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Abstract

This thesis investigates the generation and preservation of high-brightness electron

beams for advanced radiation sources, with applications ranging from compact inverse

Compton facilities to large-scale free-electron lasers (FEL) and plasma-based accelera-

tors. The work aims to identify and mitigate the main physical mechanisms that limit

beam quality during acceleration and compression, combining analytical modeling, nu-

merical simulations, and machine design studies.

The first part focuses on the BoCXS inverse Compton source, a proposal for a com-

pact dual-interaction-point facility driven by a high-gradient C-band linac. Start-to-end

simulations demonstrate the production of stable, low-emittance, and low-energy-spread

beams, and introduce optics strategies to preserve brightness through the switchyard

and into the interaction region, ensuring tunable X-ray emission in the 0.1–1 MeV range.

The second part addresses the microbunching instability in the context of FEL

facilities, such as FERMI and EuPRAXIA@SPARC_LAB. Using a semi-analytical ap-

proach based on the Huang–Kim formalism, we study instability growth under different

machine configurations and compression schemes, aiming at maximizing the beam qual-

ity required for FEL operation. In the end, we also present a theoretical outline of a

laser heater, designed to ensure full compatibility with all EuPRAXIA@SPARC_LAB

operation modes.

The results highlight the importance of a model-driven approach to accelerator de-

sign, while the methods and tools developed here provide a framework for optimizing

brightness preservation across future light sources.
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Chapter 1

Introduction

Accelerator-based light sources play a pivotal role in modern photon science, offering

tunable, high-brilliance radiation across wavelengths from the infrared down to the hard

X-ray regime. At their heart lies the principles of electrodynamics: a charged particle,

wether subjected to a force (classical electrodynamics) or interacting with a field (quan-

tum electrodynamics), radiates energy in the form of electromagnetic radiation. Such

principle is exploited through a precise manipulation of relativistic electron beams in

large-scale synchrotron facilities and Free-Electron Lasers (FELs) via undulators and

wigglers, and in compact layouts via inverse Compton scattering (ICS) schemes. These

magnetic and optical structures convert electron kinetic energy into coherent or partially

coherent photon pulses, with performance quantified by the photon beam brilliance (or

spectral brightness) [1], which encapsulates photon flux, phase-space density, and tem-

poral structure:

B =
d4Nph

dAdt dΩ dλ/λ
(1.1)

where Nph is the number of photons per unit of area A, per unit of solid angle Ω, per

unit of time t and per unit of relative bandwidth. In practice, brilliance is reported

in SI units of photons/s/mm2/mrad2/0.1%BW. Applications—from atomic-scale imag-

ing to time-resolved spectroscopy—demand both high transverse coherence and narrow

bandwidth, placing stringent requirements on the phase-space properties of the driv-

ing electron beam: emittance, energy spread, peak current, and temporal profile. In

accelerator physics terms, the beam brightness of a charged particle beam (such as an

electron beam) refers to the density of particles in six-dimensional phase space and can

1



be expressed in terms of normalized emittances as [2, 3]

B6D =
2q

π2εnxεnyσtσδ
, (1.2)

where q is the bunch charge, σt is the rms bunch duration, σδ is the relative energy

spread and εn are the normalized emittances. On the electron side, preserving low

emittance through injection, acceleration, and transport is critical—any growth due to

collective effects (e.g. space-charge), or collective instabilities (e.g., microbunching) di-

rectly reduces photon brilliance. High brightness underpins photon science innovations,

indeed, the brilliance of the X-ray beam one can generate is ultimately limited by the

brightness of the electrons driving the source, motivating advanced accelerator designs

and beam dynamics optimizations.

The impact of improved beam brightness over the past decades is illustrated by

the astounding gains in X-ray source performance. Since the 1970s, synchrotron ra-

diation facilities (the first generation of accelerator-based light sources) have boosted

the brightness of X-ray beams by more than 22 orders of magnitude [4]. This dra-

matic improvement opened entirely new frontiers in research, enabling techniques like

X-ray crystallography, spectroscopy and imaging with resolutions and sensitivities that

were previously unachievable. These facilities feature storage rings with specialized

magnet insertion devices (undulators and wigglers) to produce intense, highly colli-

mated X-ray beams. They achieved source brilliance on the order of 1018−21 pho-

tons/(s mm2 mrad2 0.1%BW), enabling experiments from structural biology to materi-

als science. The emphasis at third-generation sources was to minimize electron beam

emittance and maximize stored current, however, even these large storage-ring sources

have fundamental limits in achievable brightness–constrained by equilibrium emittance

and energy spread in a ring, and by practical limits on ring size and magnetic field

strength [5].

The advent of linac-driven X-ray FELs, often termed a “fourth-generation” (to-

gether with diffraction limited storage rings) light source [6], marked a paradigm shift.

Based on Self-Amplified Spontaneous Emission (SASE), in an X-ray FEL, a high-

brightness relativistic electron bunch is sent through a periodic magnetic undulator;

the collective interaction of the electrons with the radiation they emit leads to mi-

crobunching and an exponential gain of coherent radiation intensity. The result is

laser-like X-ray pulses with peak brilliance 10–12 orders of magnitude higher than those
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of the most advanced third-generation synchrotrons. For example, the Linac Coher-

ent Light Source (LCLS) at SLAC demonstrated the first hard X-ray FEL lasing in

2009, producing Angstrom-wavelength X-ray pulses with peak brilliance of ∼ 1032 pho-

tons/(smm2 mrad2 0.1%BW) [7]. Such FEL bursts are also extremely short (on the or-

der of tens of femtoseconds or less), allowing researchers to capture ultrafast dynamics.

Indeed their applications were immediately recognized [8], spanning from time-resolved

pump-probe dynamics to structural biology and serial femtosecond crystallography [9–

11]. The unprecedented brilliance of FEL beams stems directly from the extreme quality

of the electron beams, hardly attainable in synchrotron facilities, and mostly made pos-

sible by the advent of the photocathode RF electron gun [12–14]. Following LCLS, sev-

eral major FEL facilities have come online worldwide, including SACLA in Japan [15],

the European XFEL in Germany [16], SwissFEL in Switzerland [17], and others, each

pushing further the envelope of beam brightness and X-ray wavelength reach. Acceler-

ator physicists continuously refine injector designs, compression schemes, and transport

optics to push the brightness higher, as even small improvements can translate into

significant increases in X-ray brilliance at the user endstations [18].

More in detail, the efficiency of the FEL emission is governed by the FEL parameter

ρfel also known as Pierce parameter, which is dependent on the undulator parameters

and on the electron beam brightness and energy [19]. The FEL parameter typically of

the order of 10−3–10−4, defines the exponential growth of the emission, as it is inversely

proportional to the gain length, and identifies the saturation power of the FEL process

Psat ≈ ρfelPe, whith Pe the electron beam power [20]. It also quantifies the FEL rms

intrinsic relative bandwidth ρfel ≈ ∆λ/λ, setting the FEL parameter as an upper limit

on the rms uncorrelated relative energy spread of the electron beam σδ < ρfel to avoid

degradation of FEL brilliance. A limit on the geometric beam emittance to ensure

spatial coherence is εx,y ≤ λ/(4π), where λ/(4π) is the minimum phase space area for a

diffraction limited photon beam [21]. Typical FEL linacs must deliver 0.2–1 nC bunch

charge with peak currents in the kiloampere range and normalized emittances on the

order of ∼ 1 mm mrad, 0.05–0.1% relative energy spread and 1–50 GeV final electron

energy–parameters only achievable with state-of-the-art photoinjectors and accelerator

technology [22, 23].

In parallel with, and complementary to large-scale FEL facilities, there has been

growing interest in more compact accelerator-based X-ray sources, particularly those
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relying on ICS. These sources use the collision of a high-brightness electron beam with

a high-power laser pulse to produce X-ray photons via relativistic Compton scatter-

ing [24, 25]. While much smaller in scale and brilliance than storage rings or FELs, ICS

sources can still deliver highly useful X-ray beams. The X-rays from an ICS source are

typically pulsed, quasi-monochromatic, tunable in energy, highly directional and possess

high brilliance compared to conventional X-ray tubes [26], which are instead character-

ized by a broad photon spectral distribution and by a rather divergent emission. Due to

the relativistic Doppler effect, the accessible photon energy reaches up to the MeV range

(γ-ray regime), providing the possibility to probe the dynamics in nuclei [27, 28]. The

Munich Compact Light Source (MuCLS), which is a commercial miniature storage-ring-

based Compton source, provides a quasi-monochromatic X-ray beam with a brilliance

of order 109 photons/(smm2 mrad2 0.1%BW) at 25 keV [29], while some single-pass

Compton source facilities as KEK-ATF have produced high-brilliance, photon pulse

up to the γ-ray range [30]. In recent years, many dedicated user facilities based on

this concept have been proposed and developed, e.g. the STAR facility in Italy [31],

ThomX in France [32] and T-REX in the U.S. [33]. The appeal of inverse Compton

sources lies in their compactness and cost-effectiveness: despite the lower absolute bril-

liance, these compact sources offer access to techniques like phase-contrast imaging,

K-edge subtraction and small-angle scattering in ordinary lab or hospital settings that

previously required a large facility [34–36]. Notably, achieving good performance from

an ICS demands a tightly focused, high-power laser pulse, and a high-quality electron

beam, as the total flux of radiated photons is linked to the beam emittance Φ ∝ 1/ε

while the spectral bandwidth of the radiation is proportional to the beam energy spread

∆λ/λ ∝ σδ, implying that, the X-ray yield and spectral quality are strongly affected by

the electron beam brightness.

Across all these accelerator-driven X-ray sources, from linac-based FELs, down to

compact Compton setups, the brilliance of the X-ray source is a direct extension of the

beam brightness of the accelerated electrons. The brightness upper limit of a linac-

driven light source is fixed by the electron injector, and the rest of the accelerator can

only seek to maintain that initial brightness. Once the electrons are accelerated to rel-

ativistic energy, the normalized emittance cannot be reduced–it can only stay constant

(in absence of collective effects) or grow due to imperfections and nonlinear effects.

The invention of the high-field RF photocathode gun was pivotal in this regard, where
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the beam brightness obtained scales with the accelerating field at the cathode and the

beam charge density during emission. These in turn depend on the gun technology

and the drive-laser parameters, which are tailored both transversely and longitudinally

to optimize the initial beam distribution [37, 38]. The dominant brightness limita-

tion in the injector are space-charge forces at low beam energy, which can significantly

increase the emittance if not carefully managed. Several beam dynamics techniques

are employed to mitigate space-charge-induced emittance growth in photoinjectors, im-

plementing the key concept of emittance compensation [39, 40]. After the injector, the

beam is accelerated in a linear accelerator to high energy (typically GeV-scale for FELs)

and simultaneously longitudinally compressed to attain the high peak current (of hun-

dreds of amperes or up to ∼kiloampere range) needed for strong FEL gain. Magnetic

bunch compressors (e.g. chicane or dogleg sections) are used to shorten the bunch by

imparting a path-length difference as a function of particle energy. This drastic com-

pression, however, poses serious challenges as collective electromagnetic effects during

compression can deteriorate the beam quality and hence reduce brightness. In partic-

ular, coherent synchrotron radiation (CSR) emitted when the bunch passes through

compressor dipole magnets can induce energy perturbations and transverse kicks that

increase the emittance and energy spread of the beam. Additionally, the compression

process can trigger microbunching instability, whereby small initial density or energy

modulations in the beam (e.g. from shot noise or cathode non-uniformity) are amplified

through the combined action of longitudinal space-charge forces and CSR as the beam

density increases, and manifest as fine-scale density and energy fluctuations along the

bunch, which can increase the slice energy spread and undermine FEL performance [41–

43]. To preserve beam brightness through compression, several mitigation strategies are

employed. One crucial tool is the laser heater, an optical manipulation device that has

become a standard component of modern high-brightness linacs [44]. The laser heater

uses an infrared laser co-propagating with the electron bunch in a short undulator to

introduce a small, controlled energy spread (few keV) into the beam prior to compres-

sion, harnessing longitudinal Landau damping to mitigate microbunching growth. The

use of harmonic linearizer RF cavities is another standard practice: before entering a

bunch compressor, the beam’s longitudinal phase space (which initially has nonlinear

curvature due to RF acceleration) is linearized by a higher-harmonic RF cavity to en-

sure the bunch compresses uniformly, minimizing effects that would exacerbate CSR
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and microbunching [45]. Finally, also advanced lattice and optical designs to suppress

CSR effects have been proposed [46–49].

1.1 Motivations and scope

In this thesis, we build on these foundations to develop and evaluate strategies for

maximizing electron beam brightness in both FEL and Compton X-ray source contexts.

We do this by addressing two main topics: the beam dynamics design and feasibility

of a Compton source with emphasis on brightness preservation and realistic tolerances;

and the microbunching instability physics in FEL linacs, treated via semi-analytical

models.

More in detail, my thesis work first focused on the optics design of the Bologna

Compton X-ray Source, recently proposed as a compact light source for multidisci-

plinary applications [50]. Here, we present an update on the project, discussing its new

features, such as the full-C-band accelerating structure and the new switchyard system

which enables the use of multiple beamline simultaneously. We focus on the electron

beam dynamics optimization that drove the design choices and we show the start to end

simulation to complete the feasibility study of the machine. The main innovation here

lies in demonstrating the preservation and maximization of six-dimensional beam bright-

ness within a very compact, relatively low-energy beamline, despite the presence of an

optically complex bunch selection module, which enables bunch-by-bunch routing of the

electrons to different beamlines. This work involved a multifaceted challenge: namely

the optimization and characterization of the RF photoinjector (where the space charge

forces are the dominant effects on the beam quality), the minimization of quadrupole

chromatic aberrations and CSR effects in the dogleg through the implementation of an

harmonic linearizer RF cavity, and the careful optical tuning of the beam transport

throughout the innovative beamline switchyard up to the interaction point with the

laser photons. In the end, analytical calculations are used to estimate the radiation

parameters of the Compton source.

The last part of the thesis work focused on the study of microbunching instability

in the context of linac-based FELs. Two FEL facilities are here considered specifi-

cally: FERMI @Elettra Sincrotrone Trieste [51], an externally seeded FEL, and Eu-

PRAXIA@SPARC_LAB [52], a plasma-driven SASE FEL currently in development at

INFN-LNF. More in detail, we investigate the microbunching instability making use of a
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semi-analytical model to obtain an estimate of its impact on the electron beam quality.

This model is the latest implementation of the Huang-Kim formalism for microbunching

instability, featuring the novel introduction of intrabeam scattering effects [53]. Apply-

ing the model we develop optimal strategies of beam compression schemes in the context

of high-current operations for FERMI, where the our experimental studies substantiate

the agreement with theory and simulations, thereby enabling an informed extension of

the same framework to EuPRAXIA@SPARC_LAB. For the latter, we performed an

analysis of its specific machine configurations and working points to assess the suscep-

tibility to microbunching-driven beam quality degradation. In the end, we discuss the

theoretical outline of a laser heater for EuPRAXIA@SPARC_LAB, designed to provide

the operational flexibility required to remain compatible with all the foreseen machine

configurations.
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Chapter 2

Electron beam dynamics in a linear

accelerator

In this chapter, we give a brief review of the electron beam dynamics in linear accelera-

tors, focusing on the topics relevant to this thesis work. Starting from the preliminary

concepts to introduce the theoretical framework, we then discuss the beam dynamics

following its evolution from the RF gun through the main components that make up a

beamline.

2.1 Preliminary concepts

In the context of accelerators, whether circular or linear, the description of beam dynam-

ics is based on definitions and approximations that simplify its analysis. This section

presents the theoretical framework that underpins both the single-particle dynamics

and the collective description of electron beams in a single-pass linac.

2.1.1 Single particle dynamics

To describe the state of a particle in the context of beam physics we first define a vector

in the 6D phase space (x, px, y, py, z, pz), where the x, y and z coordinates describe

the horizontal, vertical and longitudinal position with respect to the reference particle

respectively, while px,y,z are the transverse and longitudinal momenta. This formalism

allows to treat the transverse dynamics separately from the longitudinal one, while

maintaining a complete description of the system. It is often convenient to introduce
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the pseudo-canonical coordinate (also called trace space), expressed as a function of the

longitudinal trajectory coordinate s and relative to the reference particle momentum

p0, as (x, x′, y, y′, z, δ), where 
x′ = dx

ds = px
pz

y′ = dx
ds =

py
pz

δ = pz−p0
p0

.

(2.1)

Particles are rapidly accelerated to relativistic energy and move along the line under-

going horizontal and vertical oscillatory motion, guided by magnetic elements to keep

the beam size under control. At these energies pz ≫ px,y which implies that x′ ≈ θx

and y′ ≈ θy, as long as the amplitude of the oscillatory motion is much smaller than

the respective wavelength. This assumption, known as the paraxial approximation, al-

lows for the linearization of the equations of motion and the description of transverse

dynamics analogously to geometric optics; hence the term “beam optics” is recurring in

this context. In this way, the evolution of the 6D coordinates along the beamline can

be expressed by a linear transfer matrix R6×6 which incorporates the effect of various

beamline components such as drifts, quadrupoles, bending magnets, and RF cavities

on the particle phase space coordinates. This general matrix framework is a funda-

mental tool in accelerator physics, allowing one to design and analyze the transport

and manipulation of electron beams through complex accelerator systems. If the forces

involved are linear and non-dissipative, the single particle motion is that of a linear

oscillator with time-dependent frequency and amplitude. The orbits in phase space,

thus, describe ellipses with area proportional to the action:

J =
1

2π

∫
pxdx , (2.2)

which, in condition of adiabaticity, is an invariant of motion [54].

2.1.2 Emittance

In the ideal case, when considering the dynamics of an ensemble of particles, one can

define the regime of the motion as laminar if the transverse velocity of all particles is

uniquely determined by the displacement from the z axis of beam propagation and the

dependence from this is linear [55]. This implies that the orbits of the various particles

never intersect, and the phase space volume covered by the particles distribution is null.
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In the regime of non-laminar beam, particles exhibit a random distribution of velocity,

and focusing elements can influence only the average motion of particles. In this case,

particles distribution occupies a finite volume in phase space, which is reasonable to

describe with an ellipse if the system is linear. The Liouville theorem states that, if the

system is Hamiltonian, the phase space density f is invariant [2]. The time evolution

of f is given by:
df

dt
=
∂f

∂t
+
∑
i

(
q̇i
∂f

∂qi
+ ṗi

∂f

∂pi

)
, (2.3)

where qi and pi are the particles’ coordinates and their conjugate momenta. If the forces

are derivable from an Hamiltonian H

q̇i =
∂H

∂pi
, ṗi = −∂H

∂qi
, (2.4)

with a time-independent Hamiltonian, we obtain

df

dt
=
∂f

∂t
+
∑
i

(
∂H

∂pi

∂H

∂qi

df

dH
− ∂H

∂qi

∂H

∂pi

df

dH

)
=
∂f

∂t
= 0 , (2.5)

where the last equality holds if no particles are lost or created. If the aforementioned

conditions are satisfied, the six-dimensional (x, px, y, py, z, pz) phase space beam distri-

bution may evolve by changing its shape, but its volume remains a conserved quantity.

Moreover, this holds also for each of the three 2D projection of the 6D phase space,

provided there are no coupling between the three orthogonal motions. The phase space

area occupied by the particles distribution can be used as a measure of beam quality by

introducing the concept of emittance. The general equation of an ellipse can be written

as

Ax2 +Bxy + Cy2 = 1 , (2.6)

and its area is given by

Area =
2π√

4AC −B2
. (2.7)

Then the emittance ellipse can be constructed as

γxx
2 + 2αxxx

′ + βxx
′2 = εx , (2.8)

where εx is the horizontal geometric emittance, usually expressed in mm mrad or µm

(the same definition holds for the vertical plane (y, y′)). By imposing the equality
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Area = πε we have the relation

γxβx − α2
x = 1 , (2.9)

where γx(s), βx(s) and αx(s) are called Twiss parameters and are functions of the

longitudinal coordinate s. From the geometrical relationship displayed in Fig. 2.1 one

obtains

x

x′

√
ε/γ

√
ε/β

√
εγ

√
εβ

Slope= −α/β

Slope= −γ/α−α
√

ε/γ

−α
√

ε/β

Figure 2.1: Elliptical boundary enclosing the particle distribution in phase space, displaying
the relations between Twiss parameters and the ellipse geometry. Here, the subscripts x and y
are omitted for the sake of brevity.

αx = −β
′
x

2
, γx =

1 + α2
x

βx
. (2.10)

In reality, the condition of a perfectly laminar regime cannot be satisfied, and the sys-

tem is never perfectly linear and non-dispersive, mainly because of non-linear Coulom-

bian forces within the beam, aberration effects of the optical elements and the initial

electron emission process at the cathode, resulting in a phase space particle distribution

which can often differ from a regular ellipse. It is therefore useful to introduce a sta-

tistical definition of emittance, the so-called root mean square (rms) emittance, which

represents the area of the equivalent-ellipse associated to the particle distribution, such
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that: 
σx =

√
εxrmsβx

σx′ =
√
εxrmsγx

σxx′ = −αxεxrms

(2.11)

where (removing the phase space centroid offset)

σ2x = ⟨x2⟩ =
∫ +∞
−∞

∫ +∞
−∞ x2f(x, x′)dxdx′

σ2x′ = ⟨x′2⟩ =
∫ +∞
−∞

∫ +∞
−∞ x′2f(x, x′)dxdx′

σxx′ = ⟨xx′⟩ =
∫ +∞
−∞

∫ +∞
−∞ xx′f(x, x′)dxdx′

(2.12)

are the second moments of the x and x′ distributions and their respective correlation

term. Substituting into Eq. 2.9 one finally obtains

εxrms =
√
σ2xσ

2
x′ − σ2xx′ , (2.13)

which can be also expressed as the square root of the determinant of the beam matrix

εxrms =

√√√√√det

 σ2x σxx′

σxx′ σ2x′

 (2.14)

As a result of such statistical definition, the rms emittance does not represent a proper

Figure 2.2: Idealized phase space particle distribution (left) is deformed and stretched (right)
by means of nonlinear forces acting upon the beam.
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Liouvillian quantity. As shown in Fig. 2.2, depicting an idealized particle distribution

in phase space with εxrms = 0, even if the net phase space surface occupied by a beam

remains constant, non-linear field components can stretch and distort the shape of the

phase space particle distribution. If we consider a generic correlation x′ = Axn, by

substituting in Eq. 2.13 one can easily see that εxrms ̸= 0 for n ̸= 1. Hence, the rms

emittance is not conserved if the system is nonlinear. This may happen even in the

case of purely linear optics like quadrupoles: if the beam presents an energy spread σδ,

different particles with different energy, although at the same transverse coordinate, will

feel a different focusing force, thus evolving differently in the phase space (chromatic

aberration). This will result in a beam quality degradation, which can be measured by

its emittance increment as [56]

∆εxrms = εxrms

(√
1 +K2β2xσ

2
δ − 1

)
, (2.15)

where K is the integrated magnetic strength of the quadrupole. Moreover, when the

beam is accelerated, neither the geometric emittance nor the rms emittance is conserved

due to the definition of the pseudo-canonical coordinates. To recover the relativistic

invariance one needs to use the proper canonically conjugate coordinates which define

the so called normalized emittance as

ε2nxrms
=

1

m2c2

(
⟨x2⟩⟨p2x⟩ − ⟨xpx⟩2

)
, (2.16)

where m is the rest mass of the particle, c is the speed of light and px = mβcγx′ with

β = vz/c and γ being the Lorentz factor. Considering the definition of the relative

energy spread

σδ =
⟨β2γ2⟩ − ⟨βγ⟩2

⟨βγ⟩2 , (2.17)

and assuming β ≈ 1 and (x, x′) independent of γ, one finds

ε2nxrms
= ⟨γ2⟩(σ2δσ2xσ2x′ + ε2xrms

) . (2.18)

In all of the cases of interest discussed here, σδ ≪ 1 and the first term in the round

brackets is negligible, thus, we can approximate relation between geometric and nor-
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malized emittance, for both transverse planes, as

εnrms = ⟨γ⟩εrms . (2.19)

The normalized emittance results to be the more convenient and practical quantity

to use as an indicator of the beam quality, as it is independent of the beam energy,

although, in reality, the actual operational measurement is performed on the geometric

emittance. From this point on, we drop the rms in the notation when talking about

the emittance for the sake of brevity, since we will always refer to the rms emittance,

unless stated otherwise.

2.1.3 Envelope equation

It is possible to describe the evolution of the beam envelope along its trajectory, during

transport and acceleration, by deriving a differential equation using the moments of the

beam distribution [57]. We start by computing the derivatives of σx [58]

dσx
ds

=
d

ds

√
⟨x2⟩ = σxx′

σx
, (2.20)

d2σx
ds2

=
d

ds

σxx′

σx
=
σ2xx′ + ⟨xx′′⟩

σx
− σ2xx′

σ3x
. (2.21)

Rearranging the latter equation and recalling the rms emittance definition we obtain

the envelope equation

σ′′x −
⟨xx′′⟩
σx

=
ε2x
σ3x

, (2.22)

where the RHS term acts as a defocusing pressure-like term. Indeed, the emittance

term is physically interpreted as an outward pressure on the beam envelope caused by

the rms spread in trajectory angle, hence the term emittance pressure is often used.

The term ⟨xx′′⟩ physically represents the effects of transversal forces acting upon the

beam, which under paraxial approximation (px = px′) can be written as:

dpx
dt

= βc
d(px′)

ds
= Fx , (2.23)

therefore the transverse acceleration is:

x′′ = −p
′

p
x′ +

Fx
βcp

. (2.24)
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We obtain that

⟨xx′′⟩ = −p
′

p
σxx′ +

⟨xFx⟩
βcp

, (2.25)

substituting in the envelope equation and recalling Eq. 2.20, we find

σ′′x +
p′

p
σ′x −

⟨xFx⟩
σxβcp

=
ε2nx
γ2σ3x

. (2.26)

The acceleration of the beam acts here as an oscillating damping term proportional to

p′/p, called adiabatic damping.

In the context of linear beam dynamics, the main external forces acting upon the

beam are the forces necessary for the beam transport and focusing, typically exerted by

elements such as solenoids and quadrupoles, but also Radio Frequency (RF) structures,

acting on the beam with a ponderomotive focusing force [39]. In this case, the moment

of the force is given by

⟨xFx⟩ = ∓k⟨x2⟩ , (2.27)

and by defining the wavenunmber as

k2ext =
k

γmc2
, (2.28)

we obtain for β ≈ 1:
⟨xFx⟩
σxcp

= ∓k2extσx . (2.29)

The other highly relevant contributor to the transverse force acting on the beam is

the one produced by the beam itself due to the internal Coulomb interactions. We

can identify two regimes of such interactions in a multiparticle system depending on the

scale in which they occur: the collisional regime is dominated by binary collision between

close ranged particles, while in the space charge (SC) regime the self-field generated by

the particles’ distribution varies appreciably only over distances larger than the average

separation of the single particles. In general, we can use smooth functions to describe the

charge and field distributions, and we can treat the space charge force as an externally

applied force, as long as the transverse beam size is large compared to the Debye length,

defined as [2]

λD =

√
ϵ0γ2kBTb
e2n

(2.30)

where ϵ0 is the vacuum permittivity, kB is the Boltzmann constant, Tb is the kinetic
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temperature (in the transverse direction), e is the unitary electric charge and n is the

electron density. The linear component of the space charge acts as a defocusing force

on the beam, while the non-linear components also cause rms emittance growth by

distorting the phase space distribution. If correlations along the bunch are present, also

linear components can induce an emittance growth, although reversible, as shown next.

Let us consider a bunched beam characterized by a uniform charge distribution with

a cylindrical symmetry and length L, carrying a current I and moving with a velocity

vz = βc, the linear component of the transverse space charge field is given by [59]

Ex =
Ix

8πϵ0σ2xβc
g(ζ, γ) , (2.31)

where the field form factor g(ζ, γ) is described by the function

g(ζ, γ) =
1− ζ

2
√
A2 + (1− ζ)2

+
ζ

2
√
A2 + ζ2

, (2.32)

with ζ = z/L and A = 2σx/(γL). The moving charge distribution is also subjected to

his own azimuthal magnetic field, thus the total transverse force is given by:

Fx = e(Ex − βcBθ) = e(1− β2)Ex =
eEx
γ2

. (2.33)

The momentum force term of the envelope equation can then be expressed as (for β ≈ 1)

⟨xFx⟩
σxcp

=
eI⟨x2⟩

8πϵ0γ3mc3σ3x
=

ksc
γ3σx

, (2.34)

where we introduced the beam perveance

ksc =
I

2IA
g(ζ, γ) (2.35)

with IA = 4πϵ0mc
3/e = 17 kA being the Alfven current for the electrons. Putting all

the pieces together, we can now express the complete envelope equation:

σ′′x +
γ′

γ
σ′x + k2extσx =

ε2nx
γ2σ3x

+
ksc
γ3σx

. (2.36)

The two terms in the RHS of 2.36 describe the defocusing effects, identifying two regimes

of beam propagation: the emittance dominated and the space charge dominated. When
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the space charge term is larger than the emittance term, the latter can be neglected

in the equation and the linear component of the space charge force produces a quasi-

laminar propagation of the beam, and transport and acceleration require a careful tuning

of various machine elements to keep laminarity. Conversely when the emittance term

is dominant, the particles’ motion is predominantly random, with a collisionless hot

gas-like behavior (thermal regime). A measure of the relative importance of the space

charge force with respect to the emittance pressure is given by the laminarity parameter,

defined as the ratio between the two terms

ρ =
Iσ2x

2IAγε2nx
. (2.37)

When ρ > 1 the beam is in the space charge regime and behaves as a laminar flow. As

the beam is accelerated, its energy grows and the regime shifts to the thermal one. The

transition energy marks this change of regime, and is simply defined as the energy that

gives ρ = 1

γtr =
Iσ2x

2IAε2nx
. (2.38)

Thus, in general, the space charge regime is typical of low-energy beams, however,

energy is not the only discriminating factor. Even at high energy, space charge effects

may recur if the bunch is strongly compressed, increasing its peak current, or if the spot

size becomes large due to optic manipulation.

2.1.4 Emittance oscillation

The space charge defocusing term represents the Coulombian repulsion forces within

the bunch, and in the ideal case of a cylindrical beam with uniform distribution it is

linear. However, as shown in Eq. 2.31, the field introduces a longitudinal correlation

within the bunch, through the dependency on the parameter ζ. Thus, in the space

charge regime different longitudinal slices along the bunch are subjected to different

forces and undergo different evolutions in the phase space. As shown in Fig. 2.3, such

correlation results in variations of the projected rms emittance due to the misalignment

of the various phase space slices, which can be evaluated by the formula [59]

εxcorr =
√
⟨σ2sx⟩⟨σ2sx′ ⟩ − ⟨σ2sxx′ ⟩ , (2.39)
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where the brackets ⟨ ⟩ indicate the average and σs(ζ) refers to the envelope of the single

longitudinal slice. The total normalized rms emittance is given by the projection, i.e.

x

x’

Projected ellipse

Figure 2.3: The misaligned longitudinal slices in transverse phase space cause an increment
in the beam projected emittance.

superposition of the correlated and uncorrelated terms as

εnx = ⟨γ⟩
√
ε2x + ε2xcorr . (2.40)

It is possible to show that these emittance variations, related to correlations of trans-

verse and longitudinal motion, are reversible. If we take as an example the case of a

space charge dominated beam propagating in an external focusing channel, the envelope

equation reduces to

σ′′x + k2extσx =
ksc
γ3σx

. (2.41)

The solution to this equation is stationary and is given by

σeq(ζ) =
1

kext

√
Ig(ζ)

2γ3IA
, (2.42)

which is an equilibrium solution representing the matching conditions for which the

external focusing force and the internal space charge force are perfectly balanced. This

solution, however, is dependent on ζ, meaning that the equilibrium condition is different

for each slice and usually cannot be achieved at the same time for all of the bunch slices.

For a not perfectly matched slice, considering a small perturbation δ0 with respect to
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its equilibrium condition, the solution is given by [39]

σs(ζ) = σeq(ζ) + δ0 cos(
√
2kexts) , (2.43)

which is an oscillating solution where the frequency is equal for all the slices (as in

plasma oscillations). The corresponding projected emittance will be given by

εcorr ∼ | sin(
√
2kexts)| , (2.44)

showing the reversible nature of the correlated emittance growth, which periodically

returns to zero. Indeed, the cause of the emittance growth, i.e. the coupling between

transverse and longitudinal motion, also allows its reversibility. Figure 2.4 depicts the

oscillatory behavior of mismatched slices and how the projected emittance reaches a

minimum every half envelope oscillation period, indicating the realignment of the slices

in phase space.

𝑧

a.
u.

s

a.
u.

Figure 2.4: Slices and projected emittance oscillation of a space charge dominated beam along
an external focusing channel [60].

Another relevant scenario is represented by the accelerating beam along a linac. In

such case, the envelope equation includes the damping term and is given by

σ′′x +
γ′

γ
σ′x + k2extσx =

ε2nx
γ2σ3x

+
ksc
γ3σx

, (2.45)
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which, for ρ > 1 yields the solution [61]

σsc =

√√√√√ ksc

γ

(
k̂2 +

(γ′
2

)2) , (2.46)

where k̂2 = k2extγ
2. This solution is not stationary, as σx ∝ 1/

√
γ, thus the matched

beam decreases its envelope as it accelerates. As a result, the correlated emittance

oscillation is damped, as its amplitude is also proportional to 1/
√
γ. For ρ < 1 we

have [62]

σε =

√√√√ εn√
k̂2 +

(γ′
2

)2 . (2.47)

In this case, the matched beam keeps its dimension constant along the accelerating

process, and no correlated emittance oscillations are expected, since the interaction

correlating the longitudinal and transverse motion is negligible. Therefore, around

the energy of transition γtr the change in regime causes a behavioral shift and the

equilibrium envelope stops shrinking, as schematically depicted in Fig.2.5.

𝛾𝑡𝑟

Figure 2.5: As the beam energy increases the equilibrium envelope shrinks and the the emit-
tance oscillations are damped, up to γtr, where the beam changes regime and the envelope
remains stationary.

2.2 Beam dynamics in a photoinjector

A more complete definition to express the electron beam quality is represented by the

beam brightness which is given by [2, 3]

B6D =
2q

π2εnxεnyσtσδ
, (2.48)

measuring the overall charge density in the 6D phase space volume. Indeed, peak

current control, low transverse emittance and low energy spread are qualities crucial for
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meeting the rigorous demands of various applications like free-electron lasers, Compton

sources and high-energy linear colliders, making the beam brightness a true figure of

merit. Before the 1990s, most high-current beams originated from thermionic or field-

emission guns. In a thermionic gun, electrons are emitted off a heated cathode and are

then accelerated; brightness was limited by large thermal emittances, energy spread at

emission and by space charge blow-up at the gun exit. The real game changer for the

electron beam quality in terms of brigthness was the invention of the photocathode gun

in the late 80’s [12–14]. By illuminating a material (e.g. copper, cesium telluride) with

an ultrafast laser pulse timed to the RF crest, one extracts a beam with extremely low

thermal (intrinsic) emittance [63]:

εint = σr

√
ℏω − ϕeff

3mc2
, (2.49)

where σr is the laser spot size and ℏω − ϕeff is the excess photon energy, being ℏ the

reduced Planck constant, ω the frequency of the photon and ϕeff the energy required

for an electron to escape. Operating the gun RF cavity at high gradients (> 100 MV/m)

shortens the drift distance over which space charge forces act, allowing to maintain a

high beam current while preserving low emittance. Further advances in laser and RF

cavity technology have made this type of injectors extremely reliable and stable, as they

became the main standard for high brightness beam physics [64–66].

2.2.1 RF gun

A typical normal-conductive RF photoinjector gun uses a multi-cell copper standing

wave cavity (most often 1.5–2.5 cells) resonant in the TM011 π-mode at frequencies

typically around few GHz. The first half-cell contains the photocathode, where a laser-

illuminated surface emits electrons directly into the high-gradient field. Downstream

of the cathode cell are one or two full cells of identical length (≈ λ/2), which continue

accelerating the beam to a few MeV over a physical length of few tens of cm. Coupling

is provided through an on-axis or side-coupler waveguide port that feeds power into the

first cell. Figure 2.6 depicts field lines in a 2.5-cell photocathode gun, showing the field

inversion from one cell to the next, established by the resonant π-mode. This cavity

mode is often used for accelerators since the change of polarity between cells allows

the electron bunch to remain synchronous with the accelerating field. Often the first
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is determined by the bunch’s plasma oscillation period. As discussed in Section 1.4.4, the bunch is matched 
when all the slices are aligned in transverse phase space, i.e., have equal phase space parameters.  

1.2.2 The ERL Injector System 
Beam matching to the main linac is straightforward for a single pass accelerator. However, it becomes more 
problematic for circular machines, such as ERLs. In these accelerators, the spent, high-energy beam is 
decelerated in the same linac sections which accelerated them. Since ERLs are designed to operate at high 
average current, it is best to merge and un-merge the beam at beam energies which are below the neutron 
threshold of commonly used beam dump materials. Since neutron thresholds of most materials are from 10-
15 MeV, 10 MeV is taken as the upper beam energy for the merger.  
 
Due to the low beam energy and the relatively high peak current, there are significant space charge forces 
and other non-linear effects which can increase the emittance in the beam transport of the merger. Similar to 
emittance compensation technique, any emittance growth due to a correlation along the length of the bunch 
can be compensated for. The theory for the generalized dispersion produced by space charge dominated 
beams in bends has been developed in some detail for a merger with bi-lateral symmetry called the “zigzag” 
[1.15]. Here, this important topic is only briefly discussed for ERL mergers and the interested reader is 
directed to the references [1.16].  

1.3 BEAM DYNAMICS WITHOUT SPACE CHARGE 
1.3.1. RF Fields and Gun Geometries 

The photocathode RF gun consists of a cathode in a half length cavity only, or the cathode ½-cell followed 
by one or more full length cavities. These cavities operate typically in a TM011 transverse magnetic mode. 
Figure 1.4 shows the cell structure for a 2½-cavity gun. Full cells are added to raise the beam energy out of 
the gun. 
 

 
Figure 1.4.  Field lines in a 2½-cell photocathode gun. 

Figure 1.5 shows two commonly used geometries for the cell shape: Pillbox and re-entrant. The drawing on 
the left shows a pillbox cell, λ/4 long, creating the single cell pillbox RF gun. The re-entrant cavity shown 
on the right has higher shunt impedance than the pillbox and therefore has higher accelerating fields for the 
same RF power. However as a disadvantage, the reentrance shape has larger off-axis radial fields which can 
degrade the beam quality, but this effect is usually small. It is also more difficult to fabricate. On the other 
hand, the pillbox shape allows more freedom on the cathode design. This is advantageous in high voltage, 

Figure 2.6: Sketch of a 2.5-cell RF gun. Image from T, Rao and D, Dowell, An engineering
guide to photoinjectors [3].

half-cell is not exactly a 0.5 of the length, but rather a 0.6, as this design has showed to

be preferable in terms of performance [67–69]. The non-zero field components of such

RF gun are given by [70]:

Ez = E0J0(j01r) cos(kzs) exp[i(ωt+ ϕ0)] , (2.50)

Er =
−kz
j01

E0J
′
0(j01r) sin(kzs) exp[i(ωt+ ϕ0)] , (2.51)

Bθ =
−ikz
j01c

E0J
′
0(j01r) cos(kzs) exp[i(ωt+ ϕ0)] , (2.52)

where J0 and j01 are the 0-order Bessel function and its first zero, ϕ0 is the injection

phase of the field, kz is the longitudinal wave number and ω is the field frequency. These

field components have huge effects on the electron beam, beyond simple acceleration.

Here we summarize some of the most relevant ones, both for transverse and longitudinal

beam dynamics.

The radial force component exerted by the RF field is given by

Fr = e(Er − βcBθ) , (2.53)

which becomes relevant at the irises. When the beam passes through an iris, going from

a cell to the next, the subsequent anti-symmetric field components tends to cancel each

other out, however this is not the case for the exit iris. Here, considering small values

for the beam radius and β ≈ 1, we can approximate the force as [3]

Fr = −eE0
kzr

2
cos(ωt+ ϕ0 − kzs) , (2.54)
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The variation of momentum at the gun exit is

∆pr =

∫
Fr
c
ds = −eE0

2c
r sinϕe (2.55)

where ϕe is the field phase at the exit of the cavity. The angular kick is then given by

r′ =
∆pr
p

= − eE0

2mc2γ
r sinϕe , (2.56)

which gives the focal length of the gun’s RF lens

fRF = − 2mc2γ

eE0 sinϕe
. (2.57)

Thus, the beam exiting the RF cavity is subjected to a defocusing force which is typically

compensated by a solenoid placed around the gun exit. However different longitudinal

slices arriving at slightly different exit phases will cause a spread in the angles which

can be evaluated as

σx′ =
eE0

2mc2γ
cosϕeσxσϕ . (2.58)

The beam emittance growth due to the RF fields can then be estimated, at the first

order in ϕ, as

ε
(1)
RF =

eE0

2mc2
| cosϕe|σ2xσϕ , (2.59)

while the second order describes the emittance growth due to field curvature and is

given by [71]

ε
(2)
RF =

eE0

2
√
2mc2

| sinϕe|σ2xσ2ϕ . (2.60)

To minimize the RF emittance it is usually preferable to exit from the gun with a phase

ϕe = 90 deg, although the second order emittance is maximized due to the RF curvature

which is maximum on crest.

The beam energy variation given by the longitudinal component of the electric field

is given by

mc2
dγ

ds
= −eEz , (2.61)

and by considering small beam dimensions, we can approximate it as

mc2
dγ

ds
= −eE0 cos(kzs) sin(kzs+ ϕ) . (2.62)
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where ϕ = ωt − kzs + ϕ0 is the relative phase of the electrons with respect to the

synchronous RF phase. By using a trigonometric identity, it is possible to describe

the accelerating field of the standing wave cavity as a sum of synchronous wave co-

propagating with the beam plus a counter-propagating one:

dγ

ds
= αkz[sinϕ+ sin(ϕ+ 2kzs)] , (2.63)

where α = eE0
2mc2kz

is a dimensionless parameter representing the strength of the acceler-

ating field. A particle traveling at speed of light, thus synchronously with the forward

wave phase, experiences a constant force from the forward wave and an oscillating force

from the backward wave. Considering the initial part of acceleration (first half-cell), we

can approximate the energy gain as [72]

γ(s) ≈ 1 + 2αkzs sinϕ . (2.64)

The beam, generated at the cathode, slips through the field phase, while being acceler-

ated. This phase slippage is given by

ϕ− ϕ0 = ωt− kzs = kz

∫ s

0

(
γ√
γ2 − 1

− 1

)
ds′ . (2.65)

The beam is rapidly accelerated to relativistic energy, becoming asymptotically syn-

chronous to the field phase. The relationship between the injection and the exit phase

can be found by combining the differential forms of Eq. 2.64 and 2.65:

kz

(
γ√
γ2 − 1

− 1

)
dγ = 2kzα sinϕdϕ , (2.66)

which, with the initial condition γ = 1, ϕ = ϕ0, gives

cosϕe = cosϕ0 −
1

2α
. (2.67)

Finally, another important effect of the RF gun fields on the beam is the induced energy

spread. The beam energy gained along a full cell of length l is obtained by integrating

Eq. 2.63, which gives

∆E = Ẽ sinϕ , (2.68)
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where Ẽ = eE0l
2 . We now consider a normalized uniform particle distribution ρ = 1

2ϕm

for −ϕm < ϕ < ϕm and ρ = 0 elsewhere and we expand Eq. 2.68

∆E ≈ Ẽ

(
sinϕ+ cosϕ∆ϕ− sinϕ

2
∆ϕ2...

)
. (2.69)

The energy spread is then given by

σE =

(∫ ϕm

−ϕm
ρ(∆E − E[∆E])2d∆ϕ

)1/2

, (2.70)

which at the first order is

σ
(1)
E = Ẽ cosϕ

ϕm√
3
= Ẽ cosϕkzσz , (2.71)

knowing that for a uniform distribution ϕm =
√
3kzσz. The quadratic term is given by

σ
(2)
E =

Ẽ√
5
sinϕk2zσ

2
z . (2.72)

As for the RF emittance, the RF-induced linear energy spread is minimum for on-crest

operation, while the quadratic one is maximum.

2.2.2 Emittance compensation

At the exit of the RF gun, the last cavity acts as a defocusing lens, for both horizontal

and vertical planes. As discussed in the previous paragraph, to minimize the RF emit-

tance the beam has to be on-crest, thus maximizing the defocusing effects of the cavity.

Moreover at this point the low energy beam (few MeV) is still in the space charge domi-

nated regime and is subjected to large projected emittance growth due to misalignment

of longitudinal slices in phase space. To counteract both of these effects, a solenoid is

placed around the gun exit. The electrons entering the solenoid interact with the axially

symmetric radial component of the magnetic field, present at the edges of the solenoid,

which imprints on them an azimuthal velocity, proportional to the distance to the axis.

The electrons then start rotating due to the longitudinal component of the magnetic

field, as shown in Fig. 2.7. At the exit, the opposite radial field component cancels

the azimuthal component of the velocity, leaving only the radial one, and the result is

the effect of a focusing lens in both vertical and horizontal planes, differently from a
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Figure 2.7: Electrons transverse motion inside a solenoid.

quadrupole. The focusing provided by the solenoid not only cancels the strong negative

RF lens, but it also provides the restoring force needed to allow the realignment of the

slices in phase space, in a process called emittance compensation [39]. However, the

presence of a solenoid can introduce other effects that can degrade the emittance, as

chromatic aberration and geometric aberration, which, together with further sources of

emittance from the gun [73], will not be discussed here.

To counteract the strong RF defocusing, it is necessary to use a comparably strong

focusing, with a focal length given by [74]

fsol =
1

K sin(KLsol)
∼ −fRF , with K =

eB0

2p
, (2.73)

where Lsol is the solenoid length. As sketched in Fig. 2.8, the solenoid effect makes

all the beam slices converge, up until the point of full realignment. This defines the

correct matching point to the subsequent accelerating cavity. For proper matching,

however, also the condition of the beam envelope equilibrium, given by Eq. 2.46, has

to be satisfied. Such condition implies the beam to be at waist, σ′x,y = 0, which in

theory should correspond to an emittance minimum. Chromatic effects of the solenoid,

however, cause beatings between different slices oscillation frequencies, giving rise to

double emittance minimum during its oscillation [75]. This phenomenon, shown in

Fig. 2.9 is due to different slices with slightly different energy reaching waist at different

positions. It is then possible to define the so called Ferrario working point, given by

following conditions: beam at waist σ′x,y = 0, beam envelop at equilibrium σx,y = σsc

and emittance at the local maximum. In this way, from that point the emittance

decreases while the beam is accelerated, reaching the second minimum as the oscillations
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Figure 2.8: Sketch of the transverse phase space dynamics along the photoinjector. The slices
are realigned by the focusing effect of the solenoid, in the process of emittance compensation.
The magnetic strength of the solenoid defines the point of full realignment, corresponding to
the injection to the subsequent accelerating channel.

computed by PARMELA [5], for different initial electron
pulse shapes.

The pulse shaping considered in these simulations is a
quasi flat top distribution in which a 1 nC charge is
uniformly distributed in a 10 ps FWHM pulse length
with increasing rise time: from a pure cylindrical bunch
(0 ps rise time) to a quasi-Gaussian distribution (3 ps rise
time). As one can notice the emittance minimum decreases
with shorter rise time because of the reduced nonlinear
transverse space charge effects in cylindrical like bunch
charge distributions [6]. In addition an unexpected emit-
tance oscillation appears in the drift downstream the rf gun
showing a double emittance minimum [7]. The relative
emittance maximum disappears with longer rise time and
becomes a knee in a quai-gaussian distribution. Emittance
oscillations of this kind have been explained as produced
by a beating between head and tail plasma frequencies
caused by correlated chromatic effects in the solenoid
[8,9]. In the Gaussian pulse case [10] this effect is weaker
since the slice current at the bunch ‘‘ends’’ is vanishing. In
particular, the bunch tails actually go through a crossover,
which prevents them from correctly undergoing the emit-
tance correction process: this bifurcation is irreversible,
leaving a part of the beam propagating as a split beam.

Following the previously discussed matching conditions
and after the observation of the peculiar behavior of a flat
top bunch shape, a new effective working point very suit-
able to damp emittance oscillations was found [7] in the
context of the LCLS FEL project, and later adopted also by
the X-FEL collaboration at DESY [11] and by the SPARC
photoinjector [2]. The basic idea of this working point is to
place the booster entrance where the relative emittance
maximum occurs and at the same time fulfill the envelope
and gradient matching conditions. By doing so the second
emittance minimum could be shifted at higher energy and

frozen at the lowest value, taking advantage of the addi-
tional emittance compensation occurring in the booster.
Figure 2 shows the optimized matching with the booster
in which damping of the emittance oscillations is obtained
by accelerating the beam up to 150 MeV, for different pulse
rise times. As one can see the additional emittance com-
pensation is relatively poor for a Gaussian-like distribu-
tion, even in this optimized case, while for a flat top like
distribution case the final emittance is lower than the
minimum obtained at the booster entrance.

Measurements of emittance evolution along the drift
downstream the rf gun and validation of our theoretical
prediction with a direct measurement of double emittance
minimum were the main goal of the first SPARC commis-
sioning phase, as will be discussed hereafter.

The SPARC project comprises an R&D photoinjector
facility devoted to the production of high-brightness elec-
tron beams to drive a SASE-FEL experiment in the visible
light. The first phase of the SPARC project, that is now
concluded, consists in characterizing the electron beam out
of the photoinjector, a 1.6 cell S-band rf gun, at low energy
(!5:6 MeV with 120 MV=m peak field on the cathode),
before the installation of the 3 S-band accelerating sec-
tions, located after a drift downstream the rf gun (the so
called split configuration), which will boost the beam
energy up to 150–200 MeV. In order to study the first
few meters of beam propagation a new sophisticated diag-
nostic tool has been installed and commissioned: the mov-
able emittance meter described in [12]. This device has
allowed measuring the evolution of beam sizes, energy
spread, rms transverse emittances and transverse phase
space at different locations along the beam line, the so
called Z scan, in the range 1 m to 2.1 m from the cathode
location. The SPARC laser is composed by a Ti:Sa oscil-
lator generating 100 fs long pulses with a repetition rate of

FIG. 2 (color online). Normalized rms emittance damping in
the booster downstream the rf gun as computed by PARMELA, for
different initial electron pulse rise times. Booster entrance at z "
150 cm.

FIG. 1 (color online). Normalized rms emittance oscillations
in the drift downstream the rf gun as computed by PARMELA, for
different initial electron pulse rise times. Gun length 15 cm,
solenoid length 20 cm centered at z " 20 cm.

PRL 99, 234801 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
7 DECEMBER 2007

234801-2

s (m)

Figure 2.9: Double emittance minimum during rms emittance oscillations in the drift down-
stream the RF gun (PARMELA simulations) [75].

are damped, and freezing to that value in ultra-relativistic regime. An application of this

technique can be seen in Section 3.2, where we discuss a photoinjector characterization.

2.2.3 Longitudinal phase space manipulation through RF accelerating

cavity

Downstream the gun, electrons are usually accelerated in RF cavities operating in

traveling-wave (TW) mode. A disk-loaded waveguide structure (periodic irises or discs

28



in a waveguide) is used so that the RF phase velocity matches the electron beam’s veloc-

ity. Indeed, in a plain cylindrical waveguide, an electromagnetic wave’s phase velocity

exceeds c, meaning an electron would slip behind the accelerating field. By periodically

inserting disc irises into the waveguide, the dispersion relation of the accelerating mode

is altered and the phase velocity can be reduced. The cell geometry is designed such

that the fundamental TM01 accelerating mode has vph ≈ c, allowing electrons to syn-

chronize with the wave for continuous acceleration [70]. If the electrons energy is low,

they slip through the electromagnetic wave phase until they accelerate enough to lock

to a final phase ϕfin. The equation of motion of a particle in a TW structure is given

by

mc
d

dt
(γβ) = eÊ sinϕ , (2.74)

where Ê is the mean accelerating field. By integrating one obtains, assuming a βfin ≈
1 [70]

cosϕfin = cosϕin +
2πmc2

qλRF Ê

√
1− βin
1 + βin

, (2.75)

which defines the limits of possible injection phases. Here βin and ϕin are the injection

velocity and phase. Early TW cavities in a photoinjector can also serve as a bunch

compressor via velocity bunching [76]. This technique involves injecting the electron

bunch on a phase ahead of the crest (i.e. slightly lower accelerating phase), so that the

tail of the bunch sees a higher field than the head. The result is a correlated energy

spread where trailing electrons gain more energy than leading ones. For a low energy

beam, this translates to higher velocities for the tail, causing it to catch up with the

head as they drift, thus compressing the bunch length. The variation of the bunch

length can be expressed as [77]

∆ϕfin = ∆ϕin
sinϕin
sinϕfin

. (2.76)

Depending on the accelerating gradient, one can minimize the final bunch length by

choosing an appropriate injection phase [78, 79], although in practice one must balance

it with other considerations like emittance preservation and space charge effects.

The sinusoidal RF accelerating field of TW cavities introduces nonlinear energy–phase

correlation in the beam longitudinal phase space, in the same way discussed for the RF

gun. This can be detrimental for subsequent magnetic bunch length compression and
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in general can cause chromatic effects induced by the enlarged projected energy spread.

To correct this, accelerators often employ higher-harmonic cavities as energy linearizers.

These are RF cavities operating at a higher harmonic and set to a phase that introduces

opposite curvature to the beam’s energy-phase distribution. Let us consider the case of

on-crest acceleration for simplicity: the energy gain of the beam inside the TW cavities

operating at the fundamental harmonic can be expanded to the second order in z as:

E0 ≈ e∆V0sinϕ+ e∆V0kzzcosϕ− e∆V0
2

k2zz
2sinϕ+ o(z3),

where ∆V0 is the total effective voltage of the TW linac. Working on-crest (ϕ = π/2),

the first-order term in z should be negligible, while the second-order term can be can-

celed by using an additional RF cavity, operated at a higher frequency. Its energy

contribution can be expressed as [80–82]:

Ef ≈ E0 + e∆VHsinϕH + e∆VHkHzcosϕH − e∆VH
2

k2Hz
2sinϕH + o(z3).

With a proper choice of the new RF phase (ϕH = 3π/2), one can make the first-order

term in z equal to zero and the second-order term positive. The new cavity is then

decelerating the beam. The new RF voltage has now to satisfy the relationship:

∆VH =
k2z
k2H

∆V0 , (2.77)

which allows the energy linearization and a net acceleration at the end of the whole

RF structure as long as kH > kz. For the sake of efficiency one usually use the third

harmonic in order to minimize the beam energy loss. Thus, by superimposing a higher-

frequency accelerating voltage one can flatten the energy–time profile of the bunch. An

application of this principle is discussed in Section 3.4.

2.3 Magnetic bunch length compression

Magnetic chicane compressors are essential in modern high-brightness electron linacs, es-

pecially for free-electron lasers and other applications requiring ultra-short, high-current

bunches. A magnetic bunch compressor is a beamline section that shortens an electron

bunch by inducing a path-length difference for particles of different energies. A common

design is the symmetric four-dipole “C” chicane, as depicted in Fig. 2.10, which uses
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four dipole magnets arranged so that the beam’s net deflection is zero. This symmetric

C-shape chicane is achromatic, meaning it produces no overall transverse dispersion of

the beam:

ηx ≡ ∆x

δ
= 0 , η′x ≡ ∆x′

δ
= 0 . (2.78)

Such a chicane introduces a first-order longitudinal dispersion characterized by the

We now assume that when particles are travelling in the drift section upstream of the chicane, 
their transverse position and angular divergence do not depend on their energy difference, i.e. the 
energy-dispersion function and its first derivative w.r.t. s, evaluated at the entrance of the chicane, are 
both zero  [12]: ( ) ( ) 0'0',00 ≡∆==≡∆== δηδη xsxs xx . For symmetry, those functions are also 
zero at the chicane exit. Naively, this means that particles lying on a line at the entrance of the chicane 
and with no angular divergence still lie on a line at the chicane exit, regardless of their spread in energy 
(see Fig. 2). Such a property defines the chicane as an ‘achromatic’ line. Since the total bending angle 
of an off-momentum particle through the chicane is zero at all orders inδ , as demonstrated above, such 
a chicane is achromatic at all orders (barring magnets’ errors or geometry imperfections). 

 
Fig. 2: Geometry (not to scale) of a four-dipole symmetric magnetic chicane, and particles’ motion through it for 
the case of bunch-length compression. See context for the meaning of symbols. 

In accelerator physics, the evolution of particle 6D coordinates through an arbitrary beam line is 
commonly depicted through the matrix formalism [12], i.e., each element of the beam line is depicted 
through a matrix whose terms depend on the element’s parameters and geometry. A beam line made of 
consecutive elements is represented by a matrix that is the ordered product of the individual ones. Thus, 
the dependence of a particle’s z-coordinate at the exit of the chicane on its momentum deviation can be 
written as ( )f i 56z z Rδ δ= + , with R56 the chicane matrix element. We now calculate R56 looking at the 
particle longitudinal slippage ∆z = zf – zi, through the chicane, for the geometry shown in Fig. 2, and 
assuming once more ultra-relativistic particles. 

We neglect for the moment the length of dipole magnets with respect to other lengths of the 
chicane involved. The path length of an off-momentum particle through the chicane is

2
1

cos
2 LLsz +=
θ

, 

and the one of the on-momentum particle
2

0

1
0, cos

2 LLsz +=
θ

. Their path-length difference, i.e. the 

longitudinal slippage of the off-momentum particle w.r.t. the on-momentum one, at the exit of chicane, 
is 

 ( ) ( )
( )

( )

( )

2 2 4 2 4
,0 1 1 0 1 0 2

0

2 4 2
1 0

1 1 12 1
cos cos 1

2 ,  .

z zs s s L L o L o

L o

θ θ θ θ θ
θ θ δ

θ δ θ δ

  
∆ = − = − ≅ − + = − − +  

+    

≅ − +

 (10) 

Equation (10) tells us that 2
0156 2 θ

δ
LzR −≅

∆
= for 10 <<θ ; namely, at first order inδ  the bunch-length 

shortening is quadratic with the dipoles’ bending angle, and does not depend on the drift length in 
between the inner dipoles (in that region, particles are travelling on parallel trajectories at the same 
velocity, and therefore they do not slip one with respect to the others). When the path length in non-
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Figure 2.10: Schematic of a bunch length compression through a four-dipole symmetric mag-
netic chicane [80].

matrix element R56, which relates a particle’s path length difference (or longitudinal

slippage ∆z) to its relative momentum deviation as R56 = ∆z/δ. For ultra-relativistic

beams, R56 is primarily determined by the chicane geometry (dipole bend angles and

magnet spacing), and can be expressed as [80, 83]:

R56 ≈ −2θ2
(
L1 +

2

3
ld

)
(2.79)

where θ is the nominal deflection angle, L1 is the longitudinal distance between the

external dipoles (see Fig. 2.10) and ld is the magnets length. In a symmetric four-

bend chicane, R56 is negative in the conventional orientation, indicating that higher-

energy particles follow a shorter path through the chicane than lower-energy ones, thus

such convention will be adopted throughout this thesis. At second order the nonlinear

longitudinal particle motion is described by higher order momentum compaction T566 as

∆z = R56δ+T566δ
2, and in a symmetric four-bend chicane usually T566 ≈ −1.5R56 [80].

To achieve compression, the beam must enter the chicane with a longitudinal energy

chirp, i.e. a correlation between particle energy and position along the bunch. This

is typically done by accelerating the beam off-crest, imparting a roughly linear energy-

position tilt along the bunch. The linear chirp generated in the upstream cavities can
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be computed as

h ≡ 1

E

dE

dz
≈ e∆V kz cosϕ

Ei + e∆V sinϕ
, (2.80)

where Ei is the beam energy before the off-crest acceleration. A positive energy chirp

is often defined such that the head of the bunch has lower energy than the tail. When

the beam energy spread induced by the RF acceleration is much larger than the un-

correlated energy spread, the energy chirp can be estimated as h ≈ σδ/σz. In a linear

approximation, one can quantify the degree of compression by a compression factor C,

defined as the ratio of the initial bunch length to the final bunch length, which can be

expressed as

C =
1

|1 + hR56|
. (2.81)

Maximum compression is achieved when R56 = −1/h. In this idealized full compression

condition, the bunch length is minimized (C → ∞ in the linear model). In practice,

however, the minimum achievable length is limited by the bunch’s initial uncorrelated

energy spread σδu,i, converted to time spread by the chicane σz,min = R56σδu,i, and by

higher-order effects. In the case of hR56 < −1, the beam enters an over-compression

regime where the head and tail swap order in energy-time phase space and the bunch

starts lengthening again after the maximum compression point, as shown in Fig. 2.11.

Assuming a total energy conservation (no frictional forces involved) the total energy

reaches the minimum rms value ,min 56 ,uncz R δσ σ=  by virtue of a non-zero uncδ . Thus, ‘full’ compression 
at higher beam energies would result in shorter minimum bunch lengths. With accepted convention, the 
chicane geometry in Fig. 2 provides R56 < 0, and therefore the bunch length is shortened if hi > 0, namely 
if the bunch head has a lower energy than the bunch tail. If a non-linear energy chirp is present (E 
depends on z at higher orders in z), we expect hi(z) to vary along the bunch, and so will C. 

The uncorrelated energy spread plays an important role in the build up of the FEL instability, and 
for this reason it is convenient to point out its evolution during the compression process. In practical 
situations the linearly correlated energy spread is controlled through a proper setting of the linac RF 
phase. Quadratic and cubic components may require more sophisticated beam manipulations – such as 
acceleration through higher harmonic RF frequency structures or shaping the bunch current profile – 
which are not considered at the moment.  

We write down the total relative energy spread of a generic particle as the sum of an uncorrelated 
term ( uδ ) and a z-correlated term ( cδ ), the latter being the beam energy chirp times the particle z-
position. The total energy spread is assumed constant through the chicane (only magnetic fields are 
involved, and no frictional forces), and the final bunch length is expressed as a function of the initial 
one through the definition of C given above: 

 ( )2 2i
tot u,i c,i u,i i i u,f f f u,f i 56 u,i... ,  .zh z h z Ch R o z

C
δ δ δ δ δ δ δ δ∆ = + = + ∆ ≡ + ∆ = = + + + ∆ 

 
 (13) 

By equating the third and the last terms of Eq. (13), and then passing to the rms value of the quantities 
involved, we find ( )22 2 2 2

u,f u,i i 56 u,i1 Ch R Cσ σ σ= − = , i.e., the uncorrelated energy spread is increased by 
the same factor C by which the bunch length is shortened. This result is often referred to as ‘preservation 
of longitudinal emittance’ because, when the energy chirp is removed (virtually or in reality) from the 
phase space, the longitudinal emittance is just the product of bunch length and uncorrelated energy 
spread. The product is constant, in fact, in the approximation of linear motion and absence of frictional 
forces. An illustration of the preservation of the longitudinal emittance for ‘undercompressed’, ‘fully 
compressed’ and ‘overcompressed’ beams is given in Fig. 3.  

 
Fig. 3: Sketch of beam longitudinal phase space (ellipses) before (grey shadow) and after (blue) a magnetic 
chicane. Following accepted convention, R56 < 0 and bunch head is at z < 0; therefore, a positive chirp hi at the 
entrance of the chicane (bunch head at lower energy) leads to bunch shortening. The ‘undercompression’ scenario 
on the left is the prevalent mode of operation of FEL linac drivers. When hi = –1/R56, the longitudinal phase space 
at the chicane exit is upright (plot at centre), and the bunch length lb reaches its minimum value as set by the 
uncorrelated energy spread uδ . If hi > 0 but R56 is so negative that 1+ R56 hi < 0, then the bunch head and tail flip 
their longitudinal positions, and the energy chirp at the chicane exit has changed its sign. This is the case of 
‘overcompression’ (right-hand plot), in which the bunch surpasses the point of ‘full compression’, and therefore 
the final bunch length is longer than its minimum value. In the absence of frictional forces (collective effects), the 
total energy spread totδ  is constant through the chicane, as well as the beam longitudinal emittance, represented 
by the area of the ellipses. 
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R56δu,i

Figure 2.11: Sketch of beam longitudinal phase space before (grey shadow) and after (blue) a
magnetic chicane, for the case of under-compression (left), full-compression (center) and over-
compression (right). The bunch length for the full-compression case is limited by the initial
uncorrelated energy spread transformed into time spread by the chicane. The total energy
deviation remains constant during the process, in the absence of frictional forces (collective
effects) [80].

deviation is conserved but the final uncorrelated energy spread is increased by the

compression factor σδu,f ≈ Cσδu,i (conservation of longitudinal emittance). Thus the
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chicane has the effect of “rotating” the longitudinal phase space, effectively translating

particle’s energy deviation to time deviation.

2.4 Collective effects

In the operation of high-brightness linear accelerators for X-ray light sources, collective

interactions within the electron bunch play a decisive role in determining peak current,

emittance preservation, and ultimately photon output. In this section, we focus on two

phenomena that directly impact bunch quality during magnetic compression and trans-

port: coherent synchrotron radiation (CSR)—the enhanced emission produced when a

high density charge radiates coherently through dipoles—and the microbunching insta-

bility, wherein small initial energy or density perturbations are amplified by longitudinal

dispersion and CSR feedback.

2.4.1 Coherent synchrotron radiation effects

In high-brightness beam physics, high charge beams with picosecond or sub-picosecond

length are sensitive to CSR effects during bunch compression and beam transport

through bending magnets. This can cause beam quality degradation through projected

energy spread and emittance growth. CSR represents only the low-frequency component

of the emitted synchrotron radiation (SR) but its emission is amplified with respect to

the high frequency part because the electrons in the bunch occupy a length compara-

ble to or smaller than its radiation wavelength. Under these conditions, the individual

electrons’ radiation fields add coherently—in phase—so that the total emitted intensity

scales with the square of the number of electrons in the bunch [84]

PC = NPI = N2 e2cγ4

6πϵ0R2
(2.82)

where PC is the power of the fully coherent emission, PI is the power of the fully inco-

herent one, R is the curvature radius and N is the total number of the electrons. A fully

coherent emission can happen only for a bunch length lb smaller than the characteristic

SR wavelength λSR ∼ R/γ3, while for λSR ≲ lb ≲ λSR · 107 the emission is in a regime

of partial coherence, where the power is energy independent [85]

PCSR ≈ 0.028 c e2

ϵ0R2/3σ
4/3
z

. (2.83)
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The beam curved path along dipoles allows radiation emitted by trailing particles

in the bunch to catch up with leading particles within the bending magnet, as long

as the slippage length over a circular arc Rθ is sL ≈ Rθ − 2R sin θ
2 ≥ lb. The main

consequence of the tail–head CSR interaction is to induce a longitudinal momentum

modulation along the bunch, with a characteristic correlation length on the order of

the full bunch length, as shown in Fig. 2.12. When both leading and trailing particles

in the transverse rms projected emittance at the exit of the
system is 5% for the optimized beam profile and 19.5% for
the Gaussian beam profile, while the slice emittance is
unchanged in both cases. However, for the optimized
beam, the projected emittance growth is confined to parti-
cles located within 7 !m of the head of the bunch. After
removing these particles, corresponding to 6% of the total
charge, the remainder of the beam experiences a projected
emittance growth of 0.04%, which is near the numerical
resolution of the simulation.

Next, we simulate the same system after including non-
linear magnetic optics through 5th order. In addition, we
include transient CSR effects due to bend entry and exit
transitions by using the wakefield model described in [7].
The inverse problem (76) is solved for the optimized initial
longitudinal density, and we compensate for nonlinear
effects by using the initial energy profile given by (45).
For comparison, we also use a uniform (flattop) bunch with
the same end-to-end bunch length as the optimized profile,
and a Gaussian bunch with the same rms bunch length as
the optimized profile. The three longitudinal profiles are
shown together in Fig. 10.

We obtain for the Gaussian beam a final projected
horizontal emittance growth of 55%, for the uniform
beam 8%, and for the optimized beam 0.9%. The emittance
growth of the Gaussian beam is comparable to the bench-
mark results for ELEGANT described in [22]. This emittance

FIG. 8. (Top) The difference in mean slice energy in the
presence and absence of CSR for the density given in (15).
The result is shown at the entry to Bend 3 (red), the entry to
Bend 4 (green), and the exit of the system (blue). The final
compressed current profile is shown for reference (dashed).
(Bottom) The difference in mean slice energy in the presence
and absence of CSR for a Gaussian density with the same second
moments.
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FIG. 10. Three initial current profiles used with the parameters
shown in Table I for simulation in the chicane of Fig. 6.
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FIG. 9. The current profile at the entry to Bend 4 (blue) is
shown both without (upper) and with (lower) compensation for
the lattice nonlinear optics, as described in Sec. III B. The lower
result is shown together with the compressed optimal current
profile (green) of (15), indicating that the initial density profile is
preserved.
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060703-10

Figure 2.12: CSR-induced energy variation vs position along the bunch, for a Gaussian charge
density passing through a 4-dipole magnetic chicane. The final compressed current profile is
shown for reference (dashed line) [86]

are inside the magnet, this tail-head interaction can be described by a 1D steady-state

model, which relies on the approximation that the ultra-relativistic electron distribution

travels rigidly along the path, with a purely longitudinal CSR effect, directed ahead

of the emitters, and neglecting the transverse position particles offset. Under these

circumstances the rate of energy variation of an electron in a bunch with line charge

density λz can be expressed as [84, 87, 88]

dEe
c dt

≈ − Ne2

241/3πϵ0R2/3

∫ z

z−sL

dλz
dz′

dz′

(z − z′)1/3
, (2.84)

where the dependence on dλz/dz suggests that the energy loss can be enhanced by

rapid variations of the current profile, e.g. current spikes and current modulations. An

energy change δCSR of particles in a dispersive region causes a deviation from their

design trajectory. This translates into a transverse offset and angular divergence of
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bunch slices, at the exit of the bending given by ∆x = ηx δCSR , ∆x
′ = η′xδCSR. Hence,

although the slice emittance is not affected, CSR effects can cause a projected emittance

growth, given by

ε2x = ε2x,0 + εx,0Hxσδ,CSR , with Hx =
[
η2x + (βxη

′
x + αxηx)

2
]
/βx , (2.85)

where εx,0 is the initial projected emittance and Hx is the so-called chromatic H-

function.

Various strategies can be adopted to suppress the CSR effects. For example one

could use a longitudinal pulse shaping of the electron beam to flatten the energy vari-

ation along the bunch, thus minimizing the CSR-induced energy spread σδ,CSR [86].

Another option is to minimize the chromatic H-function in the region of the CSR kick.

In a four-dipole magnetic bunch compressor, for example, most of the CSR effects are

concentrated in the region of the fourth dipole, where the bunch is fully compressed and

the H-function reduces to Hx ≈ η′2x βx ≈ θ2βx, which implies that a small βx function

at the last chicane dipole can suppress the emittance growth [47]. Additionally, in most

practical cases, not all spectral components of CSR are able to propagate in the cham-

ber, and the overall radiating effects are smaller than in a free-space environment [89].

Therefore appropriate chamber geometry can have a shielding effect and suppress the

CSR emission [90].

2.4.2 Microbunching instability

Microbunching instability (MBI) is a highly relevant phenomenon for high-brilliance

light sources such as linac-driven free-electron lasers [42, 44, 84, 91]. Such an instability

is a collective effect arising from small inhomogeneities in the beam longitudinal charge

distribution, due to electron beam intrinsic shot noise or non-uniformity of the photo-

injector laser pulse. Consequently, longitudinal space charge force and CSR effects in

bunch compressors drive energy modulations in the longitudinal phase space. These

are then transformed into amplified current modulations through non-isochronous dis-

persive sections (R56 ̸= 0), and the phenomenon iterates itself establishing a positive

feedback loop that enhances the instability. For FEL applications, the most detrimental

consequence is the growth of slice energy spread on scales at or above the shortest modu-

lation wavelength, which can severely affect gain and coherence. Indeed, microbunching

gain is most pronounced for initial modulation wavelengths between 1 µm and 100 µm.
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After applying bunch-compression factors of 10–100, these spatial scales map directly

onto the characteristic lengths of UV and X-ray FEL operation.

Let us assume an electron beam in ultra relativistic regime, i.e. the longitudinal

distribution is “frozen” in non-dispersive sections, and with transverse motion dominated

by the emittance. Since MBI is often studied in the frequency domain, it is convenient to

model the effects of near and far fields of the collective bunch interaction, respectively,

as longitudinal space charge (LSC) and CSR impedance per unit length, in units of

Ω/m. By averaging over a transverse round-disk uniform distribution of charges, whose

area is πr2b , we can write the LSC impedance per unit length in free space as [92, 93]

ZLSC(k) =
iZ0

kπr2b

[
1− 2I1

(
krb
γ

)
K1

(
krb
γ

)]
, (2.86)

where Z0 = 376.73 Ω is the free space impedance, I1, K1 are modified Bessel functions,

k = 2π/λ is the modulation wave number and the effective radius rb = 0.8735(σx+ σy)

is introduced to match well-established 3D simulation results by space charge codes [93,

94]. Such formula remains valid as long as krb/γ ̸≫ 1, as it tends to underestimate

the effect of 3D fluctuations of the electric field [94]. In analogous way, we introduce

the free-space 1D steady state impedance per unit length for the CSR in a dipole of

curvature radius R [95, 96]

ZCSR(k) = (1.63 + i0.94)
Z0

4π

k1/3

|R|2/3 , (2.87)

The imaginary nature of these impedances implies a redistribution of the particles’

longitudinal momentum inside the bunch, without net energy loss.

To characterize the instability, we can refer to the spectrum of the 1D bunching

factor, which is defined as the Fourier transform of the current modulation relative to

the local smoothed average current I. If we assume the seed of the instability to be

a broadband shot noise-like density modulation, where the fluctuations of number of

electrons obey a Poisson statistics, the initial bunching factor is then given by [53]

|b0(k)|2 =
∣∣∣∣σII0 (k)

∣∣∣∣2 = ∣∣∣∣ 1

∆zb

∫ +∞

−∞

∆I(z)

I0
e−ikzdz

∣∣∣∣2 = 1

ne
=
ec

I0

k

2π
, (2.88)

where ne is the expectation for the average number of electrons per modulation period,

∆zb = c∆tb, I0 is the initial value of the local smoothed average current, and ∆I(z) is
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the fluctuation around I0. In the simplest case of a drift followed by a non-isochronouslength, e.g., < 0.1 mm. In the following, we present a quantitative analytical treatment of MBI as induced 
by LSC, and compare it with other collective effects common to beam dynamics in FEL linac drivers. 

 
Fig. 7: Evolution (left-hand diagrams) of density (n) and energy modulation (d) along the bunch (z), evaluated at 
different locations of an RF linac plus BC beam line (sketched on the right-hand side; beam is at the yellow dot). 
MBI is assumed to be only driven by LSC in the linac section, and by R56 in the BC. Upper: beam at the linac 
entrance has a small density modulation, and is uniform in energy. Middle: passing through the linac, the initial 
density modulation induces an energy modulation at the same wavelength via LSC field. Bottom: beam has passed 
through the BC. The longitudinal phase space is sheared due to the non-zero R56 in the BC (ddisp, red curve), and 
the density modulation is amplified (ndisp, orange curve). For a direct comparison, the initial density and energy 
modulations are superimposed. 

6 Impedances 
Accumulation of energy modulation in straight sections is driven by LSC and, at longer wavelengths, 
by linac geometric wake fields [30]. Since MBI is commonly studied in the frequency domain, an energy 
modulation at wavenumber  can be evaluated as the integral of the LSC impedance ZLSC(k) 
over a drift length L, times the Fourier transform of the bunch peak current I [33]: 

 ,                          (11) 

is called the ‘bunching factor’, and its value is proportional to the density modulation amplitude 
relative to the average bunch current. For a line-charge distribution dominated by shot noise, the 

bunching in a bandwidth  can be written . The free-space LSC impedance per unit 

length, averaged over a Gaussian transverse distribution of rms sizes , is [34] 

 ,                                             (12) 

with , I1 and K1 being modified Bessel functions of the first kind and  

is the equivalent radius of a transverse uniform distribution with area [35]. ZLSC has a maximum for
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Figure 2.13: Evolution of density (n) and energy modulation (δ), driven by longitudinal
space charge (LSC), along the bunch (left-hand diagrams), evaluated at different locations of
a beamline made up of a straight section and non-isochronous dispersive section (right-hand
side) [84].

dispersive section at constant energy, as depicted in Fig. 2.13 , the energy modulation

amplitude induced by the collective effect is given by

∆γ

γ
(k, s) = − 4πI0

Z0IA

∫ s

0
b(k, s′)

ZLSC(k, s
′)

γ(s′)
ds′, (2.89)

where IA is the Alfven current. These energy modulations are then transformed in

amplified final bunching at the end of the dispersive section. We define the spectral

gain of the microbunching instability as the ratio between the final bunching factor

and the initial one, which in the approximation of a sinusoidal distortion of the energy

distribution can be written as [97, 98]

G(k; s) =

∣∣∣∣bfb0
∣∣∣∣ =

∣∣∣∣∣ 1− 2J1
(
CkR56

∆γ
γ

)
b0

∣∣∣∣∣ LD⊥ LD∥

≃
∣∣∣∣ 4πZ0

I0
IA
CkR56

∫ s

0

ZLSC(k; s
′)

γ(s′)
ds′
∣∣∣∣ LD⊥ LD∥

(2.90)

where C is the linear compression factor, while LD⊥ and LD∥ are two damping terms.

Indeed, within a beam having an uncorrelated relative energy spread σδ, particles be-

longing to the same bunch slice will travel through the dispersive section along different

path lengths due to their energy difference, smearing the distribution and damping the
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instability, in a process called longitudinal Landau damping (LD∥). As we will discuss

in chapter 4, the use of devices such as a laser heater can be involved to artificially

increase the energy spread and to enhance the damping mechanism [99, 100], as shown

in Fig. 2.14. At the same time, particles belonging to the same bunch slice in a beam

bðkÞ≡ 1

L

Z
dzΔIðzÞe−ikz; ð1Þ

with longitudinal position z, wave number k ¼ 2π=λ at the
point of measurement, bunch length L, and differential
current ΔIðzÞ≡ IðzÞ=I0ðzÞ − 1 defined as relative fluctua-
tions around a smoothed "average" current I0ðzÞ (see
Appendix A). All measurements in this paper are made
at the end of the accelerator at the XTCAV (Fig. 1), so
unless otherwise noted, wavelengths in this paper refer to
measured microbunching after bunch compression. The
bunching factor from a single MBI stage increases by a gain
factor (see e.g., [34])

GðkÞ ≈ I0k
CγIA

!!!!R56

Z
l

0
ds

4πZðk=C; sÞ
Z0

!!!! exp
"
−k2R2

56δ
2

2

#
;

ð2Þ

with compression factor C, chicane longitudinal dispersion
R56, accelerator length l, electron energy γ, accelerator
impedance Z, free space impedance Z0 ¼ 377 Ω, Alfven
current IA ¼ 17 kA, and relative SES before the chicane of
δ. In the low frequency regime, (kσr=Cγ ≪ 1 with beam
size σr), the impedance is approximately

Zðk=CÞ ≈ iZ0k
4πγ2C

½1þ 2 lnðγC=kσrÞ&: ð3Þ

Plugging into Eq. (2) we find that the bunching factor
increases as k2 until reaching a cutoff wave number,
kc ¼ 1=ðR56δÞ, where the energy spread suppresses gain
exponentially. To prevent MBI gain at the more damaging
shorter wavelengths, a laser heater increases δ before the
instability degrades the beam quality [6,7,20,23].

B. Laser heater

Prior studies of both FEL performance [20] and gain
length [35] gave indirect indications of the laser heater’s
effectiveness. Previous measurements of microbunching
relied onCOTR;when amicrobunchedbeampasses through
a thin metallic foil, the current modulations drive COTR at
the wavelength of the modulation [10,14,15]. Though
sensitive to small modulations, COTR is still an indirect
measurement that provides limited information. In this paper
we use the high resolution of the XTCAV to image the full
longitudinal phase space of the beam. Figure 2 shows a few

example images at different laser heater settings. Strong
microbunching is evident even by eye, as is the reduction in
microbunching as the laser heater amplitude increases.
Figure 3 shows a projection of the current density when
the laser heater is off; with modulations up to 50% of the
average current, compared to order of 0.01% from shot
noise, the MBI has essentially saturated.
We can now use the XTCAV to make a direct study of

the laser heater’s effect on MBI. Figure 4 shows measured
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FIG. 1. Schematic of the LCLS accelerator showing the accelerating/transport (blue) and dispersive regions (green) that contribute to
MBI. For dispersive regions, the R56 is given in mm. Diagram includes the laser heater (in red), accelerating sections (L0-L3), transport
sections (trans.), bunch compressors (BC1-BC2), doglegs (D1-D2), and the soft x-ray self-seeding chicane (SXRSS).
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FIG. 3. Current taken from a projection of the upper left image
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Figure 2.14: Measured electron longitudinal phase space for different laser heater-induced
energy spread at LCLS [43].

with non-zero horizontal geometrical emittance εx moving with different betatron am-

plitudes, will follow different path lengths, along the dispersive section, so that (as long

as R51, R52 ̸= 0) the MBI is suppressed at short wavelengths through transverse Landau

damping (LD⊥). To note that the latter damping mechanism affects only the modu-

lations arisen within the dispersive section; e.g. in a bunch compressor these are the

result of CSR effects and LSC cumulated along its length. The two damping term are

thus given by

LD∥(k; s) = exp
{
−1

2

[
CkR56 σδ(s)

]2} (2.91)

LD⊥(k; s) = exp
{
−1

2(Ck)
2 Hxεx(s)

}
(2.92)

where the H -function, thanks to the symplectic nature of the transport matrix R6×6,
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can be expressed in the matrix formalism as [101]

Hx =
R2

52 +
(
βxR51 − αxR52

)2
βx

, (2.93)

In most practical cases, and in the range of wave numbers k ≤
(
CR56σδ

)−1 one

finds that the longitudinal shift of electrons due to longitudinal dispersion is smaller

than the compressed modulation wavelength (CkR56
∆γ
γ < 1), allowing the linearization

J1(ζ) ≈ ζ
2 in Eq. 2.90. The energy modulations of Eq. 2.89 then can be integrated

over all modulation frequencies to provide an equivalent instability-induced slice energy

spread [53]
σ2γ,MBI

γ2
=

σz
2πne

∫ +∞

−∞

|∆γ(k)|2
γ2

dk , (2.94)

which is summed in quadrature to all the other contributions to the final energy spread.

MBI is further discussed in section 4.1 where we show the implementation and

application of the analytical model for our studies.
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Chapter 3

BoCXS: conceptual design upgrade

and feasibility study

Inverse Compton scattering (ICS) represents a well-established approach for generating

high-energy photon beams in the X-ray to gamma-ray regime [24, 25]. Early implemen-

tations were limited by the low emitted radiation intensity due to the small Thomson

cross section; however, contemporary advancements in laser technology [102], which

now provide photon pulses with energies on the order of joules per pulse, together

with progress in the production and transport of high-brightness electron beams [103],

have largely addressed these constraints. Since the realization of the first commercial

light source, MuCLS [29], the number of proposed and funded inverse Compton sources

has grown steadily over the past decade, following two primary design philosophies.

In storage ring–based configurations—exemplified by ThomX in France [32] and Mu-

CLS in Germany [104]—high fluxes of scattered radiation are obtained by enabling

high-repetition-rate collisions between electrons and photon pulses circulating within

Fabry–Perot optical cavities. Conversely, single-pass linac-driven systems such as Ts-

inghua X-ray in China [105], T-REX in the U.S. [33], and STAR in Italy [31], employ

lower-emittance, shorter-duration electron bunches that interact at moderate repetition

rates (up to 1 kHz using normal-conducting structures [106]) with intense photon pulses

from high-power lasers. These ICS configurations are particularly attractive due to their

compact footprint (in storage ring–based designs) and continuous tunability of photon

energy (in linac-based designs), making them well suited for applications in tomography,

protein crystallography and high-resolution medical imaging, with installations ranging
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from hospitals to universities and research centers. Additionally, increasing the X-ray

energy to up to 1 MeV enables non-destructive testing in the mechanical and automotive

industries, while in the field of cultural heritage science, operating within this energy

range could expand the applications of conventional sources. Proposals also exist for

ICS platforms based on energy-recovery linacs—such as CBETA in the U.S. [107] and

KEK cERL in Japan [108]—although the superconducting technology requirements of

these systems tend to restrict their practicality to larger research facilities rather than

smaller laboratories or clinical environments.

The Bologna Compact X-ray Source (BoCXS) is a project which proposes the con-

struction and operation of an inverse Compton scattering compact X-ray source in the

Bologna metropolitan area, aiming to produce X-ray beams with characteristics simi-

lar, and possibly complementary, to those obtainable at large Synchrotron-based light

sources, at a fraction of required space and cost, and with easier accessibility. Origi-

nally conceived as a twin-branch Compton back-scattered X-ray source featuring two

alternatively operated electron-photon interaction points [50], the BoCXS Project has

evolved, and we propose here a more versatile configuration in which electron bunches

generated and accelerated by a high-gradient, all-C-band RF linac can be selected ac-

cording to custom bunch patterns to concurrently feed two IPs in fast-cycling operation,

with an envisaged output photon energies in the hundreds of keV. The selection of elec-

tron bunches—originating from the same photoinjector and main linac—is achieved via

a novel switchyard line that preserves the six-dimensional beam brightness within a

comparatively compact footprint. As an additional outcome of this accelerator configu-

ration, a dedicated high-brightness electron beamline becomes available for applications

such as beam diagnostics or ultrafast electron diffraction studies. This work represents

a feasibility study of the machine in terms of electron beam dynamics, focusing on

preserving electron beam quality from the source through the transport line up to the

interaction points (IPs); thus the electron beam parameters are here the main figures

of merit. Specifically, the innovative switchyard system is optimized for electron ener-

gies between 100 MeV and 170 MeV, making it compatible with any medium-energy

linac-based ICS architecture. Start-to-end simulations confirm that the electron beam

characteristics at the IPs are at least on par with those of other existing or planned

single-pass ICS facilities operating in the same energy regime—for example, STAR-HE

and T-REX. For each chosen electron energy, the photon energy range of the proposed
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ICS is extended through second harmonic generation (SHG) applied to the incident in-

frared laser, increasing the energy by doubling the laser fundamental frequency at one of

the two IPs. Furthermore, unlike storage-ring-based ICS—where electron-photon colli-

sions are inherently head-on—this design incorporates specialized optical arrangements

at the IPs that permit adjustment of the interaction angle, enabling fine-tuning of the

emitted photon energy as well as selection of discrete X-ray energy bands aligned with

the K-absorption edges of selected elements. Such spectral flexibility paves the way for

advanced biomedical imaging techniques such as K-edge subtraction (KES) [35, 109].

We discuss here the evolution of the machine layout and the results of start-to-end

simulations and optimization studies, performed making use of the tracking codes AS-

TRA [110] and ELEGANT [111]. More in detail, we focus on the characterization and

optimization of the accelerating structure and beam transport through the new switch-

yard line, in order to maximize the beam brightness at the IP [112]. As discussed in

this section, this study shaped the design choices for many aspects of the machine. We

complement such study with the engineering details of innovative magnetic elements as

well as laser-box configuration used to vary the interaction angle for precise spectral

tuning of the scattered photons. Finally, and without any aim of numerical accuracy,

analytical calculations are used to estimate the radiation parameters of the ICS.

3.1 BoCXS machine layout evolution

In the original BoCXS proposal [50], electron bunches accelerated up to 155 MeV in

an S-band accelerating structure were alternatively guided, according to the polarity

of a DC Y-Dipole, to two optical interaction points where they interacted with photon

pulses produced by an Yb-YAG laser system, operating at the fundamental frequency

(1032 nm) or its second harmonic (516 nm), as shown in Fig.3.1. This allowed producing

ICS X-ray pulses in two different energy ranges, extending from below 100 keV up to

about 800 keV, and alternatively feeding two user areas in a 3x12 m2 footprint. The

initial BoCXS concept is here heavily redesigned, as schematically shown in Figure 3.2.

The following are the main novelties of the BoCXS’ new machine design. The updated

layout includes a fully characterized C-band photoinjector, with the inclusion of a drift

space after the gun and solenoids to make room for vacuum pumping and diagnostic

elements, and to facilitate the emittance compensation process. The high resonant

frequencies of a designed C-band photoinjector allow the application of higher peak fields
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Figure 3.1: Original full S-Band draft configuration of BoCXS. Electron bunches accelerated
up to 155 MeV in an S-Band Linac are transported through non-parallel doglegs up to the
interaction regions IR1 and IR2 where they interact with photon pulses produced by a laser
system operating on the fundamental wavelength or its 2nd harmonic [50].

2.6 cell C-band

RF gun

Gun Solenoid
3 x 2.00 m C-band TW cavities

Solenoids

18.50 m

EM v-kicker

X-band TW cavity

TGSD

Sector dipole

Yb-YAG
Laser

BSM

8.50 m

IR 1

IR 2

Figure 3.2: Sketch (not to scale) of the the new three-beamline BoCXS scheme, implemented
with an all-C-Band linac followed an X-band linearizer and the Bunch Selection Module (BSM
in the figure), providing a quasi-simultaneous multi-mode light production from the two inter-
action points. Two photon energy ranges can be selected according to the wavelengths (λ1 =
1032 nm or λ2 = 516 nm) of the incident laser photons. The electron beam can be transmitted
undeflected to a central beamline, passing through the Twin-Gap Septum Dipole (TGSD) in the
BSM section, for beam diagnostics purposes as well as optional electron beam applications [112].

which are beneficial to the beam brightness, while providing compactness to the facility

footprint. The C-band linac ends with an X-band cavity, to reduce the beam’s correlated

energy spread and preserve the beam current profile. This addition, in particular,

revealed to be extremely beneficial to the beam quality. A compact five-quad matching

section prepares the electron beam for transport through the Bunch Selection Module

(BSM) and the doglegs, ensuring optics control at the IP while preserving the electron

beam emittances. The BSM, in particular, provides options for a more flexible, quasi-

simultaneous operation of two IPs and one additional direct high brightness electron
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beamline, at custom-selectable repetition patterns.

3.2 Preliminary photoinjector characterization

High-gradient RF photoinjectors are fundamental to the generation of high-brightness

electron beams. Operating at C-band resonant frequencies allows the gun to sustain

higher cathode fields—which directly enhance beam brightness [3]—while simultane-

ously lowering the likelihood of RF breakdown. Moreover, their inherently compact

footprint makes them attractive for compact light-source applications.

This specific section of the work was conducted within the collaboration between

the University of Bologna, as part of the BoCXS initiative, and the LNF, home to the

EuPRAXIA@SPARC_LAB project [52].

An initial analysis considered the well known case of S-band photoinjector, compris-

ing a 1.6-cell RF gun, a solenoid magnet for emittance compensation, a drift section

after the gun and two traveling wave accelerating cavities. The RF gun peak field

was set to 120 MV/m, while each TW cavity operated at 28 MV/m. We assumed a

0.5 nC bunch charge; the drive laser at the photocathode delivered an 14.5 ps (FWHM)

flat-top pulse with 1.0 ps rise time and a uniform transverse profile characterized by

σr = 0.43 mm. Following emittance compensation theory, beam dynamics simulations

were performed in ASTRA to properly match the beam to the linac, thereby identifying

a viable working point. We then applied scaling laws [113] to this solution, targeting

C-band operation: resonant frequencies and field amplitudes were doubled, and the

overall injector and bunch lengths were halved, while retaining the 0.5 nC charge per

bunch. The effects of this scaling process are presented in Figure 3.3, showing how

the beam dynamics is unchanged, apart from a global spatial scaling. This preliminary

exercise both validated the scaling methodology and established the order of magnitude

of beam parameters for the subsequent injector design.

The goal of this part of work was to conduct an optimization study based on a

realistic C-band photoinjector model, configured for a single-bunch operation, aiming

to achieve a set of high-quality beam parameters at the exit of the accelerating section.

However, a straightforward scaling of the S-band design proves impractical: halving

the total length yields an excessively short drift region after the solenoid, preclud-

ing installation of necessary vacuum pumping and diagnostic equipment. Moreover,

doubling the peak fields in both gun and accelerating cavities is limited by technical

45



co
ns

id
er

in
g

a
ge

ne
ra

lm
od

el
of

cu
rr

en
tfi

ll’
s

lu
m

in
os

ity
ev

ol
ut

io
n

L
(t

)
=

L
(0

)

(1
+

t/
⌧ b

)2
,

(2
)

w
he

re
L

(0
)

is
th

e
pe

ak
lu

m
in

os
ity

an
d
⌧ b

is
th

e
be

am
lif

et
im

e
[2

].
T

he
re

su
lti

ng
op

tim
al

fil
lt

im
e

is

to
p
t

f
=

p
⌧ b

t t
a
.

(3
)

3
D

at
a

4
A

Po
st

er
io

ri
O

pt
im

is
at

io
n

5
O

nl
in

e
op

tim
is

at
io

n
St

ra
te

gy

6
R

es
ul

ts
an

d
Fu

tu
re

D
ev

el
op

m
en

t

" n
,r

m
s
[m

m
·m

ra
d
]

(4
)

z
[m

]
(5

)

Q
=

0.
5

[n
C

]
(6

)

Q
=

0.
5

[n
C

],
⌫ S

ca
li

n
g

=
5.

71
2

[G
H

z]
(7

)

R
ef

er
en

ce
s

[1
]

G
.

Fa
le

tti
,

O
pt

im
is

at
io

n
of

L
H

C
In

te
gr

at
ed

L
um

in
os

ity
,

M
as

te
r

T
he

si
s,

in
U

R
L

:
h
t
t
p
:
/
/

a
m
s
l
a
u
r
e
a
.
u
n
i
b
o
.
i
t
/
2
5
1
2
4
/

(B
ol

og
na

20
22

).

[2
]

M
.B

en
ed

ik
t,

D
.S

ch
ul

te
an

d
F.

Z
im

m
er

m
an

n,
O

pt
im

is
in

g
in

te
gr

at
ed

lu
m

in
os

ity
of

fu
tu

re
ha

dr
on

co
lli

de
rs

,
in

P
hy

si
ca

l
R

ev
ie

w
Sp

ec
ia

l
To

pi
cs

-
A

cc
el

er
at

or
s

an
d

B
ea

m
s,

D
O

I:
10

.1
10

3/
Ph

ys
-

R
ev

ST
A

B
.1

8.
10

10
02

(O
ct

ob
er

20
15

).

[3
]

M
.G

io
va

nn
oz

zi
an

d
F.

F.
V

an
de

rV
ek

en
,D

es
cr

ip
tio

n
of

th
e

lu
m

in
os

ity
ev

ol
ut

io
n

fo
r

C
E

R
N

L
H

C
in

cl
ud

in
g

dy
na

m
ic

ap
er

tu
re

ef
fe

ct
s,

Pa
rt

I:
T

he
m

od
el

,i
n

N
uc

le
ar

In
st

.a
nd

M
et

ho
ds

in
Ph

ys
ic

s
R

es
ea

rc
h,

Vo
l.

A
,9

05
,p

p.
17

1-
17

9
(2

01
8)

.

2

considering a general model of current fill’s luminosity evolution

L(t) =
L(0)

(1 + t/⌧b)2
, (2)
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Figure 3.3: Normalized transverse emittance (left) and transverse beam size (right) evolution
inside the photo-injector for an S-band (red) and a scaled C-band (blue) structure [114].

constraints—namely power dissipation in the RF structures and klystron power avail-

ability—which influence maximum achievable gradient and machine repetition rate. We

therefore adopt a 0.1 kHz repetition rate, which supports peak fields of 180 MV/m in

the gun and 40 MV/m in the TW cavities. To preserve analogous beam dynamics

at these gradients (instead of the 240 MV/m from naive scaling), the RF gun is ex-

tended to 2.6 cells. Our final linac design is largely inspired by the one developed at the

LNF, where the development of a C-band photoinjector has been proposed [115, 116]

in the framework of the EuPRAXIA@SPARC_LAB. Such design, which can be seen in

Fig. 3.2, employs a 2.6-cell gun followed by three C-band TW accelerating structures,

each made of 114 cells at 2π/3 phase advance per cell. The characterization was per-

formed making use of the ASTRA tracking tools, which take into account space charge

effects dominating at very low energies, to test both on-crest and velocity bunching

operation, simulating 50k macroparticles. In order to assess the photoinjector opera-

tional performance, we undertook a simultaneous optimization of the final normalized

transverse emittance and the relative energy spread at the photoinjector exit, indepen-

dently of any eventual downstream beam-transport or compression elements. For the

emittance minimization, we scanned the solenoid magnetic field, the drift-space length

and the RF gun injection phase; conversely, energy-spread minimization was achieved

by tuning the RF phase within the accelerating cavities. Equally critical are the pho-

tocathode laser parameters, which define the initial longitudinal and transverse bunch

profile at emission [73]. In the absence of a dedicated bunch compressor—and under

high-charge operation—longer laser pulses can mitigate non-linear components of space

charge forces but amplify RF-curvature–driven energy spread, whereas shorter bunches
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amplify space charge forces, degrading transverse emittance at the cathode. Thus, the

initial spot size and pulse duration at the cathode must be carefully balanced to achieve

the desired beam quality. We began by adopting the same cathode beam distribu-

tion—namely a uniform transverse profile combined with a flat-top longitudinal shape

aiming at the canonical cylindrical symmetry to minimize the nonlinear space charge

contributions—while improving the laser rise time to 0.5 ps, and targeted a final beam

energy of 165 MeV. The cylindrical symmetry of the extracted beam also allowed the

adoption of the ASTRA 2-D space charge model in tracking. All simulations employed

ASTRA autophasing capability, which automatically adjusts the injection phases of the

RF cavities to maximize the energy gain of the reference particle. In the on-crest con-

figuration, the peak fields in the first two TW cavities were fixed at 40 MV/m, while

the third cavity was set to 23.65 MV/m and its phase adjusted to minimize the rela-

tive energy spread. We observed a final emittance < 0.5 mm mrad and relative energy

spread < 0.3%. Finally, simulations were conducted in the velocity-bunching regime to

 δ δ

s(m)s (m)
Figure 3.4: Simulation of beam evolution along the C-band photo-injector. On the top: beam
envelope, emittance and energy spread evolution for the on-crest operation. On the bottom:
beam envelope, emittance and bunch length evolution for the velocity bunching operation [114].

achieve higher peak current [76, 78, 114]. In this case, all three TW structures operated

at 40 MV/m, the first cavity RF phase was shifted to –84 deg (with respect to the

ASTRA autophase) to obtain a compression factor of 3, while the surrounding solenoid

field was adjusted to maintaining spot size and emittance under control. In this regime
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we managed to obtain a slice peak current of 750 A, while maintaining an emittance of

0.65 mm mrad. Figure 3.4 compares the beam dynamics of both regimes for a bunch de-

fined by the parameters in Table 3.1, which summarizes the optimized beam properties.

Figure 3.5 presents the slice emittance and beam current profiles at the photoinjector

Table 3.1: Set of optimized beam parameters for the C-band photoinjector, with and w/o
Bunch Compression

Parameter w/o BC with BC

Bunch charge [nC] 0.5
Rep. rate [kHz] 0.1
Laser rms spot size (Uniform)[mm] 0.3
FWHM length pulse [ps] 8.5
Rise time [ps] 0.5
e-Beam final energy [MeV] 165 145
Norm. proj. emittance [mm mrad] 0.41 0.65
Bunch duration, rms σt [ps] 2.1 0.7
Transverse beam size, σr [mm] 0.3 0.4
Relative energy spread, σδ [%] 0.28 1.77
Slice peak current [A] 74 750

exit. The slice-by-slice analysis indicates that the emittance remains uniformly low

across the full width at half maximum (FWHM) of the current distribution.

Figure 3.5: Slice analysis of the bunch at the end of the photo-injector for the on-crest
operation (left) and velocity bunching (right) [114].

3.3 Photoinjector optimization for BoCXS

During the BoCXS redesign process, optimization studies prompted the inclusion of an

X-band linearizing cavity immediately downstream of the C-band accelerating section.
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As discussed in the following section, such cavity reduces the beam energy by a factor

proportional to the energy gained in the photoinjector [117, 118]. To cope with the

energy loss, the only precaution was to bring the peak field of all the C-band cavities to

40 MV/m, obtaining a beam energy of 190 MeV at the end of the C-band linac (unlike

in the characterization previously discussed). The optimization yielded a gun injection

phase of −5 deg (with respect to the autophasing) minimizes the emittance, while an

adjustment of −5 deg (with respect to the crest) of the third TW cavity phase minimizes

the energy spread. Table 3.2 lists the main photoinjector parameters resulting from our

optimization study. As a part of the start-to-end study of the machine, we simulated

Table 3.2: Set of optimized parameters for the BoCXS C-band photoinjector and simulated
electron beam parameters at its exit

Parameter Value

Repetition rate [Hz] 100
C-band resonant frequency [GHz] 5.712
RF gun peak field gradient [MV/m] 180
TW Cavities peak field gradient [MV/m] 40
Gun solenoid peak field [T] 0.415
Solenoid 1 peak field [mT] 88.439
Solenoid 2 peak field [mT] 94.393
Gun laser rms spot size (Uniform)[mm] 0.3
Gun laser FWHM length pulse [ps] 8.5
Gun laser rise time [ps] 0.5

Bunch charge [nC] 0.5
e-Beam final energy [MeV] 190.3
Norm. proj. emittance [mm mrad] 0.42
Bunch duration, rms σt [ps] 2.1
Transverse beam size, σr [mm] 0.23
Relative energy spread, σδ [%] 0.28
Peak current, Î [A] 74

in ASTRA 0.5 million macroparticels; Figures 3.6 shows the relative energy spread and

transverse beam dynamics along the linac and the slice analysis of the bunch at the

C-band linac end.

3.4 Phase space linearization

During the characterization and optimization of the beam transport line up to the

interaction points, we found that chromatic aberrations in the quadrupoles led to an
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Figure 3.6: On the left: rms bunch length, normalized horizontal emittance and beam size
from Gun to linac end. On the right: slice normalized emittace and peak current along the
bunch at the linac exit [112].

increase in horizontal projected emittance of roughly 50%. At the same time, the

strong quadratic energy chirp imparted by the C-band linac coupling with the R56

and T566 elements of the dogleg transport matrices, produced a pronounced distortion

of the current profile. Consequently, within the dipole magnets, coherent synchrotron

radiation (CSR)—proportional to the derivative of the current distribution, as well as

to the beam peak current—further degraded beam brightness, driving an additional

∼ 50% growth in horizontal emittance. As a result, the horizontal emittance at the IPs

was twice that at the linac exit, yielding a transverse beam size at the IP approximately

40 % above specification. These combined effects prompted the inclusion of an X-band

linearizing cavity, which increased the length of the machine of about 1 m.

In this configuration, exploiting the second harmonic of the C-band resonance re-

quires an effective voltage of approximately 46 MV. We therefore considered a 0.5 m

long TW X-band cavity operating at a resonant frequency of 11.424 GHz. As detailed

in Table 3.3, ELEGANT optimization yielded an injection phase of 269.72 deg and a

cavity gradient of 92.4 MV/m [119, 120]. The X-band cavity then reduces the beam

Table 3.3: Set of optimized parameters for the X-band cavity

Parameter Value

Repetition rate [Hz] 100
Cavity length [m] 0.5
X-band resonant frequency [GHz] 11.424
Field gradient [MV/m] 92.4
Injection phase [deg] 269.72
e-Beam final energy [MeV] 145
Final relative energy spread, σδ [%] 0.03
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energy to 145 MeV, as shown in Fig. 3.7.

Using ELEGANT, we simulated a 0.5 million particle bunch, propagating directly

the one exiting from the photoinjector, generated by ASTRA. CSR effects were in-

cluded in the dogleg by employing ELEGANT’s 1D CSR model, which accounts for

both steady-state and transient CSR field contributions within dipole magnets [121], as

well as CSR fields propagating through downstream drift sections [122]. This 1D CSR

formulation—successfully benchmarked against experimental data [121, 123–125]—has

been shown to remain valid over a wide range of beam and accelerator parameters,

closely matching those used in this design.

Figures 3.8 and 3.9 illustrate the impact of longitudinal phase space linearization

on both the beam current profile and the transverse emittance. The insertion of the

X-band cavity removes the current modulations previously observed along the dogleg,

thus strongly suppressing the CSR-driven increase in projected emittance within the

dipoles. Furthermore, quadrupole chromatic aberrations—which depend on the beam

relative energy spread—are also effectively eliminated by the linearization process, which

reduces the projected energy spread by one order of magnitude. Table 3.4 summarizes

the effects given by chromatic aberrations and CSR, both with and without longitudinal

phase space linearization. All quantities are obtained from particle-tracking data (the

peak current corresponds to the maximum longitudinal charge density).

It is worth to mention that the alternative option of a Ka-band linearizer has been

recently considered in the context of the CompactLight project [126]. Coping with

s(m)s (m)

Figure 3.7: Electron beam mean energy along the accelerator [112].
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Figure 3.8: Longitudinal phase space of the electron beam at the end of the linac, before and
after the X-band linearization (left), and corresponding energy distribution (right) [112].
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Figure 3.9: On the left: electron beam current profile at the IP, with and without X-band
linearization. On the right: corresponding normalized horizontal betatron emittance (energy-
normalized, subtracted of linear dispersion contribution) along the beamline. In the absence
of linearization, current modulation causes large CSR-induced emittance growth in the sec-
ond dipole of the dogleg. CSR and quadrupole chromatic effects are both suppressed by the
linearization [112].

possible wakefields effects arising from such a small cavity, it would provide a lower

energy loss during the linearization process, and it therefore represents an opportunity

for a future design upgrade.

3.5 Bunch selection module

In the original BoCXS design [50], a DC Y-dipole sequentially directed the beam into

one dogleg at a time. In contrast, the bunch selection module permits simultaneous

operation of both ICS beamlines on a per-bunch basis, with user-defined repetition

patterns. Alternatively, the BSM can be configured to let the electron beam continue
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Table 3.4: Effects of chromatic aberrations and CSR on the beam quality from the linac end
to the IP

εx [mm mrad] Î [A] σδ [%]

Linac exit 0.42 74 0.28

Without linearization

At IP, CSR OFF 0.59 180 0.28
At IP, CSR ON 0.83 175 0.29

With linearization

At IP, CSR OFF 0.42 71 0.03
At IP, CSR ON 0.45 71 0.03

straight along the linac axis without deflection. The BSM incorporates a fast elec-

tromagnetic kicker that imparts a vertical deflection of θk = ±33.1 mrad to selected

electron bunches. The induced vertical angle of the beam trajectory is then compensated

by the off-axis passage of the beam through a dedicated vertically focusing quadrupole,

forming a sort of vertical mini-dogleg, as schematically shown in Fig 3.10. Downstream

EM v-kicker TGSD
Q

= ±33.1 mrad

0.800 m
0.250 m

= ±26.5 mm

Figure 3.10: Schematic elevation view of the Bunch Selection Module. A pulsed bipolar
electromagnetic kicker deviates selected electron bunches from the linac sequence into two
vertically separated trajectories. The kicker deflections are compensated in the y-focusing
quadrupole, and the resulting zero-slope trajectories are left-right deflected in the Twin-Gap
Septum Dipole (TGSD). Undeflected electron bunches can be transmitted across the TGSD
field-free region [112].

of such quadrupole, a Lambertson-type twin-gap septum dipole (TGSD) provides the

horizontal deflection: its two superimposed magnetic gaps, set apart by a fixed vertical

offset determined by the TGSD design, steer the upward-deflected bunches into the left

dogleg and the downward-deflected ones into the right dogleg. As a result, the two

beam transport lines and their respective interaction points lie on parallel horizontal

planes, vertically separated by an offset of 53 mm introduced by the BSM. When the

kicker is inactive, undeflected bunches traverse the field-free central region of the TGSD,
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continuing undisturbed along the linac axis (see Fig. 3.11).

588.0 mm

20
0.

0 
m

m

Left-deflecting gap Field-free region
(13.0 mm aperture)

Right-deflecting gap

53
.0

 m
m

Figure 3.11: Vertical cross section of the Poisson-optimized twin-gap septum dipole. The
magnetic field configuration was obtained from modeling with the POISSON/SUPERFISH
code [127]. Top (bottom) gap deflects the incoming electron bunches in the left (right) direction.
The field free region in the central slab allows transmitting the undeflected electron beam [112].

A scheme for a ferrite-loaded electromagnetic kicker is illustrated in Fig. 3.12.

The single-sheet kicker coil generates a bipolar pulsed magnetic field Bk that provides

Figure 3.12: Vertical cross section of the Kicker setup (left) and its RLC driving scheme
(right). [112].

opposite-sign vertical deflections ±θk to incoming bunches, with θk = ys/l, where ys is

the vertical offset at the TGSD entrance and l is the distance between the kicker and

the compensating quadrupole (see Fig. 3.10). In the RLC drive configuration shown

in Fig. 3.12, two capacitor banks discharge current in opposite directions through the

coil whenever switch S1 or S2 is closed, thus producing bipolar deflecting pulses at a
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Figure 3.13: Vertical cross section of a window-frame symmetric twin-gap septum dipole
providing left-right deflections via opposite B-fields in two superimposed gaps [112].

user-defined repetition rate.

In a conventional twin-gap septum dipole configuration (Fig. 3.13), two vertically

superimposed gaps—filled with opposite-sign magnetic fields—separated by a septum,

impart horizontal deflections to beam trajectories vertically offset by 2ys. In the asym-

metric TGSD variant developed for the BSM scheme (Fig 3.11), the design focuses on

containing the vertical displacement 2ys within the geometric constraints of the gap

height hg and septum thickness τs, such that 2ys = hg + τs. Therefore, in contrast

to the symmetric design, the asymmetric TGSD geometry employs reduced horizon-

tal apertures in its deflecting gaps—sized solely to accommodate the actual left- and

right-deflected beam excursions—so as to contain the magnetic flux within the sep-

tum. Assuming a 2 T figure for the magnetic induction in the septum and using the

design values from Table 3.5, the optimized beam separation at the TGSD entrance

is 2ys = 53.0 mm. A set of key BSM parameters are summarized in Table 3.5. The

BSM, composed by the ferrite-loaded vertically deflecting kicker, the quadrupole and

the TGSD (either acting as a sector dipole or a drift space) are designed to be a single

module, with fixed optical parameters (scalable with the beam energy). Consequently,

a dedicated matching section downstream of the linac was an essential requirement in

the final layout.
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Table 3.5: Main BSM parameters (nominal energy)

Parameter Value
Beam energy [MeV] 145
Drift length (kicker to Q) [mm] 625.0

EM v-kicker

Rep. rate [Hz] 100
Rise time [µs] ∼5
Pulse duration [µs] 50
Deflecting field [T] ±0.064
Deflection angle [mrad] 33.1
Core length [mm] 250.0

Quadrupole

Strength [m−2] -12.78
Core length [mm] 100.0
Aperture [mm] 70.0

TGSD

Incoming beam offset [mm] ±26.5
Nominal deflection [deg] ±30
Arc length [mm] 628.0
B-field [T] ±0.403
Dipole height [mm] 200.0
Dipole width [mm] 588.0

3.6 Electron beam transport to the interaction point

The doglegs, divergent in the original BoCXS layout, are now parallel, to simplify the

lattice design and minimize the lateral footprint of the facility. Characterization and

optimization of these transport lines were performed using ELEGANT, which incorpo-

rates models for coherent synchrotron radiation [124, 125] and longitudinal space-charge

forces [128]. All results presented here stem from tracking 0.5 million macroparticles,

with seamless beam-dynamics continuity ensured by the use of ASTRA output distri-

bution as input to ELEGANT. The optimization scope included every element down-

stream of the final C-band cavity (see Fig. 3.2): the X-band cavity, the five-quadrupole

matching section, the BSM, the quadrupole triplet within each dogleg, the second sector

dipole, and the focusing triplet immediately upstream of the IP. The optimized beam

evolution through the transport to IP is shown in Fig. 3.14.

The matching section was optimized to suppress vertical emittance growth through
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the BSM while providing the correct optics for dogleg injection, where the TGSD and

sector dipoles deviate the beam trajectory horizontally by ±30 deg. Indeed, acting as

a vertical mini-dogleg, the BSM introduces a small vertical dispersion (< 10 cm) that,

by machine design, cannot be properly eliminated, as shown in Fig. 3.14 (right). If

Matching section BSM Dogleg Focusing to IP

s(m)s (m)

BSM

V-kick
Q

s(m)s (m)s (m)

Figure 3.14: Beam evolution from the linac exit to IP. On the left: electron beam sizes and
projected transverse normalized emittances (inclusive of dispersion contribution). On the right:
momentum dispersion functions [112].

not handled adequately, this may potentially become a showstopper, as the projected

emittance in a dispersive section is given by

ε =
√
ε20 + ε0H σ2δ , (3.1)

where ε0 is the achromatic (betatron) emittance (i.e. the initial one, before the dis-

persion is introduced) and H is the dispersion-invariant, also known as chromatic

H -function, representing the dispersion contribution to the projected emittance which

is defined as

Hu = γuη
2
u + 2αuηuη

′
u + βuη

′2
u , with u = x, y , (3.2)

where βu, γu and αu are the Twiss parameters, while ηu and η′u are the dispersion func-

tion and its derivative respectively. The H -function is indeed an invariant, which can

be modified only by the presence of a dipolar field component, in our case provided by

bending magnets (either sector dipoles or the EM kicker) or by the off-axis quadrupole.

One usually drives the dispersion and its derivative to zero at the dogleg exit, through

systematic tuning of the quadrupoles between the two dipoles, therefore eliminating the

dispersion contribution to the emittance. This is what we do for the horizontal dogleg,

but for the vertical mini-dogleg, represented by the BSM, the same strategy cannot be
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applied. However, one can suppress the dispersion contribution to the emittance also by

providing a proper combination of Twiss parameters in order to minimize Eq. 3.2 at the

BSM exit, as shown in Fig. 3.15. This technique is further discussed in Appendix A.

BSM Dogleg

s(m)s (m)s (m)

Figure 3.15: Chromatic H -functions along the beamline. The horizontal H -function is made
null by zeroing the horizontal dispersion and its derivative at the dogleg exit, while the vertical
one is minimized by providing the proper optical matching to the BSM.

Thus, by carefully tuning quadrupole strengths in the matching section, an optimal

balance of betatron and chromatic effects is achieved, making dispersion-induced ver-

tical emittance growth negligible, and therefore recovering both transverse emittances

to near their initial values (see Fig. 3.14). A final quadrupole triplet then focuses the

beam to the IP, yielding a transverse size of σr ≈ 10 µm. Moreover, the residual ver-

tical dispersion ηy at the interaction point is driven to zero, therefore removing any

dispersive contribution to the beam size and effectively decoupling the beam’s vertical

position from energy deviations. This ensures that any upstream energy jitter does not

translate into spatial misalignment at the IP, thereby preserving beam–laser overlap

and stabilizing the interaction.

Direct transverse space-charge forces were not included in the beam dynamics op-

timization with ELEGANT. To account for this, we supplemented the tracking study

with an analytical evaluation of the laminarity parameter [62] along the entire transport

line, which is estimated here as

ρ =
Îσ2eff

2IAγε2eff
, (3.3)

where

σeff =

√
σ2x + σ2y

2
, and εeff =

√
εnxεny (3.4)
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are the quadratic mean of the beam envelopes and the geometric mean of normalized

beam emittances respectively. A full investigation of direct space-charge effects along

the transport line is deferred to future work; however, the laminarity parameter shown

in Fig. 3.16 indicates that the beam dynamics is mostly dominated by the emittance

pressure, hence confirming the validity of ELEGANT simulations. Figure 3.17 shows

s(m)s (m)

Figure 3.16: Laminarity parameter from linac end to IP [112].

slice emittance and current profile of the beam at IP, while Fig. 3.18 shows the transverse

phase space contour plots. Finally Table 3.6 lists the simulated beam parameters,
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Figure 3.17: Slice normalized emittace and peak current along the bunch at the IP [112].

comparing them with those at the exit of the photoinjector.

3.7 Jitters stability study

The stability study of the machine has been carried out by introducing various sources of

shot-to-shot jitters in the simulation, aiming at testing the robustness of the optimized

optics configuration. The shot-to-shot jitters considered in this study involved the time
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Figure 3.18: Horizontal (left) and vertical (right) phase space contour plot of the beam at
IP [112].

Table 3.6: Simulated nominal electron beam parameters

Parameter @C-band exit @IP

Bunch charge [nC] 0.5 0.5
e-Beam final energy [MeV] 190 145
Norm. proj. emittance [mm mrad] 0.42 0.45
Bunch duration, rms σt [ps] 2.1 2.2
Horizontal beam size, σx [µm] 234 12
Vertical beam size, σy [µm] 234 10
Relative energy spread, σδ [%] 0.28 0.03
Peak current, Î [A] 74 71

of arrival of the cathode laser, the total charge, the beam spot size, the BSM kicker

deflecting field, and the phases and amplitude of the various RF cavities, as listed

in the Table 3.7. All the values considered represent the state-of-the-art technological

Table 3.7: Jitter values (rms) used in the stability study

Subsystem Parameter Jitter

C-band gun and accelerating sections RF Voltage [%] 0.02
RF Phase [deg] 0.02

X-band cavity RF Voltage [%] 0.02
RF Phase [deg] 0.08

Cathode laser system
Time of arrival [fs] 30.0
Charge [%] 2.0
Spot size [%] 1.0

BSM EM v-kicker Deflecting field [%] 0.02

capabilities of the machine elements [129–134]. The machine sensitivity study have been
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performed on a sample of 50 machine runs (due to computational limits). For the first

part of the machine (up to the exit of the C-band section) we made use of GIOTTO, a

software based on a Genetic Algorithm, designed to interface with ASTRA [135]. The

interface between GIOTTO and ASTRA (or ASTRA’s generator) inherently includes

the capability to easily generate and manipulate input files. For the last part of the

machine we used ELEGANT and its built-in tools for jitter studies.

The overall machine robustness to jitters is studied by evaluating the beam quality

and stability at the interaction point. Table 3.8 presents the results of the study, col-

lecting the values of the main beam parameters and their unbiased standard deviations.

Figure 3.19 shows the statistical distributions of the beam final energy and relative en-

Table 3.8: Statistical beam parameters at the interaction point, resulting from 50 simulation
runs

Parameter Value

Final energy [MeV] 145.084± 0.023
Norm. horizontal emittance, εnx [mm mrad] 0.444± 0.013
Norm. vertical emittance, εny [mm mrad] 0.438± 0.012
Horizontal beam size, σx [µm] 12.00± 0.26
Vertical beam size, σy [µm] 10.00± 0.33
Bunch duration, rms σt [ps] 2.157± 0.016
Relative energy spread, σδ [%] 0.030± 0.004

Peak current, Î [A] 71.33± 0.68
Horizontal centroid jitter, rms [µm] 0.23
Vertical centroid jitter, rms [µm] 3.51
Time of arrival jitter, rms [ps] 0.030

ergy spread, Fig. 3.20 depicts the slice analysis of the 50 shots, while Figs. 3.21 and 3.22

show the emittances and centroids distributions at the IP.

The analysis of jitter effects confirms that the machine exhibits a high degree of

robustness against active elements’ jitters. All relevant beam parameters remain well

within the specifications, showing only minor deviations of a few percentage points from

their nominal design values. In particular, the vertical centroid stability is dominated

by the jitter of the BSM kicker, resulting in an rms value one order of magnitude higher

with respect to the horizontal centroid jitter. However, considering a laser spot size

at the IP of 15 µm, the expected mean decrement of luminosity for the ICS is ∼ 2%,

with a 2.5% rms. These results indicate that the overall machine performance is not

significantly compromised by the considered sources of jitter, thus ensuring operational
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Figure 3.19: Final beam energy (left) and relative energy spread (right) distributions, resulting
from 50 simulation runs.
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Figure 3.20: Slice analysis of the 50 shots at the interaction point.

reliability under realistic conditions.

3.8 Photon energy selection and tuning

The energy of the emitted radiation from an Inverse Compton scattering in the labora-

tory frame can be expressed as [104, 136, 137]:

EICSX ≈ 2(1 + cosφ)

1 + (γθ)2
Ephγ

2 , (3.5)
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Figure 3.22: Horizontal (left) and vertical (right) centroid distributions at IP, resulting from
50 simulation runs.

where Eph is the energy of the incoming photons and the contribution from the recoil of

the incoming electron is neglected (a 5×10−3 effect in our case). Equation 3.5 captures

how the emitted photon energy varies with the interaction angle φ, the laser central

wavelength, and the electron beam energy, for any fixed scattering (observation) angle

θ. In the following sections, we examine both discrete and continuous spectral tunability

of the ICS output as functions of these key parameters.

3.8.1 Spectral tunability of back-scattered radiation

For any given electron energy, the photon energy (Eq. 3.5) can be doubled by frequency-

doubling the drive laser via Second Harmonic Generation (SHG) [138]. In SHG, two

photons at the fundamental frequency coherently interact within a nonlinear crystal

to produce a single photon at twice the frequency. As a result, the emerging pulse
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contains half the initial photon count, with each photon carrying twice the energy

of the input photons. In the optical layout depicted in Fig. 3.23, the infrared drive

laser at λ1 = 1032 nm is frequency-doubled to λ2 = 515 nm using a type-I nonlinear

crystal. After optical separation of the fundamental and second-harmonic components,

Figure 3.23: Dual-frequency operation adopting Second Harmonic Generation (SHG). The
IR1 and IR2 optical boxes are vertically shifted by the 2ys offset between the electron trajectories
downstream the TGSD dipole. The electron and the X-ray beams travel orthogonally to the
page [112].

the two pulses are routed into their dedicated IP optical boxes, which are mounted on

horizontal planes with a 2ys vertical offset to coincide with the corresponding electron

beam trajectories.

At the nominal beam energy of 145 MeV and 100 Hz repetition rate, the on-axis ICS

photon energies are 383 keV for the fundamental laser wavelength λ1 and 767 keV for its

second harmonic λ2. Nearly continuous tuning of the photon energy can be achieved by

adjusting the C-band linac RF amplitudes and phases. In fact, our simulations indicate

that deactivating the final C-band cavity—either by switching it off or by delaying its

RF pulse relative to the beam—and consequently adjusting the X-band cavity voltage,

reduces the electron energy to ∼ 100 MeV while still preserving beam brightness through

the transport line. Accordingly, with the betatron functions held fixed, adiabatic damp-

ing is reduced, causing both the geometric emittances and the transverse beam sizes at

the IP to increase, alongside a rise in relative energy spread. Without re-optimizing the

IP optics, the beam size reaches roughly 15 µm and the energy spread grows to about

0.04 %. A 100 MeV central electron beam energy corresponds to an on-axis ICS photon

energy of 182 keV for λ1, at the nominal interaction angle of 3 deg.

Further spectral tuning is achieved by varying the interaction angle φ: at φ = 35 deg,

the on-axis photon energy shifts to approximately 166 keV. Additionally, moving the

observation angle to θ ∼ 1/γ lowers the selected X-ray energy to about 80 keV, at the
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cost of roughly a tenfold decrease in photon intensity compared to the on-axis emission.

Conversely, increasing the electron beam energy to 166 MeV raises the upper limit

of the on-axis ICS photon energy at the second-harmonic wavelength λ2 to approx-

imately 1 MeV. Achieving this requires an 18 % increase in the C-band accelerating

gradient—from 40 MV/m to ∼ 47 MV/m—while lowering the repetition rate to 70 Hz

maintains constant the average RF power. The resulting higher beam energy enhances

magnetic rigidity, reducing sensitivity to collective effects, and thereby preserving beam

brightness throughout the switchyard transport.

3.8.2 Tuning the interaction angle

The radiated flux in an ICS characterized by the Thomson cross section σT = 0.665 b

also depends on the interaction angle φ according to [139, 140]:

Ṅ ICS
X =

σTNeNl

2πΣy
√

Σ2
x +Σ2

z tan
2(φ/2)

f , (3.6)

where Ne is the electron bunch population, Nl is the number of photons in the laser

pulse and f is the collision rate. The convoluted bunch dimensions are:

Σx,y =
√
w2
0/4 + σ2x,y , Σz = c

√
τ2l + σ2t , (3.7)

where w0 = 2σl is the waist of the photon pulse characterized by a transverse rms

dimension σl at the IP, τl and σt are the rms time durations of the colliding beams, and

σx,y is the electron bunch rms transverse dimension.

In contrast to storage ring-based ICS—where electron-photon collisions are essen-

tially head-on and the interaction angle is fixed—single-pass linac-based ICS permit

adjustment of the interaction angle φ over a wide range, starting from a nonzero mini-

mum value and limited only by the optical layout of the laser–electron interaction region.

Exploiting the φ-dependence of key performance metrics—such as photon energy, flux

intensity, pulse duration and transverse beam size—provides operational flexibility that

compensates for the lower peak flux relative to quasi-head-on geometry. In particular,

this angular tunability also enables rapid, dual-color K-edge subtraction imaging by

fine-tuning the scattered photon energy, an option that is precluded in a quasi-head-on

only operation.

In the optical arrangement of Fig. 3.24, two sets of off-axis parabolic mirrors (OAPs)
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designed for KES dual-color imaging, define two discrete interaction-angle ranges as the

input laser is steered by movable mirror M1 across the main mirror M2. The minimum

Figure 3.24: Layout of the optical box at one of the laser-electron interaction regions. Two sets
of OAP mirrors select the interaction angle φ within an operational range of ∆φ1 = 3–10 deg
and a larger set of ∆φ2 = 20–35 deg to produce X-ray energy shifts of the order of 2–3 keV
for KES dual-energy imaging. The operational value of the interaction angle φ is defined by
the position of the scanning mirror M1 with respect to the M2 and M3 mirrors and monitored
via angle-to-position correlation through theM5,6 extracting mirrors. The arrows highlight the
laser path corresponding to a φ = 3 deg interaction angle [112].

angle φmin = 3 deg is indicated by the arrowed beam path. For the nominal, quasi-head-

on mode, mirrors M4 and OAP1 select ∆φ1 = 3–10 deg, allowing fine-tuning within

that interval. Inserting retractable mirror M3 in conjunction with OAP3 establishes a

second range ∆φ2 = 20–35 deg, producing ∼2–3 keV shifts in X-ray energy for KES

imaging when combined with ∆φ1. Rapid actuation of mirrors M3 and M6 facilitates

data acquisition across the material K-edge. Downstream optics (OAP2, OAP4 and

mirrors M5, M6) recover the transmitted laser and provide φ-to-position monitoring for

both ∆φ1 and ∆φ2. The focal length f1 of OAP1,2 is defined by φmin and a clearance

AIR = ±10 mm for the ingoing/outgoing electron and X-ray beams at the mirror edges,

while the placement of OAP3,4—chosen to contain the dimensions of the optical box and

to avoid optical interference with the OAP1,2—determines a secondary focal length f2.

Each OAP aperture is defined by the parabolas and is sized based on the contributions

of the laser beam divergence at the IP, the laser beam waist w0 = 30 µm and the quoted

ranges of the interaction angle. Main optical parameters are listed in Table 3.9.
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Table 3.9: Optical Box parameters

Symbol Value Function

∆φ1 [deg] 3− 10 Operational φ range
∆φ2 [deg] 20− 35 Additional φ range

OAP1,2 [mm] 60
∆φ1 range

f1 [mm] 375

OAP3,4 [mm] 80
∆φ2 range

f2 [mm] 276

M1 [mm] 30 ScanningM2 [mm] 90

M3 [mm] 90 ∆φ2 selection
M4 [mm] 85 ∆φ1 selection

M5 [mm] 85
φ-monitoringM6 [mm] 90

AIR [mm] ±10 Outgoing beam clearance
Wopt/Lopt [mm] 420/820 Box dimensions

3.9 ICS expected performance

Analytical estimates of the back-scattered photon properties for BoCXS have been

performed using formulae that, while not intended to aiming for high numerical ac-

curacy, have been successfully benchmarked against specialized ICS simulation codes

and are well established in the literature. The model—outlined in Appendix B for

reference—accounts for normalized laser bandwidth, transverse emittance and energy

spread of the electron beam, both beam and laser pulse durations, and electron recoil.

Results from this model are presented in Table 3.10, which summarizes the expected

ICS performance. The hourglass effect is negligible, as σz/βx,y ≪ 1, and diffraction

effects remain small since the laser pulse duration is shorter than its Rayleigh length.

In this evaluation, the BoCXS performance is reported for single-beamline operation;

under a multimodal regime, all quoted figures scale down in direct proportion to each

beamline’s duty cycle. For reference and completeness, Table VI also lists the simulated

electron-beam parameters, the incident laser specifications [141], and the analytically

derived ICS outputs of BoCXS are compared to the corresponding metrics for facilities

in the same energy range—namely STAR-II-HE and T-REX.

Figure 3.25 has been generated using the same model, showing the X-ray spectral
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density computed with and without longitudinal phase space linearization through the

X-band cavity. Implementing linearization boosts the ICS spectral density by roughly
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Figure 3.25: Calculated X-ray spectral density with (red) and without (blue) linearization
of the longitudinal phase space, as a function of the radiation angle θ. An acceptance angle
of 0.5 mrad at each θ and laser fundamental wavelength λ1 are assumed. The corresponding
photon energy varies from 127 keV at θ = ±5 mrad to 382 keV on axis (θ = 0) [112].

30 %, owing to the reduced transverse emittance and energy spread of the electron

beam. Even more crucially, linearization produces a smoothed, near flat-top current

profile, as shown in Fig. 3.9, which promotes uniform matching of bunch slices to the

nominal Twiss parameters and yields an almost constant scattered-radiation intensity

throughout the X-ray pulse.
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Table 3.10: Nominal electron beam, incident laser and back-scattered Compton radiation
parameters of the proposed BoCXS, STAR-HE and T-REX, driven by an external laser at the
fundamental or second harmonic (SHG). All scattered radiation figures are intended to be on
axis (θ = 0), and within the collimation angle, unless the term total is specified, indicating
an integration of the scattered radiation over the whole solid angle. Question marks underline
assumptions for values not available in the literature

BoCXS BoCXS STAR-HE T-REX
(Fund.) (SHG) (Fund.) (SHG)

RF-gun frequency band C-band S-band S-band

Electron Beam at IP

Bunch charge [nC] 0.5 0.5 0.5 0.5
e-Beam energy [MeV] 145 145 150 116
Norm. proj. emittance, rms [mm mrad] 0.45 0.45 1 6
Bunch duration, FWHM [ps] 7 7 10 20
Transverse beam size, rms [µm] 12 12 20 40
Relative energy spread, rms [%] 0.03 0.03 0.2 0.2
Peak current [A] 70 70 ∼40 ∼25
Hourglass effect [%] 0.7 0.7 1.0 3.6
Rep. rate [Hz] 100 100 100 10

Incident Laser at IP

Central wavelength [µm] 1.0 0.5 1.0 0.5
Bandwidth, FWHM [%] 1 1 1? 1?
M2-factor 1.5 1.5 1.5? 1.5?
Interaction angle [deg] 3 3 5 0
Pulse energy [J] 1.0 0.5 0.5 0.15
Intensity pulse size, rms [µm] 15 15 15? 34
Pulse duration, FWHM [ps] 7 7 10? 20
Diffraction effect 0.4 0.2 0.5 0.1
Rep. rate [Hz] 100 100 100 10

Scattered Radiation

Collimation angle [mrad] 0.5 0.5 0.5? 0.5?
Pulse duration, FWHM [ps] 2 2 2 12
Source size, rms [µm] 7 7 6 26
Laser-electrons transverse overlap ratio 1.3 1.3 0.9 0.8

Max. photon energy [keV] 382 767 410 478
Bandwidth, FWHM [%] 3 3 6 15
Peak power, total [kW] 90 45 23 0.2
Peak intensity [106 ph/pulse] 8 2 1.5 0.1
Peak intensity, total [106 ph/pulse] 260 65 47 3
Peak brilliance [ph/s/mm2/mrad2/0.1% BW] 13×1019 4×1019 3×1019 1.5×1015

Average intensity [108 ph/s] 8 2 1.5 0.01
Average intensity, total [108 ph/s] 260 65 47 0.3
Average brilliance [ph/s/mm2/mrad2/0.1% BW] 7×1010 2×1010 1×1010 1×106

Average spectral density [ph/s/0.1%BW] 9.2×106 2.6×106 1.2×106 2×103

Dimension of e-beam delivery system ∼5m × 20m ∼5m × 20m ∼ 5m × 23m ∼3m × 25m
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3.10 Outlook and future developments

We described the design of a linear electron accelerator and its transport system, en-

abling simultaneous two-beamline operation of an inverse Compton source. The con-

cept’s feasibility was demonstrated through large-scale start-to-end electron-beam dy-

namics simulations, complemented by the technical details of a state-of-the-art C-band

photoinjector, and a novel beam switchyard. Meticulous control of beam optics within

the switchyard, balancing chromatic effects while accounting for coherent synchrotron

radiation, ensured preservation of the six-dimensional beam brightness.

Thanks to a high-gradient C-band linac and an optimized mirror-based laser ar-

rangement at the interaction points, the proposed ICS source combines a compact

footprint with wide photon-energy tunability. These capabilities, together with the

predicted ICS performance, make it well suited for high-resolution medical imaging,

nondestructive testing in mechanical and automotive industries, and characterization

of cultural-heritage artifacts [142]. In the nominal working point—145 MeV beam energy

at 100 Hz repetition—the on-axis ICS photon energies are 383 keV at the fundamental

laser wavelength (λ1 = 1032 nm) and 767 keV via SHG (λ2 = 516 nm). By continuously

varying the electron energy between 100 and 166 MeV, the on-axis photon energy can

be swept from approximately 160 keV up to 1 MeV. Moreover, fine adjustment of the

interaction angle permits percent-level spectral scans about these central energies with

high spatial coherence, thereby enabling the use of advanced techniques such as rapid

K-edge subtraction [35] and phase-contrast imaging [34]. The insertion of the BSM also

enables the electron beam to pass through undeflected—either alone or alternating with

the X-ray generation—thereby broadening the utility of the ICS facility. A prime exam-

ple is the FLASH-RT, an emerging technique for ultra-rapid treatment of radiosensitive

tumors currently under development in research and clinical settings [143, 144]. The

beam’s pulse energy and duration align with the specifications for very-high-energy elec-

tron (VHEE) linacs central to this technique [145]. Beyond medical applications, the

availability of a high-energy electron beam offers potential applications for industrial

processes such as materials processing and sterilization.

Future developments will include refinements and improvements upon this work.

They will involve electron beam dynamics studies, with the complete inclusion of space

charge and short-range wakefield effects, fully simulated from the photocathode up to
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the interaction point. Also, a more in-depth machine stability study, in particular in-

volving static errors (e.g. misalignment of cavities and magnetic elements) will assess

the impact of spurious dispersive effects and transverse wakefield kicks on the beam

quality. Then, a complete simulation of the ICS interaction, can fully capture all 3D

effects, such as the hourglass effects which, although small, can limit the extent of

the interaction region and the effective available X-ray flux. Finally, a complete char-

acterization of the X-ray beam is necessary to accommodate the specific application

considered.
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Chapter 4

Microbunching instability studies in

the context of free-electron laser

facilities

With the BoCXS project on hold, we decided to leverage the skills and insights gained

during its design and beam-dynamics studies by redirecting my research toward other

accelerator platforms, while remaining within the realm of high-brightness electron

beam light sources, specifically free-electron lasers (FELs). This refocusing remains

fully consistent with the central thread of my dissertation, namely the optimization of

six-dimensional electron-beam brightness in linear accelerators for X-ray applications.

Following the INFN–LNF and University of Bologna collaboration on the BoCXS C-

band photoinjector, I joined the most advanced effort currently underway at LNF: the

EuPRAXIA@SPARC_LAB project [52]. This initiative seeks to build the world’s first

user-oriented, plasma-driven FEL facility, augmented by state-of-the-art linac technol-

ogy, thereby creating new synergies between fundamental-physics research and high

social impact applications.

In such a context, the brightness requirements on the electron beam are even more

demanding, as these type of machines routinely employs strong bunch compression

during acceleration. Self-developing microstructures in the longitudinal phase space of

electron bunches subjected to strong compression have been observed in several high-

brightness FEL linac drivers [42, 43]. Consistent with experimental results, computer

simulations of the longitudinal space charge (LSC) force [146] and CSR in bunch com-
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pressors demonstrate that microbunching instability (MBI) can significantly amplify

small initial modulations in longitudinal density and energy, thus degrading beam qual-

ity. This effect is particularly disruptive for an FEL, where it leads to a large slice

energy spread. For this reason, a proper study of MBI has to be performed in the

context of the design and development of EuPRAXIA@SPARC_LAB, on the basis of

the final machine layout. Moreover, the possibility to use a laser heater as a MBI sup-

pressor, requires a careful design to accommodate the various machine configurations

and working points that are foreseen during the machine operation.

This work was carried out under the supervision and with the support of the FERMI

research group at Elettra Sincrotrone Trieste [147], which provided its extensive exper-

tise in this field and graciously hosted me within its research activities throughout my

final PhD year. Indeed, this last phase of the project also includes studies of the MBI

in the context of FERMI—the world’s first seeded free-electron laser and currently the

FEL facility with the highest degree of longitudinal coherence [51].

In this chapter, we investigate the microbunching instability in linac-driven free-

electron lasers, making use of a semi-analytical model to estimate its impact on the

electron beam quality. We discuss the application of such model to develop optimal

strategies of beam compression schemes in the context of high-current operations for

FERMI. Subsequently, we extend our study to the EuPRAXIA@SPARC_LAB facility,

analyzing its specific machine configurations and working points to assess the suscep-

tibility to microbunching-driven beam quality degradation. Finally, we describe the

design of a laser heater for EuPRAXIA@SPARC_LAB, engineered to provide the op-

erational flexibility required to remain compatible with all the foreseen machine config-

urations.

4.1 Semi-analytical model of microbunching instability

Various computational approaches are available for modeling the microbunching in-

stability [98, 128, 148–150]. Particle-in-cell codes and Vlasov solvers deliver detailed,

high-fidelity results but require substantial computational resources and careful control

of numerical noise. Semi-analytical models, in contrast, need minimal computing effort

and are inherently noise-free, though they rely on simplifying assumptions that limit

their accuracy. Nonetheless, these models are indispensable for identifying the dominant

physical processes, that may differ between different scenarios, playing a central role in
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predicting the final modulation spectrum and energy spread during facility design, as

well as in guiding the optimization of operating or upgrade configurations. Various

semi-analytical models of the microbunching instability have been developed over the

past two decades, such as the integral linearized Vlasov–Maxwell formalism [151] and

the matrix-multiplication technique [152]. After recently conducting a comprehensive

comparison of the two aforementioned models [53], for these MBI studies, we adopted

the integral linearized Vlasov–Maxwell approach—which for the sake of brevity we will

name Huang-Kim (HK) model—for its balance of physical transparency and computa-

tional efficiency, and in the following, we detail our implementation.

The HK formalism is grounded on the linearization of the Vlasov-Maxwell equa-

tion for the 6D electron beam distribution passing through a four-dipole symmetric

chicane [151]. The impedances effects on the formation of microbunches are modeled

as an integral equation whose kernel contains the physics of collective effects

b(k(s); s) = b0(k(s); s) +

∫ s

0
K(s′, s)b(k(s′); s′) ds′. (4.1)

with k = 2π/λ the modulation wave number. The model is valid in ultrarelativistic

regime and, in our implementation, averages over betatron oscillations along the linac.

The use of effective transverse beam sizes in the calculation of Coulomb interactions

justifies 1.5D approximations to some extent [94, 153]. Another underlying assumption

is that bunch compression remains linear. This approximation can introduce differences

between the model and both simulations and the real case, since strong nonlinearities in

the compression process may lead to the formation of pronounced current spikes, which

in turn significantly enhance CSR and MBI effects, particularly in high-current regimes.

As shown in Fig 4.1, the beam line is split into straight sections (either a linac or

a transfer line, from s0 to s1), interspersed with magnetic chicanes (bunch compressor,

from s1 to s2 for the first half of the chicane, from s2 to s3 for the second half) with a

linear compression factor C. Starting from a shot noise-like distribution (Eq. 2.88),

|b0(k)| =
√
ec

I0

k

2π
, (4.2)

the bunching, defined at s0 (b(s0)), generates energy modulation through LSC up to s1,
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with measurements. The Clog was calculated following
the numerical prescription provided originally by
Raubenheimer for Gaussian transverse distributions with
long tails [74], now adapted to a single-pass beamline with
a constant average Lorentz factor γ̄ (“constant Clog”).
The synchrotron radiation damping time is replaced by the
traveling time of particles along the linac [18]. When the
adiabatic damping of the longitudinal momentum is prop-
erly taken into account during acceleration from an initial
Lorentz factor γ0 to a final γ, the IBS-induced relative
energy spread is the one in Eq. 7 of [75]:

σ2δ;IBSðγ; sÞ ¼
4

3

kðγ̄Þ
Ga=ðmec2Þ

!
γ3=2 − γ3=20

γ2

"
; ð14Þ

where Ga is the average accelerating gradient in MeV=m,
γmec2 the final electron total energy in MeV, and

kðγ̄Þ ¼ a lnΛ ¼ aln
!
εnqmax

2
ffiffiffi
2

p
re

"$$$$
γ̄

≅
!

Ner2e

8ε
3
2
nβ

1
2⊥σz

"
ln
!
βcτNeε

1
2
n

16γ
3
2β

1
2⊥σz

"$$$$
γ̄

; ð15Þ

with re ¼ 2.818 × 10−15 m the classical electron radius, εn
the transverse normalized emittance, β⊥ the average beta-
tron function, Ne the number of electrons in a bunch of rms
duration σz, and τ the bunch traveling time at speed βc. The
approximated value of qmax is still dependent from the
beam mean energy, but independent from the uncorrelated
energy spread σδ at first order in σδ.
The explicit dependence of Clog from a varying ðsÞ is

taken into account by Eq. (10) in [75], which allows to
calculate the IBS-induced energy spread through numerical
integration (“integral form”):

σ2δ;IBSðγ; sÞ ¼
1

Ga=ðmec2Þ
1

γ2

Z
γ

γ0

dγ0
ffiffiffiffi
γ0

p
kðγ0Þ. ð16Þ

Finally, an approximate closed form of σE;IBSðγðsÞ; sÞ,
with explicit dependence of Clog from the varying beam
energy, still at first order in σδ, was given in Eq. 29 of [76].
That solution, however, is inaccurate, because it was
derived by discarding the momentum damping during
acceleration. When this is properly accounted for, we
can solve the equation for the energy spread growth rate
with the Fourier method (separation of variables), to finally
get (“closed-form”):

σ2δ;IBSðγ; sÞ ¼
2

3

a
Ga=ðmec2Þ

1

γ2
½ð1þ 2 ln Λ̃Þðγ3=2 − γ3=20 Þ

þ þ2ðγ3=20 ln γ3=40 − γ3=2 ln γ3=4Þ&; ð17Þ

where Λ̃ ¼ γ
3
2Λ and Λ was defined in Eq. (15).

It is intended for Eqs. (14), (16), and (17) that the total
uncorrelated relative energy spread in the presence of
acceleration is

σ2δ;totðγðsÞ; sÞ ¼
!
σδ;0

γ0
γ

"
2

þ σ2δ;IBSðγ; sÞ: ð18Þ

C. Implementation of the Huang–Kim formalism

The HK formalism relies on the linearization of the
Vlasov-Maxwell equation for the 6D electron beam dis-
tribution function passing through a four-dipole symmetric
chicane [26]. The effect of impedances on the formation of
microbunches results in an integral equation with a specific
initial condition for the bunching factor, and in which the
kernel contains the physics of collective effects, including
Landau damping [77]:

bðkðsÞ;sÞ¼ b0ðkðsÞ;sÞþ
Z

s

0
Kðs0;sÞbðkðs0Þ;s0Þds0. ð19Þ

In our implementation, the effect of IBS is evaluated
stepwise along the beamline, sketched in Fig. 1 for
illustration. The line is split into drift sections (this being
either a linac or a transfer line, from s0 to s1), interleaved
with magnetic chicanes (bunch compressor, from s1 to s2
for the first half of the chicane, from s2 to s3 for the second
half). The initial bunching (defined at s0) in Eq. (4)
generates energy modulation through LSC (up to s1)
according to Eq. (6). That is then plugged into Eq. (5)
to calculate the amplified bunching factor in the presence of
longitudinal dispersion R56 (s3). The bunching amplifica-
tion due to the presence of CSR is also calculated following
strictly [26], then linearly superimposed to the initial and
copropagating bunching (low gain term), and to the LSC-
driven bunching (high gain):

bðs3Þ ¼ bðs0Þ þ bjR56
ðs0→3Þ þ bjCSRðs1→3Þ. ð20Þ

FIG. 1. Sketch of a beamline consisting of a linac section of
length L and average accelerating gradient G, followed by a four-
dipole magnetic chicane (bunch compressor, BC) characterized
by dipole bending angle θ, longitudinal dispersion function R56,
and putting in place linear compression by a factor C. This type of
beamline can be replicated in a series to model multistage
compression. See the text for reference.
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Figure 4.1: Sketch of a beamline consisting of a linac section of length L and average ac-
celerating gradient G, followed by a four-dipole magnetic chicane (bunch compressor, BC)
characterized by dipole bending angle θ, longitudinal dispersion function R56, and inducing
linear compression by a factor C. This type of beamline can be replicated in a series to model
multistage compression [53].

recalling Eq. 2.89

∆γ

γ
(k, s) =

4πI0
Z0IA

∫ s1

s0

b(k, s′)
ZLSC(k, s

′)

γ(s′)
ds′ , (4.3)

that is then plugged into the equation to calculate the amplified bunching factor at the

end of the bunch compressor s3 (from Eq. 2.90)

b|R56(s0→3) ≃ CkR56
∆γ

γ
LD⊥ LD∥ . (4.4)

The bunching due to the effects of CSR, b|CSR(s1→3), is also calculated following

strictly [151], and then linearly superimposed to the initial and copropagating bunching

b(s0) (low gain term), and to the LSC-driven bunching (high gain):

b(s3) = b(s0) + b|R56(s0→3) + b|CSR(s1→3) . (4.5)

The energy modulation induced by LSC throughout the chicane (from s1 to s3) is also

calculated, with the peak current assumed to be unperturbed in the first half of the

chicane and multiplied by the compression factor in the second half, and finally all

energy modulations are linearly superimposed:

∆γ

γ
(s3) =

∆γ

γ

∣∣∣∣0→1

LSC
+

∆γ

γ

∣∣∣∣1→2

LSC
+

∆γ

γ

∣∣∣∣2→3

LSC
. (4.6)

This procedure is repeated for each subsequent section of the machine that involves

bunch compression: the final bunching factor given in Eq. 4.5 becomes the initial one
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for the next compression stage, and the energy modulations generated in the upstream

sections are likewise converted into microbunching, together with those cumulated in

the new section. The two damping terms of Eq. 4.4 introduce Landau damping similar

in form to Eqs. 2.91 and 2.92. According to [151], transverse damping LD⊥ is approx-

imated by keeping only the contribution from the fourth dipole of the chicane, where

the bunch is fully compressed, and where the dispersion ηx → 0 so that the chromatic

H -function Hx ≃ βxη
′2
x ≃ βxθ

2. Longitudinal Landau damping is instead driven by

the uncorrelated energy spread upstream of the chicane. In this implementation of the

model, also the effect of intrabeam scattering (IBS) is evaluated stepwise along the

beamline. This contribution to the energy spread, in some cases, is crucial to a reliable

prediction of the MBI gain and therefore of the final slice energy spread [53, 154]. The

IBS-induced relative energy spread is here computed in its energy-dependent integral

form as [154, 155]

σ2δ,IBS(γ; s) =
1

Ga/(mc2)

1

γ2

∫ γ

γ0

k̃(γ′)
√
γ′ dγ′ , (4.7)

where Ga is the average accelerating gradient in MeV/m and k̃(γ) is given by

k̃(γ) ≃
(

Ne r
2
e

8 ε
3/2
n β

1/2
⊥ σz

)
ln

(
βcτ Ne ε

1/2
n

16 γ2 ε
3/2
n β

1/2
⊥ σz

)∣∣∣∣∣
γ

, (4.8)

with re = 2.818 × 10−15 m the classical electron radius, εn the transverse normalized

emittance, β⊥ the average betatron function, Ne the number of electrons in a bunch of

rms duration σz, and τ the bunch traveling time at speed βc.

The laser heater is assumed to introduce only uncorrelated energy spread whose

contribution can be specified by the user. However, an eventual transverse mismatch

between the round laser beam (rms size σl) and the round electron beam (rms size σe) in

the heater undulator can modify the idealized Gaussian energy distribution. Accounting

for this effect, Eq. 2.91 is generalized as follows [91]:

LD∥(k; s3) = exp

[
−1

2
(CkR56)

2σ2δ,int(s1)

]
ξ0(k;σe, σl), (4.9)

with

ξ0 =

∫
dRRe

−
(

R2

2

)
J0

[
CkR56σδ,LH exp

(
−
(
Rσe
2σl

)2
)]

. (4.10)
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where J0 is the zero-order Bessel function. Although negligible (approximately 2 orders

of magnitude smaller in a symmetric four-dipole chicane), the second order longitudinal

dispersion T566 contribution to the damping can be enabled.

In the end the figures of merit we use to measure the presence and magnitude of

MBI are the spectral gain

G(k) =

∣∣∣∣∣bf (k)b0(k)

∣∣∣∣∣ , (4.11)

and the beam energy spread which is given by

σ2E,tot(s)
∼= C2

(
σ2E,0 + σ2LH + σ2IBS(s)

)
+ σ2MBI(s) ≡ σ2int(s) + σ2MBI(s) , (4.12)

where σE,0 is the initial uncorrelated energy spread at the photoinjector, σIBS is the one

given by IBS, σMBI is the energy spread given by the energy modulations cumulated

through LSC, σLH is the energy spread induced by the laser heater and we consider

an approximate preservation of the longitudinal emittance through the compression

process. The total LSC-induced energy spread is in turn given by the sum in quadrature

of all the energy spread contributions, computed with Eq. 2.94, of the various subsequent

sections represented in Fig. 4.1.

The HK formalism was successfully benchmarked in [154] to explain the observed

∼ 100 keV slice energy spread at the end of the FERMI linac in a low charge regime

(100 pC), while here we show in Fig. 4.2 the same exercise for the slice energy spread

measured at the same facility in high charge regime (600 pC) [156], where also the

Bosch-Kleman-Wu (BKW) approach [152] is shown for comparison [53]. More in detail,

the σE,tot predicted by HK and BKW are compared to the slice energy spread σE,meas

measured at the entrance of the FERMI FEL undulator line, at the energy of 1 GeV, for

the three peak currents of 0.8, 1.1, and 1.3 kA (i.e. for compression factors of 11, 15 and

17, considering an initial current of 75 A and an initial energy spread σE,0 = 2.4 keV)

with and without the action of the laser heater. In this specific case the MBI was almost

absent, and the use of the LH only increased the final energy spread.

4.2 FERMI FEL @Elettra Sincrotrone Trieste

In an externally seeded free-electron laser, a synchronized laser pulse is injected into a

short modulator undulator that is tuned to the fundamental resonance of the electron
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We conclude that the linearization of the Bessel function
is overall justified, with the exception of the 1.5 GeV, two-
stage set. In this case, owing to the relatively large energy
modulation at the entrance of BC2, the final gain could be
overestimated by the linearization. In addition, one could
reasonably argue that the inclusion of second-order cor-
rection to the gain [Eq. (10)] in the presence of gain
linearization [Eq. (5)], whenever the latter is admitted by
virtue of small electrons’ phase slippage, is not a fully self-
consistent procedure. In such a case, the gain at second
order tends to illustrate a pessimistic scenario.

IV. BENCHMARK OF MEASUREMENTS

A. FERMI high charge

The HK formalism was first and successfully applied in
[18] to explain the observed ∼100 keV slice energy spread
at the end of the FERMI linac in a low charge regime
(100 pC), for which IBS was shown to play a critical role in
limiting the MBI gain. The exercise is repeated here for the
slice energy spread measured at the same facility in high
charge regime (600 pC) and reported in Fig. 2 of [81].
Figure 14 compares σE;tot predicted by HK and BKW to

the slice energy spread σE;m measured at the entrance of the
FERMIFELundulator line, at the energy of 1.32GeV, for the
three peak currents of 0.8, 1.1, and 1.3 kA.The comparison is
carried out for no heating and for heating inducing 5 keV rms
energy spread (approximately 1 μJ laser pulse energy). The
modeling includes the 25-m-long FERMI high energy
transfer line connecting the linac to the undulator: it is
treated as a straight section, neglecting its small jR56j <
1 mmand henceCSR in the four dipoles, while LSC and IBS
are included. Doing so, the present modeling is missing the

potential impact of phase mixing, energy or emittance
damping developing through the transfer line [13,17,82,83].
The initial peak current is estimated to be

∼600 pC=8 ps ¼ 75A, and thereby the compression factor
in BC1 results in C ≅ 11ð0.8 kAÞ, 15 (1.1 kA), and 17
(1.3 kA). Assuming that σE;m with no heating is weakly
affected by the instability, the uncorrelated energy spread at
the entrance of BC1, at a beam energy of 300 MeV, is
estimated as the minimum among the values σE;BC1 ¼
minðσE;m=CÞ¼minð3.0;3.3;3.7Þ¼ 3.0 keV, where σE;m ¼
41, 50, 53 keV respectively. To retrieve the uncorrelated
energy spread at the exit of the photoinjector, ∼20 m
upstream BC1 and at the beam energy of 100 MeV, we
subtract in quadrature from σE;BC1 the minimum energy
spread induced by IBS along that region, i.e., 1.8 keV, and
eventually fix the initial energy spread to σE;0 ¼ 2.4 keV.
Figure 14 confirms the mutual agreement of HK and

BKWand of their prediction with measurements [81], with
and without beam heating. The height of the vertical blue
bars corresponds to the experimental uncertainty reported
in [81]. The height of the orange and red bars corresponds
to the peak-to-peak variation of the prediction over all three
IBS models in Eqs. (14), (16), and (17), and for average
betatron functions along the FERMI beamline scanned in

FIG. 13. Argument of the gain Bessel function in Eq. (5),
calculated at the entrance of bunch compressors, in correspon-
dence of the wavelength of maximum gain, for all four cases in
Fig. 2, and with LSC, CSR, and IBS included. The linearization
of the Bessel function in Eq. (5) is a good approximation
for ζc < 1.

FIG. 14. Slice energy spread at the entrance of the FERMI
undulator line predicted by HK (orange), BKW (red), and
measured [81] (blue), for laser heater off (top) and inducing
5 keV rms energy spread (bottom). See text for themeaning of bars.
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We conclude that the linearization of the Bessel function
is overall justified, with the exception of the 1.5 GeV, two-
stage set. In this case, owing to the relatively large energy
modulation at the entrance of BC2, the final gain could be
overestimated by the linearization. In addition, one could
reasonably argue that the inclusion of second-order cor-
rection to the gain [Eq. (10)] in the presence of gain
linearization [Eq. (5)], whenever the latter is admitted by
virtue of small electrons’ phase slippage, is not a fully self-
consistent procedure. In such a case, the gain at second
order tends to illustrate a pessimistic scenario.

IV. BENCHMARK OF MEASUREMENTS

A. FERMI high charge

The HK formalism was first and successfully applied in
[18] to explain the observed ∼100 keV slice energy spread
at the end of the FERMI linac in a low charge regime
(100 pC), for which IBS was shown to play a critical role in
limiting the MBI gain. The exercise is repeated here for the
slice energy spread measured at the same facility in high
charge regime (600 pC) and reported in Fig. 2 of [81].
Figure 14 compares σE;tot predicted by HK and BKW to

the slice energy spread σE;m measured at the entrance of the
FERMIFELundulator line, at the energy of 1.32GeV, for the
three peak currents of 0.8, 1.1, and 1.3 kA.The comparison is
carried out for no heating and for heating inducing 5 keV rms
energy spread (approximately 1 μJ laser pulse energy). The
modeling includes the 25-m-long FERMI high energy
transfer line connecting the linac to the undulator: it is
treated as a straight section, neglecting its small jR56j <
1 mmand henceCSR in the four dipoles, while LSC and IBS
are included. Doing so, the present modeling is missing the

potential impact of phase mixing, energy or emittance
damping developing through the transfer line [13,17,82,83].
The initial peak current is estimated to be

∼600 pC=8 ps ¼ 75A, and thereby the compression factor
in BC1 results in C ≅ 11ð0.8 kAÞ, 15 (1.1 kA), and 17
(1.3 kA). Assuming that σE;m with no heating is weakly
affected by the instability, the uncorrelated energy spread at
the entrance of BC1, at a beam energy of 300 MeV, is
estimated as the minimum among the values σE;BC1 ¼
minðσE;m=CÞ¼minð3.0;3.3;3.7Þ¼ 3.0 keV, where σE;m ¼
41, 50, 53 keV respectively. To retrieve the uncorrelated
energy spread at the exit of the photoinjector, ∼20 m
upstream BC1 and at the beam energy of 100 MeV, we
subtract in quadrature from σE;BC1 the minimum energy
spread induced by IBS along that region, i.e., 1.8 keV, and
eventually fix the initial energy spread to σE;0 ¼ 2.4 keV.
Figure 14 confirms the mutual agreement of HK and

BKWand of their prediction with measurements [81], with
and without beam heating. The height of the vertical blue
bars corresponds to the experimental uncertainty reported
in [81]. The height of the orange and red bars corresponds
to the peak-to-peak variation of the prediction over all three
IBS models in Eqs. (14), (16), and (17), and for average
betatron functions along the FERMI beamline scanned in

FIG. 13. Argument of the gain Bessel function in Eq. (5),
calculated at the entrance of bunch compressors, in correspon-
dence of the wavelength of maximum gain, for all four cases in
Fig. 2, and with LSC, CSR, and IBS included. The linearization
of the Bessel function in Eq. (5) is a good approximation
for ζc < 1.

FIG. 14. Slice energy spread at the entrance of the FERMI
undulator line predicted by HK (orange), BKW (red), and
measured [81] (blue), for laser heater off (top) and inducing
5 keV rms energy spread (bottom). See text for themeaning of bars.
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Figure 4.2: Slice energy spread at the entrance of the FERMI undulator line predicted by
HK (yellow), BKW (red), and measured [156] (blue), for laser heater off (left) and inducing
5 keV rms energy spread (right). The height of the blue bars corresponds to the experimental
uncertainty reported in [156], while the height of the yellow and red bars accounts for peak-to-
peak variation of the prediction over three different IBS models [53] and for average betatron
functions along the FERMI beamline (scanned in the range of 10–20 m).

beam. The laser field promptly imprints a periodic energy modulation on the electrons,

and, as the beam subsequently traverses a magnetic chicane, this energy modulation is

converted into a density (current) modulation—or microbunching—at the same spatial

period. Because the microbunching is generated deterministically and immediately, the

beam enters the next undulator section in the high-gain regime without the stochastic

start-up associated with SASE operation. By adjusting the chicane dispersion the

microbunching can be shifted to the n-th harmonic of the seed wavelength. The bunched

beam is then injected into a radiator undulator tuned to that harmonic; there the

coherent radiation intensity grows exponentially over a few gain lengths, producing high-

brightness FEL pulses at wavelengths well below the seed, in a process known as high-

gain harmonic generation (HGHG) [157, 158]. The output pulse inherits the seed narrow

bandwidth and fixed phase, yielding full longitudinal coherence and a nearly transform-

limited spectrum—properties that closely resemble those of conventional optical lasers.

Moreover, the required undulator length is substantially reduced compared with SASE,

making HGHG an efficient route to intense, short-wavelength FEL radiation.

FERMI is a user-oriented, externally seeded, single-pass free-electron laser facility

housed within the Elettra synchrotron complex in Trieste [51, 159, 160]. Its prin-

cipal aim is to provide fully coherent, narrow-bandwidth photon pulses—tunable in

wavelength, polarization, and duration down to the femtosecond range—for advanced

spectroscopic, diffraction, and pump–probe experiments [161–165]. As of now, FERMI

79



Figure 4.3: Schematic of FERMI layout, comprising of accelerating structures (Gun, L0-L4),
compressors (BC1, BC2), high energy transfer line (TLS, Spreader), FEL lines and beam dumps
(DBD, MBD) [123].

remains the only FEL facility worldwide that employs external seeding to deliver fully

coherent, intense pulses of 10–100 fs duration with unparalleled energy and timing sta-

bility [147, 166], while also enabling multi-color FEL operation [167]. Both FEL lines

of FERMI employ external UV seed lasers (λl ≈ 230–260 nm). In FEL-1, a single-stage

HGHG scheme covers wavelengths between 100 nm and 20 nm. FEL-2 adds a fresh-

bunch, two-stage HGHG cascade to reach 20 nm down to 4 nm in the soft-X-ray “water

window” [168, 169]. FERMI FEL-2 can also be operated in the so-called superradiance

mode, allowing to generate transform-limited few-fs pulses. Moreover, the implementa-

tion of the echo-enabled harmonic generation (EEHG) scheme in the FEL-1 amplifier

line has recently been achieved [170, 171], doubling the maximum photon energy of

FEL-1 and enhancing the spectral quality. This external seeding architecture ensures

full longitudinal and statistical coherence comparable to conventional lasers—making

of FERMI the most coherent FEL in the world—and enables continuous wavelength

tuning via simple adjustments of the seed-laser parameters. In the future, upgrades are

foreseen as part of the FERMI 2.0 plan [160, 172], involving a substantial increase in

the linac energy, an upgrade of the undulators and a conversion from the FEL-2 line

HGHG operating scheme to an EEHG first stage, followed by an HGHG second stage,

which will allow to reach photon energies well beyond the oxygen K-edge.

The FERMI layout is sketched in Fig. 4.3. The ∼ 150 m long, S-band normal

conducting linac can provide a beam energy of up to ∼ 1.5 GeV. The layout includes a

laser heater system (LH) at the exit of the photoinjector L0 (at ∼ 100 MeV), a small

X-band linearizer and two magnetic chicanes (BC1 and BC2), allowing high current

operations up to ∼ 1 kA. The transfer line (TLS) and the spreader, made up of two

pairs of double bend achromat sections, lead to the single-pass undulator chains for the

external laser-seeded FEL-1 and FEL-2.
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4.2.1 Microbunching instability studies for FERMI compression schemes

During its latest operations, the FERMI accelerator made use of a one-stage compression

scheme to bring electron bunches of ∼ 500 pC up to ∼ 700 A, proving to be a reliable

configuration for the main FEL operations, both in terms of needed beam current

and microbunching instability occurrence. In preparation for the FERMI 2.0 upgrade,

operation with two-stage compression was studied, aiming at obtaining a final beam

current ≥ 1 kA. Two configurations were tested, and both showed a strong content of

MBI, making it basically impossible to operate the FEL without a substantial use of the

laser heater, as shown in Fig. 4.4. This revealed the need for more in-depth studies of
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Figure 4.4: Measured FEL intensity versus laser heater attenuator scan, for the two com-
pression scheme tested in November 2024. The configuration 1 (in red) showed a larger MBI
content overall, with respect to the configuration 2 (in blue).

the MBI behavior for the various compression schemes, in order to minimize its impact

on the FEL performance. The main goal was to use the semi-analytical model to explore

the compression parameters space and find the configuration that could minimize MBI

contributions in terms of energy and current modulations, to be later tested on the

actual machine.

Another option would involve an actual change to the layout of the FERMI 2.0

machine by removing one of the two magnetic compressors and potentially relocating the

remaining one to a different position along the accelerator, in order to enable the bunch

compression at an optimal anergy to maximize the 6D beam brightness. Therefore, also

this eventuality was studied by making use of the HK model.

An important note to make is that these studies consider the buildup of the MBI
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only up to the end of the linac, right before the spreader entrance. It is likely, however,

that the action of the double bend achromat sections has a considerable impact on the

instability, contributing both with longitudinal dispersion and CSR effects which, in

particular, may become dominant when such high beam currents are involved. Hence,

while the extension of the analytical model to the spreader is deferred to a future work,

our aim here was to keep the MBI as low as possible at the linac’s end, so as to minimize

any possible amplification of the instability through the spreader.

4.2.1.1 Two-stage compression scheme

The two compression schemes tested during the FERMI operation in November 2024

involved the use of both magnetic bunch compressors BC1 and BC2, with compression

factors and longitudinal dispersions expressed in Tab. 4.1. At the exit of the photoin-

Table 4.1: Two-stage compression parameters for two configuration tested at FERMI

Parameter Config. 1 Config. 2

BC1 compression factor, C1 ∼ 3.5 ∼ 4.2
BC2 compression factor, C2 ∼ 5.0 ∼ 4.2
BC1 longitudinal dispersion, R561 [mm] -41 -23
BC2 longitudinal dispersion, R562 [mm] -23 -23

jector, the beam starts with a current of 57 A, a bunch charge of 500 pC, and an initial

energy spread of ∼ 2 keV, and is subsequently accelerated to 1.5 GeV and compressed to

reach a final current of about 1 kA. We reproduced the two schemes implementing the

HK model, which, in its current instance, is able to describe the MBI evolution along

the machine, up to the end of the linac. The results, shown in Fig. 4.5 are compatible

with the measurements obtained by observing the FEL intensity, i.e. both configura-

tions present a high content of MBI, with the first one representing the worst case, as

more LH energy is required to suppress the instability (see Fig. 4.4, same color scheme

is used for the two configurations). Next, we had to probe the multidimensional pa-

rameter space of the machine for the two-stage compression scenario, with the goal to

find a configuration that minimizes the MBI. To do so, we performed scans of the main

parameters of the two bunch compressors, namely C1, C2, R561, and R562, aiming at

a total compression factor Ctot = 17.6. More in detail, we studied specific scenarios

represented by different compression ratios between BC1 and BC2: C1 > C2 (C1 = 6.5,

C2 = 2.7), C1 = C2 (C1,2 = 4.2) and C1 < C2 (C1 = 2.7, C2 = 6.5). For each scenario
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Figure 4.5: Gain functions for the config. 1 (in red) and config. 2 (in blue) and corresponding
MBI-induced energy spreads (σMBI)

we scanned R562 considering three different values of R561. The results are shown in

Figs. 4.6 and 4.7, displaying a multivariate 4D visualization of the parameter space on

a 2D plot, where the x-axis represents R562, the color encodes R561 and the line style

indicates the compression ratio between BC1 and BC2. From Fig. 4.6, it is clear
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Figure 4.6: Multidimensional scan of the two-stage compression scheme, for a total bunch
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that larger compression ratio C1/C2 and |R562| minimize both the gain and the energy

spread. The dependence of MBI on R561 is, instead, more intricate: while the gain

is generally minimized for smaller |R561|, the energy spread shows opposite behaviors

above or below specific values of |R562|, and the point of behavioral inversion depends

on C1/C2. Finally, Fig. 4.7 shows that larger C1/C2 and |R562| bring the gain peak to

longer wavelengths, while only a weak dependence on R561 is expected. For the FERMI

operation, a promising parameter space volume was individuated, represented by the

configuration C1 > C2 and R562 < −40 mm, which in a realistic scenario also requires

R561 < −40 mm, to be compatible with the needed beam energy chirp at BC2. During

the next FERMI run, at the end of 2025, this configuration will be deeply investigated

and tested.

4.2.1.2 One-stage compression scheme

The option to operate the machine with a single bunch compressor by removing com-

pletely the other magnetic chicane opens to the possibility to upgrade the FERMI

machine layout with the implementation of an additional accelerating section, which

would allow for greater energy flexibility. This also entails the possibility of relocat-

ing the remaining chicane to a different position along the accelerator, with the goal
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of potentially improving the overall beam brightness. Indeed, performing the beam

compression at higher energies should mitigate the impact of CSR in the chicane, as

the beam becomes more resilient to such collective effects. The behavior of the MBI,

however, is less trivial and needed to be investigated. We therefore studied the im-

pact of the MBI in the one-stage compression scenario, by performing a scan of the

BC position along the accelerator, which translates to a scan of the bunch compression

energy. Using the HK model, we scanned the BC energy between 285 and 770 MeV,

which roughly correspond to the current positions of BC1 and BC2, respectively. The

results are shown in Figs. 4.8 and 4.9 displaying the spectral gain and MBI-induced

energy spread at the linac end for two values of the chicane’s R56. The spectral gain

Figure 4.8: Spectral gain as a function of compression energy and uncompressed wavelength
λ0, for R56 = −30 mm (on the left) and R56 = −50 mm (on the right).
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Figure 4.9: MBI-induced energy spread (left) and wavelength of the gain peak (right) vs
compression energy, for two values of R56.

exhibits a monotonic increase with the BC energy, as expected, given that a further
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downstream compression allows larger energy modulations to develop and be converted

into microbunching. Such increment, is of the order of 20–30 % between the minimum

and the maximum BC energy, since most of the energy modulation upstream the com-

pression develops in the early stages of acceleration. Larger BC energies also move the

gain peak to shorter wavelengths. The MBI-induced energy spread, displays a weak

dependence on the BC position (Fig. 4.9, left), which becomes even weaker with higher

values of |R56|. As shown in Fig. 4.10, we also tested the sensitivity of this compression

scheme to the use of the LH, for various positions of the BC, since at shorter wavelengths

the longitudinal Landau damping should be more effective. However, although the gain
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Figure 4.10: Scan of LH-induced energy spread for three values of BC energy. On the left:
spectral gain. On the right: MBI-induced energy spread.

peak wavelength is shorter, at higher BC energies also the relative energy spread σδ is

smaller, and the two effects tend to compensate each other (with a slight edge in favor

of lower BC energies).

In general we observed that the overall content of MBI is not greatly affected by the

position of the BC, but a larger |R56| helps to suppress the instability. Hence, we could

not find a clear ideal scheme in terms of BC position to minimize the MBI, as we did for

the two-stage compression scenario, and the eventual choice of the optimal BC location

must be determined by other, more impactful, discriminating factors. For example, as

previously stated, a higher BC energy could be beneficial, as it reduces the CSR-induced

horizontal emittance growth; however, this may entail some complications. Moving the

bunch compression further along the beamline requires a greater effort to linearize the

longitudinal phase space distribution with the X-band cavity, since the bunch length

would be larger (thus more sensitive to the RF field curvature) for a greater part of the
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acceleration. In addition, this may expose the beam to a larger transverse wakefield

instability along the beamline upstream the compression. Finally, a “delayed” bunch

compression may leave too little room to correct the residual linear energy chirp.

In conclusion, this remains an open possibility for the FERMI 2.0 upgrade, which

have to be further investigated, possibly with an actual machine experiment. Indeed,

with the current FERMI layout we can probe the two cases representing the minimum

and maximum BC energy by operating the machine with either only BC1 or BC2,

respectively.

4.2.2 Outlook and future developments

The results presented in this section provide a comprehensive overview of the expected

behavior of the microbunching instability for the different compression strategies under

consideration for the FERMI accelerator. The combination of experimental observations

and semi-analytical modeling has allowed for a deeper understanding of the mechanisms

driving the instability growth and their dependence on the compression parameters. For

the two-stage compression case, the model reproduced well the experimental evidence

collected during FEL operation, confirming the strong presence of MBI in both config-

urations tested. The parametric exploration of the compression settings revealed clear

trends, and identified a promising region of operation to be experimentally tested dur-

ing the upcoming FERMI run. Conversely, the analysis of the single-stage compression

scheme showed a weaker sensitivity of the MBI to the bunch compressor position along

the accelerator.

In summary, these studies establish a solid groundwork for the optimization of the

FERMI 2.0 compression schemes. They emphasize the importance of a global approach

that simultaneously accounts for compression efficiency, collective effects, and practical

machine limitations. The next step will be the experimental validation of the most

promising configurations and the extension of the model to include the downstream

sections of the accelerator, where the combined action of the spreader optics and CSR

may further influence the evolution of the instability.

87



4.3 EuPRAXIA@SPARC_LAB

Plasma-based acceleration [173–177] exploits the ability of an ionized gas to sustain

extremely large electric fields—several orders of magnitude above those achievable in

conventional RF structures. When a short, intense driver (either an ultra-short laser

pulse or a high-current particle bunch) traverses the plasma, it displaces electrons from

its path and excites a trailing plasma wave or “wake”. The electric fields inside this

wake can reach the GV/m level and, if a properly phased witness bunch is injected

into the accelerating phase of the wave, it can gain energy very rapidly over just a few

centimeters. Since the driver transfers its energy directly to the plasma wave, which in

turn accelerates the electrons, plasma accelerators offer the prospect of ultra-compact,

high-energy linacs—potentially reducing facility length from hundreds of meters to just

a few meters—while preserving beam quality suitable for advanced light sources and

high-energy physics applications.

EuPRAXIA@SPARC_LAB is the INFN–LNF implementation of the European

Plasma Research Accelerator with eXcellence In Applications (EuPRAXIA) design

study, whose primary objective is to demonstrate the viability of plasma-based ac-

celeration for next-generation user facilities [178]. Hosted at the Frascati National

Laboratories, the project aims to integrate a high-brightness electron beam produced

by a novel X-band RF linac, together with a PW-range laser system enabling both

laser- and beam-driven plasma wakefield acceleration to feed a compact free-electron

laser beamline operating initially in the water-window spectral region (2–5 nm) with

user-oriented endstations [52].

The unique feature of EuPRAXIA@SPARC_LAB is its status as the first user-

oriented FEL facility driven, in whole or in part, by plasma acceleration. In its baseline

plasma-driven configuration, a 1 GeV beam, pre-accelerated to ∼ 600 MeV in the X-

band linac and then boosted by a plasma module, will drive a SASE FEL capable of

delivering ultra-short (∼ fs), high-brilliance pulses. The facility footprint is kept around

∼ 100 m by virtue of X-band state of the art technology and the GV/m-scale gradients

provided by plasma wakefield acceleration. The final design will support two beamlines,

including VUV (50–180 nm), XUV/soft-X-ray (2–10 nm) FEL branches and a betatron

source from laser-plasma interaction [179].

In its current layout, EuPRAXIA@SPARC_LAB facility spans a 55 m accelerator
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Figure 4.11: Schematic of the EuPRAXIA@SPARC_LAB accelerator layout, inclusive of the
AQUA beamline.

complex that delivers a high-brightness ∼ 1 GeV electron beam. The layout, as sketched

in Fig. 4.11, comprises an S-band photoinjector, involving a small X-band linearizing

cavity right after the gun. A first magnetic chicane hosts the laser heater (LH), but

is also used as bunch length compressor, necessary to shorten the bunch before the

injection into the X-band linac. The two X-band sections are interleaved by the main

magnetic bunch compressor (BC), and are followed by the plasma module. After that,

a small magnetic chicane is implemented in order to separate and dispose of the driver,

which lost most of its energy inside the plasma to accelerate the witness. The diagnostic

and matching sections then prepare the beam for either the AQUA or ARIA (not shown)

undulator beamline. The AQUA undulator hall itself houses a 25 m long undulator line

(for SASE), succeeded by a 12 m photon-diagnostics and transport section that guides

the FEL radiation into the users’ experimental hall. The ARIA beamline requires fewer

undulators to operate, since the seeded VUV ARIA FEL line exploits the standard

HGHG.

4.3.1 Microbunching instability studies for EuPRAXIA@SPARC_LAB

configurations

The HK model was used to investigate the expected impact of the MBI on the elec-

tron beam quality for the different machine modalities of EuPRAXIA@SPARC_LAB.

This work was carried out with the aim of complementing the start-to-end simulations

performed by the beam dynamics group of SPARC_LAB, in the context of the Tech-

nical Design Report of EuPRAXIA@SPARC_LAB. The cases discussed here, focus on

the configurations and working points currently characterized for the AQUA beam-

line, which include two configurations involving plasma acceleration, one with velocity

bunching (COMB beam scheme) and one with two-stage magnetic compression (mask

scheme), while the third one covers the full-RF scenario.

For all the configurations discussed here, the initial beam uncorrelated energy spread
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at the gun is assumed to be ∼ 2 keV and the initial peak current ∼ 60–70 A. Unless

specified, all the results presented here are obtained with the laser heater switched

off. It is also worth to mention that, while the spectral gain is normalized to the

initial bunching factor, thus independent of its value, the σMBI scales linearly with b0,

here assumed to have a shot noise distribution with values in the range 10−4 − 10−3

within the bandwidth of interest (condition of ideal uniformity of the photocathode laser

pulse). Therefore, the estimates of the energy spread given here have to be considered as

references, since photocathode laser irregularities larger than b0, at critical wavelengths,

or a smaller initial slice energy spread may cause larger instabilities.

4.3.1.1 COMB beam configuration for plasma acceleration

In the COMB beam configuration, both driver and witness bunches are produced in

the photoinjector within a single RF bucket by combining the laser-comb technique (a

train of temporally spaced laser pulses illuminating the photocathode) with RF veloc-

ity bunching. In this scheme, the witness laser pulse impinges on the cathode about

5 ps before the driver one and, as the beam undergoes velocity bunching, their tem-

poral ordering is inverted, effectively rotating its longitudinal phase space. For this

scheme, various working points are foreseen, including few with high charge beam: up

to 400 pC for the driver and 50 pC for the witness. An optimized working point for

the high charge case, simulated by the LNF beam dynamics group [180], can be seen

in Fig. 4.12. Bunch length compression occurs in the injector’s early stages through

velocity bunching (roughly by a factor 30 for the witness and 25 for the driver), justify-

ing the assumption that the bunch is already fully compressed throughout acceleration

in the S-band section. By assigning 50 pC to the witness and 400 pC to the driver,

we intentionally model a worst-case scenario for microbunching instability. Since no

dispersive elements are present before the plasma entrance, the spectral gain at that

point is unity for both bunches, and no amplification of initial current modulations is

expected. We furthermore evaluate the energy spread at the plasma entrance point,

which may be detrimental to the beam focusing, necessary for a proper matching to

the plasma. It should be noted that the semi-analytical model provides an estimate

of the slice energy spread via the induced energy modulations under the condition

lbunch ≫ lslice ≫ λ. However, in the witness case the bunch length (on the order of

microns) becomes comparable to both the FEL cooperation length, i.e. the slice length
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Figure 4.12: On the top: longitudinal phase space of the COMB beam configuration after the
plasma module. On the bottom: slice analysis of the witness bunch at the undulator entrance,
for the whole beam (solid line) and with a cut of 3 % of charge (dotted line), the best slice is
indicated by red columns(the head of the bunch is on the right of the plots) [180].

(hundreds of nanometers), and the peak spectral modulation wavelength. Under these

circumstances, the energy modulation may manifest as a nonlinear chirp in the witness

longitudinal phase space, yet effectively behaving as a projected, uncorrelated energy

spread of a single slice in the undulator. This regime approaches the validity limits

of the semi-analytical model and therefore would require complementary start-to-end

simulations of MBI (inclusive of IBS effects) for a more accurate assessment, which is

deferred to future work. The semi-analytical model predicts that, at the plasma en-

trance, a relative energy spread of approximately 0.01 % for both the witness and driver

bunches. Downstream, at the entrance of the undulator, the witness exhibits moderate

current modulations, which originated in the separation chicane, as evidenced by the

spectral gain profile in Fig. 4.13. The final relative energy spread (∼ 0.01%) remains

below the Pierce parameter (ρfel ∼ 0.1%), suggesting that such amount of MBI is

still manageable for SASE FEL operation. Nevertheless, attention should be payed to

minimize laser–cathode profile irregularities—particularly at spatial wavelengths near

20–30 µm—as such imperfections can seed additional microbunching growth. Beside

that, in this configuration, the use of the laser heater is inadvisable, as it would neces-
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Figure 4.13: Spectral gain of the witness (50 pC) at the entrance of the undulators, for
the full-velocity bunching configuration. λ0 and λ are the initial and compressed wavelength
respectively.

sitate routing the beam through the LH chicane, thereby imposing further compression

after velocity bunching. Furthermore, even at the smallest achievable deflection angles

of the LH chicane, the R56 and compression factor of the separation chicane remain too

low to enable effective Landau damping. Finally, to introduce a set amount of relative

increment of energy spread on a beam already compressed by a factor C, the required

laser peak power scales as PLH ∝ C2, making laser-heater operation highly inefficient

in this regime.

4.3.1.2 Mask configuration for plasma acceleration

The other possible scheme to exploit the plasma acceleration envisages an ordinary

single laser pulse at the cathode, to generate a single electron bunch, subjected to on-

crest acceleration and featuring two-stage compression, the first in the LH chicane and

the second in BC. Inside the BC, this scheme involves the use of a beam scraper (mask)

necessary to divide the beam in two bunches (witness and driver). As of now, this

configuration is still not fully characterized, but a preliminary working point can be

seen in Fig. 4.14 [180].

The same study was therefore performed for the “mask” configuration. In this case,

the witness and the driver, i.e. the tail and the core of the beam, experience strongly

92



Figure 4.14: Energy distribution (left), longitudinal phase space (center) and current profile
(right), of witness and driver after the cut with the mask scraper [180].

different compressions (due to the use of sextupoles to tune the second order momentum

compaction T566 contribution in the chicanes), requiring them to be studied individually.

For the driver (bunch core), we consider a charge of 230 pC and linear compression

factors of ∼ 2.9 and ∼ 2.5 in the LH and BC chicane, respectively. This results in a

large spectral gain at the plasma entrance, as shown in Fig. 4.15 (left), in the λ0 range

of 10–20 µm corresponding to a compressed wavelength λ ∼ 2–3 µm. However, at this
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Figure 4.15: Left: spectral gain of the driver (230 pC) at the entrance of the plasma, for the
mask configuration (two-stage magnetic compression). λ0 and λ are the initial and compressed
wavelength respectively. Right: peak spectral gain and respective σδ as a function of the energy
spread induced by the LH.

wavelength, the MBI should not affect the plasma wakefield acceleration mechanism,

and the corresponding energy spread is ∼ 0.01%, not representing an issue for the beam

optics. Nevertheless, if necessary, the use of the laser heater can suppress the MBI just

by inducing few keV of uncorrelated energy spread, as show in Fig. 4.15 (right).

We consider 30 pC for the witness, and linear compression factors of ∼ 2.9 and ∼ 35
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Figure 4.16: Spectral gain of the witness (30 pC) as a function of initial wavelength λ0 (left)
and compressed wavelength λ (right), at the entrance of the plasma (red) and at the undulators
(blue), for the mask configuration (two-stage magnetic compression).

in the LH and BC chicane, respectively. As shown in Fig. 4.16, in this configuration

we do not expect a large MBI content for the witness, yielding an energy spread of

∼ 0.03% < ρfel both at the plasma entrance and at the undulators. Moreover for the

witness case, the the intrinsic energy spread is strongly dominating (σint ≫ σMBI), due

to the strong compression, making any contribution of the LH detrimental.

4.3.1.3 Full-RF configuration

The full-RF scheme is studied to provide a secondary option to the EuPRAXIA@SPARC_LAB

operation, without involving the plasma section, thus making use only of the X-band

RF acceleration. An optimized working point for the high charge case, simulated by

the LNF beam dynamics group [180], can be seen in Fig. 4.17.

As in the mask configuration, the beam undergoes two-stage magnetic compres-

sion—first in the LH chicane and subsequently in the BC chicane. However, with no

plasma acceleration or beam-separation module required, the separation chicane re-

mains disabled. For this study we assume a 250 pC bunch, compressed by a factor

∼ 3.9 in the LH chicane and ∼ 6.5 in the BC chicane. As illustrated in Fig. 4.18 (left),

the resulting spectral gain peaks for initial modulation wavelengths λ0 between 20 µm

and 30 µm, corresponding to a compressed wavelength λ ∼ 1 µm, and produces a final

relative energy spread σδ < 0.01%. Although the LH could, in principle, be employed to

attenuate spectral gain, in this specific case the intrinsic energy spread σint dominates,

and introducing any additional LH contribution would only result in an increment of

the final energy spread, as depicted in Fig. 4.18, (right).
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Figure 4.17: Optimized working point for the full-RF case (at undulator entrance). On the
top: energy distribution (left), longitudinal phase space (center) and current profile (right). On
the bottom: beam slice analysis [180].
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Figure 4.18: Left: spectral gain for the full-RF configuration (250 pC). λ0 and λ are the
initial and compressed wavelength respectively (two-stage magnetic compression). Right: peak
spectral gain and respective σδ as a function of the energy spread induced by the LH.

The results for the various configurations and the corresponding machine parameters

are collected in Tab.4.2.
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Table 4.2: Main machine parameters and expected slice energy spread in the considered
EuPRAXIA@SPARC_LAB configurations.

Parameter COMB Mask Full-RF
Beam energy @LH (MeV) 100 270 250
Beam energy @BC (MeV) 330 400 670
Beam energy @Plasma (MeV) 560 600 -
Beam final energy (GeV) 1.0 1.0 1.1
LC chicane R56, T566 (mm) - -60.0, 59.0 -60.5, 59.7
BC chicane R56, T566 (mm) - -25.0, 24.0 -25.0, 24.0
Sep. chicane R56, T566 (mm) -1.0, 1.5 -1.0, 1.5 -

witness driver witness driver -
Q (pC) 50 400 30 230 250
σδ @Plasma (‰) 0.1 0.1 0.3 0.1 -
σδ @Undulator (‰) 0.1 - 0.3 - < 0.1

4.3.2 Laser Heater design for EuPRAXIA@SPARC_LAB

The laser heater (LH) is a device that can be used to deliberately increase the uncor-

related energy spread of the electron beam before the instability builds up, harnessing

longitudinal Landau damping of the MBI. The concept was first introduced by Saldin

et al. [181] and its usefulness first proven at the LCLS hard-X-ray FEL, where the use

of the LH shortened the FEL gain length and boosted the photon flux [99]. Such device

consists of an undulator operating as a modulator, and a laser which, interacting with

the electron beam along the undulator, causes an energy modulation within the bunch,

similarly to the seeding process for a seeded FEL, but on the scale of the optical wave-

length. The modulator is usually placed in middle of a magnetic chicane, for an easier

laser insertion, at the exit of the photoinjector, where the electron energy is usually not

larger than few hundreds of MeV. The corresponding energy modulation is typically on

the order of few keV to tens of keV. The coherent energy–position correlation is then

smeared by the action of the second half of the chicane mainly through transverse Lan-

dau damping. The smearing becomes effective when the electrons’ phase shift is larger

than the laser wavelength λl (or 2λl for safer operation)

√
⟨∆z2⟩ = 2π

√
(R51σx)2 + (R52σx′)2 + (R56σδ)2 ≥ 2λl , (4.13)

where Rij are the transport matrix elements, and the term R52σx′ usually is the dom-

inant one, as for a typical four-dipole C-shape chicane R51 = 0 and R52 = ηx, while
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σδ < 10−4.

The design of the EuPRAXIA@SPARC_LAB laser heater system has been care-

fully studied with the non-trivial goal of allowing maximum flexibility and accommo-

date all possible machine configurations. In the following, we discuss the LH main

specifications, following a theoretical approach, without any aim of high-level engi-

neering tolerances, but rather searching for the most crucial requirements for the Eu-

PRAXIA@SPARC_LAB layout and operations. All of the analytical expressions ap-

plied in this section are well known in the literature and have been extensively bench-

marked against both experimental measurements and specialized simulation codes [99,

182].

Laser

The laser is spilled out from the Ti:Sapphire system that also drives the photocath-

ode; this branch is extracted upstream of third-harmonic generation to preserve access

to both the fundamental (λl ≈ 800 nm) and its second harmonic (λl ≈ 400 nm). This,

in particular, ensures the spectral flexibility necessary to accommodate electron beam

energies from approximately 100 MeV (velocity bunching) to 290 MeV (on-crest acceler-

ation), while supporting adjustable chicane deflection angles. The option to freely adjust

the dispersive section translates to a variability of the horizontal electron beam spot size

in the undulator, which approaches the value of ∼ 1 mm for the larger chicane bending

angles. Therefore, an independent laser focusing system for the vertical and horizon-

tal planes is necessary to minimize the required laser power. A pair of orthogonally

mounted cylindrical lenses (or, at high fluence, cylindrical mirrors) allows independent

adjustment of the vertical and horizontal waists without introducing significant aberra-

tions. Each LH pulse is specified to deliver up to ∼ 50 µJ in ∼ 10 ps FWHM, providing

a maximum laser peak power of ∼ 5 MW. A polarization-based variable attenuator

provides continuous control over the laser pulse energy, while a high-speed mechanical

shutter enables complete beam extinction. The system also incorporates two imaging

screen stations for precise spatial overlap of the laser and electron beams, alongside two

beam-position monitors (BPMs) that deliver real-time measurements of the electron

beam’s transverse position and angle.
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Undulator

The planar undulator comprises Nu = 10 magnetic periods of λu = 45 mm realized

with permanent magnets of remanent field Br = 1.2 T, covering a total length of

Lu = 0.45 m. Its gap is motorized and remotely controlled to vary between 15 mm and

35 mm, providing continuous adjustment of the undulator parameterK. In combination

with the selection of either the fundamental or second harmonic laser wavelength, this

tunable gap ensures resonant interaction over the full designed electron energy range, as

shown in Fig. 4.19. With the defined undulator design, in Fig. 4.20 we plot the required
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Figure 4.19: Undulator parameter (top) and corresponding full gap (bottom) in the resonant
condition. The two laser wavelengths ensure the whole coverage of the electron beam energy
range within the full gap range of 15–35 mm.

laser peak power which can be derived as [99]

Pl = P0

(
γ · σLH

mc2 · JJ ·K

)2/∫ Lu

0

dz√
σe(z)2 + σL(z)2

, (4.14)

wherem is the mass of the electron, σe and σL are the rms transverse sizes of the electron

and of the laser beam, respectively, P0 = 8.9 GW, σLH is the LH-induced energy spread,

JJ is the coupling coefficient, defined as the difference of Bessel functions of the first

kind [183]

JJ = J0(ξ)− J1(ξ) , with ξ =
K2

4 + 2K2
. (4.15)

This formulation accounts for the transverse oscillatory motion of the electrons within

the undulator field. The same formula has been used to generate Fig. 4.21 depicting the
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Figure 4.20: Laser peak power needed to induce σLHmax
= 30 keV (dashed lines) and σLH =

10 keV (solid lines), within the allowed range of undulator full gap and laser energy, in resonant
condition, for a chicane deflecting angle |θB | = 14.3 deg.

laser peak power behavior with respect to the LH-induced energy spread, and bending

angle |θB|, as the required laser horizontal size in the undulator grows with the local

dispersion ηx ∝ |θB|. Finally, Fig. 4.22 shows the theoretical behavior of the induced
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Figure 4.21: Laser peak power for both ends of the electron beam energy range: on the left,
plotted vs σLH, for a chicane deflecting angle |θB | = 14.3 deg; on the right, plotted vs |θB |, for
σLH = 15 keV.

energy spread as a function of the gap g, that is proportional to the sinc function of the

detuning between the laser wavelength λl and the undulator resonance wavelength λr

σLH(g) = σ̂LH · sinc
[
πNu(λr(g)− λl)

λl

]
, (4.16)

99



with σ̂LH being the induced energy spread for a perfectly tuned undulator (λr = λl),

while λr is given by

λr(g) =
λu
2γ2

(
1 +

K(g)2

2
+ γ2σ2x′ + γ2σ2y′

)
, (4.17)

where σx′ and σy′ are the electrons rms horizontal and vertical angular divergence.
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Figure 4.22: Induced slice energy spread by the LH vs undulator full gap with σ̂LH = 10 keV,
for the two possible laser wavelengths, in the case of an electron beam energy of 180 MeV.

Chicane

The LH system layout is sketched in Fig. 4.23. The LH magnetic chicane is designed

to operate with variable deflection angles, adjustable between 4 and 14.5 deg. This is re-

quired to satisfy all the possible bunch compression schemes of EuPRAXIA@SPARC_LAB,

since the LH chicane is also used as a bunch compressor. The vacuum chamber can be

designed with a fixed profile hosting the whole lateral excursion range of the electron

beam. It therefore provides an internal horizontal width of at least 155 mm, leaving

clearance on either side of the beam, and at most 13 mm of external vertical width

at the undulator location to accommodate the minimum undulator full gap of 15 mm.

Since the electron trajectory shifts with the dipoles varying bending angle, the un-

dulator and laser optics and diagnostic have to be mounted on a common transverse

translation stage, that can move in a range of about 110 mm. Opting for a rectangular

shape of the vacuum chamber, rather than a trapezoidal one, allows minimal-size opti-

cal windows—for the laser entrance and exit—about 110 mm wide. Moreover, this also
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Figure 4.23: Schematic of the LH chicane of EuPRAXIA@SPARC_LAB. The dashed line
represents the electron beam trajectory when the chicane is disabled. The red and green lines
indicate the trajectory for the smallest and largest dipole bending angles respectively. The
undulator and the laser optics have to be mounted on a common transverse translation stage
to accommodate the electron beam trajectory.

minimizes the laser incident angle on the windows, thus avoiding laser total internal

reflection issues. This design, however, requires a complex engineering of the sextupole

present in the chicane, in order to be compatible with an horizontally enlarged cham-

ber. An alternative design option for the laser-heater chicane is to mount the entire

pipe vacuum chamber, on the translation stage, thereby allowing it to move jointly with

all chicane components, thus preserving the relative alignment of every element while

maintaining a compact internal aperture.

Effects on the electron beam

These LH parameters are specified to ensure an increase of the slice energy spread of

the electron bunch by up to σLHmax = 30 keV, fully covering both electrons energy and

bending angle ranges. Moreover, by choosing small values for the latter, for example

|θB| = 4 deg, one could reach up to σLHmax ∼ 50 keV. This upper bound for the

energy spread provides a generous tuning margin for an effective Landau damping of the

microbunching instabilities. The horizontal emittance growth caused by the particles’

energy change in the undulator dispersive region, is induced by the interaction with

the laser beam, and can be estimated, assuming the pessimistic case of a full chromatic

filamentation of the transverse phase space, as

∆εx
εx

=

√
1 +

γxη2xσ
2
LH

εxE2
− 1 , (4.18)

where γx = (1 + α2
x)/βx is the Twiss parameter defined at the undulator location and

E is the electron beam energy. For the foreseen configurations, the expected emittance
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growth induced by the LH remains below 15 %. The main LH specifications are collected

in Tab. 4.3.

Table 4.3: Laser heater main specifications

Laser Value
Wavelength, λl [nm] 400, 800
Pulse duration, FWHM [ps] ≤ 10
Pulse energy [µJ] ≤ 50
Peak power. Pl [MW] ≤ 5

Undulator
Permanent magnets remanent field, Br [T] 1.2
Period length, λu [mm] 45
Number of periods, Nu 10
Undulator parameter, K 0.8–3.0
Undulator full gap, g [mm] 15–35
Electron beam
e-beam energy, E [MeV] 100–290
Horizontal e-beam spot size in the undulator, σx [mm] 0.2–0.8
Vertical e-beam spot size in the undulator, σy [mm] < 0.1
Electron beam duration, FWHM [ps] < 5
LH-induced maximum slice energy spread, σLHmax [keV] 30–50
LH-induced horizontal emittance growth, ∆εx/εx [%] < 15

LH Chicane
LH Chicane bending angle, |θB| [deg] 4–14.5
Horizontal offset in the chicane [mm] 39–139
Vacuum chamber external vert. width [mm] ≤ 13

4.3.3 Outlook and future developments

The studies performed for EuPRAXIA@SPARC_LAB have provided a detailed under-

standing of the expected microbunching instability behavior across the different operat-

ing configurations of the facility. The analysis, based on the Huang–Kim semi-analytical

model, showed that the MBI remains within acceptable limits for all baseline working

points, including the plasma-driven COMB and mask schemes, as well as the full-RF

configuration. In particular, while some degree of current and energy modulation is

expected in the two-stage compression schemes, the induced energy spread consistently

remains below the FEL Pierce parameter, ensuring compatibility with SASE operation

in the AQUA beamline.

Particular attention was devoted to the design of the laser heater system, which

departs from conventional implementations by offering wide operational flexibility. Un-
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like standard fixed-geometry setups, the EuPRAXIA@SPARC_LAB laser heater can

accommodate large variations in both beam energy (100–290 MeV) and chicane bending

angle (4–14.5 deg), while maintaining resonance conditions by virtue of its tunable undu-

lator gap and dual-wavelength laser configuration. This adaptability makes it suitable

for all the foreseen compression schemes—velocity bunching and two-stage magnetic

compression—without requiring hardware reconfiguration.

Overall, these findings validate the robustness of the planned accelerator layout in

terms of MBI control and beam quality preservation, establishing a solid foundation for

the forthcoming commissioning phase and for future refinements of the plasma-driven

FEL concept.

Future work will strengthen the present analysis through extensive numerical sim-

ulations aimed at capturing the full range of physical effects contributing to the mi-

crobunching instability, in particular coherent synchrotron radiation effects, which can

become dominant in high current regimes.

A dedicated effort will also be devoted to investigating the influence of the driver

beam’s microbunching on the generation and stability of the plasma wakefield, as well

as its possible impact on the acceleration dynamics of the witness beam. Understanding

the interplay between driver’s modulations and plasma wake formation will be essential

to ensure stable acceleration and to preserve the high beam brightness required for FEL

operation.
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Chapter 5

Conclusions

The studies presented in this thesis addressed the generation and preservation of high-

brightness electron beams for advanced radiation sources, spanning from compact in-

verse Compton facilities to FEL and plasma-driven accelerators. Despite the diversity

of these systems, a common objective guided the work: understanding and controlling

the physical mechanisms that limit beam brightness, in order to improve the efficiency,

flexibility, and performance of next-generation light sources.

In the first part, the design and beam dynamics studies for the BoCXS inverse

Compton source demonstrated the feasibility of delivering high-quality electron beams

within a compact layout, while ensuring stability against realistic jitters and dispersion

effects. In particular, we obtained 500 pC beams from the C-band photoinjector with

normalized transverse emittance <0.5 mm mrad and relative energy spread <0.3 % by

optimizing the gun and traveling-wave cavity phases. These beam parameters are pre-

served along the line through fine tuning of the betatron and chromatic motions, and are

further improved by the X-band harmonic linearizer, which reduces the projected energy

spread by approximately one order of magnitude and enables clean transport through

the doglegs while preserving the current profile. A functional element of the layout is

the fast switchyard implemented via the bunch selection module, which provides per-

bunch routing and thus allows quasi-simultaneous operation of multiple beamlines with

a configurable duty cycle. Finally, analytical estimates of the inverse-Compton source

performance indicate photon-beam figures of merit comparable to or better than those

of other single-pass ICS facilities, and confirm a tunable X-ray energy range from about

100 keV up to 1 MeV. This tunability is enabled by the energy flexibility of the linac,

combined to the use of second-harmonic generation of the interaction laser, and the
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dedicated design of the optical box. These results contribute to defining design criteria

for future ICS facilities capable of tunable, high-flux X-ray generation within reduced

footprints.

The second part focused on the onset and mitigation of the microbunching instability

in high-current linacs. A semi-analytical model based on the Huang–Kim formalism was

applied to study the evolution of the instability along realistic schemes, with particular

reference to FERMI and EuPRAXIA@SPARC_LAB. This approach provided a fast

and physically transparent tool to evaluate the effect of compression parameters and

to identify regimes where MBI growth can be minimized without compromising beam

current or FEL performance.

On FERMI, we applied the semi-analytical model to compression studies along the

linac to identify configurations that minimize microbunching build-up. The analysis

covered both one-stage and two-stage compression, with the goal of analytically screen-

ing the most promising scenarios for machine operations in view of the FERMI 2.0

upgrade. Within this framework, the model isolated a two-stage configuration that

minimizes microbunching instability, and which represents a candidate for validation

on the actual machine.

For EuPRAXIA@SPARC_LAB, the study focused on characterizing several ma-

chine configurations and working points in terms of susceptibility to microbunching in-

stability. Three configurations were examined, evaluating the instability at the plasma

entrance and at the undulator, and the results indicate that the machine can miti-

gate these effects within the considered parameter space. This capability is further

supported by the use of a laser heater to enhance longitudinal Landau damping. In

this context, we also proposed a laser heater design engineered for broad operational

compatibility across a wide range of beam energies (100–290 MeV) and chicane bend

angles (4–14.5 deg)—a key requirement for a facility combining multiple acceleration

and compression modes.

Overall, the work highlights the importance of integrating analytical models, numer-

ical simulations, and design optimization in the study of high-brightness beam physics.

Although the physical scales and technologies differ across the considered facilities,

taken together, these results yield transferable design rules and reproducible methodol-

ogy, through the control of phase-space correlations, the mitigation of collective insta-

bilities, and the preservation of brightness through compression and transport.
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Appendix A

Suppression of dispersive

contribution to projected emittance

through optical balancing

In the BSM, the vertical dipole kicker and downstream off-axis quadrupole together form

a small vertical dogleg that inherently generates non-correctable vertical dispersion. By

applying a tailored matching of the beam into this section, we nevertheless suppress

the resulting growth in vertical projected emittance to a negligible level. To illustrate

this mechanism, we consider the simpler case of an horizontal dogleg composed by two

identical rectangular dipoles, with no quadrupole elements between them, as depicted

in Figure A.1.

0.8 m

30°

Figure A.1: Sketch of an horizontal dogleg. No quadrupoles are present to correct the dis-
persion [112].

The rms emittance is given by:

εx =
√
σ2xσ

2
x′ − σ2xx′ , (A.1)
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where, in a dispersive region

σx =
√
εx0βx + η2xσ

2
δ ,

σx′ =
√
εx0γx + η′2x σ

2
δ , (A.2)

σxx′ = −εx0αx + ηxη
′
xσ

2
δ .

Here βx, γx and αx are the Twiss parameters, εx0 is the achromatic (betatron) emittance

(i.e. without dispersive contribution), while ηx and η′x are the dispersion function and

its derivative respectively. The relative increment of emittance due to the dispersion

contribution is given by:

∆εx
εx0

=

√
1 +

Hxσ2δ
εx0

− 1, (A.3)

where Hx is the chromatic H-function, representing the dispersive contribution to the

emittance, for which we recall the definition:

Hx = γxη
2
x + 2αxηxη

′
x + βxη

′2
x . (A.4)

As shown in Fig. A.2, the dispersion function at the exit of the second dipole is ηx =

−0.84 m, and its first derivative η′x = 0, similarly to the case of the first half of a

four-dipole, C-shape chicane. Here, Eq. A.4 reduces to Hx = γxη
2
x. Accordingly,

s (m)

Figure A.2: Dispersion functions along the dogleg [112].

the dispersion-induced emittance growth is minimized when the beam divergence at
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the dogleg exit is kept small. In our configuration, the Twiss parameter γx remains

constant throughout the dogleg, allowing an upstream matching section to set the optic

parameters that minimize emittance growth at the dogleg exit.

Figure A.3, obtained from a simulation in ELEGANT, shows as an example the

emittance evolution along the dogleg for two different matching conditions of a test

beam with εnx = 0.4 mm mrad, σδ = 0.3·10−3 and with an energy of 145 MeV (basically

the nominal beam parameters of BoCXS). The optimized matching condition (in red)

given for γx = 6.7 · 10−3 m−1 results in a relative increment of emittance of about 0.14,

while the unoptimized one (in blue), for γx = 22.6 m−1, gives a increment of about

30.64. A more intuitive way to capture this mechanism can be given by looking at

s (m)s (m)

Figure A.3: Emittance evolution of a test beam through the dogleg for two different matching
conditions [112].

the phase space evolution along the dogleg, for the two different matching conditions,

shown in Fig. A.4. There, we can see that the net effect of this dogleg is a smearing of

the particles’ horizontal position distribution, implying that a smaller beam divergence

will minimize the final phase space area. This clearly shows how impactful is the design

of a proper matching on the final projected emittance.

In the BSM case, although slightly more complex due to the double action of the off-

axis quadrupole (bending and focusing), the same principle applies. When the vertical

beam trajectory is corrected by the off-axis passage through the quadrupole, the H-

function can be strongly suppressed, provided the beam is properly matched. Therefore,

the addition of a matching section before the BSM is an essential requirement in the

109



Figure A.4: Phase space evolution through the dogleg for the two different optical matching
conditions: with γx = 22.6 m−1 (in blue) and γx = 6.7 · 10−3 m−1 (in red).
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machine layout. Once minimized at the BSM exit, the chromatic H-function, being an

invariant, remains constant along the rest of the beamline and finally, at the IP, the

residual vertical dispersion is brought to zero to remove the dispersion contribution to

the beam size and any energy-position correlation.
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Appendix B

ICS analytical model

The time-averaged total ICS flux, in units of photons per second, is [107]:

Īγ = σC
NeNlf

Aφ
. (B.1)

The number of scattered photons per pulse is therefore Iγ = Īγ/f , where Ne is the

number of electrons in a bunch colliding with the number Nl of photons in the laser

pulse, at the interaction frequency f , across an effective interaction area:

Aφ = 2πΣy

√
Σ2
x +Σ2

z tan
2(φ/2) . (B.2)

The convoluted electron beam and laser pulse sizes are:

Σu =
√
σ2e,u + σ2l,u , u = x, y, z . (B.3)

The total unpolarized Compton scattering cross section is related to the Thomson cross

section through the recoil parameter X [107, 184]:

σC = σT
3

4X

[(
1− 4

X
− 8

X2

)
ln (1 +X) +

1

2
+

8

X
− 1

2(1 +X2)

]
, (B.4)

where

σT =
8π

3
r2e , X = 2γ2[1 + cos(φ)]

El
Ee

,
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and we introduced the classical electron radius re, the laser photon energy El, and the

electron total energy Ee.

The average total flux within the user-defined collimation angle θ, as function of the

acceptance angle ψ = γθ < 1, is [185]:

Īγ,ψ = Īγ
σT
σC

3

2

(1 +X1/3ψ2/3)ψ2

[1 + (1 +X/2)ψ2](1 + ψ2)
. (B.5)

The average power of radiation centered at the photon energy Eγ is simply P̄γ(,ψ) =

eĪγ(,ψ)Eγ .

The relative RMS bandwidth of scattered radiation within an acceptance angle

ψ = γθ < 1 results [185]:

(σω
ω

)2
≈
[

ψ2

√
12(1 + ψ2/2)

+
P̄ 2

1 +
√
12P̄ 2

]2
+

+

(
2 +X

1 +X

σEe

Ee

)2

+

(
1

1 +X

σEl

El

)2

+

(
M2λ0
2πw0

)4

+

(
a20/3

1 + a20/2

)2

,

(B.6)

with λ0 and w0 = 2σl the incident laser central wavelength and focal spot size at

the IP, respectively, M2 the laser beam quality factor, and a0 the laser parameter.

The ICS relative bandwidth is affected by the relative bandwidth of the laser, σEl
/El,

the electron beam relative energy spread, σEe/Ee, the effect of nonlinear Thomson

scattering through a20-terms, and the electron recoil effect through X. P̄ is proportional

to the electron beam normalized RMS transverse momenta [186]:

P̄ =

√
2γ

(1 +X)

√(
εx
σe,x

)2

+

(
εy
σe,y

)2

, (B.7)

and εx,y is the electron beam geometric emittance. In the approximation of a Gaussian

spectral distribution, the FWHM relative bandwidth is just bw = 2.355× σω/ω.

The average spectral density within the collimation angle, in units of [ph/sec/0.1%bw],

is then given by [185]:

S̄γ,ψ =
dĪγ,ψ
dω/ω

=
Īγ,ψ
bw

10−3Eγ√
2π4γ2El

. (B.8)

The average brilliance of the collimated radiation, in conventional units of
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[ph/sec/mm2/mrad2/0.1%bw] is:

B̄γ,ψ ≈ 10−15 × Īγ,ψ

(2π)5/2ϵ2rbw
, (B.9)

where

ϵr ≈
θΣr
2

(B.10)

is the effective RMS transverse emittance of the scattered light in the approximation

(X << 1), and

Σr =

√
2πσe,xσe,yσl,xσl,y

Aφ
(B.11)

is the ICS pulse RMS effective transverse size at the IP. The corresponding RMS angular

divergence is ϵr/Σr.

All corresponding peak quantities can be calculated from the average ones by di-

viding them by, respectively, the repetition rate (f) if to be expressed per pulse, and

by the product of repetition rate and scattered pulse duration (f ×
√
2πΣt,γ) if to be

expressed in unit of time (1/sec). To do so, the effective ICS pulse RMS duration in

the presence of a generic interaction angle φ is calculated as:

Σt,γ =
2πΣxΣy
Aφ

√
σ2t,e + σ2t,l . (B.12)

Finally, we note that for nearly on-axis emission (so-called Compton edge), i.e. in

the limit θ → 0, Eq. B.8 tends to [186]:

S̄γ,ψ → S̄γ,CE ≈ 1.5× 10−3Īγ . (B.13)

In this case, the average brilliance in conventional units reads:

B̄γ,CE ≈ 10−12 × S̄γ,CE
4π2εxεy

, (B.14)

and the peak brilliance in conventional units is given by:

Bγ,CE ≈ 10−15 4r
2
e

π2
NeNl√

2πσt,eεxεyσl,xσl,y
. (B.15)
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