MeV @LE-IP Without errors With errors
Energy 234.0 234.0 ± 0.3 MeV
Energy Spread 0.82 0.82 ± 0.02 ‰
Bunch Length 273.0 274.5 ± 6.0 µm
εn 0.44 0.46 ± 0.02 mm mrad
σt 19.6 20.5 ± 1.0 µm
< x > , < y > 0 0.2 ± 0.5 µm

Table 3.7: Simulated parameters for the 530 MeV electron beam at HE-IP in case of
any errors and in case of 70 µm misalignments and jitters on the machine as described
in Table 3.5.

530 MeV @LE-IP Without errors With errors
Energy 529.6 529.8 ± 0.5 MeV
Energy Spread 0.45 0.44 ± 0.05 ‰
Bunch Length 272.0 272.1 ± 5.2 µm
εn 0.44 0.47 ± 0.02 mm mrad
σt 17.3 17.8 ± 1.1 µm
< x > , < y > 0 0.1 ± 0.5 µm
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obtained results are shown for the 2 MeV and the 10 MeV γ-ray working points, namely
the electron beam energy spread, spot size and normalised emittance at IPs, the same
data are summarised in Table 3.6 and Table 3.7.

The beam resulting from machine sensitivity study above described have been used
to test the out-coming radiation beam dependence on it. The effects on the emitted
photons of errors and jitters of both the electron and the laser beams together with the
possible collimation system displacements are detailed reported in [69, 87].

3.6 Dark Current Evaluation

Electromagnetic fields in a high gradient RF cavity can result in electron emission
from the metallic walls of the cavity itself and induce, in case these electrons are cap-
tured and accelerated by the accelerating fields, the so called “dark-current”. This dark
current can be accelerated in the linac up to hundreds MeV before they are removed by
focusing magnets or by cavity iris apertures. The lost dark current interacts with the
materials surrounding cavities and magnets and so produces electromagnetic showers
and contributes to the radiation in the linac tunnel; thus simulations on the dark current
transport in the ELI-NP GBS linac, from the photo-cathode up to the dumps, have been
performed to evaluate in more detail beam losses in the dumpers and to provide the basis
for shielding and safety system specifications.

The dark current is mostly generated in the RF gun, due to electrons emitted from
the photocathode, and around the irises of the downstream accelerator cavities of the
linac. In our simulations the dark current IFN is generated in the Astra code following
the Fowler-Nordheim model described in [88]

IFN = 1.54×10−6 β 2
e AeE2

acc
ϕ

104.52ϕ−0.5
e−

6.53×109ϕ1.5
βeEacc (3.12)

where IFN is the dark current in units of A, βe the field enhancement factor, ϕ the
work function of the metal in eV (for copper, ϕ = 4.7 eV), Ae the effective emission area
in m2, and Eacc the applied electric field in V/m.

Simulations in the ELI-NP GBS injector have been performed with the Astra code
and are based on experimental results obtained at LCLS in 2006, where the dark-current
transport have been evaluated in the S-band RF gun and in the following S-band SLAC
type structure at 120 Hz repetition rate [89, 90, 91]. The dark current measured at the
gun exit is up to 3 nC over a 1 µs wide macro pulse (∼ 3000 RF buckets) at Eacc =



62 CHAPTER 3. ELI-NP GBS LINAC

120 MV/m, and in a single 3 m long SLAC type structure is about 15 pC over a 2 µs

wide macro pulse at Eacc = 26 MV/m. It is worth mentioning that the 15 pC charge
observed in the S-band structure represents only the 10 % of the charge generated in the
cavity itself, being IFN = 75 µA with βe = 120, Ae = 350 µm2, and even less than 1 %
of the dark current at the gun exit; the charge generated in a S-band cavity decreases
even more at lower accelerating gradient and so in our simulations, where Eacc ≤ 23.5
MV/m, it will be neglected.

Above considerations lead to a worst case scenario for the dark current transport in
the ELI-NP GBS injector where is actually foreseen a 1.5 µs RF pulse length at 100
Hz repetition rate. Nevertheless it has been chosen for our simulations [92] a 3 nC
dark current, composed of 100 k macro-particles, over 1 µs with a uniform cylinder
transverse distribution on the cathode with a radius of 2.5 mm, as in [89]. The space
charge contribution is switched-off and the machine model is set up with the design
optics for the generation of the nominal 250 pC electron beam with a final energy of
80 MeV at the injector exit. Almost 40 % of the 100 k macro-particles are lost in the
RF gun and in the drift tube to the first S-band structure. Only 60 % of the 3 nC dark
current comes up to the injector exit and so is tracked through the C-band linac matched
for the working points illustrated in Table 3.2. The Figure 3.30 shows the transverse
and longitudinal phase space of the dark current at the injector exit as obtained by Astra
simulations: due to the velocity slippage only few % of the remaining macro particles
are transmitted to the nominal 80 MeV working point.

Simulations in the ELI-NP GBS C-band linac have been performed with the Elegant
code and are based on experimental measurements carried out at LNF [67], where the
C-band cavities have been designed and developed in the framework of the ELI-NP
collaboration, devoted to measure the dark current in the C-band cavity mounted at the
SPARC LAB test facility [93] in 2016. The dark current has been measured for different
pulse lengths (from 100 to 1600 ns) and field values and it has result to be always lower
than ≈ 0.3 nA [94]; similar results have been obtained at the SwissFEL test facilities
at PSI [95] where the C-band test structures have produced no measurable dark current,
although electrons were present in the structures. Hence in our simulations the dark
current generated in the C-band cavities will be neglected. The wakefield and the CSR
effects in the linac are switched off and in this simple model, the macro particles are
completely lost when its positions exceeds the aperture limit, i.e. 12 mm for the beam
pipe and 7 mm for the TW section ires. The Figure 3.31 and Figure 3.32 show the
dark current evolution through the C-band low and high energy linacs, matched for the
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Figure 3.30: Transverse and longitudinal phase space at injector exit for the 3 nC dark
current as obtained by Astra simulations. The space charge contribution is switched-off
and the machine model is set up with the design optics for the generation of the nominal
250 pC electron beam with a final energy of 80 MeV at the injector exit.

Figure 3.31: Dark current evolution through the C-band low energy linac matched for
the working points illustrated in Table 3.2 as obtained by Elegant simulations.
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Figure 3.32: Dark current evolution through the C-band high energy linac matched for
the working points illustrated in Table 3.2 as obtained by Elegant simulations.

working points illustrated in Table 3.2, as obtained by Elegant simulations: the particles
are mainly lost in the two dogleg transfer lines, in the final focusing systems and in the
dumps, identifying several hotspots in the linac and driving to precise requirements for
shielding and safety system.

The Figure 3.31 and Figure 3.32 show the dark current transverse and longitudinal
phase space at IPs as obtained by Elegant simulations in case of the machine model
is set up with the design optics for tracking the nominal 250 pC electron beam with a
final energy of 234 MeV at LE-IP and 530 MeV at the HE-IP respectively. Looking
at Figure 3.33 and Figure 3.34 it has to be mentioned that the dark current propagat-
ing through the linac presents a very broad energy spectrum and so it can be captured
in several successive RF buckets resulting in a decreasing of the average current lost
in the linac; further only few % of the initial dark current reaches the dump region,
corresponding to almost a few pC charge that spreads out over a ∼ 1 mm long pulse.
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Figure 3.33: Dark current Transverse and longitudinal phase space at LE IP as obtained
by Elegant simulations. Wakefield and CSR effects are switched-off and the machine
model is set up with the design optics for tracking the nominal 250 pC electron beam
with a final energy of 234 MeV at the LE-IP.

Figure 3.34: Dark current Transverse and longitudinal phase space at HE IP as obtained
by Elegant simulations. Wakefield and CSR effects are switched-off and the machine
model is set up with the design optics for tracking the nominal 250 pC electron beam
with a final energy of 530 MeV at the HE-IP.
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3.7 Final Considerations

Optimisation studies for the beam dynamics in the ELI-NP GBS RF linac have been
described to provide an electron beam at the interaction point such to optimise the γ-
ray source performances for several Working Points, each corresponding to the user
required γ-photon beam energy.

Start to end simulations of the machine have been addressed also including the ef-
fects of wakefields and quasi-constant accelerating field profile in the C-band RF linac
on the beam dynamics of the nominal 250 pC electron beam with final 234 MeV en-
ergy. Studies on wakefield effects have been described in both single and multi-bunch
operation. In particular, the study of the longitudinal beam dynamics in the multi-bunch
operation shows an energy modulation along the bunch train and leads to take care of
the beam loading effect, underlining the importance of the full beam loading compensa-
tion proposed in [81]. In the next future the study will be extended to the electron beam
dynamics in the RF gun and in the two S-band SLAC type TW cavities. Further the
transverse long-range wake fields will be treated in order to estimate the multi bunch
beam break up effect on the transverse phase space. Effects on the beam dynamics of
quasi-constant accelerating field profile in the C-band RF linac have been investigated
and possible cures have been suggested to provide an electron beam at the IP compliant
with the specifications in Table 3.1.

The optimisation work on the electron beam dynamics of the ELI-NP Gamma Beam
System has been also described regarding machine sensitivity studies aiming to check
the robustness of the source in terms of jitter and misalignments. A tolerance range
has been indicated in Table.3.5 and the obtained simulation results have been presented
satisfactorily close to the nominal machine parameters. Other type of deviations as
steerer magnets and BPM alignment errors will be considered next to complete the
analysis towards the multibunch operation sensitivity studies.

Finally the dark current contribution has been reported to quantify beam losses along
the transfer line and in the dumpers driving to the design specifications for the shielding
and the radiation safety system of the linac tunnel.

In view of the ELI-NP machine future commissioning in Magurele under the INFN
responsibility, to which I will take part, the commissioning strategies are under study
including also the high level applications to be used for the machine installation and
stabilization (as the beam base alignment procedure or dispersion free steering method)
and for the transport of the electron beam at the interaction point through on-line mea-
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surements and feedback loops to optimise the final source luminosity.
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4.1 The SPARC LAB Test Facility

SPARC LAB [93], Sources for Plasma Accelerators and Radiation Compton with
Lasers and Beams, is a test facility located at the INFN National Laboratories in Fras-
cati, merging the potentialities of the SPARC LAB high power high intensity laser sys-
tem, named FLAME [96], and the former SPARC project [97], a collaboration among
INFN, ENEA and CNR approved by the Italian Ministry of Research in 2001.

69
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The SPARC project, installed at the INFN National Laboratories in Frascati, has
been mainly devoted to the R&D activity on ultra-brilliant electron beam photo injector
and on FEL physics. The test facility hosts a 180 MeV high brightness photo injec-
tor [98] which feeds a 12 m long undulator; the versatile machine layout allowed the
investigation of several beam manipulation techniques and linac matching schemes, as
the emittance compensation process in the gun region [71, 72], the velocity bunching
scheme to apply an RF beam compression through the photo injector with emittance
preservation [49, 99], the experimental observation of the double-emittance minimum
[42], and so on and so forth. The expertise acquired on the repeatable and stable pro-
duction, manipulation and control of high brightness electron beams enabled the obser-
vation of FEL radiation in the SASE [100, 101], Seeded [102] and HHG [103] modes
with wavelength from 500 nm down to 40 nm. In addition a high power RF linac based
THz radiation source has been installed at SPARC and fully characterised [104, 105].

The FLAME laser system is a nominal 250 TW laser linked to the SPARC linac and
mainly devoted to explore laser-matter interaction, in particular with regard to laser-
plasma acceleration of electrons [106] and protons [107] in the self injection and exter-
nal injection modes.

At SPARC LAB the unique combination of these two systems enables to explore
a wide spectrum inter-disciplinary leading-edge research activity based on advanced
radiation sources - as FEL experiments, X-rays generation by means of Thomson back-
scattering [64, 108, 63] and high peak power, narrow-band THz radiation [109] - and
to investigate the plasma acceleration with different configurations, i.e. self and exter-
nal injection, laser and particle beam driven. The scheme layout of the test facility is
reported in Figure 4.1: the RF gun (1) is followed by an hybrid linac consisting of two
S-band and a C-band TW structures (2), a THz source station and a vacuum chamber
devoted to plasma-based experiments (3); the downstream 14 degree dipole (4) delivers
the electron beam towards four beam lines devoted to FEL physics (5) both in SASE and
with seed-laser (10), beam diagnostics (6), and to the interaction points of the Thom-
son source (8) and plasma acceleration external injection (7) experiments. Looking at
Figure 4.1 it has to be mentioned that an upgrade of the RF linac took place in 2016 by
installing a new high gradient C-band structure, developed at LNF [110] in the frame-
work of the ELI NP collaboration [58]; in the new layout an S-band TW structure,
the third one in Figure 4.2 (see 4.2), has been removed and replaced with the vacuum
chamber which is hosting the plasma-based experiments. The vacuum chamber is em-
bedded with permanent magnets devoted to the injection and extraction matching of the
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Figure 4.1: SPARC LAB layout: the RF gun (1) is followed by an hybrid linac consist-
ing of two S-band and a C-band TW structures (2), a THz source station and a vacuum
chamber devoted to plasma-based experiments (3); the downstream 14 degree dipole
(4) delivers the electron beam towards four beam lines devoted to FEL physics (5) both
in SASE and with seed-laser (10), beam diagnostics (6), and Thomson back-scattering
(8) and plasma acceleration external injection (7) experiments using the FLAME laser
pulse (11).

electron beam in the capillary region where the resonant PWFA, the so called COMB
experiment, is foreseen. At this purpose a huge experimental campaign is on going in
order to characterise the capillary region [111, 112] and to explore a new focusing de-
vice to match the electron beam at plasma injection or extraction, the so called active
plasma-lens [113].

Recently the SPARC LAB activity has been mainly focused on the manipulation of
a train of short electron bunches generated by means of a new technique called Laser
Comb [114]; the latter has been successfully tested and detailed reported in [115, 116].
In this operating mode the photocathode is illuminated by a comb-like laser pulse to
extract a train of electron bunches which are injected into the same RF bucket of the
gun. The SPARC laser system, based on a Ti:Sa oscillator has been upgraded to pro-



72 CHAPTER 4. SPARC LAB RF LINAC AND TS BEAMLINE

Table 4.1: SPARC LAB Thomson source design parameters.

Electron Beam Parameters @IP
all values are rms

Charge 100 - 800 pC
Energy 30 -150 MeV
Energy Spread <0.1 %
Pulse Length 15 - 20 ps
Spot Size 5 - 20 µm
Emittance 1 -3 mm mrad

FLAME Laser Beam Parameters @IP

Pulse energy 1 -5 J
Wavelength 800 nm
Pulse Length [r.m.s.] 6 ps
Spot Size 10 µm
Repetition Rate 10 Hz

X-ray Photon Beam Specifications

Energy 20 -250 keV
Spot Size [r.m.s.] 10 µm
Bandwidth [r.m.s.] 10 %
Photon Flux 109 Photons per pulse in bw

duce a train of short electron bunches, of the order of hundreds of femtoseconds or
less, with picosecond time separation. These kind of beams are routinely generated
at SPARC LAB for several applications: tailored electron beams modulated both in
time and energy have been characterised and used to customise the emission bandwidth
and temporal properties of radiation sources such as free-electron lasers [115, 117] and
THz radiation sources [98, 118, 119]; train of short bunches are also useful in plasma-
based experiments and more detail in they have been produced using RF compression
by velocity-bunching for PWFA applications [120] and for LWFA [121].

A Thomson backscattering source is also under commissioning at the SPARC LAB
test facility. The opportunity has been used to couple the SPARC high brightness pho-
toinjector with the high power FLAME laser system in order to provide a quasi coherent,
quasi monochromatic X-ray source. Here a head on collision is foreseen at the Thom-
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son Interaction Point between a 30 to 150 MeV electron beam and the 250 TW FLAME
laser pulse, providing a photon energy tunable in the range of 20 to 250 keV. The first
experiment foresees the generation of a X-ray beam, useful for X-ray imaging of mam-
mographic phantoms with the phase contrast technique [108] and the optimised design
parameters useful for such application are listed in Table 4.1. In the February 2014,
the SPARC LAB Thomson Source produced its very first X-ray beam [84, 122], and
in June 2015 a second commissioning phase took place to improve the source perfor-
mances [85].

In the first section of this chapter the SPARC LAB Thomson Source is detailed
described with regards to its applications; in the second section the Thomson Source
experimental setup is illustrated and then in the following first and second shift com-
missioning results are reported.

4.2 TS Experimental Setup

The X-ray imaging is essentially based on the analysis of intensity or phase varia-
tions of an X-ray beam passing through a sample in order to create its image. Nowadays,
the most relevant techniques are the standard X-ray imaging and the, more innovative,
phase contrast X-ray imaging. The standard X-ray imaging studies the attenuation of the
intensity of the X-ray beam, while the phase contrast technique relies on the phase vari-
ation of the X-ray beam. It is well known that this technique presents some advantages
with respect to the conventional one, in particular when low energy X-ray beams are re-
quired as in the case of medical imaging. For example many studies demonstrated that
in breast radiography the best image quality at constant dose is obtained using 20 keV
photon beam. In tissues such as the breast, which is mainly adipose and glandular, the
radiation is more absorbed, reducing the detectable signal and the sharpness of the im-
age and it becomes even more complicated to distinguish healthy tissue from tumours.
A solution can be to take advantage of the edge enhancement effect, one of the pecu-
liarities of the phase contrast X-ray imaging that became a very promising technique
even more for medical application in the last years. Despite the introduced benefits,
this technique requires very performing X-ray sources that have to generate monochro-
matic, spatially coherent photon beam and photon flux of the order of 1010 photon/s.
Moreover photon beam energy has to change in relation to the patient physical charac-
teristics. Nowadays such a beam can be produced in synchrotron radiation facilities, but,
due to their huge dimensions and high costs, they cannot be inserted in routine clinical
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Figure 4.2: Thomson Source schematic layout: FLAME laser pulse, passing through a
20 meter long optical beam line in vacuum, collides at the Thomson Interaction Point
(IP) with the electron beam coming from the SPARC LAB high brightness photo injec-
tor.
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practice. This problem could be fixed generating X-rays through Thomson backscatter-
ing; the sources based on this phenomenon have became more and more attractive due
the large variety of applications in biological, medical and industrial science and the
relatively compactness of the whole apparatus.

At SPARC LAB Thomson source the first experiment foresees the generation of a
X-ray beam of moderate mono-chromaticity (20 %) and energy tunable in the range 20 -
250 keV useful for X-ray imaging of mammographic phantoms with the phase contrast
technique.

Electron Beam Dynamics

The RF linac layout The SPARC S-band photo-injector, operating at 2.856 GHz, is
composed of a 1.6 cell S-band RF gun equipped with a copper photo cathode and an
emittance compensation solenoid, followed by three 50 MeV TW SLAC type S-band
sections [66]; two compensation solenoid surround the first and the second S-band cav-
ity enabling the operation in the velocity bunching scheme through the linac with emit-
tance preservation. The gun solenoid design consists in four coils that can be powered
independently with alternate signs providing a better compensation for alignment errors
and multipolar components; a steerer, placed downstream the emittance compensation
solenoid, deflects the beam allowing to control the trajectory in the critical phase of
the injection in the first travelling accelerating section. The electron beam is generated
in the RF gun by a 50 mJ Ti:Sapphire laser pulse (9 in Figure 4.1) hitting on the Cu
photocathode with σt ' 1 mm and σz ' 6 ps. At the gun exit the beam energy is ∼ 5
MeV and the three following TW SLAC type S-band sections, carry the electron beam
up to the required energy (maximum 150 MeV). A double dogleg transport line down-
stream the linac exit provides on left side an off axis deviation o about 6 m, such to
overcome the limitations due to the SPARC building plan, and delivers the beam at the
Interaction Point (TS IP), avoiding in this way the bremsstrahlung radiation contribu-
tion. In the TS IP region a focusing system, consisting in a quadrupole triplet coupled
with a solenoid, provides a flexible final focusing for matching the electron beam spot
size vs the counter-propagating laser pulse. The Figure 4.2 shows the Thomson Source
schematic layout: FLAME laser pulse, passing through a 20 meter long optical beam
line in vacuum, collides at the Thomson Interaction Point (IP) with the electron beam
coming from the SPARC LAB high brightness photo injector.
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Figure 4.3: Double dogleg R56 tunability and relative horizontal dispersion plot as
obtained by simulation studies. The R56 parameter of the dogleg, that represents the
correlation between the z and the ∆Ee/Ee0, can be set in the range of ±50 mm.

Beam Dynamics Simulations Intense beam dynamics studies have been performed
to provide the electron beam at the IP with the required parameters (listed in Table 4.1).
The electron beam, composed of 50 k macro particles, is generated in the photo injector
with Astra [51] and Tstep [50] code and then is injected in the double dogleg transfer
line. The beam dynamics optimisation in the photo-injector follows the criteria imposed
by the invariant envelope theory and a fine tuning of the gun solenoid allows to minimise
the emittance at the double dogleg transfer line injection; the energy spread is cured with
a proper off-crest operation depending on the particular electron beam energy required
at the TS IP and the process is detailed explained in 4.3. The Trace 3D code [53], that
includes the space charge forces, has been used for the beam matching, starting from
the linac exit, to provide a 10 - 50 µm beam spot size at the IP; indeed our final beam
energy will be ever lower then the beam transition energy between the space charge and
the emittance dominated regime, and so space charge effects are not negligible. Transfer
line simulations aim to properly set the Thomson Interaction Point focusing system and
to correct the horizontal dispersion in the double dogleg. The R56 parameter of the dog-
leg, that represents the correlation between the z and the ∆Ee/Ee0, can be set in the range
of±50 mm. The R-matrix is the transfer matrix between two locations, s1 and s2, of the
charged particle through a beam transport line, whose elements depend on the transport
between s1 and s2 and on the beam spot size (for computing space-charge forces) in this
interval [123]. At any position s, measured along a reference trajectory, a charged par-
ticle can be described by a 6x1 vector X(s)=(x(s),x′(s),y(s),y′(s),z(s),∆Ee/Ee0) where:
x(s), y(s) and z(s) are the horizontal, vertical and longitudinal displacements of the tra-
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Figure 4.4: Output signal of this device in the final beamline configuration: the coloured
lines in the two graphs represent the losses captured by a series of optical fibers along
the line; the peak values correspond to the end of the line (the signal is reflected being
the optical fiber non-adapted at the end). In this case the transport current has been
optimised and any losses are present in the line up to the IP.

jectory (with respect to the central trajectory); x′(s) and y′(s)are the angles this trajectory
makes in the horizontal and vertical plane; ∆Ee/Ee0 is the longitudinal momentum devi-
ation of the trajectory (with respect to the central trajectory). The Figure 4.3 shows the
double dogleg R56 tunability and the relative horizontal dispersion plot.

Electron beam diagnostics The electron beam characterisation is essential to prop-
erly match the RF linac and the transfer line in order to provide the required beam at
the IP. The beam envelope is captured in several position along the machine and in par-
ticular at the gun exit, at the linac exit and at the TS IP (see 4.2); more detail in the
imaging get on the screen mounted at the gun exit is also useful for the beam energy
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measurement, provided by means of the beam deflection by varying the current of a
steerer (horizontal or vertical) upstream the screen, and to centre the beam on the photo
cathode. Beam current monitors are placed at the gun and linac exit and after the third
dipole in order to optimise the beam charge transport up to the IP; more detailed the cur-
rent measurements at the gun exit together with a fine RF injection phase scan enables
the identification of the proper injection phase needed to maximise the beam energy
gain. The transport current optimisation has been possible also thanks to the insertion
of beam loss monitors, available from the second dipole up to the IP. In Figure 4.4 is
shown the output signal of this device in the final beamline configuration: the coloured
lines in the two graphs represent the losses captured by a series of optical fibers along
the line; the peak values correspond to the end of the line (the signal is reflected being
the optical fiber non-adapted at the end). In this case the transport current has been
optimised and any losses are present in the line up to the IP. At the linac exit the 6D
phase space characterisation is provided by a S-band RF deflecting cavity [68] coupled
with a 14o by-pass dipole, (4) in Figure 4.1, together with the emittance measurement
by means of quadrupole scan technique. The latter can be done also in other diagnostic
stations placed in the straight-on branch of the first dolgleg and at each straight section
of the Thomson transfer line; also the energy and the energy spread can be measured
in these stations using the three dipoles of the double dogleg transfer line. Finally the
beam trajectory is measured thanks to beam position monitors along the machine and at
the interaction region entrance and exit.

FLAME Laser System

The laser pulse used to drive the Thomson back scattering process with the SPARC
electron beam is provided by the FLAME laser system. FLAME is a nominal 300 TW
Ti:Sa, chirped pulse amplification laser system that uses 11 YAG pump lasers and 5
titanium - sapphire multi-pass amplifiers to produce linearly polarized pulses with a
central wavelength λ0 800 µm in a 60 - 80 nm bandwidth. The pulse duration ranges
between 25 fs and 10 ps, and the maximum energy is E = 7 J that corresponds to an
energy on target Et = 5 J, at the 10 Hz repetition rate. The laser system is hosted in
a clean room at the ground floor of the FLAME building and is optically transported
in a shielded underground area where the compressor is located and that is adjacent
to the SPARC hall. From here an optical transfer line in vacuum P=10−6 Torr carries
the beam up to the off-axis parabolic mirror of the Thomson interaction chamber, see
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Figure 4.5: 3D CAD drawing of the Thomson Interaction vacuum chamber setup on the
left. Lateral view of the implemented interaction chamber and parabolic mirror vacuum
chamber on the right.

Figure 4.5, that focuses the beam in a 10 µm diameter (FWHM) spot at the interaction
point; the parabolic mirror is holed in its centre, in order to allow the passing through
of the scattered radiation and of the electron beam. The required focal spot has been
obtained with the use of the adaptive optic placed inside the compressor used to control
the phase-front of the photon beam. The Figure 4.6 shows the measured beam spot at
the focus (TS IP) without (left side plot) and with the phase-front correction (right side
plot): the beam is quite oval in the case of no phase front correction and becomes nearly
round when the best phase front is applied. Moreover, it is perceptible that the use of the
adaptive optics is crucial also for the energy contained in the central spot (considering
the 1/e2 diameter): : indeed after the phase front correction the percentage of the total
energy of the laser pulse in the central spot increases from 25 % up to 60 %.

Synchronization

The Thomson scattering experiment needs an extremely precise synchronization be-
tween electron bunch and laser pulse. The electrons and the photons collide well inside
the waist region of the laser beam of final focus provided that the relative time of arrival
jitter at the IP between the two beams is ≤ 500 fsRMS . The bunch time of arrival at the
IP depends on the arrival time of the laser on the photocathode and on the phase of the
RF accelerating fields. The arrival time at the IP of the extremely intense IR laser pulse
depends on the starting time of the seed pulse, which is selected from a laser oscillator
pulse train and then amplified, compressed and transported. The synchronous arrival
of electrons and photons at the IP is obtained by locking the oscillators of the photo-
cathode laser and interaction laser systems, and the phase of the RF accelerating fields
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Figure 4.6: Measured beam spot at the focus (TS IP) without (left side plot) and with
the phase-front correction (right side plot): the beam is quite oval in the case of no
phase front correction and becomes nearly round when the best phase front is applied.
Moreover, it is perceptible that the use of the adaptive optics is crucial also for the
energy contained in the central spot (considering the 1/e2 diameter): indeed after the
phase front correction the percentage of the total energy of the laser pulse in the central
spot increases from 25 % up to 60 %

to a common Reference Master Oscillator (RMO). The RMO is a low phase noise (60
fsRMS integrated in the 10 Hz - 10 MHz range) microwave oscillator tuned at the Linac
main frequency 2856 MHz. The laser oscillators are locked through a PLL architecture
to the 36th sub-harmonics of the RMO, while the output RF phase of the linac klystrons
is downconverted to baseband by mixing with the RMO signal, and deviations are cor-
rected both within the 4 µs RF pulse duration (jitter feedback) and pulse-to-pulse (drift
feedback). The jitter of the bunch arrival time at the end of the linac has been measured
relative to the klystron RF streaking the bunch on a screen by means of an RF deflecting
cavity and recording shot to shot the bunch centroid vertical position. In alternative the
bunch arrival time has been measured relative to the photocathode laser using the Elec-
tro Optical Sampling technique [124]. The measured jitter of the bunch arrival time is
< 100 fsRMS with both methods, that in our implementation present a similar estimated
resolution of ≈ 20 fsRMS. Once locked to the RMO, the measured absolute integrated
phase noise of the interaction laser FLAME oscillator is ≈ 100 fsRMS, and we do not
expect significant performance degradation by the laser amplification and transport. So
the expected relative jitter of the arrival time at IP of electron bunch and laser pulse
is well below the 500 fsRMS specification. Once locked both to the RMO, the control
window of the PLLs, implemented on the photo-cathode and interaction lasers, gives
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Figure 4.7: signals induced by electron and photon pulses in pick-ups placed close to the
IP. Taking into account the time-of-flight from pick-up to IP, this measurement allows a
coarse temporal pre-alignment of the beams, while a fine temporal superposition can be
found experimentally by maximizing the flux of the Thomson radiation.

the possibility of freely phasing the two systems at any desired position. Figure 4.7
shows the signals induced by electron and photon pulses in pick-ups placed close to the
IP. Taking into account the time-of-flight from pick-up to IP, this measurement allows a
coarse temporal pre-alignment of the beams, while a fine temporal superposition can be
found experimentally by maximizing the flux of the Thomson radiation.

Interaction Region

The head-on interaction between the electron and the collision photon beam takes
place in a tee-vacuum chamber shown in Figure 4.5, that is equipped with a double
screen movement to get the beam imaging at the IP; upstream a vacuum chamber hosts
electron beam diagnostics for both imaging and emittance measurements, and down-
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Figure 4.8: Electron beam imaging at the IP captured without (left side plot) and with
the camera that provides the on-line setting of the zoom and focus. The camera is
mounted on a remote controlled movement allowing to select the zone of the screen
occupied by the beam and to change the resolution from ∼ 30 to 10 µm/pixel or less,
required to detect a beam spot size of the order of 10 µm and to provide the needed
alignment accuracy.

stream another vacuum chamber determines the in trajectory of the FLAME pulse and
hosts the off-axis parabolic mirror that focuses the laser pulse at the interaction point.

The reference line for the Flame laser beam alignment is the one passing through the
magnetic centres of the focusing quadrupole triplet and the IP solenoid as coming from
the magnetic measurements. This reference line is adopted to set the He-Ne laser at the
entrance of the last dogleg dipole to sight the light path up to the Thomson radiation
window exit. In this way the alignment laser image on the screens placed along the
beam-line provides the guide line for the Flame laser beam.

Starting from the second commissioning phase the imaging of the electron beam and
the FLAME pulse at the IP can be provided on the same screen leading to an improve-
ment of the on-line alignment procedure between them; further a camera mounted on a
remote controlled movement enables an on-line setting of the zoom and focus to select
the zone of the screen occupied by the beam and to change the resolution from ∼ 30 to
10 µm/pixel or less, required to detect a beam spot size of the order of 10 µm and to
provide the needed alignment accuracy. The electron beam imaging at the IP captured
without (left side plot) and with such a camera is reported in Figure 4.8 as obtained in
June 2015.
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X-ray beam diagnostics

Since in first collisions the radiation signal could be not optimised, a detector having
a high sensitivity and a wide dynamic range has been selected to detect a potentially
weak signal: a CsI(T1) crystal of size (20x20x2) mm3, coupled with a photomultiplier
tube (Hamamatsu, mod. R329-02), has been placed 4 meter away from the source along
the X-rays propagation axis and mounted on an x-y movement for the fine position
adjustment. The detector has been calibrated to detect, for a 60 keV monochromatic
radiation, the signal produced by a single photon up to the one due to pulses containing
about 106 photons.

Two different devices, both connected at a PC, are foreseen for X-rays: a 20 GHz
BW oscilloscope for a fast response and a multichannel analyser (MCA-8000, Amptek,
US) to acquire an integral measurement over various interactions. Due to the high inten-
sity and short duration of the pulse, it is not possible to distinguish the signal produced
by the interaction of each single photon in a pulse, as in traditional spectroscopic appli-
cation, but the signal is proportional to the entire energy released in the scintillator by
each pulse. Therefore, an information on the energy distribution is required to evaluate
the number of photons in each pulse.

The diagnostic tool is also equipped with a set of detectors, with techniques specif-
ically developed [125, 126], in order to provide a full characterization of the source in
terms of flux, energy distribution, spatial distribution and beam stability.

4.3 Commissioning Results

The commissioning of the SPARC LAB Thomson Source started in 2014 and pro-
duced its very first X-ray beam [84, 122] in February 2014 with: <E> = 60 keV, BW =
19 %, Number of photons per shot of 6.7 x 103. In this phase the source performances
and stability have been strongly limited by problems related to the solenoid cooling
system and misalignment of the interaction chamber and the electron dumping section,
located downstream the parabolic mirror vacuum chamber, i.e. too much close to the
X-ray radiation extraction. In the June 2014 shut-down a dumping dipole immediately
after the interaction point has been inserted, to avoid any background contribution from
the dumping beam line. In June 2015 a second commissioning phase took place to im-
prove the source performances and to fulfill a complete characterization of the X-ray
source in terms of flux, energy distribution, spatial distribution and beam stability [85].
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Figure 4.9: Electron beam emittance (blue curves) and envelope evolution (black
curves) from the photo-cathode to the linac exit calculated with the Astra code. The
crosses and triangles represent the beam spot measurements taken in this configuration
at screen locations along the linac.

Also the diagnostic tool has been upgraded with a set of detectors filters, Nb and Zr, to
estimate the radiation energy two k-edge. In the following sections the first and second
commissioning phase setup and results are detailed described.

First commissioning phase

The Electron Beam For the first commissioning phase a 50 MeV, 200 pC electron
beam has been chosen as working point and characterised at SPARC LAB [84, 122].

The beam emittance and envelope evolution through the photoinjector has been sim-
ulated with the Astra code and 50k particles; the results are shown in Figure 4.9 together
with the beam spot measurements taken at the screen locations along the linac. From
the transverse emittance measurement performed at the linac exit the Twiss parameters
are obtained to match the beam to the dogleg entrance for the transport and focusing at
the Thomson Interaction Point. For the commissioning phase the dispersion is closed at
the end of each dipole pair and the focusing system is set to obtain a 10 - 50 µm beam
spot size. The Twiss parameters are reported in Figure 4.10 as obtained with Trace 3D
code.

In order to minimise the effects of the power amplitude jitter from the feeding
Klystrons, the phases of the accelerating sections have been set as follows to : ΦS1= -
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Figure 4.10: Twiss parameters and envelope evolution from the linac exit to the Thom-
son IP obtained with the TRACE3D code.

26.2o, ΦS2= + 78.5o, ΦS3= - 111o. In these conditions the electron beam energy jitter
was less than 0.02 MeV and the spread was less than 0.1 %. The plots in Figure 4.11
show the energy measurements obtained by means of the 14 deg dipole and longitudinal
phase space measured with the S-band RF deflecting cavity coupled with a 14o by-pass
dipole; the plots in Figure 4.12 show the measured beam energy and current longitudinal
profile related to the longitudinal phase space in Figure 4.11. The emittance evolution
measurement is performed with the quadrupole scan technique in each straight section
downstream the dipole pairs and result in measured emittance ranging in 1 - 3 mm mrad.

Because of a limit in the magnet cooling system, for which an upgrade took place
in the June 2014 shutdown, the solenoid upstream the IP could be used at 70 % of its
nominal value. In this condition the minimum rms spot size captured on the YAG screen
located at the IP was of 90 ± 3 µm, see Figure 4.13, nevertheless, due to a poor overlap
of the colliding beams, the best result has been obtained for an enlarged electron beam
spot size of σ xy = ( 240 - 160 ± 10 ) µm.

In Table 4.2 are presented the beam parameters measured at SPARC LAB Thomson
source for the working point of the first commissioning phase with best performances
in terms of X-ray flux.
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Figure 4.11: Energy measurements obtained by means of the 14 deg dipole (left side
plot) and longitudinal phase space measured with the S-band RF deflecting cavity cou-
pled with a 14o by-pass dipole (right side plot).

Figure 4.12: Measured beam energy (left side plot) and current longitudinal profile
(right side plot) related to the measured longitudinal phase space in Figure 4.11.
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Figure 4.13: Minimum rms spot size captured on the YAG screen located at the IP of 90
± 3 µm (left side plot) and enlarged electron beam spot size of σ xy = ( 240 - 160 ± 10
) µm which allowed the best result in terms of source flux (right side plot).

FLAME pulse In this very first Thomson Source experiment FLAME provided a 0.5
J laser beam at IP with 6 ps pulse width and 10 µm beam spot size. In Table 4.2
are presented the beam parameters measured at SPARC LAB Thomson source for the
working point of the first commissioning phase with best performances in terms of X-
ray flux.

X-ray Source For the commissioning phase the beams described in Table 4.2 have
been chosen to collide at the Thomson IP. In these conditions, in the very first 4-week
shift, with an electron beam spot size of σ xy = ( 240 - 160 ± 10 ) µm, a clear, but still
not optimised, X-ray signal has been collected on the detector.

The detected signal has been measured both with the 20 GHz BW oscilloscope and
the multichannel analyser as mentioned above. The 20 GHz BW oscilloscope has been
mainly useful to synchronise the electron beam and FLAME pulse and allows to mea-
sure the 150 fs relative temporal jitter between them. The multichannel analyser has
provided the evaluation of average energy of X-ray and of the number of photons pro-
duced in the interaction. The detected signal, integrated over 1200 pulses, is shown in
Figure 4.14 on the left: the red signal is due to the Thomson X-rays, instead the black
one is due to the background noise in case of FLAME pulse switched-off. The back-
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Table 4.2: Beam parameters measured at SPARC LAB Thomson source for the working
point of the first commissioning phase with best performances in terms of X-ray flux.

Electron Beam Parameters @IP
all values are rms

Charge 200 ± 10 pC
<Energy> 50 MeV
Energy Jitter 0.02 MeV
Energy Spread 0.10 %
Pulse Length 3.1 ± 0.03 ps
Spot Size 240 - 160 ± 10 µm
Emittance 1.5 -2.2 ± 0.2 mm mrad

FLAME Laser Beam Parameters @IP

Pulse energy 0.5 J
Wavelength 800 nm
Pulse Length [r.m.s.] 6 ps
Spot Size w0 10 µm
Repetition Rate 10 Hz

X-ray Photon Beam Parameters

<Energy> 60 keV
Spot Size [r.m.s.] 10 µm
Bandwidth [r.m.s.] 19 %
Photon Flux 2 ∗ 105 Photons per pulse in B.W.

ground is synchronous with Thomson x-rays and it is mainly due to radiation produced
in the electron beam dumping section located downstream the parabolic mirror vacuum
chamber, being it too much close to the X-rays radiation extraction. The average energy
of Thomson X-rays, released in the crystal by each pulse, is of about 235 MeV.

By CAIN simulation of the interaction has been possible to evaluate that the average
energy of the photons reaching the detector was 60 keV with an average number of
photons per each pulse interacting with the detector sensitive area of 6.7 x 103.

This result has been confirmed by simulations made with a code based on the classi-
cal theory [57]: in case of a 50 MeV electron beam with 200 pC charge, 5 mm mrad of
emittance and 150 µm spot size rms head-on colliding with a 500 mJ laser pulse with
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Figure 4.14: Thomson x-rays signal in red, in black the electron background signal
(without FLAME laser), integrated over 120 s (1200 pulses) on the left. Spectral density
S (MeV−1) versus photon energy on the right.

30 µm beam waist, should be produced a X-ray signal of 2 x 105 photons per pulse in a
bandwidth of about 19%. The predicted photon energy edge is of 63 keV given by Ep

∼ 4ELγ2. The result is reported in Figure 4.14 on the right. Poor overlap conditions due
to some misalignments of the interaction vacuum chamber can explain the difference
between the measured number of photons for each pulse and the one expected from the
theory.

Second commisioning phase

Electron beam For the second commissioning phase a 30 MeV, 200 pC electron beam
has been chosen as working point and characterised at SPARC LAB [85].

The beam emittance and envelope evolution through the photoinjector has been sim-
ulated with the Astra code and 50k particles; the results are shown in Figure 4.15 to-
gether with the beam spot measurements taken at the screen locations along the linac.
From the transverse emittance measurement performed at the linac exit the Twiss pa-
rameters are obtained to match the beam to the dogleg entrance for the transport and
focusing at the Thomson Interaction Point. For the commissioning phase the dispersion
is closed at the end of each dipole pair and the focusing system is set to obtain a 10 - 50
µm beam spot size. The Twiss parameters are reported in Figure 4.16 as obtained with
Trace 3D code.

No RF attenuators are available in the RF systems of the three S-band TW sec-
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Figure 4.15: Electron beam emittance (upper curves) and envelope evolution (lower
curves) from the photo-cathode to the linac exit calculated with the Astra code. The
crosses and triangles represent the beam spot measurements taken in this configuration
at screen locations along the linac.

Figure 4.16: Twiss parameters and envelope evolution from the linac exit to the Thom-
son IP obtained with the TRACE3D code.
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Figure 4.17: Energy measurements obtained by means of the 14 deg dipole (left side
plot) and longitudinal phase space measured with the S-band RF deflecting cavity cou-
pled with a 14o by-pass dipole (right side plot).

tions that follow the gun, therefore a hybrid compression-deceleration scheme has been
set with the following phases of the accelerating sections: ΦS1 = 32 deg, ΦS2 = - 72
deg, ΦS3 = -134 deg from crest, in order to minimize the effects of the power ampli-
tude jitter from the feeding Klystrons, and obtain a final energy of 30 MeV with an
energy jitter less than 0.02 MeV and energy spread ∆γ/γ = 0.1 %. The applied acceler-
ation/deceleration scheme worked well enough to produce a low energy spread electron
beam at 30 MeV, even though resulting in a strong sensitivity for the electron beam to
the machine imperfections/stability. The plots in Figure 4.17 show the energy measure-
ments obtained by means of the 14 deg dipole and longitudinal phase space measured
with the S-band RF deflecting cavity coupled with a 14o by-pass dipole; the plots in
Figure 4.18 show the measured beam energy and current longitudinal profile related to
the longitudinal phase space in Figure 4.17. The emittance evolution measurement is
performed with the quadrupole scan technique in each straight section downstream the
dipole pairs and result in measured emittance ranging in 2 - 4 mm mrad.

The final focusing is performed in the final straight section using a quadrupole mag-
net triplet and a solenoid, with a maximum field B = 1.1 T, close to the IP. At 30 MeV
the minimum obtained spot size for the electron beam, captured on the YAG screen
located at the IP, was around σtrms ≈ 60 - 80 µm as reported in Figure 4.19.

In Table 4.2 are presented the beam parameters measured at SPARC LAB Thomson
source for the working point of the second commissioning phase with best performances
in terms of X-ray flux.



92 CHAPTER 4. SPARC LAB RF LINAC AND TS BEAMLINE

Figure 4.18: Measured beam energy (left side plot) and current longitudinal profile
(right side plot) related to the measured longitudinal phase space in Figure 4.17.

Figure 4.19: Minimum rms spot size captured on the YAG screen located at the IP of 60
- 80 ± 3 µm (left side plot) and enlarged electron beam spot size of σ xy = ( 110 - 109
± 10 ) µm which allowed the best result in terms of source flux (right side plot).
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Table 4.3: Beam parameters measured at SPARC LAB Thomson source for the working
point of the second commissioning phase with best performances in terms of X-ray flux.

Electron Beam Parameters @IP
all values are rms

Charge 100 - 200 ± 20 pC
<Energy> 30 MeV
Energy Jitter 0.02 MeV
Energy Spread 0.10 %
Pulse Length 2.2 ± 0.02 ps
Spot Size 110 ± 10 µm
Emittance 1.2 -2.2 ± 0.2 mm mrad

FLAME Laser Beam Parameters @IP

Pulse energy 2 J
Wavelength 800 nm
Pulse Length [r.m.s.] 6 ps
Spot Size w0 150 µm
Repetition Rate 10 Hz

X-ray Photon Beam Parameters

<Energy> 60 keV
Spot Size [r.m.s.] 10 µm
Bandwidth [r.m.s.] 19 %
Photon Flux 2 ∗ 105 Photons per pulse in bw

FLAME pulse In this Thomson Source experiment FLAME provided a 2 J laser beam
at IP with 6 ps pulse width and w0 ' 150 µm, even if a w0 ' 10 µm could be reached.
In Table 4.2 are presented the beam parameters measured at SPARC LAB Thomson
source for the working point of the second commissioning phase with best performances
in terms of X-ray flux.

X-ray source For the selected WP with 200 pC and 30 MeV electron beam at the
Linac exit the measured normalized transverse emittance was εnt = 1.2 - 2.2 ± 0.2 mm
mrad, with an energy spread of 0.1 ± 0.03 %, and a σz = 2.2 - 0.2 ps. The minimum
electron beam size reached was σt = 60 - 80 ± 10 µm. Due to background problems
on the X-ray detectors, placed relatively close to the electron beam dumper, we should
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Figure 4.20: Thomson X-radiation image collected with Hamamatsu imager Flat Panel
C9728DK-10, located at 300 cm from the IP, with 1 s exposure time and averaged over
100 images

limit the IP electron spot size to σt = 110 ± 10 µm. In fact, due to a residual mis-
alignment of the electron beam with respect to the dumper vacuum pipe (enhanced by
the strong focusing field of the solenoid B = 0.7 T), the background increased when
the beam divergence was higher as a consequence of a stronger focusing at IP. This
misalignment was also detected by the image recorded data that are shown Figure 4.20
where the Thomson radiation image is clearly cut by the Perspex CF 40 window profile.
To measure the radiation energy two k-edge filters, Nb and Zr, were also used, resulting
in a roughly estimated value of 13 keV, confirming the cut of the most energetic part of
the produced radiation due to the tilted electron trajectory. In fact, with our commis-
sioning setup the expected number of photons in the 20 % bandwidth is ≈ 1.4 ∗ 106

photons/shot with UL = 2 J, Q = 200 pC, δφ = 0.2, hν = 1.55 eV, σt = 110 µm and w0 =
150 µm while our measured photon flux is Nγ = 104 photons/pulse. Another contribu-
tion to the reduction of the obtained photon flux can also come from the jitter sensitivity
of our 30 MeV working point, deeply off crest in the S-band accelerating sections, as
coming out from the simulation results shown in Figure 4.21, where the Thomson ra-
diation spectrum is shown as calculated with CAIN code starting from the measured
parameters for the electron and photon beams and its sensitivity to the jitter of electron
beam horizontal centroid is shown in terms of photon flux reduction Figure 4.21.
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Figure 4.21: Thomson X-radiation spectral distribution calculated from the measured
electron and laser beam parameters for this second commissioning shift (left side plot)
and the relative photon flux reduction estimation coming from the jitter in the transverse
electron beam centroid (right side plot).

4.4 Final Considerations

The commissioning phase of the SPARC LAB Thomson source took place in the
February 2014 and June 2015 dedicated shifts with the aim to provide an electron beam
with energies of 30 and 50 MeV. The measured electron beams have resulted to be
satisfactory in agreement with the beam dynamics simulation results and in both shifts a
photon flux of' 104 photons/pulse and a BW' 20% have been measured. Nevertheless
there is still room for improvements towards the nominal source performances in terms
of flux and bandwidth.

In this commissioning phase an acceleration/deceleration scheme has been adopted
to generate electron beam energies lower than 50 MeV trying to relay only on the avail-
able hardware, i.e. phase shifters on the S-band cavites that follow the RF gun. This
scheme worked well enough, even though resulting in a strong sensitivity for the elec-
tron beam to the machine imperfections and stability. In the next future the insertion of
RF attenuators in the RF system of the S-band TW sections is foreseen enabling more
stable injector working points that minimise the electron beam energy and pointing in-
stabilities that are strictly correlated to the source bandwidth and flux.

Improvements are needed also in the beam procedure alignment whose resolution
has been determined by the He-Ne laser properties. The achievable setting precision
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of the He-Ne laser and its spot enlargement at the radiation exit window can introduce
the final offset of this line of the order of ± 4 - 5 mm respect to the electron beam
reference line, and so a superposition of the two beams on the IP screen by means of the
steerer magnets can lead to a non zero angle of the electron beam trajectory and a non
negligible offset at the entrance of the focusing solenoid, much more severe as long as
lower is the electron beam energy. This offset together with the residual misalignments
in the electron beam-line, 1 cm shift in one second dogleg quadrupole respect to the
nominal lattice model, impeded to provide the required beam spot size of the order of
10 - 20 µm and resulted in a poor overlap conditions between the electron and laser
beams.

The optimisation plan foresees a better control of the electron trajectory at the IP
to avoid unrecoverable off-axis emission of the Thomson radiation and too high back-
ground contribution to the X-ray detectors signal.
The Perspex CF 40 radiation exit window has been replaced with a DN100 one to avoid
to cut the radiation exiting the interaction chamber with an offset from the reference line
due to the tilted electron beam trajectory. Also the tapered pipe has been replaced with
a DN100 straight one to reduce background and allow to squeeze the e-beam down to
nominal size.
An interaction setup upgrade is also under study, enabling a non-zero angle collision in
order to make it easier the electron and laser pulse trajectory control removing the on
axis counter propagation that limits the room availability for both beams diagnostic. It
will include the installation of 4-button BPMs downstream the IP and on the dumping
pipe to control the electron beam trajectory inside the solenoid and the insertion of ref-
erenced pinhole upstream and downstream the IP for FLAME laser beam alignment.
Based on ELI-NP linac sensitivity studies, the introduction of a feedback loop that
works towards the source luminosity optimisation, not dependent on the BPM resolu-
tions, could drive to the best collision alignment through a proper setting of the steerer
magnets immediately upstream the IP and ensure a stable and reliable routine operation
with an electron beam pointing jitter < 1 µm.

Further in the next future thanks to the FLAME laser system flexibility, non-linear
regimes for the Compton scattering could be explored together with new experimen-
tal schemes that conjugate the Compton radiation production with the most advanced
plasma based acceleration schemes for the electrons.
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Conclusions

The guide-lines for the 6D phase space optimisation for high brightness electron
beams in RF linacs have been described for advanced and high brilliance Inverse Comp-
ton X and γ ray sources. In particular has been shown that the expertise coming from the
R&D activity on high brightness linear accelerators, if coupled with high quality high
power ps laser system, enables reliable and demanding radiation source that are today
in the transition phase towards the era of effective user facilities in X-ray imaging and
γ-ray Nuclear Physics and Photonics.

Electron beam dynamics studies have been presented for the ELI-NP GBS linac
to provide an electron beam at the interaction point such to optimise the γ-ray source
performances. In particular the aspects that are mostly involved in the robustness, op-
erational reliability and active and passive element constraints specifications of such a
demanding machine have been investigated and the challenge introduced by the multi-
bunch operation has been evaluated including in the analysis the effect of short and
long-range wakefield effects. In the next future the study of the wakefields effects on
the beam quality will be extended to the beam dynamics in the RF gun and in the two
S-band SLAC type TW cavities and transverse long-range wakefields effects will be
addressed. Finally machine sensitivity studies will be completed next with other type of
deviations as steerer magnets and BPM alignment errors to check the robustness of the
machine in the multi-bunch operation.

The beam dynamics simulations in the SPARC LAB Thomson Source beam-line
have been presented together with the strategies adopted in the commissioning phase
to optimise the 50 and 30 MeV electron beam at the interaction point in the first and

97
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second experimental campaigns. The commissioning phase of the Thomson source
started in 2014 and the two dedicated shifts resulted both in the photon flux of ' 104

photons/pulse with moderate (20%) monochromaticity. Residual misalignments in the
electron beamline and a not optimised alignment between the electron beam and the
FLAME pulse led to adopt more relaxed parameters for the commissioning phase than
the ones required for the generation of X-rays useful for the X-ray imaging of mam-
mographic phantoms with the phase contrast technique. In the next future thanks to the
FLAME laser system flexibility non-linear regimes for the Compton scattering could be
explored together with new experimental schemes that conjugate the Compton radiation
production with the most advanced plasma based acceleration schemes for the electrons.

The practical experience coming from the commissioning of the SPARC LAB TS
beam-line demands the need of high level applications to be used for the machine instal-
lation and stabilization (as the beam base alignment procedure or dispersion free steer-
ing method) and for the transport of the electron beam at the interaction point through
on-line measurements and feedback loops acting on the machine to optimise the final
source luminosity. In the meantime the simulations made for the ELI-NP linac are
giving hints for improving the Thomson Source performances by indicating a possible
upgrade of the electron beam line, as the optimisation plan foreseen for the interaction
module, that will include BPM both upstream and downstream the IP and, and for the
procedure of the collision alignment to ensure a stable and reliable routine operation
with an electron beam pointing jitter < 1 µm.

It is worth to notice the relevance of the SPARC LAB Thomson source in terms of
energy tunability that, for example, will provide the possibility to explore the ELI-NP
Gamma Beam Source low energy range operation. Certainly the opportunity to test the
electron beam dynamics together with the electron and radiation diagnostic have played
an important role in the understanding of the electron beam dynamics process and is
playing an important role also in view of the ELI-NP machine future commissioning in
Magurele under the INFN responsibility, to which I will take part.



APPENDIX

A

Transverse Wakefield Effects

The electron beam dynamics in the ELI-NP GBS linac has been illustrated in 3.4 to
evaluate the transverse wakefield effects in the single-bunch operation. The aim here is
to summarise the analytical formulas of the beam centroid motion as obtained in [77] in
case of injection offsets at the linac entrance (∆in j) or cavity misalignments (∆mis).

A.1 Effect of Injection Offset

Let us assume that the beam consists of two macro-particles, each of charge Q/2 sep-
arated by ∆z= 2σz as illustrated in Figure A.1. If an injection offset at the linac entrance
(∆in j) occurs the beam undergoes a coherent betatron oscillation; then the equations of
motion of the particles become

x
′′
1 + k2

1x1 = 0

x
′′
1 + k2

1x1 =
QW0⊥(2σz)

2E(s)/e x1

where ki is the betatron wave number for the head and the tail particle respectively (with
k = 1/β ), W0⊥(2σz) is the transverse wakefield at the the distance ∆z = 2σz and E(s) the
electron beam energy at s. The head particle is not affected by the transverse field, and
so it undergoes free betatron oscillations with

x1 = ∆in j cos(k1s) (A.1)
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Figure A.1: Two particle model: the beam consists of two macro-particles, each of
charge Q/2 separated by ∆z = 2σz.

The tail particle instead is affected by the transverse wakefield excited by the passage of
the leading particle. In the hypothesis that k1 = k2 the equation of motion of the trailing
particle is the one of a harmonic oscillator driven on resonance

x2 = x1 +
QW0⊥(2σz)

4kE(s)
∆in jssin(ks) (A.2)

It is worth mentioning that the trajectory difference oscillates with an amplitude
increasing with s, therefore high injection offset can lead to transverse instabilities.

The (A.2) does not include the acceleration; this can be introduced by integrating
over the cavity length the relative displacement of the tail with respect to the head for a
length ds

∣∣∣∣∆x
x1

∣∣∣∣= QW0⊥(2σz)

4E0

∫ s

0

β (s′)
γ(s′)

ds′ (A.3)

The (A.3) can be solved numerically or by assuming the specific behaviour of β (s)

and γ(s). For example for E(s) = E0 +Gs with G a constant accelerating gradient and
constant beta function, the (A.3) becomes

∣∣∣∣∆x
x1

∣∣∣∣= QW0⊥(2σz)

4G
β ln(

γ(s)
γ0

) (A.4)
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Moreover if β varies as the square root of the energy, as it is in a real accelerator
with alternating-gradient focusing (like a FODO lattice), the (A.3) becomes

∣∣∣∣∆x
x1

∣∣∣∣= QW0⊥(2σz)

2G
βm0

(√
γ f

γ0
−1
)

(A.5)

A.2 Effect of Cavity Misalignments

Let us assume that the beam consists of two macro-particles, each of charge Q/2
separated by ∆z = 2σz as illustrated in Figure A.1. If a cavity misalignment (∆mis)
occurs the head of the beam passes undamaged, but the core and the tail of the bunch
feel the wakefield excited by the head passage.

The equation of horizontal motion of a particle at time τ that experiences the trans-
verse wakefield force and the external forces of the focusing lattice, taking into account
the acceleration, is

1
γ(s)

d
ds

[
γ(s)

dx(τ,s)
ds

]
+K(s)x(τ,s) =

F⊥(τ,s)
E(s)

(A.6)

where K(s) = 1
Bρ

∂By
∂x is the focusing strength.

If ∆mis is the displacement of the structure with respect to the beam centerline and x

is the displacement of a particle at the position s, the offset of the particle with respect
to the cavity axis is x - ∆mis. Then the total force experienced by the test particle at time
τ is

F⊥(τ,s) = e
∫

τ

−∞

W0⊥(τ−τ ′)ρ(τ
′)x(τ ′,s)dτ

′ = e
∫

τ

−∞

W0⊥(τ−τ ′)ρ(τ
′)[x(τ ′,s)−∆mis]dτ

′

(A.7)
where ρ is the bunch charge distribution such that the total charge Q =

∫
ρ(τ)dτ .

At every traversal of the structure j, the trailing particle experiences a kick ∆x
′
j due

to the wakefield excited by the bunch head as follows

∆x
′
j =−

QW0⊥(2σz)

E j/e
∆mis jL j (A.8)
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where W0⊥(2σz) is the transverse wakefield at the the distance ∆z = 2σz and E j is the
electron beam energy, L j and ∆mis j are the length and the misalignments of the acceler-
ating cavity j.

The beam displacement at s is the sum of the betatron oscillations excited upstream
by the transverse kicks

x(s) =
s j<s

∑
j

R12(s j,s)∆x
′
j (A.9)

with R12 the transport matrix coefficients that transfor the angular kick to the displace-
ment at s

R12(s j,s) =
√

β (s)β j sin(Ψ(s)−Ψ j)×
√

γ j

γ(s)
(A.10)

where β (s) and γ(s) are the beta function and the Lorentz factor of the electron beam at
s, β j and γ j are the beta function and the Lorentz factor of the electron beam at the centre
of the structure and (Ψ(s)−Ψ j) is the phase advance from the centre of the structure j

to the position s.
Then For ∆mis 6= 0 the equation of motion of the beam centroid becomes [77]

x(s) =−
QW0⊥(2σz)

2E0

√
β (s)
γ(s)

( Ns

∑
j=1

√
β j

γ j
sin(Ψ(s)−Ψ j)

)
∆mis jL j (A.11)
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B

Transverse Beam Dynamics in RF
Accelerating Structures

The electron beam dynamics in the ELI-NP GBS linac has been illustrated in 3.4 in
case of a quasi-constant accelerating field profile in the C-band cavities. The aim here
is to provide a model for the particle transverse motion in a real TW cavity induced by
RF fields [127, 82, 128], including the fringe field in the input and output RF couplers,
in terms of the transport matrix R.

The idea, used in several codes as for example Tstep [50] and Elegant [52], is to
combines pure π-mode standing wave, to simulate the couplers, with a travelling wave
to simulate the body of the cavity. Coupler regions are simulated based on the Serafini-
Rosensweig model described in [82]: the fringe field at beginning is simulated with
a half standing wave cell leading the TW cavity; the fringe field at end is simulated
with half standing wave cell trailing the TW cavity. The body of the cavity is split in n

constant profile TW structures with a 2π/3 field phase advance per cell (with n = 1,ncell
and ncell the total cell number in the structure) to provide a good enough approximation
to the design gradient profile.

Let us describe the radial electromagnetic force on an ultra-relativistic paraxial
charged particle due to the transverse rf fields in a cylindrically symmetric, spatially
periodic, rf cavity. In terms of the longitudinal accelerating field profile Ez it can be
written as

Fr ∼=−
qr
2

dEz

dz
(B.1)

where q is the charge of the particle and the total derivative with respect to z, the
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distance along the beam axis that the particle propagates. To maintain the discussion in
most general terms let us write the longitudinal field profile in the most general Floquet
form [129]

Ez = E0Re
[

∞

∑
n=−∞

bnei(ωt−knz)
]

(B.2)

where E0 is the average accelerating field experienced by an on-crest particle in-
jected at the phase which gives maximum acceleration, kn = (ψ + 2πn) is the wave-
number of the travelling wave associated with the n-th space harmonic considered with
respect to the periodicity length d of the structure, and ψ = lπ/m is the phase advance
per cavity cell (l, m being integers,l ≤ m). Following [82, 128] it is possible to average
the periodic force derived from (B.1) and (B.2).

Fr = η(∆φ)
(qEacc)

2

8γE0
r (B.3)

where η(∆φ) =∑
∞
n=1 b2

n +b2
−n + 2bnb−ncos(2∆φ), ∆φ is the phase of the particle

with respect to the maximum acceleration phase and E0 the electron rest mass. The
function η(∆φ) contains the information about the longitudinal field distribution as ob-
tained by electromagnetic design computer codes or from bench measurements. This
second-order ponderomotive focusing force can, because of its cylindrical symmetry, be
written as a focusing strength parallel to either transverse Cartesian axis

Kr =−
η(∆φ)

8cos2(∆φ)

[
γ ′

γ

]
(B.4)

where γ ′ = qE0cos(∆φ)/E0 is the gradient in the particle energy averaged over a
period of the structure.

The (B.4) has been calculated in [128] for standing and travelling wave structures
and, in the specific case the rf wave contains only the fundamental spatial harmonics.
For a pure pi-mode standing wave the focusing strength in a SW accelerating structure
it follows
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KSW
r =

1
8

[
γ ′

γ

]2

(B.5)

while in a TW accelerating structure the focusing strength disappears completely.

Above these considerations the first order beam transport matrix R has been calcu-
lated for a standing wave and a travelling wave section in [127].
The first order beam transport matrix RTW for a travelling wave section include the adia-
batic damping and can be written as two matrices, one describing a drift with a modified
length L∗ and the second one scaling the entry angle with the ratio γi/γ f of the initial
to the final energy Rad . The length L refers to the cavity length and ∆γ , is the change in
energy.

RTW =

[
1 L γi

∆γ
ln γ f

γi

0 γi
γ f

]

The standing wave cavity accelerates the electron beam under the presence of a
radial focusing force, as already mentioned above. The consequence is that the corre-
sponding beam transport matrix RKr

SW is now the matrix of a focusing quadrupole with
its strength KSW acting over the length L∗, which has been modified by the adiabatic
damping.

RKr
SW =

 cos
√

KSW
r L∗ 1√

KSW
r

sin
√

KSW
r L∗

− γi
γ f

√
KSW

r sin
√

KSW
r L∗ γi

γ f
cos
√

KSW
r L∗



Now the adiabatic damping is considered by multiplying the RKr
SW matrix with the

one scaling the resulting angle with the ratio γi/γ f of the initial to the final energy Rad .
The complete traversal of an rf cavity requires that the particle experience a first-order
transient force in the fringe field regions at both the entrance and exit of the cavity
Rkick

SW . Ignoring the variation of the both the particle energy and transverse position in
the transient region it follows

Rkick
SW =

[
1 0

∓ γ ′

2γi( f )
1

]
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and so the complete matrix becomes

RSW =

cos
√

KSW
r L∗−

√
2sin

√
KSW

r L∗
√

8 γi
γ ′ sin

√
KSW

r L∗

− 3γ ′√
8γ f

sin
√

KSW
r L∗ γi

γ f
[cos

√
KSW

r L∗+
√

2sin
√

KSW
r L∗]



Now it is possible to write the complete transport matrix for the particle transverse
motion in a real TW cavity induced by RF fields combining RSW and RTW and so

R = Rin j
SW RTW Rext

SW (B.6)

with Rin j
SW and Rext

SW the R matrix of respectively the input and output coupler.

Let us now consider a quasi-constant field profile; the body of the cavity can be split
in n constant profile TW structures and so the RTW should become the product of the
Rn

TW (with n = 1,ncell and ncell the total cell number in the structure).
The final trasport matrix becomes

R = Rin j
SW

(ncell

∏
i=1

Ri
TW

)
Rext

SW (B.7)
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menti: con pazienza, professionalità e competenza non ti sei mai dispensata dall’ascoltarmi
e consigliarmi, GRAZIE! Senza i tuoi insegnamenti questa tesi non sarebbe stata tanto
ricca di contenuti; per aver dedicato tempo alla correzione di questo ed altri documenti
e per essere stata per me in questi anni mentore ed amica preziosa.

Desidero ringraziare le amiche e colleghe Jessica e Maria Pia per avermi supportato
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