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Abstract

In this deliverable we report an overview of the available tools to perform start to

end simulations for the CompacLight facility, covering the beam transport from the
cathode to the undulator exit, including space charge effects, coherent synchrotron
radiation in magnetic compressors, wakefield effects in the X-band linac and FEL
performance. The main objective of WP6 is to provide the key parameters and
performance estimates of a facility which meets the user requirements. We need
to develop consistent tools for modelling the machine, as the basis for the final
integrated performance studies. To this end the tasks of WP6 can be split into
three simulation sections, in parallel to facility sections

e Low energy injector (including gun, prelinac and first bunch compressor)

e High energy linac (including high energy BCs for both soft and hard X-Ray
layout)

e FEL production (both soft and hard X-Ray FELS)

Different simulation tools have been used by the collaborating institutions suit-
able for the problems mentioned above. All programs used by the team will be util-
ized during the course of CompactLight design in order to benefit the experience
of partners. However, to perform an integrated simulation one of the existing tool
for each section is going to be used. Many of the those tools have been evaluated
properly on specific problem for each tool and capabilities has been summarized
in this report. In addition, the requirement for the translator tool between each
code has been discussed.
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1 Introduction

The main objective of the CompactLight project is to perform a design study which aims to
globally optimise the performances and costs of the different parts of the facility: injector, linac
and photon production. Clearly each of these sections have many intersections thus start to
end optimisation will comprise a large number of parameters.

Different injector schemes are being investigated including RF gun at different operating
frequencies (S, C and X band) and following pre-linac accelerator at different operating fre-
quencies (S, C and X band). Normal conducting X-band technology which can provide effi-
cient, high-gradient acceleration with the possibility of high repetition rate operation has been
chosen for the main accelerating section. In parallel to X-band technology, new undulator
technology employed in the FEL generation section (for example, superconducting undulator
technology) will reduce the dimension of the facility.

Reducing the required electron beam energy through the use of more advanced undulators
results in savings in civil construction as well as the operation cost of an X-Ray FEL facility.
The aim of developing a common facility design, with lower beam energy and more compact.
will result in a much lower construction cost and a much lower running cost making X-ray FELs
more affordable.

EEHG
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upto300MeV gc @ <1-2GeV  gc 6.
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Figure 1: The preliminary layout of the proposed facility

Based on the inputs from the user community a comprehensive photon output specification,
summarised in Table 1 has been determined [1]. A preliminary layout of the CompactLight
facility which aims to cover the requirements of the user community is shown in Figure 1. A
key request from the user community, which affects the facility layout significantly, is large
wavelength separation when operating in two colour mode. This effectively means that two
bunches must independently reach saturation in two different undulators. To this end, instead
of using a long undulator section tuned for two different wavelengths we have proposed to
operate two parallel undulator sections, which has several additional advantages. First, the
total undulator length is approximately the same and so the parallel option is more compact
overall; second, the two independent wavelengths could be combined into a single experiment
or, if that is not required, two experiments could take place at the same time, doubling the
capacity of the facility.

The 1000 Hz repetition rate given in Table 1 is a very challenging target for many systems,
and we might have to compromise on this ambition during the course of the Design Study. On
the other hand 100 Hz option is somewhat more relaxed which allows operation of both FEL
lines in parallel. When running in hard X-ray at 100 Hz repetition we propose to accelerate two
bunch per pulse. One of the bunches in the train will be kicked via a by-pass line to the SXR
line while the other will be accelerated up to 5.5 GeV for HXR. In order to run the facility at
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Table 1: Main parameters of the CompactLight FEL.

Parameter Unit | Soft X-ray | Hard X-ray
Photon Energy keV | 0.25-2.0 2.0-16.0
Photon Wavelength nm 5.0-0.6 0.6-0.08
Repetition rate Hz 1000 100
Pulse duration fs 0.1-50 1-50
Polarization Variable, selectable
Two-pulse delay fs + 100 + 100
Two-colour separation | % 20 10
Synchronization fs <10 <10

1000 Hz repetition rate the gradient of linac will be reduced significantly which means the entire
facility will reach an energy only sufficient for SXR. A repetition rate of 1000 Hz for the soft-X-
ray FEL will be a unique and highly desirable feature of our facility. We are also considering
additional concepts, which include seeding in both FELs and a bypass line at 2-2.5 GeV so
that one FEL could run soft X-ray and the other hard X-ray, both at 100 Hz.

Particle tracking runs of photo-injectors and the following accelerating structures have been
done assuming a 65 MV/m accelerating gradient in the main X-Band based linac at 100 Hz
repetition rate. Injector optimisation studies have addressed the minimisation of the transverse
projected and sliced emittances. Two sage magnetic bunch compressors (BC1 + BC2) are
employed to reach a peak current of 5 kA at the end of linac. Table 2 lists the main electron
beam parmaters at the FEL for the 100 Hz repetition rate scenario.

Table 2: Main electron beam parameters of the CompactLight FEL.

Parameter Unit Soft X-ray | Hard X-ray
Beam Energy GeV 2.5 5.5
Bunch Charge pC <100 <100
Normalized Emittance mm-mrad <0.4 <0.4
Max Peak Current kA 5 5

Min Bunch Length fs 2 2
RMS slice energy spread % 0.01 0.01

In this deliverable we report an overview of the available tools to perform start to end sim-
ulations for CompactLight, covering the beam transport from the cathode to the undulator
exit, including space charge effects, coherent synchrotron radiation in magnetic compressors,
wakefield effects in the X-band linac and FEL performance. The main objective of WP6 is
to provide the key parameters and performance estimates of a facility which meets the user
requirements. We need to develop consistent tools for modelling the machine, as the basis for
the final integrated performance studies. To this end the tasks of WP6 can be split into three
simulation sections, in parallel to the facility sections

e Low energy injector (including gun, prelinac and first bunch compressor)
e High energy linac (including high energy BCs for both soft and hard X-Ray layout)

e FEL production (both soft and hard X-Ray FELSs)
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Different simulation tools have been used by the collaborating institutions suitable for the
problems mentioned above. However, to perform an integrated simulation one of the existing
tools for each section has to be chosen (or we must develop new one(s) if available ones are
not convenient.)

In order to compare the available simulation tools we have considered one option for each
section. In addition to investigating the sections independently, the sections have been have
been somehow simplified in order to give a better comparison of the simulation tools. The
CompactLight sections taken into account and corresponding tools to be evaluated are sum-
marised as following;

e S-Band based Low energy injector up to 300 MeV using ASTRA, GPT , TStep, and
RF-Track;

e X-Band based High energy Linac up to 6 GeV using ELEGANT and PLACET;

e Hard X-Ray FEL beamline; for 0.77 A wavelength (16 keV photon energy) using PERSEO,
GENESTS, and two semi-analytic models.

Since all simulation tools are well established for various problems in literature, and have
advantages compared to others for some specific problem, most of them are going to be
used during the course of the CompactLight design. In the following sections we provide brief
information about the simulation tools and compare them on specific problems.
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2 Summary of the simulation tools

Start-to-end (S2E) modelling of free-electron lasers (FELs) normally requires the use of mul-
tiple codes to correctly capture the physics in each region of the machine. Codes such as
ASTRA[2], GPT[3], TStep[4] or RF-Track][5], for instance, may be used to simulate the in-
jectors where space charge effects are dominant. From injector the linac and transport line
may be handled by codes such as ELEGANT[6] or PLACET[7]. The necessity for very high
peak current requires sensitive tuning for dispersive sections along the beamline. This case
may also be simulated by Li Track[8] or Track1D[9] in order to make a fast optimization of
the bunch compressors. Finally, at the FEL a 1D code PERSEO[10] as well as a 3D time de-
pendent code GENESTIS[11, 12] must be used in addition to analytical formalism. These codes
may be optimised to work with a wide range of macro-particle numbers and have different in-
put/output formats. Therefore it is necessary to have translators to provide a bridge between
each section for various simulation codes. It is essential that these translators can preserve
the statistical properties of the bunch while raising or lowering the number of macro-particles
used between codes.

In this section we summarise the simulation tools to be used for CompactLight optimisation.
As mentioned earlier, due to the physical problems to be evaluated in different sections of the
machine, it is not possible to use a single code from cathode to the end of the x-ray line. A brief
description of the FEL codes which are currently used by the members of the CompactLight
collaboration (PERSEO and GENESIS), together with the semi-analytical methods which are
used for the optimisation of the FEL performance, is found in the sub-subsection (3.3.1) of this
document.

The beam intensity and the beam brightness in an accelerator for driving a FEL are often
severely limited by "collective effects". The term "collective effects" refers to the interaction of
beam particles with each other through a variety of processes. One can mention many collect-
ive effects in an accelerator [13] but tackling the following would be sufficient for CompactLight:

e existence of self-fields and image fields even for constant perfectly conducting and mag-
netic boundaries (direct and indirect "space-charge effects") at low energies

e clectromagnetic "wakefields" of the beam due to a finite chamber resistivity or geometric
variation in the beam-pipe/path cross section, which typically affect the back of the bunch

e coherent synchrotron radiation (CSR) which occurs on a curved trajectory of an ultra-
relativistic beam which may even influence earlier parts of the beam bunch, giving rise
to "non-causal" wakefields.

S2E simulation requires modelling beam properties through all stages of a machine by tak-
ing into account all the effects mentioned above. In the absence of such a simulation, FEL
modelling is typically performed by using the ideal beam properties from a linac. In addition
to the collective effects one shall include machine imperfections, both longitudinal and trans-
versely, to define the key tolerances and mitigation strategies.

2.1 Low Energy Section

Space charge force restrains the brightness of electron RF guns and photo-injectors. For these
injectors an efficient compensation scheme based on solenoid focusing was first proposed by
Carlsten [14]. However the requirement for very small rms sliced emittance plays a key role



Page 9 Summary of the simulation tools

in limiting bunch charge and bunch length at the gun stage as well as the requirement for the
gradient in the gun. The space charge force is weak and often neglected when the beam
energy reaches 100 MeVs for bunch charges of ~ 100 pC [15].

Space charge effects can be calculated using codes which usually run in two steps. The
first step is to update the macro particle coordinates as a result of the space charge effects
integrated in each small time step. The second step is to transport the macro particle coordin-
ates in the same time period, which is entirely determined by the external lattice elements.
Separation of the two parts, and alternative evaluation of them, depends on local details of the
beam envelope and the s-dependent space charge potential, where s is the direction of the
beam travel. If the transverse and longitudinal beam size evolves, the space charge potential
is updated so that the calculation is self-consistent. Calculation for space charge effects can
be complex and require high CPU power, depending on the model for space charge potential.
Space charge codes solve the interaction between the beam and the self-induced and external
fields through integral methods where the fields are derived at each time step from the particle
coordinates and momenta in the quasi-static approximation, i.e. solving the Poisson equations
in the particles’ moving frame. The beam is then modelled as an ensemble of macro-particles,
each with an equivalent charge, to which the codes apply the momentum kicks coming from
collective effects. The second part, the macro-particle interaction with external fields, is free
from space charge and can be straightforward.

Various established space charge codes are used by the partners of CompactLight. In
particular the beam dynamics in the low energy section of CompactLight is simulated with
three well established tools for the study of charged particle dynamics in electromagnetic fields
i.e. the multi-particles codes TStep, an heir of PARMELA [4], ASTRA[2] and GPT[3]. We also
tested a new code that was developed at CERN during the last few years, RE-Track[5]. The
codes are briefly described below:

2.1.1 TStep

TStep is a widespread reliable multi-particle code that transforms the beam, represented
by a collection of particles, through a user-specified linac and/or transport system, where
field maps of magnets and accelerator cavities are derived from codes such as POISSON,
SUPERFISH and HFSS [16, 17]. It calculates the self-fields by solving the Poisson equation
for the electrostatic field in the reference frame where the beam may be considered at rest,
and then transforming the fields back to the laboratory frame where kicks to the particles are
applied. TStep includes space-charge, the intrinsic/thermal emittance calculation and beam-
loading and allows for 2D and 3D tracking calculations.

2.1.2 ASTRA

A Space charge TRacking Algorithm (ASTRA) tracks the particles through user defined ex-
ternal fields taking into account the space charge field of the particle cloud. The tracking is
based on a non-adaptive Runge-Kutta integration of 4™ order. The beam line elements are
set up w.r.t. a global coordinate system in ASTRA. All calculations in ASTRA are done with
double precision, while output and input may be in single precision. The ASTRA code in-
cludes the space-charge and thermal emittance calculation and allows for 2D and 3D tracking
calculations.
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2.1.3 GPT

General Particle Tracer (GPT) is a completely 3D code, including the space-charge model. The
equations of motion for the macro-particles are solved in the time-domain using a 5™ order
embedded Runge-Kutta integrator with adaptive step-size control. Optionally, the equations of
motion are combined with additional differential equations. This mechanism can be used to
calculate beam-loading or FEL interaction completely self-consistently.

2.1.4 RF-Track

RF-Track isarecenttracking code developed at CERN for the optimisation of low-energy ion
linacs in the presence of space-charge effects. RE—Track can transport beams of particles
with arbitrary mass and charge, even mixed together, solving fully relativistic equations of
motion with a multitude of integration algorithms. It implements direct space-charge effects
through a full 3D PIC implementation. RE-Track is written in parallel C++, and it uses the
scripting languages Octave and Python as user interfaces.

Beside our studies, these tracking codes have been widely and successfully compared [18, 19]
and validated with experimental results [20—22]. All the simulation codes mentioned above are
capable of modelling RF photoinjectors, linacs, and XFEL beamlines (excluding undulators).
There are also several differences between the codes, some of which are listed in a short
comparison of code features shown in Table 3.

Table 3: Some Features of Space Charge Simulation Codes.

Code TStep | GPT | ASTRA | RF-Track
Runs on Windows Yes Yes Yes No
Runs on Mac No Yes Yes Yes
Runs on Linux No Yes Yes Yes
Open Source No No No Yes
3D SC Algorithm Yes Yes Yes Yes
Adaptive Time steps Yes Yes No Yes
1D CSR Algoritm Yes Yes No No
Wakefield Algorithm Yes Yes Yes No
Scripting No No No Yes

2.2 Main Accelerating Section

One of the challenging problems to do with accelerating intense bunches in X-Band structures
is the instability driven by wakefields. The wakefields are generated by a charged particle
beam interacting with the vacuum chamber components. These components may have a
complex geometry: kickers, bellows, RF cavity, diagnostics components, special devices, etc.
To solve Maxwell’s equations in a given complex structure, with the beam current as the source
of fields, a study of the field is required. For this complicated task, dedicated computer codes
were developed to solve the electromagnetic problem in the frequency or in the time domain.
The theories for wakefield imply that the amplitude of the wakefield potential induced by the
interaction between charged particles and vacuum chamber is inversely proportional to the
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geometric dimensions of the vacuum chamber. In other words, a smaller vacuum chamber
dimension induces a higher wake potential.

For the transverse case, the wakefield instability is generated by off-axis beam trajectories.
The instability develop within a single bunch or along a train of bunches. As the beam traverses
the linac, the head of a single bunch (or first bunch of a train) undergoes an unperturbed trans-
verse motion. The tail (or remaining bunches of the train), on the other hand, experiences
deflection due to the wake excited by the preceding particles (bunches). The transvese wake-
field instability always leads to emittance growth or beam losses. For the longitudinal case,
on the other hand, the bunches (or tail of a single bunch) travelling through the linac will lose
energy due to the longitudinal wakefields excited by preceding bunches (or preceding particles
wihtin single bunch) independent of whether the bunches have off-axis trajectories. To minim-
ise the emittance dilution, or especially to fulfill the small sliced energy spread requirement of
the FEL (see Sec 3.3, the energy spread of the beam must be kept as small as possible.

The preservation of the beam emittance along the accelerator and transport lines is an im-
portant issue to achieve design XFEL performance. In a real, imperfect, machine the linac
consists of randomly misaligned accelerating sections which cause deflection of the particles
at the tail by the transverse wakefield induced by the leading particles. Or, due to injection
transverse jitter, the beam performs coherent betatron oscillations down the linac leading to
chromatic and wakefield emittance dilution. The chromatic emittance dilution in turn is con-
ditioned by residual uncorrelated energy spread after the bunch compressor and correlated
energy spread. Longitudinal wakefields modify the correlated energy spread, while the trans-
verse wakefields induced by off-axis beam motion disturb the transverse shape of the bunch.
As a result, the particles of the bunch are diluted in a single slice (uncorrelated, chromatic)
and within the bunch (correlated, chromatic and wakefield).

Since the FEL mechanism requires high peak current, it necessary to design magnetic
bunch compressors on a machine like CompactLight which increase the peak current while
maintaining the small emittance. However one of the major problems with the acceleration
of ultra-short electron bunches is Coherent synchrotron radiation (CSR). Studies in the past
show that the CSR can cause emittance growth in bunch compressor chicanes [23]. Recent
simulation studies and theoretical investigations have shown that such a bending system is
subject to the microbunching instability driven by CSR and hence can be very sensistive to
any energy density or energy modulation of the incoming beam distribution [24].

The simulation tool for optimizing the main accelerating section must be able to simulate
all the problems mentioned above, as well as the other misalignments or imperfections in the
machine. A flexible matching feature for the optics of the different sections is also import-
ant for long term iteration processes during the optimization. The simulation codes should
provide the opportunity to design corrections for mitigating the effects of machine imperfec-
tions. CompactLight collaborators use several widely used and well established simulation
codes for simulating all the effects. We have chosen ELEGANT and PLACET for the design
of main accelerating section of the CompactLight.

In addition, one may need a fast optimization method to manipulate the longitudinal phase
space of a single bunch. In order to reach kA-level peak current at multi-GeV beam energy
with minimised energy spread, one needs to fine tune the longitudinal machine parameters in
a reasonable time. One can optimize the longitudinal phase space without using the full 6-D
phase space of the bunch. The key parameters of the accelerator and bunch compressors,
such as compression factors and RF setup, are driven by the longitudinal evolution of the
phase space along the machine. Since in most accelerators the longitudinal phase space can
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be studied independently of the transverse phase space, it can be advantageous to employ
a program that tracks longitudinal coordinates only. Linear approximations of the beam dy-
namics are insufficient to fully represent the beam evolution. Several nonlinear effects have a
leading role in shaping the final longitudinal bunch profile, for example: the non-linearity of the
magnetic chicanes, usually referred to with the T5¢, and Usge terms, the curvature due to the
RF accelerating fields, the correlated energy spread introduced by short-range wakefields in
the accelerating structures, the non-linearity of the distribution as it comes from the injector.
Dedicated computer codes are necessary for this purpose. We have tested two such codes:
LiTrack[8] and Track1D[9].

2.2.1 LiTrack

LiTrack is a fast Matlab-based 1D macroparticle tracking code suitable for the determin-
ation of the linac parameters, such as RF peak voltage and lengths, in order to accomplish
the aforementioned tasks. Arbitrary short-range (i.e., single bunch) linac wakefields can be
incorporated as external text files, treated as impedances (the charge distribution is assumed
to be frozen during acceleration), and convoluted with the arbitrary longitudinal charge distri-
bution. Bunch length compression in arbitrary magnetic insertions is described by means of
user-defined linear and nonlinear (up to 3 order) momentum compaction terms. LiTrack can
also be run from a Matlab script by calling it as a function. This allows the user, for example, to
scan or randomise input parameters. LiTrack has been used in the last 20 years for the design
of electron accelerators such as linear colliders and high gain FELs, for example the LCLS
[25] at SLAC. It was applied to sensitivity studies in order to specify the jitter budget, and was
benchmarked with 2D or 3D codes such as Elegant and IMPACT.

2.2.2 Track1iD

Track1D is a fast C++ library embedded into Octave [26] which tracks 1D single-bunch
distributions through linacs and magnetic chicanes. It implements single-bunch longitudinal
wakefields in accelerating structures, as well as chicanes with adjustable Rsg, T5¢¢, @and Usggg.
Being embedded in Octave, it can easily be interfaced with the optimisation toolbox offered
by this software. This permits multidimensional optimisation of the overall layout, using the
relevant degrees of freedom, targeting non-trivial merit functions which can simultaneously
address multiple goals: short bunch length, uniform current distribution, small sliced energy
spread. It enables flexible output and plotting thanks to Octave. It typically runs 10° particles
in fractions of a second.

2.2.3 ELEGANT

ELEctron Generation ANd Tracking (ELEGANT), which is written in the C programming lan-
guage, is a full 6D particle tracking program. It uses a variant of the MAD [27] input format
to describe accelerator components. Program execution is driven by commands in a namel-
ist format. ELEGANT is not a stand-alone program. For example, most of the output is not
human-readable, and ELEGANT itself has no graphics capabilities. These tasks are handled
by a suite of post-processing programs that serve both ELEGANT and other physics programs.
These programs, collectively known as the SDDS—-Toolkit [28], provide sophisticated data
analysis and display capabilities. They also serve to prepare input for ELEGANT, supporting
multi-stage simulation.
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ELEGANT is a matrix based tracking code up to third order for most of the elements. How-
ever it is also possible to track via canonical kick elements, numerically integrated elements,
or any combination of all those. Like many accelerator codes, ELEGANT does accelerator
optimization. It will fit the first- and second-order matrix, beta functions, tunes, chromaticities,
natural emittance, etc. It also has the ability to optimize tracking results using a user-supplied
merit function of the final beam and transport parameters.

2.2.4 PLACET

Program for Linear Accelerator Correction and Efficiency Tests (PLACET) is a code to simulate
the dynamics of a beam in the main accelerating or decelerating part of a linac in the presence
of wakefields, synchrotron radiation emission, misalignments and other imperfections. It allows
investigation of single- and multi-bunch effects, and simulation of normal cavities with relatively
low group velocities as well as the special transfer structures specific to CLIC. In these, the
group velocity is a significant fraction of the speed of light (around 50%). A number of cor-
rection schemes allow testing the emittance growth to be expected for given pre-alignment
errors. PLACET is written in parallel C and C++, and it uses the scripting languages Tc1/Tk
Octave and Python as user interfaces.

The simulation codes to be used for the optimization of the main accelerating section are
capable of modelling linacs, and XFEL beamlines (excluding undulators) with the existence of
wakefield and CSR effects as well as misalignments and other imperfections. There are also
several differences between the codes, some of which are listed in a short comparison of code
features shown in Table 4.

Table 4: Some Features of Accelerator Simulation Codes.

Code LiTrack | TracklD | ELEGANT | PLACET
Runs on Windows Yes Yes Yes No
Runs on Mac No Yes Yes Yes
Runs on Linux No Yes Yes Yes
Open Source No Tes No Yes
Adaptive Time steps No No No No
1D CSR Algoritm Yes No Yes Yes
Wakefield Algorithm Yes Yes Yes Yes
Scripting No No No Yes

2.3 Free Electron Laser Section

The FEL is a type of coherent light source, based on the amplification of radiation by a high-
energy electron beam generated in an electron accelerator. The lasing mechanism of X-ray
FELs can be described by classical electrodynamics. Even though there are several analytical
formulas to describe the ampilification process in FELs [29, 30], we usually need to perform
numerical simulations to precisely quantify the light source performance available under prac-
tical conditions. During the 1980s a number of codes had been written, suitable for simulating
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the SASE process [31]. These codes have been used for the designs of the Linac Coher-
ent Light Source (LCLS) and TESLA Test Facility (TTF) projects as well as for a number of
long-wavelengths experiments.

To simulate the FEL process, the electron beam is typically divided into a humber of slices,
each the length of the radiation wavelength, along the longitudinal axis. For an X-ray FEL the
number of slices required to cover the whole electron beam can be large so simulations can
be time-consuming. For quick estimates of FEL performance semi-analytic methods can be
used.

2.3.1 PROMETEO

PROMETEO is a multi-particle code for simulating FEL sources [32]. The code has been used
both as a research tool to understand the dynamics of FELs operating in different configura-
tions and as a practical tool to design FEL devices. It is a flexible tool that can deal with many
FEL configurations, including optical klystrons and segmented undulators. The code can sim-
ulate the evolution of the fundamental and the coherent generation of higher-order harmonics
in SASE or oscillator FELs. The code can model 1-dimensional effects like pulse propaga-
tion in FEL oscillators and in high-gain SASE devices, including spiking dynamics. In order
to have a fast simulation capability, three-dimensional contributions from electromagnetic and
electron beam propagation are deliberately omitted. The latter have been taken into account
by including them as longitudinal effects. One of its important features is the development of
a series of practical formulae aimed at providing a quick evaluation of the FEL performances,
be it operating in the SASE, Oscillator or Optical Klystron mode.

2.3.2 PERSEO

PERSEO is a library of functions developed for the simulation of FEL dynamics within the
Mathcad® framework [10, 33]. The core of the library consists of the routines solving the
pendulum-like FEL equations coupled with the field equations that govern the FEL longitudinal
dynamics, and including self-consistently the field variables for the higher order harmonics.
PERSEO FEL-cad library allows the 1D simulation of SASE FEL configurations, oscillator
configurations and exotic configurations like MOPA. It includes higher order harmonics and
startup from shot-noise. Time dependent simulations can be programmed within Mathcad,
and future extensions will extend the simulation to the transverse space. Detailed description
of PERSEO is given in Section 3.3.1

2.3.3 GENESIS

GENESIS is a time-dependent three-dimensional FEL code [11, 12]. It can simulate single-
pass free-electron lasers, both FEL amplifier and SASE FEL, and the flexible input can be
used to extend the capability to FEL oscillators or multistage set-ups with higher harmonics. Its
origin is the steady-state 2D code TDA 3D but nowadays they have nothing in common except
for some naming convention. The radiation field is discretized on a Cartesian grid and solved
by the alternating direction implicit (ADI) integration scheme. The transverse motion of the
electron beam, described by macroparticles, is calculated analytically, whereas the energy and
phase are found by Runge-Kutta integration. In addition to the standard internal generation, an
external seeding radiation field, undulator field, and longitudinal variation of the electron beam
parameters can be supplied in input files. Long-term electro-static fields (e.g. wake fields)
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must be calculated externally. They can be implemented into GENESIS and applied to the
equations of motion for the macro particles.

2.3.4 GINGER

GINGER is a 3D multi-frequency particle tracking code with a 2D, axi-symmetric representation
of the radiation field [34]. The equations of motion are averaged over an undulator period. For
non-waveguide simulations, GINGER uses a nonlinear, expanding radial grid, proportional to
the square of the radius near the axis, and expands exponentially for large distances from the
axis. The outer grid boundary, the number of radial grid zones, as well as the region over
which the grid is linear, are controlled by input parameters. GINGER is able to simulate a
single segment of undulator as well as lumped, quadrupole focusing.

There are several more codes, such as MEDUSA, TDA3D, RAD and PUFF IN [35], for simu-
lating FELs, and most of them have already been bench-marked against other FEL simulation
codes (such as: GINGER [36], FAST [37], MINERVA [38] and PUFFIN [35]) and theoret-
ical predictions for different configurations and schemes (SASE [39], harmonic lasing using
FAST and GINGER [40], HGHG and Echo-Enabled Harmonic Generation using PUFFIN [41])
providing a good agreement in the FEL figures of merit.

A more detailed description and comparison of the codes to be used for the optimization of
the FEL section is given in Section 3.3. The main differences between the codes are summar-
ized in Table 5.

Table 5: Some Features of Free Electron Laser Simulation Codes.

Code PROMETEO | PERSEO | GENESIS
Runs on Windows Yes Yes Yes
Runs on Mac Yes No Yes
Runs on Linux Yes No Yes
Open Source Yes No Yes
Radiation Field 1D 1D 3D
Wiggler Errors No No Yes
Wakefield Algorithm No No Yes
Scripting No No Yes

2.4 The units to be used for exchange of results

In order to use all the codes mentioned above we need to develop a systematic way to trans-
fer results between existing and possible future codes. The exchange tool shall provide a
common, generalized pre- and post-processing facility for simulations. It could also include
graphics features as well as scripting, permitting a high degree of automation. Because of the
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scope of the simulations, it is possible to employ a distributed batch queue of workstations.
Job preparation, submission, and post-processing, as well as inter-job data transfer, could
be performed using scripts, eliminating the tedium and errors implicit in less automated data
handling.

Beam distribution files from various codes may consist of a header giving information about
the contents of the file, while some of them start only with an array of data for the 6-D phase
space coordinates of the particles. The translator shall also be used to analyze the statistical
properties for the beam or Twiss parameters. Table 6 lists the structure of particle distribution
files of 6D simulation tools to be used for CompactLight. The last column of the table shows
the units for the file exchange between codes.

Table 6: Phase space coordinate descriptions for the 3D simulation tools

Quantity TStep|GPT|ASTRA|RF-Track |ELEGANT |PLACET |GENESIS | Translator
X-position (x) cm m m mm m um m mm
x-momentum (x’) rad | yB,| eVic mrad P/ D urad vB, MeV/c
y-position (y) cm m m mm m um m mm
y-momentum (y’) rad | yB, | eVic mrad py/p; urad Y8, MeV/c
z-position (2) degree| m m mm m um m mm
t-position (t) degree| s s mm/c m/c um/c s ps
Total momentum (P)| MeV/c | yB | eV/c MeV/c YB GeV YB MeV/c
Energy (E) MeV | vy eV MeV Y GeV Y MeV
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3 Comparison of codes

In accordance with the project implementation plan, different electron gun schemes at different
operating frequency (S, C and X band) have been investigated by WP3. WP3, on the other
hand, is exploring the possibilities for phase-space linearization and compression schemes
based on the injector choice. Considerable progress has been made on RF structure design
and module layout by WP4. Based on the user demands defined by WP2, the technology
of undulator design is being investigated by WP5. In order to provide the key parameters
and performance estimates of the machine and elaborate the overall facility design we aim to
develop and apply consistent tools for modelling the machine from the cathode to the undulator
exit by using available simulation tools.

The simulation codes which are going to be used for WP6 are briefly summarized in Section
2. To test the tools we have considered the sections of CompactLight independently instead of
focusing on a layout of the whole facility. The codes could not have been integrated because
of too many options for the injector and bunch compressor schemes. On the other hand the
codes somehow could be bench-marked for the specific task of interest. The following specific
tasks were considered to compare and evaluate the codes:

e Injector up to 300 MeV, comprising an S-Band RF-Photo-cathode gun and S-band trav-
elling wave RF structures: ASTRA, GPT, TStep and RF-Track codes are compared

e Main linac up to 6 GeV comprising X-Band travelling wave RF structures and two bunch
compressors: In addition to the comparison between ELEGANT and PLACET codes,
2D codes LiTrack and TracklD codes are used.

e Hard X-Ray beamline comprising a planar undulator suitable for producing 0.7 A (16
keV photon energy) FEL output: Semi-analytical formalism (Ming Xie and Dattoli et al.)
and time dependent GENESIS and PERSEO codes are compared

3.1 Comparison of Injector Simulation Tools

Different simulation tools have been used to optimise the beam dynamics in the photo-injector
to compare the different resolution approaches that the codes adopt and to state the reliability
of the simulation results that will guide the machine design. The codes have been chosen for
their abilities in treating space charge effects experienced by the low energy electron beam
from its generation at the cathode up to the linac entrance, and the beam emitting from the
cathode surface that strongly impacts the intrinsic emittance with which the beam is generated
and that represents the best emittance one can obtain at the FEL injection.

As mentioned in Section 2.1 the beam dynamics in the photo-injector has been simulated
with three well established tools for the study of charged particle dynamics in electromagnetic
fieldsi.e. TStep, ASTRA and GPT. We also tested a new code that was developed at CERN
over the last few years, RE-Track.

3.1.1 Simulation setup

The simulation has been performed on a setup comprising an S-band photo-injector, operating
at 2.856 GHz followed by 3-meter long SLAC-type travelling wave (TW) sections operating at
2.856 GHz [42] (See Fig. 2). The layout consists of a 1.6 cell Standing Wave (SW) RF gun,
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equipped with a copper photo-cathode and an emittance compensation solenoid. The first
two accelerating sections are embedded in solenoids for operation in velocity bunching mode.
Each solenoid is composed of twelve coils grouped in four coils with each group independently
supplied.

RF gun TW cavity TW cavity TW cavity
z=0m z=15m z=50m z=83m z=12.0m

Figure 2: Layout of the SPARC-like high brightness S-band photo-injector consisting of a 1.6
cell UCLA/BNL type SW RF gun, equipped with a copper photo cathode and an
emittance compensation solenoid, followed by three TW SLAC type sections; two
compensation solenoids surround the first and the second S-band cavities for oper-
ation in the velocity bunching mode.

The RF gun and its solenoid are the ones designed for the ELI-NP GBS facility [43] and are
well described in [44]. The solenoid is composed of two coils independently powered and it
is placed at 204 mm from the cathode surface. The SLAC-type travelling wave sections are
composed of 84 cells with 2/37 phase advance per cell and 56.7 MQ/m shunt impedance.

A TW cavity is composed of a TW central body and input and output couplers. The central
body consists of n TW cells with a 27/3 field phase advance per cell (with n = 1...ncell,
and ncell the total cell number in the structure) to provide a good enough approximation to
the design gradient profile. The input and output couplers consist of pure m-mode standing
wave cells according to the Serafini-Rosensweig model described in [45]: the fringe fields at
both sides of the TW cavity are simulated with a half standing wave cell. The reason why
it is important to include the couplers in the model lies in the transverse focusing strength
provided by a pure m-mode standing wave structure, which is K, = %(}//}/)2 (whereas for TW
accelerating cells it disappears completely).

Differences between the codes and their peculiarities will be treated in more details below,
focusing on space charge routines and the modelling of the intrinsic emittance and the travel-
ling wave cavities.

Space charge algorithms: The space charge routines implemented in the codes have been
carefully investigated, the space charge force being mainly responsible for the emittance di-
lution of the electron beam in this part of the machine. Space charge calculations can be
performed relying on 2D mesh rings (if the cylindrical symmetry is assumed) or a fully 3D
mesh grid. In the former, cylindrical mesh rings are set up with the beam composed of con-
centric rings of constant charge density and longitudinal slices; in the latter a cubic mesh grid
is set up that covers the entire beam in a point-to-point model. Even if the ASTRA and TStep
codes enable the user to perform 3D simulations, their manuals strongly recommend using
it with care since in both cases the point-to-point calculation might be noisy if the number of
macro-particles is not sufficient. The results are generally accurate when using >100k macro-
particles at the expense of increasing considerably the computer time. However, the required
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number of particles might depend on the case under study. Furthermore, the 3D space charge
routines implemented in TStep may underestimate the radial space charge force at high en-
ergy, if the number of particles is too low, while the one implemented in ASTRA does not
provide special features for tailoring the emission of particles from the cathode and the image
charge forces cannot be included. On the contrary, the default GPT space charge calculation
is based on a 3D mesh grid model so it is powerful and able to keep the computing costs to a
minimum without compromising the accuracy.

Emission process and intrinsic emittance: The emission of a beam from a photo-cathode
is a complex phenomenon and may be determined by the interaction between various factors
such as the set-up of the laser pulse and accelerating field, the cathode features and many
other mechanisms—for example the image charge and the space charge fields, the Schottky
effect and the quantum efficiency. The chosen codes are able to simulate a pseudo-realistic
distribution of a beam emitted from a cathode. The image and space charge fields are included
in the calculations, but the physics involved in the electrons’ generation are not.

In a typical RF photo-injector the electron beam is emitted from a copper or semiconductor
cathode surface illuminated by a laser pulse when the applied RF accelerating field overcomes
the electric field produced by the electron bunch itself—image and space charge fields. Indeed,
the electrons experience their own image charge, which for metal cathodes, produces a field
opposing the applied electric field. The codes calculate the image charge field at the cathode
by assuming a metal wall (Dirichlet boundary condition) and add it to the bunch self-field; the
calculation is turned-off at a distance from the cathode where the image charge field contribu-
tion on the overall fields becomes negligible (for example because of a long distance between
beam and cathode).

The bunch generation is a time-dependent process determined, at the first order, by the laser
pulse distribution. In addition, during and immediately after the emission, the space charge
pressure on the beam will lead to a very fast change in the beam length and the transverse
size. The time step increment and the space charge mesh adjustments are then the main
issues to be faced in the cathode area in order to ensure sufficient accuracy of the simulation.
The adopted codes foresee a dynamical set-up of the grid, to closely match the actual beam
dimensions, and an adaptive time-step, that scales with the beam length and y. The accuracy
of the calculation can be improved by the user by increasing the number of the longitudinal
slices and rings (TStep and ASTRA) or of the grid meshes (GPT), and both ASTRA and
GPT permit to vary the volume of the rings or grid meshes according to the bunch charge
density in order to avoid statistical fluctuation in the case of rarely populated meshes. In detail,
ASTRA enables the user to vary the radial grid height over the bunch radius and to merge the
slices if needed ( useful in the case of long and low density tails) while GPT relies by default on
an adaptive meshing technique that optimises the number and the thickness of the grid mesh
based on the charge density distribution.

Finally, in a photo-injector the beam is generated at the cathode with its own intrinsic emit-
tance. The treatment of this parameter in the codes is based on analytic models widely de-
scribed in the literature [46, 47] and it is a key output of the simulation since it will represent
the lowest emittance value one can get at the FEL injection. In general, the electrons extracted
from a metal cathode belong to the tail of the Fermi-Dirac distribution and have the Maxwell
velocity distribution given by
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where kg is Boltzmann constant and T the cathode temperature. The result is that, according
to [47], the particles emerging from the cathode at room temperature have an intrinsic velocity
spread and so an intrinsic emittance described as
intrinsic __ Ephot - q)eff
vy — Pxy
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3m002

where o, , is the rms beam size, @y is the effective work function and E,; is the photon
energy. This is the model implemented in ASTRA, which is also the only code that explicitly
foresees the treatment of the Schottky effect.

An alternative model, implemented in ASTRA, TStep and GPT, foresees a beam distribu-
tion with isotropic emission angles into a half sphere over the cathode according to [46] with

the intrinsic emittance being
£)icr71;rinsic _ Gx.,y 2Ekin2 (3)
\/ 3mye

where E,;, represents the beam kinetic energy. In particular, the TStep code first makes each
particle direction perpendicular to the cathode surface with rest mass energy and then applies
random momentum changes corresponding to E,;,. In addition, GPT gives the possibility to
set a user-defined value for the initial beam emittance just by scaling linearly the transverse
momentum.

3.1.2 Simulation of Injector

Several configurations have been proposed for the XLS photo-injector, aiming to provide at
the linac entrance an electron beam with 50-100 pC charge, less than 0.4 mm-mrad projec-
ted emittance and less than 300 um bunch length. In this section we will adopt as reference
for the code benchmarking the case of a 100 pC beam generated in a SPARC-like S-band
photo-injector [48] and delivered at the linac entrance with a final energy of 140 MeV, a norm-
alised projected emittance of 0.6 mm-mrad and a bunch length of 350 um (all values are rms
quantities).

The working point has been chosen to be close to the likely point required from the FEL
community. Nevertheless, it does not represent the final beam injection requests since for the
benchmark simplicity a uniform laser pulse transverse distribution and a 100 MeV beam exiting
the photo-injector have been considered. Instead the choice of the machine layout has been
instead guided by the expertise acquired on the S-band technology that ensures a very good
agreement between the simulated and measured field maps for the beam-line elements.

Input particle distribution: As mentioned, for the benchmark procedure, the choice has
been to adopt a photo-cathode laser pulse with a Gaussian longitudinal profile of 6,=30 um
(100 fs RMS) duration and a transverse uniform distribution with 6,=250 um and radius r =
0.5 mm. The intrinsic emittance of such beam at the cathode, determined by the codes as
illustrated in eq. 3, is about 0.6 [nm-mrad/mm]o, ,[mm], i.e. >~ 0.15 mm-mrad.
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Figure 3 shows the shaped charge distribution at the cathode surface produced by such a
laser pulse as obtained with 2D TStep simulations.
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Figure 3: Charge distribution at cathode surface produced by the photo-cathode laser pulse as
obtained with 2D TStep simulations.

Rather than generating the initial particle distribution internally, the tracking programs can
also read the initial particle coordinates from a file. This file may be generated by the program
generator or by a user written program based on the emission theory.

Space charge mesh: With the assumption of cylindrical symmetry, here the choice has
been to adopt the 2D model for ASTRA and TStep simulations and the 3D model for GPT,
trying to optimise the code performance and accuracy. The beam has been modelled with 30k
macro-particles, which represents a good compromise between reliability and computational
time for all the codes and that suffices if one is interested in the beam projected quantities (for
example the emittance or energy spread). Actually, many more macro-particles (>100 k) would
be needed if one was interested in the beam slice parameters or needed to study phenomena
such as, for example, the longitudinal micro-bunching instability.

a) b)
1-D Matched E; Re Im
30
30 0.8
%g 06 ..... |,H ............. \‘| -------
_ o4 |
o B s 7 0 tl||l|[ ,[{||)HI|[~|' '
s 13 = = o INNNNAN | \ i it i\
i ':?0 i o -0.2 M‘ | ||HH|‘}II|‘M ‘1‘ ”‘u
i} -15 -0.4 |
,%(5) *0.6'\"""“"‘"‘"""""“"“‘-
y - 0.8 s : . ‘ .
5 0 0.5 1 15 2 25 3

14 145 15 155 16

z[m] z[m]

Figure 4: The electromagnetic field for the TW sections as obtained by GPT simulations (and
similarly by ASTRA and TStep): the Fig.4 a) illustrates the transition between the
input coupler and the first travelling wave cell; the Fig.4 b) illustrates the electromag-
netic field in the body of the TW section.

Input fields: The beam-line elements have been implemented in the codes with field maps
obtained by means of SUPERF I SH (electromagnetic for accelerating cavities) and POI SSON
(magneto-static for solenoids) simulations. The electromagnetic field for the TW sections for
GPT is created by combining the real and imaginary parts of the SUPERF I SH solution of the
cavity, as described in [49]. Figure 4 shows the on-axis field components used in simulations:
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Fig.4 a) illustrates the transition between the input coupler and the first travelling wave cell; the
Fig.4 b) illustrates the electromagnetic field in the body of the TW section.

The implementation of TW fields is performed combining SW and TW cavities by default
both in ASTRA and in TStep, while a user-defined element can be defined in GPT according
to the expected field-map from the cavities. A fine tuning of the phase and amplitude of the
couplers and of the body cells is crucial to avoid any abrupt field discontinuity.

The injector has been simulated with all the appropriate codes. The parameter setup, from
the beam dynamics optimisation by means of TStep simulations, is summarised in Table 7.
Similar parameters were also obtained by other codes with minor difference of cosine and sine
wave convention.

Table 7: Summary of the photo-injector setup, as it results from the beam dynamics optimisa-
tion by means of TStep simulations.

Section Parameter Unit Value
Electric field amplitude | MV/m 120
Solenoid magnetic field | kG 3.2
RF Gun RF operation phase deg ~24
Output beam energy MeV 6.5
TW sections Electrlcl field ampllltu.de MV/m | 20.0/25.0
15t jond Solenoid magnetic field | kG 0
( ) RF operation phase deg 0.0/-11.3
8 191 — Ifﬂ‘;ﬁ | ' TStep
€ 0 £ 12108 |---ePT
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Figure 5: Evolution of the electron beam parameters along the photo-injector as obtained by
TStep (green line), ASTRA (red dots) and GPT (blue dashed line). All values are
rms quantities.

The beam line matching foresees a proper set of emittance compensation solenoids and
of the S-band cavity gradients, according to the invariant envelope criteria [50]. In this con-
figuration the first TW section can operate both on crest or far from the crest, in the velocity
bunching regime [51], enabling the RF compression of the beam length, while the following
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section operates almost on crest in order to let the electron bunch gain the maximum energy
available in the TW cavities and freeze its phase space quality.
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Figure 6: Phase-space portraits at the photo-injector exit

Figure 5 shows the evaluation of rms beam parameters along the injector for various simula-
tion codes. As clearly shown the codes have good agreement. Figure 6 shows the transverse
and longitudinal phase space of the single bunch obtained by TStep, ASTRA and GPT.
As easily can be seen ASTRA and GPT have good agreement for all phase spaces while
TStep shows small differences in transverse phase space.

The results illustrated do not show relevant discrepancies between TStep, ASTRA and
GPT simulations once one implements the same field maps and initial distributions at the
cathode surface. The main difference lies in the gun region and it is related to the operat-
ing phase of the RF gun. Indeed, some tuning of the RF gun operating phase is needed in
GPT simulations in order to reproduce the same beam evolution in the gun region obtained by
ASTRA and TStepwhich completely agree. This behaviour can be explained by the different
algorithms modelling space charge forces in the codes as illustrated in 3.1.1. Our thesis is
supported by the fact that in the gun region the electron beam expands very fast due to the
space charge pressure. Further, in the drift upstream of the first TW section the beam length
as obtained by ASTRA increases faster than the length obtained by GPT and TStep leading
to a 10 um longer beam, corresponding to a ~ 3% variation. On the other hand, ASTRA and
TStep are in excellent agreement if one looks at the evolution of the transverse emittance
while GPT shows some discrepancies arising inside the TW sections leading to a ~ 6% larger
emittance.

As mentioned, we also tested the RF-Track code. The code does not yet implement
the emission process from the cathode and, because of that, some discrepancies arise if one
turns-on the space charge calculation in the cathode region. This limitation has been solved by
tracking the beam distribution, obtained by means of ASTRA simulations, from downstream the
RF gun. The ASTRA output file "PROJECTNAME.Cathode.001" is related to this process. In
fact, as stated in [2], Table 4, this file contains the "longitudinal space-charge field on cathode
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V/m" and the "accelerating field on cathode V/m".The implementation of the emission process
in the RE-Track will be investigated further in the near future. The results are illustrated
in Figure 5 with the RF-Track code in agreement with the other ones, especially in the
longitudinal beam phase space.

The final beam parameters as obtained by simulations are listed in Table 8.

Table 8: Output beam parameters.

Beam Parameter TStep | GPT | ASTRA | RF-Track Unit
Charge 100 100 100 100 pC
Kinetic energy 139.6 | 139.9 | 139.3 139.2 MeV
Energy spread 0.10 0.09 0.09 0.11 Y%
RMS bunch length 254 256 264 266 um
RMS normalized emittance | 0.64 0.68 0.63 0.93 mm mrad
RMS size, o, , 375 330 301 431 um

3.1.3 Concluding & remarks

In this section we presented in details the ASTRA, TStep, GPT and RE-Track codes used
for the design of the RF photo-injector. All these codes have been chosen for their specific
capability in treating the beam dynamics in the low energy regime, where the space charge
force is not negligible, and the emission process of an electron beam from a photo-cathode.
Further these tracking codes have been widely and successfully compared and validated with
experimental results. From the report it comes out that the main difference between the codes
lies in the space charge algorithm, with GPT enabling for 3D space charge calculations without
compromising the accuracy and elongating the time of the simulation. Beside this variation,
the benchmark results have shown that all the codes are in agreement between them and
with the analytical theory if one implements the same field maps and initial distributions at the
cathode surface.

Finally RE-Track , a new code that was developed at CERN, has been tested. The results
have shown that the code is in agreement with other codes, unless for the model of the space
charge during the emission process near the cathode. Nevertheless, the RE-Track code
still presents some advantages being it open source and not licensed and foreseeing parallel
calculations that is in general a quite powerful and fast device.

3.2 Linac and bunch compressor simulation

Two simulation tools have been chosen for the linac simulations: ELEGANT[6] and PLACET[7].
Both are matrix-based codes that implement full 6D tracking and include collective effects
relevant to the CompactLight project, such as wakefields in the accelerating structures and
incoherent and coherent synchrotron radiation emission in the bending magnets. They can
simulate bunch compressors as well as other elements like quadrupoles, accelerating struc-
tures, and compression chicanes.
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Both codes have acquired a solid reputation in the field of linear accelerator and FEL sim-
ulation, and have successfully passed extensive benchmarks both against other codes and
against experimental results, as it can be easily found in literature, for example [52].

3.2.1 Wakefield effects in the XLS accelerating structure

A knowledge of the short-range wakefields in the X-band accelerating structures is of critical
importance for the design. The short-range longitudinal wakes both increase the single-bunch
energy spread and introduce correlated energy spread; the short-range transverse wakes, in
presence of structures’ misalignment and/or orbit errors, increase the single-bunch projected
emittance of the beam. The definition of misalignment tolerances depends on the effect of
the wakefields. Our CompactLight simulations are based on the model described in [53]. This
model defines an analytic expression of the wake potentials in terms of the geometry of the
cell: its length, iris aperture, and gap length, as shown in Fig. 7. Table 9 reports the numbers
as defined by WP4.

A
Y

Figure 7: Cell parameters needed to compute the short-range longitudinal and transverse
wakefields in the X-band accelerating structures: cell length L, iris aperture a, and

gap length g.

Table 9: The XLS structure parameters used for wakefield calculations, as defined by WP4.

Parameter | Value Description
(a) 3.5 mm | average iris aperture
g 6.3 mm gap length
L 8.3 mm cell length

The simulation of the wakefields is similar in the two codes: an histogram of the arrival time is
taken at the wakefield source, and it is convoluted with the wake potential in order to compute
both the transverse and the longitudinal effect of the wake on each particle in the beam. The
only difference between the two codes is that PLACET takes the single-particle wake function
normalised to the element length, whereas ELEGANT takes the integrated wake function.

3.2.2 Simulation of synchrotron radiation emission

Synchrotron radiation emission in dipole magnets is of crucial importance in the design and
performance optimisation of the linac and bunch compressors. Depending on the bunch
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length and energy, synchrotron radiation can be emitted either incoherently (ISR) or coher-
ently (CSR). Synchrotron radiation emission is coherent when

log)((0,/0p) <6.5,

where o = R/f, with R the bending radius and y the beam’s relativistic factor [54].

In the incoherent regime all the electrons of the bunch emit photons independently from
each other. This introduces into to the bunch uncorrelated energy spread, an average energy
loss, and a transverse emittance growth. When the bunches are short and their energy is
low, the photon emission can become coherent. In such a case, the coherent radiation can
introduce a correlated energy spread and a significant emittance growth. CSR can also induce
micro-bunching instability. An accurate simulation of these two regimes is therefore crucial.

Both PLACET and ELEGANT implement ISR and CSR. The model of ISR is very similar. It
is based on random photon emission through quantum excitation. The CSR models are also
similar, both being based on the the work of [23]. This model uses a 1D CSR kick and can
correctly calculate the transient build-up of the CSR in bending magnets, however doesn’t take
into account shielding due to the beam pipe walls. PLACET implements CSR with shielding
from the beam pipe walls.
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Figure 8: A sketch of the linac module considered in the code benchmark.

3.2.3 Simulated setup

Given that a well-defined lattice for CompactLight is not yet defined, the linac lattice was based
on a sequence of FODO cells complying with preliminary module specifications provided by
WP4. Each module coincides with an RF powering unit equipped with four accelerating struc-
tures, powered by a klystron with pulse compressor, and two quadrupoles. Each quadrupole
is equipped with a BPM and a dipole corrector. A sketch of the module is shown in Fig. 8,
where one can see the power distribution system and the expected dimensions of the ele-
ments. The linac accelerates the beam from an energy of 100 MeV up to an energy of 6.1
GeV, and two bunch compressors, located respectively at 300 MeV and 2.3 GeV, compress
the bunches from 800 um down to 10 um. The linac between BC1 and BC2 is called linact,
the linac downstream of BC2 is called linac2. Figure 9 shows a sketch of the beamline used in
the simulation.
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Figure 9: A sketch of the facility layout for simulation

3.2.4 Simulation results

Full 6D tracking was performed along the system using both ELEGANT and PLACET. A
comparison of the results is shown in Fig. 10 and 11. Both code computes the Twiss functions
along the beamline using matrix formalism thus there is good agreement between codes for
Twiss functions. On the other hand, the transverse beam sizes o, , and average beam energy
are computed using tracked beam distributions at the end of each beamline element. As can
be seen in Figure 10 there is also good agreement for the transverse beam size and energy
gain along linac.
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Figure 10: RMS transverse beam size along the lattice and the average beam energy, as re-
turned by ELEGANT and PLACET.

Figure 11 shows the evaluation of phase spaces for different locations in the beamline. It
can be noticed that a small discrepancy in the phase spaces produced by the two codes grows
along the machine. This might be due to two reasons: the implementation of the wakefield
effects, which depends on the algorithm parameters; and the fact that ELEGANT normalises
the strength of the magnetic elements to the nominal energy profile, whereas PLACET adjusts
automatically the magnetic strength of the magnets to the actual energy profile of the beam,
which differs from the nominal profile due to the energy loss induced by longitudinal short-
range wakefields and synchrotron radiation. Overall there is good agreement between codes
and oce can match the phase spaces by fine tuning of the optic elements.

3.2.5 Optimization of longitudinal parameters

The initial design of an RF linear accelerator (linac) suitable to drive an X-ray FEL often relies
on the manipulation of the electron beam longitudinal phase space. This has to be squeezed
in time, in order to reach typically kA-level peak current, maximised in mean energy at multi-
GeV level, and minimised in relative energy spread, often in the 0.%-0.01% range. To define
the compression factors in bunch compressors (i.e. Rsq of BCs) and RF setup (i.e. gradient
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Figure 11: Phase-space portraits at four different locations along the machine.

and phase of all cavities) one can use 2D codes in which the longitudinal phase space can be
simulated independently of the transverse phase space. Linear approximations of the beam
dynamics are insulfficient to fully represent the beam evolution. Several nonlinear effects have
a leading role in shaping the final longitudinal bunch profile, for example: the non-linearity of
the magnetic chicanes, usually referred to with the 7544 and Usggq terms, the curvature due to
the RF accelerating fields, the correlated energy spread introduced by short-range wakefields
in the accelerating structures, and the non-linearity of the distribution as it comes from the
injector. As mentioned in Section 2.2 we plan to use both LiTrack and Trackl1D for this
purpose. We have tested those codes and the result is shown in Figure 12.

Beam collective effects such as space charge force and coherent synchrotron radiation are
not provided in the default version of these programs. By virtue of this, these codes are spe-
cifically devoted to the longitudinal beam dynamics of ultra-relativistic particles. The initial
charge distribution can be self-generated by both codes, with pre-determined symmetric or
asymmetric distributions, or imported as an external ASCII file. In general, the particle distri-
bution is represented by 6 columns, one column per degree of freedom in the 6-D phase space
and one row per particle.

The full simulation of the accelerator must then be performed with 6D tracking codes, such
as ELEGANT and PLACET as described in the previous sections of this report.
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Figure 12: a)Phase space distributions for the S-band injector + X-band lineariser and linacs,
as generated by LiTrack. From top left to bottom left, the subplots refer to: after
laser heater, exit of BC1, exit of BC2, SX extraction point, HX extraction point. b)
Phase space distributions for a full X-band CompactLight, as generated by Track1D.
The two chicanes are located at 300 Mev and 1.5 GeV, respectively.

3.2.6 Concluding & remarks

In this section we presented the two codes used for the design of the overall linac and bunch
compressors parameters. Both codes implement wakefield effects, which are critical for Com-
pactLight being a wakefield-dominated accelerator. Both tools allow the simulation of the XLS
facility from the laser heater up to the linac extraction to the unduluator lines. The interfacing
of both codes with high-level numerical languages such as Matlab (LiTrack) or Octave and Py-
thon (Track1D), makes the two codes suitable for sophisticated optimisation of the target bunch
parameters, as well as for sensitivities studies. Sensitivities studies and multi-parametric op-
timisation targeting specific bunch attributes, require high computational efficiency. In this
respect Track1D seems to offer the best performance in terms of simulation rapidity.

3.3 Comparison of FEL simulation codes and semi-analytical
approximations.

Methods for predicting FEL performance comprise a variety of codes, semi-analytic approaches
and simulation frameworks. Some of the available codes use approximations for faster and
simpler estimations of the FEL performance. Some others provide a deeper insight into the
FEL process, compromising on speed. As WP6 will carry out start to end simulations covering
the beam transport from the cathode to the end of the undulator, the FEL code to be used
should allow an easy integration with the rest of the software framework. This involves imple-
menting (or adapting existing) wrappers and adaptors to allow the interface between different
codes.

3.3.1 Brief description of available codes and semi-analytic approximations.

In the following, the Ming-Xie [55] and Dattoli [56] semi-analytic formalisms are described
briefly, together with the main codes which are extensively used by the partners of the collab-
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oration: PERSEO[33] and GENESIS[11, 57]. The characteristics of each code are presented
and a small hard X-ray study case is carried out to compare the output predictions.

3.3.1.1 Semi-analytic formalisms proposed in order to quantify the FEL performance

Ming-Xie semi-analytic formalism The 1D theory provides a characterisation of the FEL
performance via the FEL or Pierce parameter [58, 59],

2
3

- () (550

Here y=E,/m,, E, is the beam energy, m, is the electron mass at rest, o, is the rms trans-
verse radius of the electron beam, I is the peak current, K is the undulator parameter, 4,
is the undulator period, I, = 47‘[80mec3/e the Alfvén current and g is the vacuum permittivity
constant. The factor f5 relates to the coupling between the electrons and the radiation field
and depends on the undulator type

2 2
Jo (K—2> —Ji (K—2> for a planar undulator
fg= 442K 442K (5)
1 for a helical undulator

The gain length can be expressed in terms of the Pierce parameter as follows [30]

Ay
Loip = —m—
g 4\/§7tp

The physical description provided by the 1D FEL theory does not take into account the impact
of the finite beam emittance €, diffraction or the role of the energy spread (6},/}/) in the FEL
dynamics. Ming-Xie [55] produced a parameterization which redefined the 1D gain length ac-
counting for the effects not considered in the 1D theory. The fitting model assumes a constant
electron beam current. The gain length is recalculated in terms of a correction factor A as
follows

(6)

Ly=Lgp[1+A] (7)

A depends on four scaled parameters and is defined as [30];

ANy, NesNo) = aNy* +asny® +azmegsny’
+aony "Ny +aping e’ +aeng ne S ny "

(8)
The scaled parameters accounts for the reduction of gain from the 1-D condition due to several
effects;

e Gain reduction due to diffraction, n; = 7L/(47r0'f)Lg71D.

e Gain reduction due to finite emittance, 1, = (4we/A)(L, 1p/B).

e Gain reduction to energy spread, 1, = (6,/Y)(Lg 1p/A)

e The additional fourth parameter, the frequency detuning, is optimised in such a way that
the gain length is at its shortest.
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Table 10: Set of fitting coefficients for the Ming-Xie parameterization.
a, =045 ay=057 a3=055 a,=1.6 as =3 ag=2 a; =035
ag = 2.9 ag = 2.4 ayn = 51 ap = 0.95 a|jp = 3 a3 = 5.4 ajy = 0.7
als = 19 a16 = 1140 a7 = 2.2 alg = 29 a19 = 32

The set of 19 coefficients (a;,i = 1,2,---,19) given in Eq. 8 have been checked against 3-D
simulation codes and found by fitting as in Table 10 [30, 59].

Finally the saturation power and saturation length are calculated from the 3D gain length in
Eq. (7) using the correction factor given by [55],

1.6
sat — szbeam
( I +A>

P
Loy =L, m(a%;) (10)

where Poeam = Epeamlo/€, & =1/9 and P, is the initial radiation power.

Saldin et al. developed an analytic formalism to describe the coherence properties of a
SASE FEL [60]. The coherence time at saturation is defined in terms of the number of cooper-
ating electrons N. = IyA /27cep as

A |=in(N,)
" oxep \ T8

(11)

1
with p = pD?3, the scaled Pierce parameter. The parameter D is the diffraction parameter
given by D=47rl“oxz/l. The gain parameter I" in the diffraction parameter is shown to be

Fo 3K S (12)
IA)VA‘M’};

Saldin et al. found a fitting formula to find the degree of transverse coherence at satura-
tion[59, 60] I
87

Coar = LAQ?

1+0.15¢4

The degeneracy parameter 0 (associated with the number of photons per coherent state)

is found to be proportional to the coherence time, Eq. (11) and the degree of transversal

coherence, Eq. (13)

with € = 2me /A, the scaled emittance (13)

8 =Npn7el (14)

where N'ph is the photon flux. The peak brilliance (corresponding to the transversely coherent
spectral flux) is defined in terms of the degeneracy parameter and the resonant wavelength,

B 4/2¢6

B =5

(15)
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Further calculations of the degeneracy parameter allows the peak brilliance to be expressed
in terms of the peak current I, the beam energy E, and the radiation wavelength as: [59, 60]

3] % I[kA]Ee[Ge‘/] 8

A [photons s ' mm~*mrad(0.1% bandwidth)_l]. (16)

B, ~4.5x10

Here § is the scaled degeneracy parameter expressed in terms of 7] = Pagiation/ (P Poeam) @nd
the scaled coherence time . = 2mcpt./A as

§=1M¢ (17)

The semi-analytic parametrization by Ming-Xie, together with the analytic description of tem-
poral coherence by Saldin et al., give an estimate of some of the figures of merit to characterise
the FEL output.

Semi-analytic formalism by Dattoli [56]: From the Pierce p parameter defined in Eq.(4), a
set of simple and accurate scaling formulae has been derived [56, 61-63]. A Mathematica™
platform [64] is available to run the associated semi-analytic code and allows a fast preliminary
design of FEL sources.

In particular, this set of formulae is able to provide the exact analytic form of the FEL peak
power growth as a function of the longitudinal propagation coordinate z:

A(2)
%+%M@—H

3
< ) +4cos V3z cosh( £ )
Lgip 2Lg1p 2Lg1p

depending upon the gain length defined in eq.(6).

The effect of inhomogeneous broadening, namely the gain reduction due to non-ideal elec-
tron beam qualities (significant energy spread and normalized emittance) can be easily em-
bedded in the previous formulae. The use of the u parameters, expressed in terms of the
normalized emittance, RMS energy spread and Pierce parameter allows a fairly straightfor-
ward estimate of these effects, which contributes to increase the gain length. In fact, due to
the energy spread we have the following correction function yx:

o 0.185v/3 oy /Y
Lg = %<p7 77/) Lg,lD = (1 + TIJ“&%) Lg,lDa Ue = YT (19)

(18)

1
Alz) = 5 3+2cosh(

where y is the expansion result of the . ratio. The effective saturation power decreases
accordingly, depending on the same y functionof the energy spread:

@(x):e*"("*”m/i%;l (20)

X

Then, in a way similar to eq.(9), we have the following corrected quantities, at saturation:

Poat = \/Eq)(x)ppbeam (21)
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9P, 4t
Loy = 1.066L, In (To) (22)
The reliable estimate of the latter two quantities demands also for considering inhomogeneous
broadening effects due to three dimensional diffraction contributions, which modify the Pierce

parameter by introducing the i, diffraction parameter, as described below:

o= —2M o P up)p, F(ip) = 3)
P (47wT)2p7 P DI P V1+up

where we considered a transversely symmetric electron beam with o, = o, = o, and normal-
ized emittances &, = €,. As a consequence, putting both sources of gain reduction together,
we finally have:

L 1D 2
Psat’SD N \/ECD(X) ( i ) pDPbeam7 (24)
8
2 9P.
etsd =05 (p D7y) ln( pf;“> 25)

3.3.1.2 Time dependent Simulations

The theoretical approaches summarized in the previous sections allow one to obtain analytic
estimates of some of the features of the FEL. These analytic formulations are useful in narrow-
ing the range of the input parameters for the simulation, but specific effects such as magnetic
errors or alignment errors, or the effects of specific distributions, are not considered. For this
reason simulation codes are widely used in the design of FEL sources and the validation of
simulation results against available experimental data and cross comparison of their results is
important. We propose to use two benchmarked codes in the design of CompactLight and in
this section we summarize their specifications.

Perseo: PERSEO is a library of functions developed for the one dimensional simulation of
FEL dynamics within the Mathcad® framework [10, 33]. The core of the library consists of the
routines solving the pendulum-like FEL equations coupled with the field equations that govern
the FEL longitudinal dynamics, and including self-consistently the field variables for the higher
order harmonics.

The radiation field in PERSEO is the superposition of slowly varying complex amplitudes

a,=la,|le?, E(z1) = ZEnanei(k”wa”) (26)
for each harmonic n. The evolution of these amplitudes is described by the following equations:
e Sl — o, costnt (),

il g, sin(n(5) @7)

where 7, = B.ct /L, is the dimensionless interaction time, scaled by the undulator length, L, =
NA,, and B,c is the electron beam velocity. The coupling coefficient per each harmonic is given
by:

3 .
gn =27 (5) (ALK Fpn, K2 ek 8)
Y Iy
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The phase of the /-th electron depends on the associated undulator wave-vector, the radiation
wave-vector and frequency:
0= (k—k,)z,— ot (29)

The ¢-th electron motion is described by the pendulum-like equations:

e,

dTu - vé? (30)
j:_i = ;cos(neg)iﬁe(an) —sin(n6,)Sm(a,)

where v, = 27N (w, — ®)/® describes the frequency shift of the ¢-th particle resonance from
the reference frequency.

Phase space quantities generation and manipulation within a number of different devices
are made possible through a series of Mathcad™ worksheets.

In an FEL oscillator or seeded facility, when the transverse properties of the radiation may
be considered as a constraint of the problem, the coupling coefficient of Eq.(28) has to be
corrected by a proper filling factor. When the radiation size is the result of the balance between
diffraction and focusing induced by the gain, as in a single-pass FEL, a filling factor coefficient
may be derived from the Ming-Xie scaling laws by calculating the ratio between the Ming-Xie
factor with and without diffraction effects [55, 56].

Genesis: GENESIS, as described in Section 2.3, is a time-dependent, 3D code [11, 57].
GENESTIS is characterised by the distribution of the discretized radiation field and the electron
macro-particles on a Cartesian mesh. The code applies the Slowly Varying Envelope Approx-
imation (SVEA) to the field which is described by a fast-oscillating term and an envelope which
slowly varies in phase and amplitude. Further approximations involve a paraxial current, such
that the wave equation is reduced to its paraxial form, and Wigner averaging. The field is
integrated via the Alternating Direction Implicit method. The electron longitudinal parameters
are integrated using a 4™ order Runge Kutta algorithm [65]. Since the dynamics of electrons
and the radiation field are evaluated at the same position of the Cartesian grid, the leapfrog
method is used to avoid numerical inaccuracies. The loading of the macro-particles is done
via Hammersley sequences [57, 66]. Later updates of GENESIS allow the simulation of each
individual electron rather than representative macro-particles (which reduces the factor of error
in the noise statistics)[67].

Existing software frameworks (such as the simulation toolkit OCELOT implemented by the
European XFEL Project [68]) contain routines and functions in Python which allow the analysis
of the post-processing of data. Therefore, integration of GENESIS into a start-to-end simula-
tion environment can be done. The flexibility of GENESTS has allowed it to be used to simulate
many different schemes including self-seeding [69], High Gain Harmonic Generation (HGHG)
[70] and generation of a few cycle pulses via a mode locking afterburner [Dunning2013].

3.3.2 Study case: Assessment of a hard X-Ray FEL

A study case is carried out to determine the performance of a cryogenic permanent magnet
undulator (CPMU) based FEL to benchmark the FEL codes and semi-analytic approximations.
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Table 11: Electron beam parameters.

Electron beam parameter  Value

Beam Energy 5.5 GeV
Peak Current 5kA

Shape of Current distribution Flat-top
Bunch length 1.64 um
Bunch Charge 27 pC
Normalised &, , 0.2 mm-mrad

RMS slice energy spread 0.01%

Table 12: Undulator parameters for the CPMU.

Undulator parameter Value
Undulator type Planar
Undulator period 12.87 mm

RMS Undulator parameter 0.628
Undulator module length 2m

The electron beam has the parameters listed in Table 11. The CPMU is tuned to a resonant
wavelength of 0.0756 nm, corresponding to a photon energy of 16 keV and has the parameters
listed in Table 12. The optimised average B function of 9m minimised the gain length. The
beam current has a flat-top distribution.

Estimations of FEL performance were made using the Xie and Dattoli models with results
shown on Table 13). The gain length and saturation length agreed well, to within a relative
difference ALgyi/Lyie-sat Of @pproximately 6%. However, the Dattoli model predicts a 22.53%
increase in saturation power compared to Ming Xie.

Table 13: Estimations of FEL performance from the semi-analytic models.

Figure of merit Ming-Xie Dattoli

P, [GW] 17.97 22.02
L., [m] 20.81 19.47
Legin [M] 1.12 0.974

The FEL figures of merit obtained from the time-dependent simulations using both codes
(GENESIS and PERSEO ) are summarised in Table 14. It should be noted that for the para-
meters used the bunch length is much longer than the total slippage length so that the sat-
uration length and peak power derived from the time-dependent simulations can be directly
compared to those found from the semi-analytic models. Ten different noise realisations were
run in the case of GENESIS to account for SASE shot-to-shot fluctuations. The results in
Table 14 (displayed in Figures 15 as the thicker lines) correspond to the average over all noise
realisations. The pulse energy curves for both codes are shown in Figure 13. The zoomed
region shows the difference in the linear regime between PERSEO and GENESTIS . The calcu-
lated spectrum (shown in Figure 14) is shown to be different, but the main spectral contribution
to SASE comes from the same wavelength. The dark red line in the GENESIS results is the
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Table 14: Estimations of FEL figures of merit at saturation, and running time of the
simulation for the CPMU. The peak brilliance (Bg,) is measured in units of
ph/s/mmz/mrad2/0.1%bw. The GENESIS results are averaged over ten noise real-

isations.
Figure of merit PERSEO GENESIS
Psat[GW] 11.4 5.69
Lgat[m] 21.62 21.69
Epu|se[uJ] 60 31.09
Nohotons 23x10" 1.28x10"
Bandwidth[%] 0.055 0.064
Bsat 42x10°% 1.41x10™
Running time < 5 min 90 min (25 processors)
Pulse energy vs z (PERSEO and Genesis1.3) Pulse energy vs z (PERSEO and Genesis1.3)
90 — PERsED 10° — PERSEO :
goll = Average(noise realisations) = Average(noise realisations)
104}
70
1l
60l 10
= 50| = 10%
5 40) u} 107}
30+
107
20+
10l 107
‘ -4 . ‘ ‘ ‘
0O 5 10 10 0 5 10 15 Zp 25
z[m] z[m]

Figure 13: Pulse energy as calculated by GENESTIS and PERSEO(left: linear scale and right:
logarithmic scale). The thicker brighter blue line is the average over all noise real-
isations from the Genesis simulations. The lighter dotted blue lines are the energy
curves per noise realisation.

average over noise realisations.

The comparison between the two codes shows that the saturation lengths appear consist-
ent, but the average peak power, pulse energy and photon flux at saturation obtained from
GENESIS are around 50 % of those obtained via PERSEO . The peak brilliance at satura-
tion obtained via PERSEO is almost three times that from GENESIS . The difference may be
explained by the fact that PERSEO only supports the fundamental transverse mode whereas
GENESIS supports a larger number of transverse high order modes in the Cartesian grid cal-
culation, which contribute less to the total radiation in the linear regime and at saturation[71].

A further comparison of the peak brilliance is done using the semi-analytic model (Eq. (15))
which gives a brilliance of 1.11 x 10°? ph/s/mmz/mrad2/0.1%bw. This value is 78 % and 26%
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Figure 15: GENESIS simulation for CMU undulator. (a) shows the evolution of the pulse en-
ergy, average of peak power over all electron beam slices, bandwidth and radiation
size. (b) shows the peak brilliance of the coherent radiation along the undulator.

of the value obtained for the GENESIS and PERSEO simulations respectively.

An important aspect is the time it takes to run the simulations. As seen in Table 14,
PERSEO was fast compared to GENESIS as would be expected when comparing a 1D code
with a full 3D code. However, the running time in GENESIS can be optimised via a modifica-
tion of the input parameters. In order to quantify an example of this, several simulations were
performed with a shorter bunch length (0.18 um) and a different number of macro-particles
per slice, n. The results are displayed in Figure 16. The pulse energy at saturation converges
for n > 1000 indicating that n can safely be reduced to this number to speed up the simulation
without effecting the result. Other parameters can also be optimised, for example the dimen-
sion and resolution of the Cartesian Grid.

For S2E simulations the ability to interface the FEL code with beam dynamics and optical
propagation codes is important. PERSEO is a 1D simulation code so cannot be directly in-
terfaced with 3D lattice codes such as ELEGANT , ASTRA and GPT. However, it is a natural
candidate to be interfaced with a 1D beam dynamics code such as LiTrack . In that regard,
GENESIS is the better option if a full 3D S2E environment is envisioned because interfaces
between ASTRA and GENESIS and ELEGANT and GENESIS have been implemented in
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Figure 16: Pulse energy at saturation and time duration per simulation as a function of macro-
particles number n for GENESTS.

the OCELQOT[68] and SDDS-Toolkit[28], respectively, as has an interface to OPC, an op-
tical propagation code [72]. A LiTrack and PERSEO setup can therefore be used for initial,
quick estimations those scenarios where the longitudinal dynamics are the main subject of
concern. For more detailed simulations, GENESIS provides a more comprehensive solution.

3.3.3 Concluding remarks

An introduction to the simulation codes and semi-analytic models used by the partners of
the collaboration has been given, including a study case to compare output. Bench-marking
between GENESIS and PERSEO has previously been carried out by Giannessi et al. [33,
73] to simulate the dynamics of higher order harmonics and the performance of the SPARC
facility [71], showing agreement in some of the figures of merit of the FEL performance (lin-
ear regime, gain of harmonic components amongst others). The study case reported here, in
agreement with [71], shows that PERSEO predicts a higher peak power, pulse energy and bril-
liance then GENESIS. The time duration can be an issue to consider as PERSEO is quicker.
However, for those scenarios in which 3D effects are more prominent and cannot be neglected
GENESIS provides a more natural choice. The time it takes for GENESIS to run a simulation
can be optimised via the Cartesian grid properties or the macro-particle number after appro-
priate convergence tests. In terms of interfacing GENESIS and PERSEO with other beam
dynamics simulation codes the dimensionality of the codes is relevant—GENESTIS is fully 3D
whereas PERSEO is 1D with corrections applied to account for 3D effects. PERSEO can be
interfaced to 1D beam dynamics simulation codes for faster design studies. If a more compre-
hensive study is required (including 3D effects), GENESIS is the right fit, as it can be interfaced
to 3D beam dynamics and optical propagation codes.
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4 Conclusion

There are several sources of non linear collective effects that may play an important role in the
design of short wavelength free electron lasers. We have analyzed the three regimes with this
report

e Injection
e Acceleration and compression
e FEL process

We have used various investigation tools devoted to the simulation of the specific regimes and
offered the opportunity to analyze. Since the the simulation of charged particles interacting with
electromagnetic field has too wide conditions which has to be considered, the S2E simulation
cannot be accomplished by a single code. This report covers the summary of some of the
simulation tools to analyze beam generation, bunch compression, collective effects in linacs
and the FEL process. Some of these tools are going to be integrated in order to perform S2E
implementation.

In general, to start S2E design of a facility like ComplactLight, we may first use analytic
approximations by including the most of the physical aspects of the specific problem to avoid
complexity of the implementation and to gain time in calculation. In the second step we use
the numerical implementation which includes some “smart” theoretical approach in accordance
with some physical approximations. This step shall allow addressing some specific issue rel-
evant to the problem with a fast relaxation of the usually large number of parameters involved.
At the final stage we implement combined collective physical aspects into one simulation to
seek a methodology that preserves as much information as possible between the regimes
mentioned above. At these stage, we generally use large number of marcroparticles in 6D
phase spaces in order to have better statistical result.

The choice of simulation tools depends several crucial criteria; simulation time, the amount
of data when 6D phase spaces are used, the output format etc... For example the interface
refers not only to the human interface for the analysis and visualization of the results but
also the code-to-code interfaces necessary to perform a self consistent S2E simulation of
the whole facility using multiple codes. The necessity of different codes for handling different
regime requires change of phase spaces in a compatible format between different programs.
We plant to develop a translator for multiple programs. We need to agree a common well
known exchange format between codes, for example SDDS or HDF5. The last, but not least,
aspect is the documentation and availability of the source codes. The open source nature of a
code is important for the user who does not want to be faced with a ‘black box’ but wants the
opportunity to directly analyze the source code and the underlying equations and algorithms
she or he is dealing with.

To provide the key parameters and performance estimates of CompactLight facility we need
to develop consistent tool for modelling the machine. In addition to the collective effects we
need to implement static errors, error correction, and pulse-to-pulse jitter etc... into the tool.
The tool shall provide highly automated and flexible modeling, thus permitting routine execution
of hundreds of simulations for tolerance, correction, and jitter studies.
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