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Introduction

The Conceptual Design Report of the FERMI@Elettra Project is the result of several years of incubation,
development and international collaboration.

The concept started with a first proposal presented by the Trieste team in the beginning of 2002,
reinforcing an already strong interaction between EU and USA synchrotron radiation laboratories, in
response to a call for proposals by the Italian Ministry of Research. The proposal has evolved into the
present Report that has been written in parallel with preliminary development activities. In particular,
we strongly acknowledge contributions from the design study activities of the sixth framework EU
program EUROFEL and the detailed physics and technological studies carried out together with
Lawrence Berkeley National Laboratory, the Massachusetts Institute of Technology and the Linac
Coherent Light Source (SLAC). The gratefully acknowledged help from many other expert teams, listed
in this report, also contributed to make the report a solid conceptual base for the construction of the
FERMI@Elettra facility.

The Free Electron Laser (FEL) activity at Sincrotrone Trieste has always been an important research and
development topic; a strong international community has in fact grown around the EU storage-ring-
FEL project, EUFELE, in operation at the ELETTRA storage ring, considered to a be the precursor to
FERMIL.

FERMI@Elettra has always been intended as a “User Facility” and as such it has involved, from the
very beginning, the user community in defining the project physics goals and therefore the fundamental
machine parameters and configurations. As a result, the facility design has been based on complex
and still evolving techniques, such as “seeding”, in order to ensure the high beam stability and
synchronization needed for fine spectroscopy measurements.

FERMI will be an “International Open Access” Facility to serve the most advanced experiments
proposed by the international user Communities. To further improve the overall service, and to ensure
the best use of resources available in Europe, we have proposed, at the EU level, to develop our facility
in coordination with other similar projects now in operation (FLASH, in Hamburg) or in the design and
development stage (4GLS in Daresbury, BESSY-FEL in Berlin, MAX-IV in Lund, SPARX in Frascati and
PSI-FEL in Villigen) and with previously existing facilities such as FELIX in Holland. The proposal is
now evolving into an integrated EU facility-Consortium, IRUVX, that has been selected as one of the
Facilities in the Roadmap of Research Infrastructures for Europe. The integration will, among others,
offer the advantage of possibly making the various facilities cover different parameter ranges, thus
helping extend the use of FEL generated Light over a much wider range of scientific fields.

The construction of FERMI has started thanks to the financial support of the Italian National and
Regional Governments as well as of a project-financing supported loan from the European Investment
Bank.

The first light is planned to be delivered to the users in 2009, thus translating the concepts of this CDR
into practice!

Carlo Rizzuto
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Chapter 1 - Executive Summary

1 Ex‘écﬁ"c\ive Summary

1.1 Introduction

Synchrotron radiation is a fundamental and indispensable tool for the study of materials which
encompasses a wide spectrum of sciences, technologies and applications, from life sciences to nano-
technologies, from environmental sciences and geochemistry to archaeology.

Synchrotron radiation has seen an explosive growth in its application to research and development
and in the number of facilities built to serve its users, covering a large range of radiation wavelengths,
extending from the infrared down to hard X-rays, in the form of radiation pulses with time duration
down to the few picoseconds range. The number of facilities in operation worldwide is close to eighty,
serving tens of thousands of users per year.

The main figure of merit of radiation sources is brilliance, which defines the intensity of radiation, within
a given bandwidth around the desired wavelength, that can be focused unto a sample of given area.
Typical brilliance values for the highest performance “third generation” light sources are around 10" to
10% photons/s/mm?/mrad?/0.1% bandwidth. Another important characteristic is the pulse duration:
ultra short, sub-picosecond radiation pulses are needed to open up the new investigation field covering
not only the structure of a sample but also its dynamics during irradiation.

A strong need has emerged over the last few years, for a source of radiation with extremely high
brilliance, close to full coherence, a bandwidth approaching the Fourier limit and with a stable and
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well characterized temporal structure in the femtosecond and picosecond time domain. Such a source
is the single-pass Free Electron Laser (FEL) that has the potential for producing light pulses with peak
brilliance many orders of magnitude higher than that generated in present third generation sources
and with sub-picosecond pulse lengths, as shown in Figure 1.1.1 [see also Chapter 3] in which the peak
brightness (brilliance) and pulse duration performance of different types of X-ray sources is compared
(see Table 1.1.1).
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10" Sourcess Figure 1.1.1:
]0]53 Peak  brightness (brilliance) versus
00 10 1 01 001 0001 pulse duration of various types of
FWHM X-Ray Pulse Duration [ps] radiation sources.

The investigation domain opened by the new sources cover essentially all basic science fields giving
access to explorations of matter in practically unexplored regimes. The scientific opportunities will in
fact impact studies of a large number of disciplines ranging from materials and biomaterials sciences,
nanosciences, plasma physics, molecular and cluster femto- and nano- physics and chemistry, as well
as having various connections to life, environmental, astrophysical and earth sciences. Asimportant as
the immediate applications is the promise of new discoveries, studies and techniques that will emerge
as this new tool is fully exploited. The potential is there to further develop technologies ranging from
micro-electronics to energy. A more extensive presentation of the science case is given in Chapter 3.

The FERMI single pass FEL project at the ELETTRA Laboratory of Sincrotrone Trieste (ST) is one of the
FEL based European projects, designed to become the international user facility in Italy for scientific
investigations, with ultra high brilliance X-ray pulses, of ultra-fast and ultra-high resolution processes
in material science and physical biosciences.
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1.2 The Fermi FEL Facility

1.2.1  General Layout

The FERMI single-pass FEL facility will be driven by the present ELETTRA injector S-band linac,
upgraded by the addition of seven accelerating sections' to bring its top energy to 1.2 GeV and of a new
photoinjector, low emittance electron source. The Linac repetition rate will also be ramped up to from
10 Hz to 50 Hz. Injection into ELETTRA will be taken up by a new full energy booster synchrotron
scheduled to become operational at the end of 2007 [1].

The upgraded Linac 1.2 GeV electron beam energy plus a complex of state-of-the-art undulators
will allow FERMI to cover the 100-40 nm wavelength region in a first phase (FEL-1) and to reach down
to 10 nm in a second, later phase (FEL-2). User experiments will be housed in the new experimental hall
shown in Figure 1.2.1, located next to the ELETTRA light source [2], thus allowing for the possibility of
eventually bringing ELETTRA photon beams into it to perform multi-beam experiments.

A general layout of the facility is shown in Figure 1.2.1. The accelerator and FEL complex comprises the
following parts: a photoinjector and two short linac sections generating a bright, ~ 100 MeV electron
beam, the main linear accelerator in which the beam is time-compressed and accelerated to ~ 1.2
GeV, the system to transport the beam to the undulators, the undulator complex generating the FEL
radiation, the photon beamlines taking the radiation from the undulator to the experimental area and
the experimental area itself. After leaving the undulators, while the FEL radiation is transported to the
experimental areas, the electron beam is brought to a beam dump by a sequence of bending magnets.
The FEL radiation transport system, designed to handle the high peak power of up to 10 GW in the sub-
ps long pulse, includes a differentially pumped windowless vacuum system and low-Z material beam-
line components operating at grazing incidence angles. The photon beam transport system incorporates
all provisions and equipment necessary to ensure pulse length and energy resolution preservation,
monochromatization, source shift compensation, beam splitting and focusing into the experimental
chamber.

= - N

e

= =] <

The Main Linear Accelaralor The Undulator Hall The Experimental Area

Figure 1.2.1:
FERMI General layout.

As above mentioned, the FEL facility operates two different free electron laser radiation sources, FEL-1
and FEL-2, to be realized in two phases. FEL-1, to be implemented first, is designed to operate in the
time domain (short pulses) with two complementary modes: a high stability and a high intensity one.

ICourtesy of CERN
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FEL-2, to be implemented in the second phase, is designed to operate with relatively long photon pulses,
in the frequency domain to provide the highest energy resolution, i.e. the narrowest bandwidth.

The initial FERMI science program, by which the design choices have been guided, is structured to reach
its final performance from the very start with diverse experiments and increasingly more demanding
photon beam parameters (see Tables 3.1.2 through 3.1.7, Chapter 3), thus allowing high quality
experiments to be performed from the very beginning of commissioning of both FEL-1 and FEL-2.

The classes of planned experiments, temporally ordered, are: single shot, high peak brightness
experiments, pump-probe experiments and non-linear spectroscopy high-energy resolution experiments
in both the time and the frequency domain.

The “roadmap” showing in more detail how the various stages of facility performance optimization will
open up diverse experimental opportunities is shown in Figure 1.2.2.

High Peak Brilliance Experiments e

Single Shot Microscopy " First Shot
Warm Maotter Studies Experiment
Statistical & Fourier Opfics .

Time-structure Controlled and Comaoning
Narrow Bandwidth Experiments " Experiments
Pump-Probe in the time domain i

Time-structure Controlled e
Narrow Bandwidth ‘ Advanced Users

Intensity Stable Experiments . Experiments

Scattering Experiments in the SRS |

Frequency Domain

TR s i [rm——
Aftosecond

Controlled Experiments ' Experiments

Pump-Probe in the fime domain

Figure 1.2.2:
Accessible experiments as the Fermi
performance is gradually improved.

1.2.2  FEL Operation: Seeding Mechanism and Main FEL Parameters

The quite novel “seeding” scheme by which FEL-1 is designed to produce radiation down to 40 nm
wavelength, is the following. An initial “seed” signal, provided by a conventional, high peak power
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pulsed laser operating at wavelengths in the region 240-300 nm at the electron bunches repetition
frequency, is made to overlap the electron beam in a first undulator magnet called the modulator. The
laser field modulates the electron bunch energy at its own frequency and the modulation is converted
to bunch charge spatial modulation by passing the electrons through a dispersive section.

The frequency spectrum of the so obtained charge modulated electron bunch contains higher harmonics
of the seed laser wavelength so that intense coherent FEL radiation at the frequency of one of these
harmonics can be finally obtained by passing the modulated bunch through a second set of undulators
(the “radiator”) tuned to select and amplify the desired harmonic.

For the FEL-2 beamline to reach the shortest foreseen design wavelength of 10 nm, a second undulator
stage must be added to a first stage similar to FEL-1, consisting of a modulator plus a dispersive section
plus a radiator, tuned to and seeded by the first stage output radiation.

One should note that the nature of the mechanism, with an external laser driving the FEL process, is
particularly suitable for pump/probe synchronization at time scales well below 1 picosecond.

FERMI's resulting main parameters, collected in Table 1.2.1, were defined based on theoretical studies
and simulations. A cornerstone has been provided by “start-to-end” simulations, in which the electron
beam is tracked from the photocathode, through the linac and all the way through the FEL process.
Exhaustive studies have also been carried out to estimate the effect of foreseen random perturbations
and jitters of the accelerator and of the FEL parameters.

Table 1.2.1: Nominal electron beam and FEL parameters.

Parameters Value at 40 nm Value at 10 nm Units
Electron beam energy | 1.2 1.2 GeV

Peak current 800 500 A
Emittance (slice) 1.5 1.5 um, rms
Energy spread (slice) | 150 150 keV
Bunch duration 700 1400 fs, FWHM
Repetition rate 10 10 Hz

FEL peak power 2.5 0.6 GW

FEL pulse duration 200 400 fs, FWHM
# of photons/pulse 10 10%2

Bandwidth 17 4 meV
Brilliance ~10%! ~10%1 ph/s/mm?/mrad?/0.1%BW




Chapter 1 - Executive Summary

Another novel paramount feature of FERMI is that both FEL-1 and FEL-2 are designed to provide, at
all design wavelengths, beam polarization ranging from linear-horizontal to circular to linear-vertical,
continuously tunable by changing the undulator gap at constant electron beam energy.

The FEL-1 radiator and the final radiator section in FEL-2 have therefore been chosen to be of the APPLE-
I, pure permanent magnet type. For the modulator a mechanically simpler configuration can be used
because the input radiation seed can be linearly polarized.

The radiators for both FEL-1 and FEL-2 consist of a sequence of 6 and 10 undulator magnets respectively.
Electromagnetic quadrupoles, high quality beam position monitors and quadrupole movers are
installed in between magnets to correct the electron trajectory. More details on the undulators can be
found in Chapter 7.

In summary, with a peak brightness in the lower energy region of the XUV spectrum that can reach values
10 orders of magnitude greater than that of third generation sources, with full transverse coherence,
close to transform limited bandwidth, pulse lengths of hundreds of femtoseconds, variable polarization
and tunability, the FERMI source is a powerful tool for scientific exploration.

Its coherence properties are expected to open up new perspectives for single shot imaging, allowing to
study the dynamics of chemical reactions and of other time dependent phenomena. The high peak power
will allow studying non-linear multi-photon processes in a regime so far never explored and enable
studying dilute samples of paramount importance in atmospheric, astrophysical and environmental
physics as well as in the characterization of nano-size materials. The short pulse duration will open the
door to visualizing ultra-fast nuclear and electronic dynamics.
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2 Overview
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2.1 Introduction

The FERMI project at the ELETTRA Laboratory of Sincrotrone Trieste (ST) will be a national and
international user facility for scientific investigations with high brilliance X-ray pulses of ultra-fast and
ultra-high resolution processes in material science and physical biosciences. The underlying technology
of the new facility is the Free-Electron-Laser (FEL) employing a master-oscillator-power-amplifier
configuration with high gain harmonic cascades of wigglers. The full FERMI facility will consist
of a linear accelerator plus two principal FEL beamlines in a new experimental hall in the complex
environment of a multi-beamline user facility provided by the ELETTRA synchrotron light source.

The FERMI Project utilizes a 1.2 GeV linear accelerator, part of which is the current injector of the
ELETTRA storage ring, and a new electron source based on photoinjector technology. In the near future,
with the start of operation of the booster ring as the new ELETTRA injector, the existing linac will become
available as part of a dedicated driver of the free-electron-laser. The addition of seven accelerating sections
brings the linac energy to ~ 1.2 GeV. At this energy, and with state-of-the-art undulator technology, the
free-electron-laser described in this report can operate in the 100-40 nm energy region in the initial phase
(FEL-1) and down to 10 nm in a subsequent phase (FEL-2).

This chapter gives a broad overview of the facility and of the issues relevant to achieving the design
objectives.
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2.2 Principle of Operation

The FERMI project is based on the principle of high gain, harmonic generation FEL amplifier employing
multiple undulators, up-shifting an initial “seed” signal in a single-pass [1,2,3]. The initial (master
oscillator or seed) signal is provided by a conventional pulsed laser operating at wavelengths in the
region 240-300 nm. The energy modulation induced by the interaction of the laser with the electron beam
in the first undulator (the “modulator”) is converted to spatial modulation by passing the beam through
the magnetic field of a dispersive section. The bunching further increases the initial bunch modulation
at harmonics of the seed wavelength. Thus re-bunched, the electrons emit coherent radiation in a second
undulator (the “radiator”) tuned at a higher harmonic corresponding to the desired FEL output. This
scheme broadly describes the FEL-1 layout, down to 40 nm. To reach the shortest design wavelength
of 10 nm, a second stage (modulator + dispersive section +radiator) is added to produce the FEL-2
configuration.

The choice of harmonic generation by an external seed laser is dictated by the scientific applications
and the flexibility that such choice entails. As the seed laser determines the duration, bandwidth, and
wavelength of the output radiation, all are tunable and controllable, covering a wide spectral range.
The choice of design parameters, in fact, allows FERMI to generate FEL radiation with a wide range
of characteristics tailored to match a diversity of experimental requirements, ranging from single shot,
short (~100 fs), high brilliance, time-resolved experiments to ultra-fast pump-probe experiments, to
high resolution (1 — 5 meV) experiments with close to transform-limited radiation on the ps time scale.
The seed laser furthermore provides a reference signal throughout the FERMI facility (including the
experimental beamlines) to facilitate the femtosecond level precision timing and synchronization of all
systems.

Delivering such flexibility to serve a broad range of potential applications imposes severe requirements
on the quality of the electron beam. To meet these requirements the FERMI FEL design is based on
extensive studies of possible perturbations that may affect the electron beam dynamics, of means to
correct them, and of parameter optimization. These studies show that the most important determinants
of the quality of the FEL radiation are the quality and uniformity of the electron beam properties along
the bunch (energy, energy spread, transverse emittance, electron optics, peak current, etc.), as well as the
pulse-to-pulse stability of such properties.
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Table 2.3.1 lists some of the basic parameters of the electron beam and of the FEL radiation at 40 nm
(FEL-1) and 10 nm (FEL-2).

Table 2.3.1: Nominal electron beam and FEL parameters.

Value at 10 nm

Parameters Value at 40 nm e Units
Electron beam energy | 1.2 1.2 GeV

Peak current 800 500 A
Emittance (slice) 1.5 1.5 um, rms
Energy spread (slice) | 150 150 keV
Bunch duration 700 1400 fs, FWHM
Repetition rate 10 10 Hz

FEL peak power 1+5 05+1 GW

FEL pulse duration 50 + 100 100 + 200 fs, FWHM
# of photons/ pulse 10 10%2

Bandwidth ~20 5 meV

24 Overall Layout

Figure 2.4.1 shows the layout of the facility. The accelerator and Free-Electron-Laser (FEL) complex
comprise the following parts:

* A photoinjector and two short linac sections (SJA and SIB), generating a bright electron beam
and accelerating it to ~ 100 MeV.

*  The main linear accelerator, where the electron beam is time-compressed and accelerated to ~

1.2 GeV.

*  The electron beam transport system to the undulators.

* The undulators complex, in which the FEL radiation is generated.

* The photon beam transport lines from the undulator to the experimental area.

e The experimental area.
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The new constructions include extending back the linac tunnel by ~ 80 m to make room for the
photoinjector, new accelerating sections and the first bunch compressor. At its downstream end, the
tunnel is extended by ~ 30 m to accommodate additional accelerating sections and the electron beam
transfer line up to the Undulator Area. While only two lines (FEL-1 and 2) are envisaged initially,
the transverse dimension of the Undulator Area allows installation of up to four undulators side-by-
side. Finally, an experimental hall will house the FEL radiation beamline optics and the experimental
hutches.

The following sections offer a brief overview of each major component. The reader is directed to the
appropriate chapters for more detailed information and references.

2.5 The Photoinjector

The photoinjector is based on the proven 1.6 cell electron gun developed at BNL/SLAC/UCLA [4].
Given the similarities between the LCLS and FERMI photoinjector requirements, this design draws
heavily on the LCLS concept to produce a 10 ps long pulse with 0.8-1 nC charge and a rms normalized
transverse emittance of 1.2 mm-mrad at 100 MeV. The repetition rate is 10 Hz during the initial stage of
operation, but the design allows for upgrading the photoinjector to 50 Hz. Following standard layout
schemes, the design includes a solenoid for emittance compensation and acceleration to 100 MeV with
two S-band rf sections. These sections, named SJA and SOB, are part of the present ELETTRA injection
system.

Alaser pulse provides temporal and spatial bunch shaping. The FERMI design calls for a novel temporal
bunch profile in which the bunch current increases approximately linearly with time (linear ramp). Such
profile at the start of acceleration produces a more uniform energy and current profile at the entrance
to the undulators.

The Main Linear Accelarator
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Simulations using the GPT and Astra codes indicate that the electron beam performance objectives for
injection into the main linac at ~ 100 MeV are attainable. The timing and charge stability, — 0.5 ps and 1%
respectively, are challenging but within present state of the art.

2.6  Acceleration, Compression and Transport to the Undulators

The function of the system is to accelerate the ~10 ps long electron bunch exiting the photoinjector
to ~1.2 GeV and to compress the beam to its final duration and peak current. Two FEL layouts are
envisaged in FERMI.

FEL-1 will cover the 100-40 nm energy wavelength range. Depending on the user experiments, an
electron bunch length of 200 fs and a peak current of 800 A or higher can be provided (“short bunch”).
For those experiments for which the timing jitter is critical, and to account for a predicted e-beam timing
jitter of ~ 400 fs, the “medium bunch” design aims at a duration of 700 fs. Including the inevitable
inefficiency of the compression system, the obtainable peak current is ~800 A with 0.8 nC of charge from
the photoinjector.

FEL-2 covers the 40-10 nm wavelength range. This line will be developed to produce a narrow bandwidth
(10 meV), close-to Fourier-transform limited radiation pulse.

Alternatively, ~200 fs long, high brightness FEL radiation pulses can be produced using the “fresh-
bunch” technique. In both cases, a ~1.4 ps “long bunch” of electrons ~ is required from the electron
accelerator. With a 1 nC bunch charge from the injector the attainable peak current is ~ 500 A.

In both the above cases, the energy and charge distributions correlated with the distance along the
electron bunch should be as flat as possible in order not to broaden the FEL bandwidth. The design
values of energy and peak current variations along the useable part of the bunch are specified to be less

The Undulator Hall The Experimental Area

Figure 2.4.1: Overall FERMI layout.
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than 2x10* and ~ 100 A respectively. The horizontal and vertical normalized emittances at the end of
the linac (1.2 GeV) should not exceed 1.5 mm-mrad to meet the desired photon throughput. This value,
~ 30% higher than predicted by photoinjector simulations, includes a safety margin against emittance
dilution effects. As an emittance of 1.5 mm-mrad is demanded at the shortest output wavelength, the
accelerator performance is designed to satisfy this most stringent requirement. The specification could
be relaxed during longer wavelength operation.

At the exit of the photoinjector, the ~ 100 MeV electrons enter the L1 linac (four C-type sections) where
they are accelerated to ~ 250 MeV. Acceleration off-crest creates the correlated energy spread along
the bunch needed to compress it in the first compressor, BC1. An X-band rf structure tuned at the 4th
harmonic of the main (3 GHz) linac frequency is placed half-way between the four C-type sections of L1.
The function of the structure is to provide the non-linear quadratic and, when operated off-crest, cubic
corrections of the correlated momentum distribution along the bunch in presence of the photoinjector
and the magnetic compressors non-linearities and of longitudinal wakefields.

The L2 and L3 linac structures, located between the first and second bunch compressors, accelerate
the beam from ~ 250 MeV to ~ 650 MeV. They also provide the residual momentum chirp needed
for the second compressor, BC2. After BC2 the beam is accelerated to its final ~1.2 GeV energy in the
L4 structure. The rf phases of the linac sections following BC1 are chosen to provide the necessary
momentum spread for compression and also to cancel the linear part of the longitudinal wakes. The
non-linear correlated momentum spread at the end of the linac is fine-tuned by acting on the amplitude
and phase of the x-band structure.

The linac focusing system is designed to minimize transverse emittance dilution due to transverse
wakefields, momentum dispersion and coherent synchrotron radiation in bends.

Two transfer lines, one assigned to FEL-1 and the other to FEL-2, transport the electron beam from the
linac end to the undulators. This system, called the “Spreader”, starts with two, three degree bending
magnets that deflect the beam away from the linac. In the line that leads to the FEL-2 undulator, two
more, three degree bend dipoles of opposite polarity bring the beam back parallel to the linac at a distance
from it of 1 m. When operating the FEL-1 line, one of the afore-mentioned dipoles is switched off and the
beam proceeds to a second pair of dipoles that again bend the beam parallel to the linac and displaced
from it by 3 m. The two undulator lines are thus parallel and separated by 2 m. The electron optics is
designed to cancel any emittance blow up due to the emission of coherent synchrotron radiation in the
bends by a suitable choice of the (small) bending angles and of the phase advances between dipoles. The
lattice of the spreader is flexible, and allows to switch from the configuration for photon delivery to a
configuration less suitable for operation but optimized for electron beam diagnostics purposes.

2.7 The Undulators and the FEL Process

FEL-1 and FEL-2 are required to provide, at all wavelengths, continuously tunable beam polarization
ranging from linear-horizontal to circular to linear-vertical. The FEL-1 radiator and the final radiator
in FEL-2 have therefore been chosen to be of the APPLE-II [5], pure permanent magnets type. For the
modulator a simple, linearly-polarized configuration is best, due to both its simplicity and because the
input radiation seed can be linearly polarized. The wavelength will be tuned by changing the undulator
gap at constant electron beam energy. The FEL-1 and FEL-2 radiators consist of 6 and 10 undulator
magnets. The magnetic lengths of the individual magnets are 2.34 m (containing 36 periods) for the
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FEL-1 and first FEL-2 radiators and 2.40 m (48 periods) for the second FEL-2 radiator, respectively.
Electromagnetic quadrupoles, high quality beam position monitors, and quadrupole movers are
installed in between magnets to correct the electron trajectory.

The accelerator and FEL parameters were defined based on theoretical studies and simulations. A
cornerstone has been provided by “start-to-end” simulations, in which the electron beam is tracked
from the photocathode, through the linac and all the way through the FEL process. The exhaustive
studies carried out included foreseeable consequences random perturbations and jitters of accelerator
and FEL parameters.

The consequences of orbit displacements from the ideal trajectory in the undulators were simulated.
At the shortest design wavelength of 10 nm, the FEL process requires the straightness of the electron
trajectory in the undulators to stay within 10 um (rms value over the undulators length). While this
requirement is beyond the state-of-the-art of present surveying techniques, realistic simulations show
that a combination of the latter and of beam-based-alignment procedures [6] (tested at the Stanford
Linear Collider and proposed for the LCLS) will achieve the desired performance.

2.8 The Photon Beam Transport and Experimental Areas

After leaving the undulators, the electron beam, carrying an average power of 75 W (at 50 Hz), will be
dumped into a shielding block by a sequence of bending magnets, while the FEL radiation is transported
to the experimental areas. Pulse length preservation, monochromatization, energy resolution, source
shift compensation, focusing into the experimental chamber and beam splitting are all included in the
design of the FEL radiation transport system. It is designed to handle the high power of up to 10 GW in
a sub-ps long pulse. Its differentially pumped vacuum system is windowless, the low-Z material beam
line components operate at grazing incidence angles, and the radiation intensity is controlled by a gas
absorption cell.

2.9 Applications of FERMI

The FERMI FEL covers the lower energy region of the XUV spectrum. With a peak brightness of about 6
orders of magnitude greater than third generation sources, full transverse coherence, (close to) transform
limited bandwidth, pulse lengths of the order of a picosecond or less, variable polarization and energy
tunability, the FERMI source is a powerful tool for scientific exploration in a wide spectrum of disciplines.
The coherence properties will open up new perspectives for single shot imaging, allowing to study the
dynamics of chemical reactions and other phenomena. The high peak power will allow studying non-
linear multi-photon processes in a regime never explored before. The short pulse duration will open the
door to visualizing ultra-fast nuclear and electronic dynamics. The high peak power enables studying
dilute samples that are of paramount importance in atmospheric, astrophysical and environmental
physics as well as in the characterization of nano-size materials.

Applications of FERMI therefore extend from chemical reaction dynamics to biological systems,
materials and surfaces, nano-structures and superconductors. The nature of HGHG, with an external
laser driving the FEL process, is particularly suitable for pump/probe synchronization at time scales
well below 1 picosecond.



2.10 Summary

This report describes the FERMI free-electron-laser, a source unique in its capability to produce intense,
tunable coherent radiation of picosecond and sub-picosecond duration in the 100 to 10 nm wavelength
region. The strength of the design concept relies on extensive studies on the optimization and control of
the primary electron beam, as well as on well-tested theory and simulations of the FEL process.

The FERMI design uses the most up-to-date, normal conducting linac technologies developed primarily
at SLAC and applied to the Linac Coherent Light Source, a free-electron-laser under construction there.
The FERMI design also greatly profited from the advances in knowledge and technology made by the
synchrotron radiation community, and in particular, from the experience gained at ELETTRA on the
technology of insertion devices, on radiation transport and on the experimental utilization of XUV and
soft X-ray radiation.

32  FERMI@Elettra
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3 The Scientific Case

Synopsis

The FERMI FEL source at ELETTRA is designed to supply photons in a spectral range from 100 to
10 nm, covering the region from the VUV to the lower energy soft X-ray regime. FERMI will be much
brighter than the existing third generation synchrotron sources with a temporal structure that meets the
essential requirements of structural studies with ultra-short, variable polarization pulses of radiation.

FERMI will be realized in two phases: FEL-1, covering the 100 to 40 nm wavelength range, is designed
to operate in the time domain in two complementary operating modes: a) high stability and b) high
intensity. FEL-2, covering the 40 to 10 nm wavelength range, is designed to operate in the frequency
domain (high energy resolution) and with relatively long photon pulses. The FERMI science program is
structured to allow users to perform high quality experiments already under the specified FEL-1 initial
operation parameters and to proceed to ever more demanding experiments and beam requirements as
the source performance is improved.

The coherence properties of FERMI beams allow taking single shot images of complex molecules and
performing nano-structures imaging. Samples can be probed in time resolved single shot experiments,
of great significance to life sciences as well as to environmental, materials and chemical sciences.

The high peak power can trigger non-linear, multi-photon processes never explored before, unperturbed
by any pondermotive effects.
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The FERMI average beam power, comparable or slightly higher than that of the best synchrotron light
sources, will enable first investigations of dilute samples crucial to the understanding of atmospheric,
astrophysical and environmental physics as well as to the characterization of nano-sized materials.

The FERMI short pulse duration properties allow studying ultra-fast dynamic processes such as
electronic relaxation, bond formation and breaking reactions or conformational molecular changes.

Teams of world-class scientists, leaders in their respective fields, have proposed a first series of
experiments exploiting each of these features that are unique to free-electron-lasers, outlined below.

The extremely high brightness and short pulse duration provided by FERMI will open up a new regime
of X-ray microscopy. With present synchrotron-based X-ray microscopes, radiation damage due to
chemical changes, diffusion, and local heating, over timescales greater than microseconds, limits the
resolution achievable in studying living systems to ~20 nm. This limitation can be circumvented by
using intense pulses of duration shorter than that of any process that causes structural changes over
time scales longer than the resolution of interest, such as delivered by FERMI. Indeed, flash imaging can
be extended at FERMI to atomic resolution, for imaging of single molecules.

The high flux of the FERMI FEL will improve the lateral resolution and increase the data acquisition
rate of the full-field X-ray microscope (FFXM). For instance, X-ray fluorescence microscopy may be
extended to microscales by exciting high-lying electron levels In such experiments the typically low
cross sections will be compensated by the several orders-of-magnitude higher flux available at FERMI.
In conjunction with the FFXM, the coherence of the FERMI output radiation also allows using lensless
imaging techniques such as phase contrast imaging, micro-tomography and holography.

Small particles, such as nanocrystals and clusters, are different from bulk matter; finite size effects
influence effectively all properties of matter. The finite number of constituents and the discrete nature
of of phonon, electron, or other quasi-particle densities of states alter the constituent interactions
and lead to different geometric and electronic ground state configurations and different dynamical
behavior. The results are strong changes in optical, magnetic, chemical and thermodynamic properties.
The FERMI spectral range of 100 to 10 nm is one in which plasma absorption processes break down
and new physical processes involving core levels become important. Clusters, as a form of matter
intermediate between atoms and bulk solids, are ideal samples to study these processes. By varying
their size, one can investigate the role of inner- and interatomic, i.e., collective, effects, thus contributing
to our understanding of energy deposition, energy transfer, and radiation damage in matter.

3.1 Introduction

Chemical, physical and biological processes are intrinsically dynamic in nature since they are related
to electronic and atomic structures that evolve with time. The characteristic time scales span from a
few femtoseconds, in the case of electronic processes, to a few tens or hundreds of femtoseconds, in
the case of atomic and molecular processes. Furthermore, other phenomena controlling the behavior
of critical systems may occur over relatively longer time scales, ranging from a few picoseconds to
a few hundreds of picoseconds or more. These phenomena include phase transitions, such as those
related to magnetic ordering or to superconductivity. The capability of measuring such processes at the
relevant time scales will open totally new perspectives in the way they can be studied. In particular,
direct observation of electronic processes, of structural dynamics and of dynamic critical phenomena
such as phase transitions, opens up an unexplored landscape in the study of condensed matter physics.
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Such perspectives were already evident to the developers of the first coherent sources of femtosecond
optical pulses. The availability of ultra-short coherent light pulses has in fact produced remarkable
scientific results, recognized by the award of the 1999 the Nobel Prize for Chemistry to Ahmed Zewail
for his pioneering work on the application of ultra-short laser infrared spectroscopy to the study of the
dynamics of chemical bonds.

Currently available, coherent light sources cover only a limited wavelength range, so that their use
is confined to optical and spectroscopic techniques in the infrared, visible and near-ultraviolet range,
excluding all measurements needing photons of energy higher that a few eV. There is therefore a strong
scientific need for a tunable light source covering the energy range from vacuum ultraviolet (VUV) to
X-rays, with a stable and well-characterized temporal structure in the picosecond to femtosecond time
domain. To develop such a source international research is moving in three main directions:

1) laser driven light sources using non-linear processes to create very high harmonics,

2) laser “bunch-slicing” techniques based on the interaction between an ultra-short laser pulse and an
electron bunch in a storage ring and

3) free-electron-lasers (FEL).

The first two techniques can produce radiation pulses in the femtosecond time domain and in the soft
X-ray region, but with low brilliance (i.e. a low useful photon flux on sample). In contrast FELs can
produce light pulses with a peak brilliance as much as ten orders of magnitude higher than generated
in present third generation synchrotron light sources but with photon energies reaching from the VUV
to the hard X-ray region, i.e. from ~10 eV (120 nm) to ~10 keV (0.12 nm) and above.

FEL amplifiers can operate in several different regimes. The most studied ones are SASE (Self
Amplification of Spontaneous Emission) and amplification of a coherent input signal generated by a
traditional laser harmonic (Seeding). SASE operation can produce very high brilliance but with a pulse
temporal structure which is the envelope of a series of micro-pulses with completely random intensity
and duration. In contrast, FEL sources based on seeding, while also producing very high brilliance, can
deliver coherent radiation pulses with a tailored time profile and intensity. In seeded systems utilizing
helical field undulators, one can also fast-tune the polarization of the radiation from linear to circular. For
performing reproducible measurements under controlled conditions, seeded FELSs therefore represent a
superior choice. SASE sources are most useful when the information that one wants to collect does not
depend on the pulse temporal structure. They are even indispensable when the wavelength is beyond
the range thought practical with seeded systems, due to the lack of suitable laser seeds.

The prospects for the blossoming of a new field of close to fully coherent, ultra-fast X-ray science in
physics, chemistry and biology are indeed exciting.

One should nonetheless say that such performances are likely to concern a small minority of the
experiments that rely on synchrotron radiation sources. Storage rings are likely to remain the workhorses
of synchrotron radiation science for many years to come. By providing X-ray beams with high flux and
brightness and outstanding stability, reproducibility and reliability, they will continue to serve the needs
of a vast scientific community even as linac-based sources open up new scientific frontiers with their
sub-picosecond pulse duration and extremely high peak brightness and coherence.
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3.1.1 Required and Delivered Performance of Ultra-intense and Ultra-short
Duration Radiation Sources

A common measure of the performance of synchrotron radiation sources are graphs of the time-
averaged flux (photons/s/mrad/0.1%BW) and brightness (photons/mm?/mrad?/0.1%BW) available
for experiments as functions of X-ray energy.

More recently other metrics have been proposed such as the flux density on a small sample. Another
metric is the useful flux within the phase space acceptance of a small sample such as a 50-100 micron
protein crystal with a mosaicity of several milliradians [1]. With increasing scientific interest in short
pulses, the peak (or instantaneous) values of these metrics during the pulse have become important
figures-of-merit to complement the generally used spectral curves of flux and brightness.

As far as user requirements are concerned, a contrasting, non-exhaustive list of desired beam properties is:
- as many as 10> X-ray photons in a single ultra-fast pulse;

- pulse intensities not exceeding 10® photons with pulses spaced by the relaxation time of the process
under investigation;

- auxiliary laser pulses synchronized to within ~20 fs of the X-ray pulse;
- asynchronous operation possible;

- high (~1%) of pulse-to-pulse reproducibility and stability;

- tunable polarization of the radiation;

- multi-colour X-rays on sample.

The performance data of several types of X-ray sources from the point of view of peak brightness and
pulse duration are compared in Figure 3.1.1 [2] and Table 3.1.1.
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Table 3.1.1: Additional characteristics of X-ray sources.

Maximum Laser Pulse

Duty Factor synchronization repetition rate
Storage rings ~10-° No 10 - 100 MHz
Slicing Sources ~10-° Limited 1-10kHz
ERLs ~10-° No 10 - 100 MHz
ff;;;gsgofy pulse ~10 8 Yes 10 kHz
SPPS beamline at SLAC ~10 1 No 100 Hz
Warm linac driven X-ray FELs | ~10 Some 100 — 1000 Hz
Laser Accel. Sources ~10 12 Yes 1-10kHz

3.1.2  Short Review of the Scientific Motivations for Major FEL Projects

Four classes of information, depending on the photon energy, can be extracted from the study of the
interaction of radiation with matter.

Electronic processes in the valence band and collective mode excitations in elastic and inelastic scattering
processes can be studied using photons with energy between the UV and far VUV regions (wavelength
between 200 nm and 40 nm)

Photons in the extremely soft X-ray range (A~10 nm) allow to taking advantage of the specificity of
shallow core levels of chemical elements to obtain phase contrast images, also by microscopy.

Photons with wavelength around 1 nm, comparable to the typical inter-atomic distances, are mainly
used in materials science, in particular to study deeper core levels, such as the L2,3 edges of transition
metals, and thus of many magnetic systems, superconductors and highly correlated electronic systems.
They also allow the study of the K-edges of oxygen and carbon, which are the main constituents of
organic and biological materials and are used in technological applications such as nano-fabrication.

From the above one can conclude that radiation sources with wavelength in the UV (200 nm) to soft
X-ray (1 nm) range have great relevance for the very large and important fields concerning the study of
chemical, physical and material properties suitable for technological applications.

If one adds to the high brilliance, typical of FEL radiation, polarization and control of the beam temporal
structure, one sees that it becomes possible to study the mechanisms of structural dynamics of a wide
range of materials and material states, covering both hard and soft matter.

To study ultra-fast dynamics (from picoseconds to femtoseconds) in matter, one can use the “pump-
probe” (or stroboscopic) technique, based on exciting a sample with a suitable wavelength (pump)
followed by probing the excited sample with a radiation pulse, in general of a different wavelength,
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whose duration is shorter than the characteristic time of the process under observation. The delay time
between the pulses is optically controlled so that the short pulse works as a probe of the temporal
evolution is of the process under observation. The two wavelengths can be delivered by the same source
or from two (appropriately correlated) different sources.

3.1.3 The FERMI@Elettra Project

The FERMI FEL will be built in two phases called FEL-1 and FEL-2.

FEL-1, covering the 100 to 40 nm wavelength range, is designed to operate in the time domain and in
two complementary modes of operation: a) high stability mode and b) a high intensity mode.

FEL-2, covering the 40 to 10 nm wavelength range, is designed to operate in the frequency domain (high
energy resolution) and with relatively long photon pulses (~ 1 ps).

These design choices will yield a source quite unique among the other FELs under construction or
proposed for construction in Europe, USA and Japan.

3.1.4 FERMI@Elettra Photon Parameters

The initial FERMI science program is structured to allow performing experiments with different, and
increasingly more demanding photon parameters.

Consequently, in order for high quality experiments to be performable from the very beginning of FEL-1
and FEL-2 operation, classes of experiments are expected to start taking data in the following order:

* Single shot, High Peak Brilliance Experiments;
*  Pump-Probe Experiments in both the time and the frequency domains;

* High Energy Resolution Experiments in the frequency, time and non-linear spectroscopy
domains.

The idea is illustrated in the following block diagram.
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Figure 3.1.2:
Accessible experiments by increasing
the FEL performances.

Three different stages of FEL operation have been defined on the basis of beam quality, described by
the delivered set of beam parameters: the first, characterised by the “acceptance parameters”, defines
the end of commissioning, the second is characterised by a “standard parameters” set and the third by
having the “advanced parameters” set. The parameter sets for each regime, defining the feasibility of
the experiments and therefore driving the technical design of FEL-1 and FEL-2, are listed in Tables 3.1.2
through 3.1.7.
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Table 3.1.2: Starting parameters for FEL-1.

Parameter Value Comments

Photon energy range | 100 + 40 nm

Pulse length 50 + 100 fs

Bandwidth Incoherent light
Polarization Not Required
Repetiton rate 10 (50) Hz Single shot experiments
Peak power (*) >25GW Full Power Requested
Harmonic peak power | Not requested

Photons per pulse (*) | >10™

Peak brightness (*) > 103 Ph/s/mm?/mrad?/0.1%bw
Pulse-to-pulse stability

Pointing stability <20 prad

Spot size (intensity) 280 ym

Divergence (intensity)
Beam Properties

Time jitter

50 (at 31 eV) urad
Gaussian

150 fs

(*) 200 fs pulse length.
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Table 3.1.3: Starting parameters for FEL-2.

Parameter Value Comments

Photon energy range | 40 + 10 nm

Pulse length 100 + 200 fs

Bandwidth Incoherent light
Polarization Not Required
Repetiton rate 10 (50) Hz Single shot experiments
Peak power 1GW Full Power Requested
Harmonic peak power | Not requested

Photons per pulse >10"

Peak brightness > 103 Ph/s/mm?/mrad?/0.1%bw
Pulse-to-pulse stability

Pointing stability <20 prad

Spot size (intensity) 200 pym

Divergence (intensity) | 15 prad

Beam Properties Gaussian

Time jitter 150 fs
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Table 3.1.4: Standard parameters FEL-1.

Parameter Value Comments
Photon energy range 100 + 40 nm

Pulse length 50 +100 fs Any value in between is acceptable
Bandwidth 20 meV Close to TL
Polarization Linear / Circular Variable
Repetiton rate 10 (50) Hz

Peak power 1+5GW

Harmonic peak power | Few %

Photons per pulse > 10"

Peak brightness >10* Ph/s/mm?2/mrad?/0.1%bw
Pulse-to-pulse stability | 20-30% rms
Pointing stability <20 prad

Spot size (intensity) 280 pym

Divergence (intensity) | 50 urad

Transverse Stability
Wavelength Stability
Beam Properties

Waist location variation
Tuneability

Time jitter

About 10% spot dimension
510+

Gaussian

2m

10 + 20%

150 fs

Around given photon energy
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Table 3.1.5: Standard parameters FEL-2.

Parameter Value Comments
Photon energy range | 40 + 10 nm

Pulse length 100 + 200 £s Any value in between is acceptable
Bandwidth 5 meV Closed to TL
Polarization Linear / Circular Variable
Repetiton rate 10 (50) Hz

Peak power 05+1GW

Harmonic peak power | Few %

Photons per pulse >10"in 1 meV BW

Peak brightness > 10 Ph/s/mm?/mrad?/0.1%bw

Pulse-to-pulse stability | About 50 % rms

Pointing stability <20 prad

Spot size (intensity) About 200 pm

Divergence (intensity) | 15 prad Not restrictive

Transverse Stability
Wavelength Stability
Beam Properties
Tuneability

Time jitter

About 10% spot dimension
10°

Gaussian

10-20%

150 fs

rms

Around given photon energy
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Table 3.1.6: Advanced Parameters FEL-1.

Parameter Value Comments

Photon energy range 100 + 40 nm

Pulse length 50 +100 fs Any value in between is acceptable
Bandwidth About 20 meV (FWHM) Close to TL

Polarization Linear / Circular Variable

Repetiton rate 50 Hz

Peak power 1+5GW

Harmonic peak power | Few %

Photons per pulse >10"

Peak brightness >10* Ph/s/mm?2/mrad?/0.1%bw

Pulse-to-pulse stability | 5% rms

Pointing stability <20 prad

Spot size (intensity) 280 pym

Divergence (intensity) | 50 urad

Transverse Stability About 10% spot dimension

Wavelength Stability 510* rms

Beam Properties Gaussian

Waist location variation | 2 m

Tuneability 10 +20% Around given photon energy
Time jitter 150 fs
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Table 3.1.7: Advanced Parameters FEL-2.

Parameter Value Comments
Photon energy range | 40 + 10 nm

Pulse length 100 + 1000 £s Any value in between is acceptable
Bandwidth >5 meV Closed to TL
Polarization Linear / Circular Variable
Repetiton rate 50 Hz

Peak power 03-1GW

Harmonic peak power | Few %

Photons per pulse >10%in 1 meV BW

Peak brightness > 10 Ph/s/mm?/mrad?/0.1%bw

Pulse-to-pulse stability | About 20 % rms

Pointing stability <20 prad

Spot size (intensity) About 200 ym

Divergence (intensity) | 15 prad Not restrictive

Transverse Stability

About 10% spot dimension

Wavelength Stability 105 rms
Beam Properties Gaussian
Tuneability 10 +20% Around given photon energy
Time jitter 150 fs
3.1.5  Scope of the Science with FERMI@Elettra

The FERMI FEL source will cover the range wavelength range from VUV to the lower energy portion
of the soft X-ray region. Therefore, in order to provide new scientific opportunities, it must be much
brighter than the existing third generation synchrotron sources and have the temporal structure needed
for studies requiring ultra-short pulses with variable polarization. In addition, experimentalist will have
a further variety of operational options provided by the possibility of bringing into the FEL experimental
hall, photon beams extracted from the adjacent ELETTRA synchrotron radiation source.
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The available range of scientific applications covers several fields of hard and soft matter science:
* chemical reaction dynamics;
* study of the electronic structure of atoms, molecules and clusters;
* biological systems;
* inhomogeneous materials on a microscopic scale;
* geophysics and study of extra-terrestrial materials;
* material properties under extreme conditions (pressure, temperature, etc.);
e gsurfaces and interfaces;
* nano-structures and semiconductors;
* polymers and organic materials;
* magnetism and magnetic materials;
* superconductors and highly correlated electronic materials.

3.2 Science Case

3.2.1 Exploiting the Main Photon Parameters

The laser-like properties of the FERMI FEL output radiation, coherence, high peak and average power
and ultra-short pulse, will unlock the gates to new scientific frontiers, allowing one to perform new
classes of experiments, not feasible using incoherent synchrotron radiation sources.

Coherence will open up a new era for imaging, where samples can be probed in time resolved single
shot experiments. Coherent imaging has great potential in life sciences as well as in environmental,
materials and chemical sciences.

High peak power at soft X-ray photon energies triggers non-linear, multi-photon processes in a regime
never explored before, unperturbed by any pondermotive effects, which scale with the square of the
inverse frequency and thus complicate tremendously the understanding of such reactions when using
optical lasers.

High average power, comparable or slightly higher than that of present synchrotron sources, in pulses far
shorter than available from synchrotrons, enables studying for the first time dilute samples of paramount
importance in atmospheric, astrophysical, environmental physics as well as in the characterization
of nano-size materials. Moreover, it allows access to fundamental reactions governed by small cross
sections.

Ultra-short time properties will open the door to visualize ultra-fast nuclear and electronic dynamics
such as in electronic relaxation, bond formation and breaking reactions or in conformational molecular
changes.

The interest in the science described above is confirmed by the first and second call for proposals, for
the initial round of experiments at FERMI, having been responded to by world-class teams of scientists
— leaders in their respective fields of study. The letters of intent from these teams are presented in the
accompanying appendix.

In the following sections the scientific goals to be pursued in this first round of experiments is briefly
described.
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3.2.2  Ultra-fast Coherent Imaging and Nano-spectroscopies

The extremely high brightness and short pulse duration of VUV- and X-FELs allow one to explore a
new regime of X-ray microscopy. With current synchrotron-based X-ray microscopes, the optics for
which have steadily been improving, the highest resolution achieved on living systems has reached
a limit of ~20 nm, imposed by radiation damage. The damage is caused mainly by chemical changes,
diffusion, and local heating over timescales greater than microseconds [3,4]. This resolution barrier can
be overcome by using intense pulses of duration shorter than that of any process causing structural
damage. [5]. Indeed, the concept of flash imaging can be extended to achieve atomic size resolution [6]
for the imaging of single molecules.

The experimental method of choice to perform imaging with resolution of ~20 nm to <0.2 nm, is
single-particle diffraction [7,8]. While, for given resolution, other methods require less dose (and hence
induce less damage) [9], diffractive imaging does not require any optics and hence does not impose any
technological limit to the resolution.

At FERM]I, the long-term research program in ultra-fast, time-resolved, coherent diffraction imaging has
three main aims:

a) determine the ultimate limits of imaging with FEL radiation,
b) study the interactions of matter with X-ray pulses,

c) develop a program of high-resolution, biological imaging.

Extending diffraction imaging to the ultimate goal of atomic resolution with future X-ray FELs will
require much learning and the development of new experimental techniques. This extension demands
an ultra-fast, bright, coherent source leading to new science in its own right, capable of high-resolution
single-shot imaging beyond the radiation damage limit, time-resolved high-resolution imaging of the
interaction of FEL pulses with matter, and high-resolution time-resolved soft-X-ray imaging of the
interaction of particles with optical laser pulses, for example, to study alignment of particles with high-
field lasers.

To achieve these goals the FERMI science program has approved the proposal of a team that will bring
to Sincrotrone Trieste new technologies it has been developing over the last several years, including:

(i) high-efficiency multilayer, submicron focusing optics,

(i) aunique diffraction camera based on a multilayer mirror filter,

(iii) beam-splitting and pump-probe imaging methods,

(iv) injection techniques to guide particles, under vacuum, into the FEL beam,
(v) robust image reconstruction methods, and

(vi) diagnostics and alignment aids.

The multilayer systems were developed for high-power operation and are extremely stable at
temperatures as high as 500 °C. They have been tested under high peak power conditions at the FLASH
soft-X-ray FEL. The team is tooled-up to fabricate multilayer optics operating at near-theoretical efficiency
with atomic spacing dimensional control across large areas. The group novel diffraction camera uses
one such multilayer mirror with a change in d spacing by a factor of two over a transverse distance of 25
mm. The multilayer optics operates at normal incidence for wavelengths from 3 nm to 32 nm.
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The team will carry out high-resolution, two-dimensional imaging of biological materials beyond the
radiation damage limit by flash imaging in a single shot, which is expected to produce the highest
achieved resolution images of cells and sub-cellular structures in an unmodified state. Another major
field of investigation will be the study of the interaction of FEL pulses with atomic clusters and particles,
for the validation of molecular dynamics and hydrodynamics models [6,10,11,12,13].

The team is also developing particle injection systems based on electrospray to be integrated into the
FERMI end-station. Such systems will deliver particles from solution or atomic clusters of noble gases
into the interaction region of the focused FEL beam, allowing to study the interaction of clusters and
particles with the radiation pulse, to explore the dynamics of Coulomb explosions and the resolution
limits that can ultimately be achieved. Three-dimensional imaging of reproducible samples injected into
the beam will exploit algorithms specially developed to produce imaging of molecules with atomic size
resolution.

3.2.3  Full Field X-ray Microscopy and Lensless Imaging

The Full-field X-ray Microscope (FFXM) will benefit from the high flux of the FERMI FEL, allowing a
gain in achieving higher lateral resolution, as well as a faster acquisition rate. A challenging possibility
for x-ray fluorescence microscopy can be explored, at micro-scales, exciting the high-lying electron
levels. The typically low cross sections will be compensated by the several orders-of-magnitude higher
FERMI flux.

In conjunction with the FFXM, the coherence of FEL radiation is fundamental to lensless imaging
techniques such as phase contrast imaging, micro-tomography and holography. Recent coherent light
scattering experiments have shown that phase information can be retrieved by iterative algorithms
applied to an over-sampled diffraction pattern [14,15], or through a mask-based, holographically formed
interference pattern [16]. In addition, extension of oversampling methods to three-dimensional imaging
has been experimentally demonstrated on micron-sized, nanostructured, Ni arrays at a resolution of
50 nm (see Figure 3.2.1).

Since lensless imaging does not require focusing systems, affected by inherent technological constraints
that limit the resolution, the coherence and intensity of the FERMI FEL open up unprecedented
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Figure 3.2.1:

The reconstruction of a 3D nanostructured material at 50 nm resolution. (a), (b) The
reconstructed top and bottom layered pattern. (c) The reconstructed 3D structure
displayed in iso-surface rendering [17].
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opportunities. First pilot experiments using a 32 nm beam at DESY have demonstrated alateral resolution
of 60 nm. For FEL-2 at FERMI, imaging samples at the diffraction limit of 10 nm can be envisaged.

A team led by Sincrotrone Trieste researchers is proposing to design and implement on one of the two
FEL beamlines a “beam-tailoring” optical approach to lensless microscopy to explore new regimes
of FEXM and lensless imaging. The planned research includes implementation of non-conventional
optics, along with the development of next generation detectors tailored to the demands of ‘one-shot’
microscopy.

The beam tailoring requirement for this line of research is simply demagnification of the beam spot
delivered by the source to the FEXM. Technical challenges for the experimenter are

a) source displacement as a function of beam energy,
b) shot-to-shot, longitudinal bunch position jitter compatible with spot sizes of <10 ym,

c) preservation of the spatial coherence of the FEL beam.

The experimental station can easily accomodate the optical elements for FEXM and the same detector can
be used also for lensless imaging. The main experiment components are: (i) transport system for samples,
sample holder and precise manipulation stage, (ii) stage for the optical elements, (iii) fast detector to
monitor the diffraction pattern and (iv) long working distance optical microscope for pre-alignment
of the sample with the FEL beam, placed behind the focusing optics to ensure optimal illumination of
thin samples (e.g., cell-type structures). The detector must have a central hole or be otherwise shielded
from the direct FEL beam. The sample stage is particularly critical, because it must allow reproducible
feeding of identical samples after each shot.

The source characteristics required for the microscopy branch of the FEL microscopy beamline, including
the FFXM, are as follows:

Parameters considered for the first harmonic:

Bunch length 200 fs

Energy bandwidth ~ 3 meV

Peak Power 0.4 GW (2 10" ph/s) down to 40 nm (10-30 eV) FEL-1 (80 mJ)
Peak Power 0.15 GW (2 10" ph/s) up to 10 nm (30-120 eV) FEL-2 (30 m])
Source geometry

FEL-1:
Source waist 280 ym (FWHM=160 ym)
Divergence* (0): 140urad @ 10 eV; 70urad @20 eV; 50urad @30 eV

FEL-2:
Source waist 210 ym (FWHM=120 ym)
Divergence* (0): 65urad @ 30 eV; 33urad @ 60 eV; 22urad @ 90 eV; 15urad @ 120 eV

* (Divergences are diffraction limited).
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3.3 Low Density Matter - Atomic, Molecular and Cluster Physics

3.3.1 Cluster and Nanoparticle Spectroscopy

Small particles are different from bulk matter; finite size effects influence all properties of matter. In
particular, the finite number of constituents and the discrete nature of phonon, electron, or other quasi-
particle densities of states alter the constituent interactions and leads to different geometric and electronic
ground state configurations as well as influencing the dynamical behavior of nanoscale matter. This
results in strong changes of optical, magnetic, chemical and thermodynamic properties [18].

Although a large variety of such effects has been studied in recent years, in many cases a deeper insight
was hampered by the lack of adequate light sources for spectroscopy of gas phase nanoparticles. The
FERMI FEL will allow performing much broader, in-depth studies in the several areas discussed here
below.

Electronic structures of nanoparticles

Examples of important quantum size effects in small particles are the highly discrete electronic density
of states in metal clusters [19], the metal /nonmetal transition in divalent metals [20], the indirect/ direct
band-gap transition in silicon clusters [21], the general increase of the band-gap in semiconductor
clusters [22], or the increase of the magnetic moment of ferromagnetic clusters [23]. For other properties
like superconductivity only some evidence for related effects have been found in small particles [24]; the
question of down to what size “classical” superconductivity exists is completely open.

Even a seemingly easy problem such as the total valence bandwidth in nanoparticles, is not yet solved.
The calculated and measured bandwidths of simple structures such as sodium clusters differ significantly
[25]. The situation is even worse in the case of d-bands of transition metals that determine important
properties such as magnetism or chemical reactivity. In that case, bandwidths and positions are often
unknown. The same applies to dynamic properties such as ultra-fast electronic relaxation processes
after d-band or shallow core state excitation. The related spectroscopic features such as line shapes (with
phonon and low energy electronic contributions) or satellite structures (strong correlations as for the “6
eV satellite” in nickel) constitute an entirely unexplored, yet interesting and important, field of research
- no gas phase experiments on size-selected clusters exist at all.

The reason for this lack of knowledge, despite the wealth of existing photoelectron spectroscopy results
concerning free clusters and nanoparticles, is that the limited photon energy of standard laser systems
allows studying electronic states only down to ~5 eV below the Fermi energy. This limitation prevents
measuring the full valence electron structure as well as, for example, performing photon energy
dependent spectroscopy across shallow core edges (resonance photoemission [26]), data that would
greatly contribute to the understanding of the evolution of the electronic structure as a function of
cluster size.

The beam intensities available at 3 generation synchrotron radiation facilities are still far below what is
required for meaningful gas phase experiments. Size-selective spectroscopy at the FEL light source will
therefore allow measurements of unprecedented significance and will undoubtedly lead to a deeper
understanding of the electronic structure of nanoscale metals and semiconductors, as well as of electron
correlation effects in solids in general.
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Femtosecond dynamics and pump-probe spectroscopy

To follow the temporal evolution of intra-molecular, photo-induced processes, femtosecond pump-probe
techniques are the only means of resolving, in real time, relaxation processes and nuclear motion. To date
such measurements cover the range of conventional femtosecond lasers. Higher harmonic generation
has been used to form ultra-short pulses, even in the attosecond time range, at VUV wavelengths [27].
Since the Nobel awarded work of Zewail and others [28], femtosecond real-time spectroscopy has been
applied in many fields of chemistry and physics. The group of Stienkemeier has successfully combined
femtosecond lasers with helium nano-droplet isolation experiments, and pump-probe techniques are
routinely performed using standard lasers in the IR, VIS and UV range. The multiple aspects of this
work are summarized in a recent review article in J. Phys. B [29]. Elementary excitations of superfluids,
desorption and energy relaxation in nano-clusters, wave packet propagation in small molecules,
bond formation processes, as well as quantum interference oscillations requiring resolution down
to the attosecond range have been carried out. The group of vIssendorff has also applied fs pump-
probe spectroscopy to study electron emission and electron-phonon coupling in highly excited sodium
clusters [30].

However, the number of photons per pulse, as much as a factor of 108 smaller than that available
from an FEL, prevented carrying out sophisticated experiments in dilute systems. FEL high intensity
femtosecond pulses will therefore be the first useful tool for studying time resolved ESCA (usually
associated with high binding energies) photoelectrons, photo-absorption and photoemission.

Studies at ultra-low temperatures

HElium NanoDroplet Isolation (HENDI) has become a standard technique to form neutral and charged
molecules, clusters and nanostructured complexes at ultracold temperatures. Here a beam of superfluid
helium droplets (HeN, 102 < N < 108) is produced and doped with molecules and clusters, or with
the respective charged entities of interest. The droplets cool the embedded species to 380 mK at which
temperature, even for larger species, only vibrational ground states are populated. Because atoms or
molecules can be picked-up from different sources sequentially, otherwise unfeasible experiments can
be done under ultra-low temperature conditions. The nano-droplets act as an ultra-cold trap in which
the weak interaction with the superfluid helium environment guarantees minimal matrix perturbations.
The well-collimated beam trapped particles traveling in ultra high vacuum provides a stable regenerating
target even for complex, radiation-damage-sensitive molecular structures. FERMI XUV radiation will
extend optical techniques with these dilute targets to desired higher excitation energies.

Thermodynamics of nanoparticles

Caloric curves describe the relation between the internal energy and the temperature of a thermodynamic
system. Knowledge of the caloric curve provides an exhaustive insight into the thermodynamics of the
system, by revealing the different thermodynamic potentials as well as phase transitions such as boiling,
melting and structural transitions.

Note that the thermodynamics of small systems strongly differs from that of the bulk. On one hand they
involve surface effects that typically lower melting points and latent heats [31-33] while in small clusters
with specific crystalline structures such effects are reversed [34]. On the other hand, there are substantial
differences between the textbook thermodynamics of infinite systems and that of clusters, due to the
limited number of degrees of freedom of the latter. In particular, in infinite systems the singularities
that indicate phase transitions are broadened, and specific effects such as negative heat capacities can
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be observed [35]. The experimental method to access caloric curves of small clusters uses the laser
fragmentation pattern of mass selected and thermalized clusters [31]. The temperature influence is
visible in the fragmentation pattern and can be compared to a controlled variation of the energy using
a laser. The fragmentation spectra relate energy and temperature and therefore serve as caloric curves
of mass selected clusters. Strongly bound systems like group 3 metals or noble metals, that are of high
general interest, cannot be studied yet due to the lack of high intensity lasers with photon energies of 3
to 4 times the atomic binding energies.

Chemistry of molecular clusters and nanocrystal interfaces

Reactions at interfaces, such as aerosols or nanocrystal surfaces, have emerged in recent years as an
importantissue in fundamental and applied molecular science. Aside from the intrinsic interest in surface
reactions, gas phase reactions cannot explain all measured data. A case that has received considerable
attention originated from the measurement of large amounts of CI2 produced by the reaction of radicals
with solvated NaCl molecules, in the laboratory [36] and in the marine troposphere. The results could
only be explained by the reaction of the radicals with chloride ions accumulated at the surface of the
water droplets. A recent “perspective” article in Science highlights the importance of understanding
these processes at the water interface [37].

3.3.2  Ultra-fast Cluster Interactions

The understanding of the interaction of high intensity, short-wavelength, short-pulse radiation with
matter is essential for virtually all future FEL experiments and even more important for flash imaging of
nanosized particles. The FERMI FEL will supply photons in the very interesting spectral regime ranging
from 100 to 10 nm in which plasma absorption processes break down and new physical processes
involving core levels become important. Clusters as a form of matter intermediate between atoms and
bulk solids are ideal samples to study these processes. By varying their size the role of inner- and inter-
atomic collective effects can be investigated. These studies will contribute to our understanding of energy
deposition, energy transfer, and radiation damage in matter that is essential to plan future experiments.
Furthermore, clusters and nanoparticles irradiated by intense FEL pulses exhibit a wealth of interesting
non-linear physics covering atomic and cluster physics, biochemistry and plasma physics.

Initial experiments at the FLASH facility at DESY provide an insight into the absorption processes and
the ionization dynamics with ultra-fast, intense VUV-pulses in rare gas clusters. The results for single
shot imaging of gas phase nanoparticles hold great promise for various types of time-resolved structure
determination. These studies are the first steps into a new interdisciplinary field with many fundamental
open questions.

The FERMI FEL with its seeding scheme will provide unique possibilities for these studies, such as
reproducible and well-controlled pulse shapes (which are extremely helpful for all non-linear studies)
and stable synchronization to external lasers.

To make these studies possible experimenters and ELETTRA beamline scientists will work together to
develop and build tools for investigating ultra-fast processes in gas phase particles, in particular

- gas phase, molecular beam apparatus with pulsed sources of rare gases and metal clusters,

- time-of-flight based electron and ion spectrometers for the kinematics and momentum analysis of
ionization products,
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angle-resolving XUV spectrograph with a 2D position sensitive detector,
a 2D-scattering detector for high repetition rate experiments on gas phase samples,

specialized optics for pump-probe experiments with high power density beams.

The experimental team also plans to address, among others, the following topics of interest for FERMI:

1.

4.

Time resolved ionization dynamics — Multiple ionization of clusters is expected to proceed on at
least two different time scales. The electrons leave the cluster within a few fs, while the Coulomb
explosion, i.e., ion motion, takes place on a time scale in the range of several hundred fs to ps,
depending on the cluster size. Experiments with optical lasers give strong evidence that the ionization
dynamics is sensitive to pulse length and shape [38, 39]. Cluster dynamics will be studied with pump-
probe techniques by measuring the intensity of scattered light as a function of the time delay. The
measurement can be done by splitting the FEL beam into a low intensity pump pulse (2-5% of the total
intensity) and a high intensity probe pulse. In this way the pump pulse inducing the initial non-linear
processes will be only a minor contribution to the total scattered signal. Assuming tight focusing into
a 5 um spot, a power density of more than 1014 W/cm? can be achieved even in the pump pulse. In
addition, two-colour pump-probe experiments, making use of the first and third harmonics of the
FEL, are ideally suited for this application because they are automatically synchronized. Furthermore,
pump-probe studies with a femtosecond-IR laser as pump and the FEL as a probe yields the angular
distribution of the scattered light on a 2D-detector to provide information on the time evolution of
electron density with nanometer spatial resolution.

. The role of inner-shell electrons — Theoretical studies predict that the photo-absorption of atoms in

clusters can be substantially smaller than that of isolated atoms, if inner shell electrons are involved
[39]. The reduced absorption is due to bleaching, as the Auger decay rates of delocalized valence
electrons in clusters are reduced.

. Slowing down the Coulomb explosion — According to theory [40], the positive charges accumulate

preferentially in the outer part of the clusters while the inner part stays almost neutral. This effect
can possibly be used to slow down the Coulomb explosion when clusters or macromolecules are
embedded in a large He droplet. The ionization dynamics can be investigated with time resolved
scattering and with time of flight mass spectroscopy.

Production of high harmonics of VUV radiation.

According to recent theoretical work, processes involving the vibration of inner-shell electrons [41]
might allow to efficiently generate high harmonics by VUV radiation.

3.3.3 Spectroscopic Studies of Atoms, Ions, Neutral Molecules and Reaction

Intermediates

Non-linear optics in absorption and ionization; double ionization — FERMI will allow exploring non-
linear optical systems that were hitherto inaccessible with lasers, particularly shallow core levels.
Noble gases atoms are the simplest ones to investigate in such experiments. Much work has been done
with conventional lasers on Ne, Ar, Kr and Xe [42]. Fewer experiments have been done on He for two
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reasons: the energies required are higher due to the higher ionization potential of He, and He is less
easily polarized than the other noble gases, resulting in lower cross-sections. Several key experiments
are planned for FERMI, namely:

Two-photon resonant absorption at the doubly excited states of He, to access even states. Comparing
rates from estimated cross-sections with the FERMI parameters indicates that the flux density is
sufficient.

Multi-photon, double ionization of He and of the other rare gases is an experiment of considerable
interest [43]. Double ionization is a basic process in atomic and molecular physics, in which a single
energetic photon injects two coherent electrons into the continuum. The origin of the process lies
in the electron—electron correlation in the initial state. Since the first observation of of high ion
yields by double and multiple ionization using intense, linearly polarized photon pulses, only a few
experiments have been performed to elucidate the mechanism behind these processes. At intensities
such as provided by FEL sources, Parker et al. [44] have predicted interesting phenomena to occur,
including single-photon-induced double ionization. They show, for example, that the electron pair
in the continuum behaves as a single correlated wave-packet that absorbs and shares energy in units
of the energy of the exciting field, like in the ATI process.

Basic non-linear interaction between atoms and strong electromagnetic fields can be studied in a
clean way for the first time because the pondermotive potential will be negligible when using high
photon frequencies. Many-electron processes become increasingly important at higher frequency,
an with ultra-short photon pulses. Two-photon, inner-shell ionization is another interesting test
case for which theoretical predictions are already at hand.

Pump-probe, two-colour experiments will use the FEL beam in combination with a beamline laser.
Important processes include auto-ionization, fragmentation, and conformational changes. The main
differences between the two approaches are the amount of internal energy in the excited state, and
the spectroscopic methods applicable in the probe step.

Dilute species: neutral cluster beam spectroscopy — Using the source developed by the Milani group
[45], refractory metal clusters and their oxides will be characterized to elucidate the relationship
between size and electronic structure. The interaction of free clusters with atomic and molecular
species such as oxygen, hydrogen, water and hydrocarbons will be characterized as a function of
mass and production conditions. The most used techniques will be time-of-flight mass spectrometry
and fluorescence spectroscopy; test runs have been carried out at ELETTRA, and more are planned
on free clusters and condensed samples.

Dilute species: macromolecules — The proposal is aimed at studying the secondary structure of
biomolecules using circular dichroism (CD). Circular dichroism in optical absorption is a standard
method of determining protein folding for the wavelength range down to about 180 nm. The
intensity changes are small, about 10° to 10*, and the amount of detailed information is limited
(the spectra typically show a few wiggles over a 60-70 nm wavelength range). Nevertheless the
basic structures of helix, coil and sheet can be distinguished. Experiments with FERMI will provide
structural information about free macromolecules, potentially more detailed than with UV/visible
absorption circular dichroism, because the spectral range is much broader. The technique can also
be used for general ion spectroscopy.
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3.3.4 Spectroscopic Studies of Reaction Intermediates

Most information available to date on excited states of ions has been obtained by the application of
conventional photo-electron spectroscopy. States accessible by this technique are only a fraction of the
total, and most of the literature is concentrated on the spectroscopy of stable species. Information about
reactive intermediates is much more limited as the species need to be prepared in situ, and therefore
generally a high sensitivity method is required. High sensitivity laser techniques - even via multi-photon
processes - offer access only to the lowest states of cations. High resolution data are available for stable
molecules and some reactive intermediates. [46] Variable photon energy studies using conventional
photo-electron spectroscopy are few in number and the data are fragmentary [47]. Information comes
also from discharges by emission, an environment in which states excited by collisions are important;
the method is limited to states that fluoresce. A route, which leads to highly excited states or to states
not accessible through conventional photo-electron spectroscopy is, for example, resonant Auger
spectroscopy, for which the selection rules are different [48]. Such studies on radicals are virtually
nonexistent. In natural environments excited states are produced and play important roles, as they can
be formed by collisions. The concentrations are necessarily small since, because of the high internal
energy content, such states are very reactive. In case of dissociation, excited states can be a source of fast
neutral or ionic fragments (in their ground or excited state), also very reactive.

FERMI will allow accessing higher lying states of reactive intermediates through the application of well-
developed and highly sensitive techniques. The relevant intensities are often increased by near-resonant,
auto-ionization of highly excited states [46] in which case states not accessible by direct ionization from
the ground state or levels outside of the Frank-Condon region become observable. The experimental
arrangement (section 3.4) will be designed to detect all particles produced in the absorption event, so
both fragmentation and (auto) ionization dynamics will be studied. The addition of a synchronized,
tunable laser allows further extending such studies by either preparing the initial state of the radical
using a visible, UV or VUV photon - i.e., above or below the first ionization potential — or by directly
measuring the auto-ionization lifetimes by varying the delay between the two lasers.

The use of the laser-FEL combination provides other possibilities. For example, photo-dissociation of
state-selected ions can be studied. Pulsed-field ionization of long-lived high-n Rydberg states of neutral
radicals is a convenient route to prepare molecular ions from radicals in one or more selected rovibronic
states. After initial excitation, the Rydberg electron is removed by a weak pulsed field to leave the pre-
selected quantum state of the ionic core unchanged. FERMI FEL radiation in the 12.0-18.0 eV range can
produce a Rydberg state of a radical or complex, which upon pulsed field ionization yields an ion in the
selected quantum state. A synchronous pulsed UV laser can then be used to photo-dissociate the state-
selected ions. The cation fragment can be detected by velocity-map imaging which allows determining
the relative quantum yields of the various product channels, and their spatial anisotropies, each as a
function of the initial parent quantum state and the photolysis wavelength.

As a first study, the double ionization of ozone by two-photon absorption (FEL-1 photons) will be
studied as a function of the photon energy. Two- and three-body dissociation processes of O,** will
be investigated for the first time including the detection of the neutral fragment. The 3D electron-ion-
neutral velocity image will then be measured as a function of the field power density. A similar detailed
study of the double photo-ionization of O, by single-photon absorption (using FEL-2) will be done for
comparative purposes.

Recently the application of short pulse, high intensity, visible-IR lasers has stimulated strong experimental
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and theoretical interest in the multiple ionization process [49]. FERMI allows examining strong field
effects at shorter wavelengths. By varying the pulse length, intensity and photon energy (also beyond
the single photon multiple ionization limit), the importance of these effects can be examined in detail.
The excitation region of particular interest is the range accessible by FEL-1. At higher energies many-
electron atomic/molecular processes are predicted to dominate [49]. The capability of tailoring the
electronic structure of small molecules (by using selected radicals or other reactive intermediates) offers
the unique possibility of studying the role of molecular structure in high-field multiple ionization.

3.4 Scattering Spectroscopies

Time-resolved resonant scattering with coherent radiation can be applied to the study of complex
dynamics in disordered systems by means of the “speckle” technique. This technique analyzes the
temporal correlations among the scattered photons from incident, spatially coherent radiation. Due to
the characteristics of the FERMI radiation it will be possible to access as yet unexplored space-time scales.
Interesting examples include the study of critical fluctuations under equilibrium conditions of polymers,
colloidal suspensions and liquid crystals [50], the non-equilibrium dynamics during phase separation
and the spinodal decomposition of liquid systems, including magnetic and glass systems, magnetic
domain dynamics in thin films and multi-layers [51], the study of stripes in high-Tc superconductors
and phase separation in manganites [52].

341 Time-resolved Resonant Scattering of Disordered Systems

One of the current goals of condensed matter physics is the measurement of collective dynamical
properties that are due to atomic, electronic and magnetic-density fluctuations. These fluctuations are
responsible for specific vibrational, electronic and magnetic elementary excitations, which are often
related to many macroscopic properties in condensed matter systems. The experimental challenge is to
measure the dynamical structure factor S(Q,E) (or, in time resolved experiment, its Fourier transform
F(Q1)) in the largest region of energy (E) (or time t) and momentum transfer (Q) spaces. The specific
research interest is the study of S(Q,E) associated with the collective dynamics in systems without
translational invariance: glasses, liquids, and dense fluids. This aim, of great interest for basic and
applied research, has been pursued using visible light, x-ray and neutron scattering.

Operating the FERMI photon source between 40 nm and 10 nm will probe regions of (E,Q) space not
otherwise accessible for kinematic reasons, with the sufficient intensity to meet the energy and angular
resolution requirements. The ultra-short and polarized nature of the FEL radiation pulse opens a
completely new field of investigations that will extend and complement the research activity that will
start at the IUVS beamline under construction at ELETTRA and at other similar experimental stations.

3.4.2 Resonant Inelastic X-ray Scattering

The FERMI project aims to achieve transform-limited, mJ, soft x-ray pulses for the first time. An
enormous advantage of using a transform-limited source is that the x-ray pulse produced can be highly
monochromatic. For example, a 1 pico-second long pulse has a bandwidth of only 2 meV. With such a
source, an instrument for resonant inelastic x-ray scattering (RIXS) in the photon energy range from
30-120 eV is possible that will dramatically outperform counterparts on third-generation synchrotron
sources.
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Inelastic x-ray scattering is a photon-in/photon-out method with compelling fundamental advantages
over methods such as angle-resolved photoemission, which measure the out-going electron. These
advantages are:

(1) an energy resolution which is not limited by the core-hole lifetime;
(2) the considerably greater sampling depth of the out-going photon compared to an electron;

(3) the ability to exploit high incident photon number that would cause space charge blowup of
the electron emission, limited only by considerations of radiation damage to the sample;

(4) the ability to work in biologically important solutions or in applied fields.

With the capability to tune to the resonant energy of the L and M absorption edges of many important
constituent atoms, the technique is the soft x-ray equivalent of the well-known and powerful Raman
technique.

Theresonantmethod allowsaccesstoexcitationsotherwise forbiddenby selectionrules;itprovideselement
and site-specific information; and it can significantly increase cross-sections to permit measurement of
weak collective electric and magnetic excitations. The FERMI photon range encompasses the M-edges
of transition metals, allowing the experimenter to study the physics of electron dynamics in highly
correlated electron systems — a major frontier of condensed matter physics today. In such systems, the
traditional description using single electron-like quasi-particles breaks down, and fundamentally new
states of matter occur. A new instrument at FERMI can measure the dynamics of spin-charge separation
and the excitation spectrum of high-Tc superconductors or colossal magneto-resistive materials to test
theoretical models.

In the most complex systems there are poorly understood interplays between the fluctuations associated
with spin, charge, orbital, and lattice degrees of freedom that can be separated and studied with the
resolution and high flux of this instrument.

3.5 Non-linear Spectroscopies

The second round of experiments with the FERMI FELs, using the advanced parameter set, will exploit
photon intensities that will give access to novel, in-depth studies of non-linear phenomena.

3.5.1 VUV Non-linear Optics in Condensed Matter

The theoretical description of nonlinear effects in solids is a formidable task, and important difficulties
have delayed any accurate calculations for many years. Even at the simplest level of approximation
— treating electrons as independent particles interacting with the electromagnetic field in the long
wavelength limit and neglecting local field effects — the calculation of nonlinear coefficients is
cumbersome. Moreover, many-body effects might be important; in fact, note only recently is theory
able to reproduce ab initio the systematics of the linear response in solids, including these effects, using
either many-body perturbation theory [54] or, even more recently, time-dependent density functional
theory [55].
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One important nonlinear process is second harmonic generation. Although several calculations of the
corresponding susceptibility have been performed for various semiconductors in the visible range,
a consistent picture has not emerged from these calculations [56]. For instance, the question of the
importance of excitonic or local field effects is not yet settled. Attempts have been made in the low
energy range only [57, 58]. Ab initio calculation of nonlinear properties must now be extended to the
XUV region.

The unique properties of FERMI@Elettra extend into the XUV region the techniques for nonlinear
optics in condensed matter already developed in the visible. The investigations of non-linear optics
in condensed matter will develop from a FERMI end-station dedicated to this task and will benefit
from the collaboration of an international group of partners of complementary experience, expertise
and interests. Continuous, close theoretical support to the experimenters will be provided via a novel
approach to the use of numerical simulation as a design tool for optimization of experiments. The first
experiments will be in the fields of two-photon absorption (TPA) in solid targets, second harmonic
generation (SHG) in condensed media and transient phenomena.

In general, nonlinear optical effects can be readily observed by using coherent sources of radiation. In the
XUV region of the spectrum such sources were not directly available until recently. At present two kinds
of coherent UV sources are available, namely soft X-ray lasers [50] and multiple harmonic generation in
gaseous targets from visible laser pulses [51]. The intensity delivered by these systems is generally not
suitable for performing nonlinear optical experiments. Only very recently FEL radiation has been used
in the EUV [52]. To date, in fact, very few experiments are reported using such sources, the nonlinear
medium being in general a gas jet expanding into vacuum. Experiments on two-photon absorption in
He gas have been reported as a tool for autocorrelation of high-harmonic coherent pulses [53].

From the point of view of nonlinear optics, gas systems suffer from several limitations. a) the center-
symmetry of the medium allows only nonzero odd nonlinear susceptibility terms, b) albeit variable, the
matter density of gaseous nonlinear media is always low, and this fact may reduce the efficiency of the
nonlinear process, ¢) gaseous targets are intrinsically unstructured, therefore no effects related to the
presence of medium discontinuities can be observed.

No experiments, to our knowledge, have been so far attempted in the XUV range on nonlinear optical
effects in condensed matter. The reason for this is mainly due to the lack of sufficiently intense short
pulses of coherent laser radiation in the XUV region. The high brilliance, coherent FERMI source will
remove this limitation.

Despite absorption, there are various reasons for attempting nonlinear optical experiments on solids in
the XUV region. First, non center-symmetric material systems may be selected which have a nonzero,
second order susceptibility £q(2) that drives more intense, non-linear effects. Then, the presence of well-
defined material-vacuum and/or material-material buried interfaces allows surface and bulk effects to
be discriminated and may also switch on interaction with collective material excitations.

3.5.2 The UNUS Project

The UNUS Project is conceived around a single end station for FERMI to be designed and built specifically
for nonlinear optical experiments, with aim of extending and testing for the first time our knowledge
of nonlinear properties of condensed matter in the XUV region. For this challenging task experiments
must be modeled theoretically and simulated numerically to guide and optimize the experiments.
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Beam intensity, polarization, short duration, monochromaticity and temporal coherence of FERMI
radiation offer exciting possibilities for nonlinear optical experiments. In particular, nonlinear optical
phenomena are effective when the optical fields become comparable with the atomic field strength (=
108 V/m) associated with the relevant electronic levels. This condition imposes a minimum value for
the brilliance on sample of the order of 1015 W/m? for FEL operation at 31 eV. Short duration of the
FEL pulses, besides helping in obtaining high intensities, is per se an attractive feature that allows time
resolved measurements in so far unexplored temporal domains with x-ray pulses. The most promising
time duration for coherent pulses is in the tens of fs where a sufficient resolution is achievable on most
electronic collective excitations in condensed matter.

Operationally, the first set of experiments will proceed along the three lines: two photon absorption,
harmonic generation in condensed matter and transient phenomena

- Two photon absorption: This technique makes use of “virtual” intermediate electronic states to
reach the final state. It will be used within the VUV and XUV range of FERMI as applied for instance
to 3p shells of 3d metals, to 4f shells of some noble metals and also to K shell excitation of selective
light elements. The latter possibility has particular relevance to the analysis of electronic bonds. By
continuously tuning the FEL radiation, one could develop a two-photon NEXAFS [59] for dipole-
forbidden final states, thus offering an original perspective in the simulation and solution of local
structure around an absorbing site.

- Harmonic generation in condensed matter: Higher harmonic generation (HHG) has been explored
for more than two decades, and coherent radiation has been generated in the VUV and XUV from
gaseous samples starting from visible laser pulses [60-63]. UNUS will study the nature of the intrinsic
nonlinearities in optical response in condensed matter in the VUV to XUV photon energy range by
measuring the nonlinear susceptibilities in condensed matter.

- Transient phenomena — XUV or VUV photo-excitation of materials can be readily obtained in a
conventional synchrotron beamline provided that a) time separation between pulses is consistently
larger than the lifetime of the transition being measured and b) the intensity of the (monochromatized)
exciting pulse is sufficiently high. This last condition is very seldom true in practice and very few
fluorescence photons per bunch are generally obtained [64]. This implies the use of photon counting
techniques with sophisticated timing systems to obtain the decay parameters of the fluorescent
signal. The pulsed excitation provided by FERMI can be exploited in transient studies by probing
unexplored ranges of characteristic de-excitation times of systems under high intensity VUV
excitation. In this respect the investigation of temporal properties of the radiative (e.g. fluorescence,
phosphorescence and luminescence) and non-radiative (e.g. Auger and photoelectric emission) de-
excitation channels could become a natural topic to be studied.

3.6 Exploiting the Schemes to Produce Intense EUV and Soft X-ray in
the Attosecond Time-domain

Zholents and Fawley have proposed [65] producing isolated soft x-ray pulses pulses of ~100 attosecond
duration using electrons selected by their previous interaction with a few-cycle, intense laser pulse.
They call this process “seeded attosecond x-ray radiation (SAXR).” In principle, SAXR allows excellent
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temporal synchronization between the attosecond x-ray probe pulse and a pump source that can be
the same few-cycle pulse or another signal derived from it. Thus, it is conceivable to track the temporal
evolution of atomic or molecular states during a single optical cycle in the process of laser-assisted
photoionization.

As a specific example they choose 2 nm as the x-ray source wavelength to eventually produce 1-nm
wavelength attosecond radiation. However, as long as an intense, coherent source is available, attosecond
pulse generation at both longer and shorter wavelengths is also possible with the same scheme. In
particular the harmonic cascade of FEL-2 of FERMI is well suited to performing the first experimental
verification of this scheme. A sample layout is in Figure 3.6.1.
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Figure 3.6.1:

A schematic of the components involved in
attosecond x-ray pulse production.

SAXR requires an ultra-relativistic electron beam, a few-cycle, intense optical laser pulse and an intense
pulse of coherent x-ray radiation, together with a number of magnetic undulators and transport
elements.

3.7 Instrumentation R&D

FERMI, like more conventional synchrotron light sources, is planning an R&D campaign focused on
developing instrumentation specially dedicated to the exploration of ultra-fast processes. The main
instrumentation items are briefly discussed in the following paragraph.

3.71 Sub-picosecond Streak Camera

The sub-picosecond resolution Streak Camera (SPSC) FERMI project calls for a system with 500
fs temporal resolution, 10-100 nm photon wavelength range, with an efficiency of > 10°. The 500 fs
temporal resolution for x-rays, is challenging. The resolution of streak cameras has slowly improved
over the years from around 2 ps in 1990 [66] to the best achieved so far 800 fs [67]. This improvement
mainly resulted from the reduction of jitter in triggering of the camera by use of an improved design
of photoconductive switch and from improved laser stability. The temporal range is also challenging;
however, it can be achieved by use of a variable sweep rate. The SPSC would have a wide temporal
window and a narrow temporal window mode. These modes would be used respectively for finding
the beam in time, and for high temporal resolution measurements.

The camera will be designed to be read at up to the FERMI-FEL, 50 Hz repetition rate. The requisite
dynamic range of the camera depends on whether the system is used in single shot or in the accumulation
mode; the R&D goal is to develop the more challenging, single shot capable device.
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Applications of such a camera range from measuring the separation of pulses created by an X-ray
beam splitter, to measuring the decay of x-ray fluorescence from a plasma. The baseline dynamic range
design value is 103. This sets the required number of electrons per temporal resolution element and thus
determines the space charge broadening of the beam.

The streak camera is shown schematically in Figure 3.7.1. X-rays hitting the transmission photocathode
produce the electron beam, consisting mainly of low energy secondaries. The width of the electron
energy distribution and its mean energy mainly depend on the work function of the material, the best
being Csl or KBr, with an energy spread of around 1 eV. However, because these materials are easily
radiation damaged, gold, having a higher work function and consequently higher energy spread but
being radiation hard, will also be considered for the application. The emitted electrons are accelerated in
a field of up to 25 KV/mm, established between the photocathode and a mesh or a slit. The accelerated
electrons are then deflected by a time varying electric field, and focused unto a detector plane by a
magnetic lens.
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Figure 3.7.1: General arrangement of
the streak camera components.
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3.7.2  Detection and Diagnostic of Ultra-short EUV and Soft-X-ray Photon Pulses

There are currently two interesting methods for the temporal characterization of XUV pulses. The first
one is the extension of the auto-correlation technique, developed for measuring visible pulses, into the
X-ray region. Auto-correlation requires splitting the pulse into two replicas which are then recombined
in a suitable nonlinear medium, where the nonlinear process is sensitive to their temporal overlap.
Examples of such nonlinear processes are second-harmonic generation in a nonlinear crystal (for visible
pulses), two-photon ionization, or index variation in a Kerr medium. A serious drawback of this method
is that the efficiency of nonlinear processes depends on pulse intensity, and if the intensity is too low
the method is not applicable. The generalized cross-section for two-photon ionization decreases rapidly
with wavelength; for example, for argon at 53 nm, it is only 2.1x10%* W2cm®. To measure a statistically
significant auto-correlation over reasonable number of pulses, a few nJ of focused X-UV radiation are
sufficient. Single-shot measurements instead require a thousand-fold increase in pulse energy. The
auto-correlation method does not give complete information about the pulse temporal shape, the auto-
correlation trace being symmetric by definition.

A second class of measurement techniques, also suited for pump-probe measurements, is based on
the cross-correlation of the X-ray pulse with a longer wavelength (visible or infrared) probe pulse.
In this case the single-photon XUV process becomes the limiting factor. Again for argon at 53 nm the
corresponding ionization cross section is 8x10%° cm? and ~ 5 f] of XUV energy per pulse would provide
a detectable signal, while single-shot capability requires pulse energies greater than 5 nJ.

This second method will be first tested using femtosecond X-ray pulses obtained by high-order harmonic
generation (HHG) in noble gases. The technique will then be used to measure the duration of the most
energetic FEL X-ray pulses.

3.7.3 Optical Component Development

The experimental program at FERMI will require the development of a new generation of optical
components tailored to the ultra-brilliant, ultra-fast FEL output radiation. The main areas and items of
interest to be developed, possibly on different time scales, are the following:

Spectral analysis of EUV FEL radiation

The information about the FEL spectrum is essential both during the development and characterization
of the source, and for defining the experimental conditions for the users. Since the FEL is operated at
low repetition rate, the spectrum must be obtained on-line, using a single shot.

A single-shot online EUV and soft X-ray spectrometer is an essential instrument for the FEL facility.
Time-compensated broad-band monochromators.

A filter tunable over the whole spectral region covered by both FEL-1 and FEL-2 may be required to
suppress background radiation outside the FEL spectral band and high-order harmonics. The filter can
be a broad-band grating monochromator. The design must preserve the FEL pulse time duration and
produce an output beam with the smallest possible dispersion. As in the previous case, a tunable EUV
and soft X-ray filter will be needed by many users and should therefore be part of the FERMI FEL
beamlines.
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Optical systems for focusing the FEL beam

Focusing of the FEL beam on sample is required by almost all experiments. The development of focusing
for all kinds of FEL operating modes is therefore essential.

Beam-splitters for EUV ultra-short pulses

Beam-splitters for ultra-short intense EUV pulses are crucial items for many experiments and need
developing. A short-term goal is to build a prototype of such a time-compensated beam splitter for
visible-UV, ultra-short pulses, using grazing-incidence gratings in a time-compensated configuration.
The task will be performed in close collaboration with ULTRAS-Politecnico Milano. The prototype
will be tested and operated with visible-UV radiation, in air, to demonstrate its feasibility. The same
configuration, with the appropriate choice of gratings, can be used for all wavelengths in the 3-100 nm
range, covering the whole spectral range of both FEL-1 and FEL-2.

Time-compensated high-resolution monochromators

Although the FEL intrinsic spectral resolution is high, some proposed experiments require even higher
resolution. High-resolution monochromators to respond to this asks for the study and design of time-
compensated configurations.

3.7.3.1 Time-compensated Instruments for Handling FEL Radiation

The use of grazing-incidence optics for the EUV intense FEL radiation is chosen to ensure safe operation
of the optics and high efficiency of the instrument.

In particular, the use of reflective grazing-incidence gratings as beam handling devices for EUV ultra-
short pulses offers many advantages but also raises design issues related to the preservation of the pulse
time duration. Only the zero-order beam has the original ultra-short pulse duration, since the grating
acts like a mirror, while the duration of the diffracted orders is altered. The total difference in optical
paths of rays diffracted by N grooves at wavelength 1 is DOP=Nml, where m is the diffracted order.

The effect becomes dramatic in the femtosecond time scale: considering a 200 grooves/mm grating
illuminated over a 30 mm length, the total number of grooves involved is 6000, corresponding to a
maximum delay in the first diffracted order of 240 mm, i.e. 800 fs at 1=40 nm.

The effect therefore reduces both the time resolution capability and the peak intensity of ultra-short
pulses. In addition, the grating introduces also spectral broadening, since the different spectral
components of the pulse are diffracted in different directions.

It is nevertheless possible to design time-compensated configurations by using two gratings in a
subtractive and compensated dispersion configuration. In such a configuration, the second grating
compensates both the time difference and the spectral broadening introduced by the first one [68].

3.7.3.2 Focusing of the FEL Beam

The FEL beam must be focused on the sample resting in the experimental chamber. Since different
power densities and/or different illuminated areas are required, different spot sizes on sample are
required. Focusing in the 4-100 nm wavelength range is efficiently done by grazing-incidence mirrors.
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Several solutions can be proposed. One example is the use of a pair of deformable cylindrical mirrors
in the Kirkpatrick-Baez configuration, whose radius of curvature can be varied between infinite (plane
mirrors, no focusing) and a given value. A different choice calls for several (2 to 4) ellipsoidal mirrors
with different radius of curvature.

The proposed solutions take into account that the minimum focal spot size is limited by diffraction
to = 2.44-M-f/# where A is the wavelength and f/# the numerical aperture of the beam. For example, a
20 um spot at 40 nm requires f/# = 200, i.e. an angular aperture of 5 mrad. Taking into account the
intrinsic divergence of the FEL beam and the actual distance between the FEL source and the mirror,
the exit arm of the mirror must be quite short (~ 0.5-1 m). The mechanical mounting of the optics has
therefore to be carefully studied to avoid interference between the focusing optics and the diagnostic
instruments around the sample.
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Figure 3.7.2:

Layout of a time-compensated
beamsplitter.

3.7.3.3 Beam Splitter in the Visible-to-UV Range Using Grazing-incidence Plane
Gratings

A simple beam-splitter consists of a diffraction grating: the incident beam is diffracted into several
output beams, corresponding to the zero order and the other, diffracted orders. To preserve the temporal
structure of the incoming radiation a time-compensated configuration using two gratings in subtractive
and compensated dispersion must be used [69]. The layout is shown in Figure 3.7.2. The gratings are
mounted in the so-called Z-configuration, with the incidence angle on the second grating equal to the
diffraction angle from the first one; consequently, the diffraction angle from the second grating is equal
to the incidence angle on the first one, so that the output beam is parallel to the input one. In such an
arrangement, the rays with a longer optical path from the first grating have a shorter optical path from
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the second grating, and vice versa. Furthermore, also the spectral dispersion of the non-monochromatic
radiation is almost compensated by the Z-configuration, since the second grating has a subtractive
spectral dispersion with respect to the first one.

A schematic of the prototype to be realized is shown in Figure 3.7.3. The optics will be mounted on a
breadboard of approximately 1 m x 0.4 m. The optical system consists of two gratings and three plane
mirrors. All optics are operated at grazing incidence, with incidence angle in the range 80°-86°. The
two gratings are rotated along with the input wavelength in order to work at constant subtended angle
o+f and maintain the direction of output beam 2 fixed, parallel to the input beam. Mirror M1 must also
reflect the zero order in a fixed direction and is therefore also is rotated and translated along with the
wavelength. To select the delay between output beam 1 and 2, Mirrors M2 and M3 can be rotated and
translated.

x

A2 . Output Beam 2

+1 order __<+—+>plane minors<«—+
Input Beam zero order t\“6uiput Beam 1
[ grafing1 |

W

Figure 3.7.3:
Schematic of the beam-splitter to be realized.
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4  FEL Physics
Synopsis ?

The FERMI@Elettra project is based on the harmonic up; ""hiftmg of an initial “seed” signal in a single-
pass FEL amplifier employing multiple undulators. %/l)sagrc prmelples which underlie this approach
are: the energy modulation of the’electron beam Vlgf’ché respnant 1}1teract10n with an external laser seed in
a first undulator (modulator); the use of a chromat;c dispersive Section to then develop a strong density
modulation with large harmonic overtones; the, productlon\of’coherent radiation by the microbunched
beam in a downstream undulator (radiator)! The first stage of the project, FEL-1, will generate coherent
output radiation in the 40-100 nm spectral range. For these wavelengths, users require short (<100 fs)
pulses with adjustable polarization and high temporal and spatial reproducibility. FEL-1 relies upon
a single-stage, harmonic generation scheme (i.e., modulator-dispersive section-radiator), like the one
already operational at Brookhaven [1,2].

The project’s second stage, FEL-2, extends the spectral range to 10 nm. Present user requirements include
narrow-bandwidth pulses with high peak brilliance and adjustable polarization. For FEL-2, a two-stage
harmonic cascade is needed to reach short wavelengths. The selected configuration is based on the
so-called “fresh bunch” approach [3], in which the output from the first radiator energy modulates (in
a subsequent modulator) a part of the electron beam that did not interact with the external seed. If at
the time FEL-1 becomes operational a suitable seed laser source (using harmonic generation in gas) is
available at ~ 40 nm, then FEL-2 could be operate with a single up-shift in frequency as in FEL-1 thus
eliminating the harmonic cascade. Design choices for FEL-2 do not preclude this attractive possibility.
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For the first modulator, which must satisfy FEL resonance over a nominal wavelength range of 240 to
360 nm, the undulator wavelength, A, selected is 160 mm. For the second stage modulator of FEL-2,
the adopted A, is 65 mm, matching that of the first stage radiator. The choice of A  for the radiators is
driven by two principal requirements: (1) the FEL resonance be physically possible at the maximum
output wavelength (i.e., 100 nm for FEL-1 and 40 nm for FEL-2) for beam energies of 1.2 GeV; (2) there
be sufficient gain (i.e., a_= 1, a_ being the normalized rms undulator magnetic strength) at the shortest
desired output wavelength. To deliver output radiation with a polarization that is continuously tunable
from linear to circular polarizations, the final radiators have an APPLE configuration. Wavelength
tuning will be done by changing the undulator gap (and thus a_) rather than by changing the electron
beam energy. As the coupling between the radiation and the electron beam can depend strongly upon
beam radius, the FERMI design includes external quadrupole focusing to produce an average value of
10 m for the Twiss beta function in each plane.

Of major concern are variations in beam characteristics affect the shot-to-shot repeatability of the FEL
output. The most sensitive parameter is the initial electron beam energy. A critical quantity affecting
the requisite electron beam duration is the timing jitter of the beam relative to that of the seed laser. An
electron beam pulse of at least 600 fs is needed for 100 fs seed pulses. This timing jitter is one of the most
demanding requirements on the injector and accelerator subsystems.

Adopting slightly off-optimum parameters (with respect to output power) lessens the sensitivity of the
FEL performance. As the final design of FEL-2 will be modified based on FEL-1 performance, present
calculations are representative rather than fully consistent design sets. For both FEL-1 and FEL-2,
calculations based on time-steady input parameters and full start-to-end time-dependent simulations
were performed using the 3D numerical codes Genesis [4] and Ginger [5]. Wakefields from surface
roughness of the beam pipe in the undulator are seen to yield values that are much smaller than
the fundamental FEL parameter and much smaller than the energy jitter from all sources (~0.09%).
Consequently this phenomenon should have minimal effect on the output power or effective bandwidth
of the FELs.

41 Introduction

The FERMI@Elettra project is based on the principle of harmonic up-conversion of an initial “seed”
signal in a single pass, FEL amplifier employing multiple undulators. The basic principles which underlie
this approach to obtaining short wavelength output are: the energy modulation of the electron beam
via the resonant interaction with an external laser seed in a first undulator (called “modulator”); the
use of a chromatic dispersive section to then develop a strong density modulation with large harmonic
overtones; the production of coherent radiation by the micro-bunched beam in a downstream undulator
(called “radiator”). In the following, each of these elements is discussed in turn.

An external laser provides an initial, wavelength-tunable seed signal. This signal, in conjunction with
the magnetic field generated by the modulator, produces a relatively strong energy modulation Ay of the
beam electrons via resonant interaction. The modulation has a sinusoidal variation in time identical to
that of the seed’s angular frequency, w, (=2c/ A, where A is the seed wavelength). When the modulator’s
length is comparable to or shorter than the exponential gain length for FEL radiation power and when
the number of undulator periods obeys the relation 2N_ (Ay/y,) < 1, very little accompanying density
modulation (i.e., micro-bunching) is produced in the modulator.
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Following its exit from the modulator, the electron beam then passes through a chromatic dispersion
section in which a density modulation develops from path length differences associated with the energy
modulation. So long as Ay >> 6, where o is the initial “incoherent” slice energy spread, a strong periodic
density modulation is created at wavelength A, containing large higher harmonic components (up to
harmonic number m~Ay/ 0‘/). Note that at a given longitudinal position in the electron beam, the relative
spread in the induced Ay must also be quite small or else the density modulation will be degraded,
especially at higher harmonics. Consequently, the transverse extent of the seed laser (assumed to be
characterized by a Gaussian-like transverse profile) should be significantly greater than that of the
electron beam.

At this point the electron beam enters the radiator, whose wavelength and magnetic strength are tuned
such that the FEL resonance occurs at an integral harmonic m of the original seed laser wavelength:

A L (1+afv)

: m=2;/2

411

where a_ is the normalized rms undulator magnetic strength. For FERMI, m varies between 3 and 6
for the first radiator. If, as in FEL-1, this radiator is the final undulator, it generally is made sufficiently
long for the FEL radiation to grow to saturation (or even longer via tapering if greater output power is
sought).

For a multistage harmonic cascade such as FEL-2, the first radiator is generally much shorter than that
necessary for power saturation. In the so-called “fresh bunch” approach, the duration of the electron
bunch is several times longer than the duration of the seed laser pulse. In that case radiation from the
first radiator is used to energy-modulate part of the electron beam in a subsequent modulator, the first
radiator is made only long enough that the radiation is sufficient to produce adequate downstream
energy modulation. The emitted radiation is effectively coherent spontaneous emission, whose power
scales as the square of the product of the current and the longitudinal distance inside the undulator
(ignoring diffraction and debunching effects). Following the first radiator is a section (essentially a
chicane) that temporally delays the electron beam in order to make the output radiation temporally
coincident with a “fresh” section of the electron beam closer to the beam head. This fresh section of
the bunch has not had its incoherent energy spread increased via FEL interaction in the first stage
modulator and radiator. Thus, it can be far more easily energy- and density-modulated in the second
stage undulators than the “used” electron beam section that interacted with the seed laser pulse in the
first modulator and radiator.

The second stage for the fresh bunch approach consists of a modulator, a final radiator, and, in general,
an intervening dispersive section. The modulator uses the radiation from the first stage radiator as
its seed radiation; it must therefore have its undulator period and magnetic strength tuned to be
resonant at that same wavelength. Since the radiation diffracts freely once it departs the first radiator,
care must be taken 1) that the temporal delay section is not too long and 2) that the necessary second
modulator length does not exceed the Rayleigh length. Otherwise, the coupling between the radiation
and the electron beam may be too weak for sufficient energy modulation to develop. The second stage
modulator, radiator, and intervening dispersive section are quite similar in concept to the first stage. In
general, the harmonic upshift factor between the second stage modulator and radiator is 4 or less for the
FERMI case. Moreover, the amount of microbunching at the new harmonic in the second radiator is also
generally less than half that produced in the first stage because both the undulator parameter a  and the
initial radiation intensity are smaller.
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This combination generally leads to a smaller energy modulation at the end of the second modulator.
The second stage radiator is usually much longer than that of the first stage both because the initial
bunching is normally smaller and because the FEL is normally run to saturation (which requires more
distance because the corresponding exponential gain lengths are longer due to the smaller a ). The
process of light emission in the final radiator includes at first quadratic part (as in the first stage and in
single-stage FEL-1 configuration) and then an exponential growth regime. This it is similar to the classic
HGHG scheme of Yu.

4.2 Basic FEL Output Requirements and Related Issues

The baseline FEL output requirements for FEL-1 and FEL-2 are summarized in Table 4.2.1. At all
wavelengths, both FEL-1 and FEL-2 are to have continuously tunable output polarization ranging from
linear-horizontal to circular to linear-vertical. Consequently, the FEL-1 radiator and final radiator in
FEL-2 have an APPLE configuration. Both FELs will operate at 10-50 Hz; this specification is constrained
by the accelerator (see chapter 6) and not by the FEL subsystems.

Present scientific proposals for the application of FEL-1 involve time-domain experiments such as
pump-probe interactions and possibly nonlinear phenomena. Consequently, the requirements for FEL-1
are more related to total photon number per pulse (i.e., 0.4 — 2 x 10'*) and pulse duration (20-100 fs) than
they are to spectral bandwidth. A critical parameter affecting the requisite electron beam duration is the
timing jitter of the beam relative to that of the seed laser. In order to assure sufficient overlap between
the seed and the electrons, the duration of the electron bunch must be longer than the duration of the
seed pulse plus two times the rms timing jitter. If the expected rms timing jitter from the accelerator is
of order 150 fs (see Chapter 6), an electron bunch duration of at least 600 fs is needed for 100 fs seed
pulses. This timing jitter is one of the most demanding requirements on the injector and accelerator
subsystems.

Another important parameter associated with FEL-1 time domain experiments is shot-to-shot
repeatability. Ideally, for nonlinear phenomena experiments, the shot-to-shot rms jitter in normalized
photon number should be 5% or less. As explained in Section 4.4, such a low value seems unlikely
with the presently expected accelerator and injector parameters. A large class of FEL-1 experiments
can tolerate values as high as 25% by recording the shot-by-shot photon number for post-processing.
Other FEL-1 output specifications related to jitter parameters are: pointing, virtual waist location and
angular divergence jitter, shot-to-shot transverse profile changes. Although none of these is likely on an
individual basis to prevent FERMI from successfully reaching the goal of 5% (spatially) local intensity
fluctuations at the experimental sample, taken together they will likely produce jitter exceeding this
goal even in the absence of fluctuations in photon number. Notably, some experiments (e.g., those
using gaseous samples) may be insensitive to pointing or profile changes. In the operation of FEL-1, the
wavelength jitter should be less than the individual shot bandwidth in order to not increase the effective
time-averaged, output bandwidth as seen by the user.

In contrast to FEL-1, in which timing and photon number jitter are critical parameters, most FEL-2 users
are (presently) interested in frequency domain experiments in which longitudinal coherence and narrow
bandwidth are most important. The most important output goal for FEL-2 is =10'? photons/pulse/
meV. Consequently, FEL-2 specifications favour long output pulses (= 1 ps) whose spectral properties
(AE, < 10 meV) are as close as possible to the transform limit. Although the total photon jitter is not
critical for most experiments in the frequency domain, shot-to-shot central wavelength jitter during
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Table 4.2.1: FEL-1 and FEL-2 expected performance.

Parameter FEL-1 FEL-2
Wavelength range [nm] 100 to 40 40 to 10
Output pulse length (rms) [fs] <100 > 200
Bandwidth (rms) [meV] 17 (at 40 nm) 5 (at 10 nm)
Polarization Variable Variable
Repetition rate [Hz] 50 50

Peak power [GW] 1to>5 05to1
Harmonic peak power (% of fundamental) ~2 ~ 0.2 (at 10 nm)
Photons per pulse 10 (at 40 nm) 10" (at 10 nm)
Pulse-to-pulse stability <30 % ~50 %
Pointing stability [urad] <20 <20

Virtual waist size [um] 250 (at 40 nm) 120
Divergence (rms, intensity) [urad] 50 (at 40 nm) 15 (at 10 nm)

narrow bandwidth operation may be of concern unless the bandwidth can be maintained at or below
the required spectral resolution (~5 meV).

For some experiments (such as RIXS where one is examining a small inelastic scattering cross-section in
the presence of a much larger elastic scattering cross-section), a spectral resolution of 10° requires that
the integrated noise photon level (at the detector) be less than 1 part in 10° of the wanted signal. Without
spectral filtering, this requirement could be more severe than that of rms bandwidth. For example, if the
integrated noise power is 1 part in 10* but has a bandwidth 100 times greater than the main signal, the
total (signal + noise) rms bandwidth increases by only ~40% from that of the signal, but the unfiltered
spectral resolution would still miss the 10° criterion by a factor of ten.

A multi-stage harmonic cascade is more sensitive to energy spread than SASE because of the very non-
linear process leading to harmonic micro-bunching at the seed frequency. A very sharp limit in fact
exists on the tolerable bunch energy spread.

Furthermore, because in multi-stage operation the first stage output radiation power scales quadratically
with bunch current, the end output power also drops sharply as the bunch current is lowered below
design. Should one rely upon strong exponential gain in the final radiator the output power would also
be very sensitive to the beam current.
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4.3 Undulator and Transport Lattice Design

4.3.1 Choice of Undulator Type and Wavelength

Due to the requirement that the output radiation polarization be continuously tunable from linear to
circular, the FERMI project has chosen the APPLE configuration for the final radiators (FEL-1 radiator
and FEL-2 second stage radiator). For the initial modulator, a simple, linearly-polarized configuration
is optimal both due to its simplicity and because the input radiation seed can be linearly polarized. As
the short first modulator produces little if any gain, there is little cost or space advantage in using a
circular polarization for which the electron beam/radiation coupling is somewhat better. For the case
of the first stage radiator and second stage modulator (for the fresh bunch approach), FEL-2, will use
linearly-polarized undulators, because of their simplicity and lower cost. If for whatever reasons (e.g.,
suppression of higher harmonic emission) circular polarization is required, such a design change could
be made without requiring greater undulator length.

Wavelength tuning in the undulators will be done by changing the gap (and thus a ) rather than by
changing the electron beam energy. Hence, the maximum wavelength reachable for a given fixed beam
energy is set by the magnetic field at the undulator pole tips, the minimum gap obtainable, and the
undulator wavelength. These considerations strongly constrain the available parameter space, especially
for FEL-1.

For the first modulator, which must satisfy FEL resonance over a nominal wavelength range of 240 to
360 nm, the undulator wavelength selected is 160 mm. For the second stage modulator of FEL-2, the
adopted undulator wavelength of 65 mm agrees with that chosen for the first stage radiator (see the
discussion in the next paragraph). The choice of undulator wavelength for the radiators is driven by
two principal requirements: (1) the FEL resonance be physically possible at the longest desired output
wavelength (i.e., 100 nm for FEL-1 and 40 nm for FEL-2) at an electron beam energy of 1.2 GeV; (2) there
be reasonable gain (i.e., a_ = 1) at the shortest desired output wavelength. The first requirement drives
one to small gaps (for large a ) and longer wavelengths. The second requirement pushes one to shorter
wavelengths (but as A decreases, the maximum possible a  for a given gap opening begins to decrease
exponentially making the first requirement becomes difficult to meet). The present design choice is a
minimum gap opening of 10 mm; this value allows for an 8 mm “stay clear”, a 1 mm pipe thickness, and
1 mm clearance. With all this in mind, a 65 mm wavelength was chosen for the FEL-1 radiator and first
FEL-2 radiator and a 50 mm wavelength for the final FEL-2 radiator.

4.3.2 Undulator Segmentation and Focusing Issues

In order to produce high powers, the active radiator lengths for FEL-1 and FEL-2 are in the range 15-30
m - far too long to be practical as one continuous magnetic structure. Consequently, the radiators will
be subdivided into modules, each consisting of an active segment of undulator and a drift section with
containing elements such as quadrupoles, a longitudinal phase shifter, beam position monitors, dipole
correctors, and diagnostics. Tentatively, ~1.0 m is allowed for the end drift sections; the exact distance
will be determined on the basis of detailed engineering. In order to keep the fraction of space occupied
by the active magnetic segment reasonable (i.e., 20.5), lengths of 2.34 m (= 36 periods) for the FEL-1 and
first FEL-2 radiators, and 2.40 m (= 48 periods) for the second FEL-2 radiator have been chosen. These
“active”, full strength lengths do not include the 2-3 poles at the beginning and end of each segment of
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undulator needed for adiabatic matching. While longer undulator segments are permitted by magnetic
force considerations, the desire for a Twiss beta function of ~7-10 m limits the total module length to
~3.5m.

The coupling between the radiation and the electron beam can depend strongly upon the beam radius.
As the FEL radiation emissivity scales directly with the electron beam density, there is a premium for
minimizing the beam radius. However, reducing the electron beam radius increases the spread of
transverse velocities (due to emittance). Diffraction (which spreads the radiation) can reduce the coupling
despite the larger current density. Consequently, for a given emittance and radiation wavelength, there is
an optimum electron beam radius for maximizing energy extraction. For FERM], this radius is generally
in the vicinity of 100 microns. For normalized electron beam emittance of ~1.5 mm-mrad, this radius is
much smaller than that obtainable with the natural focusing of the undulator. Consequently, our design
includes external quadrupole focusing to produce an average value of 10 m for the Twiss beta function
in each plane.

The external quadrupoles also compensate for changes in natural undulator focusing 1) since a_ is being
changed when varying the output wavelength, and 2) at a fixed wavelength, whenever the undulator
polarization is changed (e.g., from vertical to circular). For APPLE-type undulators the focusing for
circular and vertical polarization can be negative (i.e., defocusing) in the x-plane; for long undulators
such as the final radiator in FEL-2, this defocusing must be compensated for by external focusing. Thus,
the FERMI control system must actively modify the quadrupole strengths whenever non-negligible
changes are made in the undulator gaps and/or polarizations.

The decision to tune output wavelengths by changing the undulator gaps (i.e., 2 values) implies active
control of the longitudinal phase slip between the electron beam and radiation in the drifts between
undulator sections. The phase advance in a simple drift section of length L, AO=k,L, /(1 + af, ), is not
necessarily a multiple of 2r as one varies the FEL wavelength A (and thus a ). Consequently, a very
weak magnetic chicane (strength R_ ~ 2} ) is needed to act as a “phase shifter” in the drift section. The
initial estimate is that that ~200 mm of longitudinal space will be needed for this element.

4.3.3 Undulator Error Tolerance Calculation

Apart from electron beam errors such as offset, tilt, and mismatch, other errors are possible within
the undulator. These include: 1) tilt and offsets of entire segments of undulator, 2) “global” segment
mistuning errors such that the average a_ is offset by a constant amount within each segment (e.g. due to
an incorrect gap setting), 3) “local” undulator errors due to individual pole strength errors. Local errors
can lead both to longitudinal phase errors between the electron beam and the FEL radiation and to the
electron beam wandering away from the central axis of undulator and radiation.

To lowest order, tilt and offset in the undulator are equivalent to errors (equal and opposite in value)
in the initial electron beam position and tilt. Sensitivity to such errors is discussed in Section 4.4.2. In
a multi-segment undulator, the effect of these errors could, in a statistical sense, grow as \/N where
N is the number of segments. Hence, if the overall tolerable tilt and offset values are, say, Y, then the
equivalent rms tolerances on individual segments might need to be reduced to Y /+/N . However, with
active dipole correctors between segments this estimate may be unduly pessimistic.

“Global” mistuning of segments will lead to a longitudinal phase error that grows with distance along
the undulator. If this error becomes comparable to 7t/ 2 radians, there can be significant loss of FEL gain.
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In contrast, smaller scale errors in some circumstances can lead to higher radiation power than obtainable
from a constant a undulator. This effect appears due to a serendipitous tapering which extracts more
power. A rough criterion for the rms accuracy of setting a  (equivalently the gap opening) in the FEL-1
radiator and the final radiator of FEL-2, was obtained from a series of GINGER runs in which random
mistunings with a given rms expectation value were applied to each individual radiator segment. For
FEL-1 at 40-nm output wavelength, the results (see Figure 4.3.1 left) show that on average, the rms
segment mistuning error in 2 must exceed 0.002 before the output power begins to drop more than a
few percent. This constraint appears be relatively easy to meet for the FERMI undulators. For FEL-2, the
results (see Figure 4.3.1 right) are quite similar with rms errors below 0.002 showing essentially no effect
on the average output power at 10-nm with the standard deviation remaining less than 10%.
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Figure 4.3.1:

Left: Output radiation power at 40-nm
from FEL-1 in the presence of random
segment of undulator mistuning as
a function of rms error in aw. The
diamond symbol and error bars refer
to the mean and standard deviation

over 64 independent mistunings. The
distribution of errors at individual
segments follows a one-dimensional
Gaussian. Right: Output radiation
power at 10-nm from FEL-2 (fresh
bunch approach). The diamond symbol

and error bars refer to the mean and
standard deviation over 25 independent
mistunings. The distribution of errors
at individual segments follows a one-
dimensional Gaussian.

Within each undulator period, the two individual pole errors of one undulator period are decomposed
into an “even” component which leads to no net transverse kick but does induce a phase error through
anet change in a_, and an “odd” component that produces a net transverse kick on the beam. This odd
component causes the electron beam both to wander off-axis and also to suffer a net phase error. In the
absence of any correction, the beam-wander increases steadily with z, as does the longitudinal phase
error.

In the actual physical situation, for a given sorting of the individual poles within a given segment of
undulator, the strength errors are “frozen” (i.e., do not vary in time) and may therefore be corrected in an
average sense in z by the insertion of dipole shims. With “virtual” shims implemented in the XWIGERR
code, time independent GINGER calculations were performed to determine output power sensitivity
to undulator pole strength errors for FEL-1 at 40-nm and FEL-2 at 10-nm (fresh bunch approach) [3].
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Results show a relatively tight correlation between the residual phase error and the output power. For
FEL-1, virtually no power is lost for residual phase errors below 0.2 radians; for FEL-2 at 10-nm the
equivalent value is 0.15 radians. The correlations are less for tilt and offset residuals. For FEL-1, little
power is lost for <20-micron offsets and 50-microradian tilts; for FEL-2 the equivalent numbers are ~10
microns and 25 microradians. These values constitute system requirements for the FEL undulator.

4.3.4 Post-Modulator Dispersive Section Design and Issues

Following each modulator a dispersive magnetic chicane produces a strong coherent micro-bunching
from the energy modulation impressed upon the electron beam by the FEL interaction in the modulator.
For reasonably large input seed powers (e.g. = 10 MW) and short wavelengths (A =300 nm), the
necessary R, dispersion parameter is ~100 um or less in the first stage modulator. For the fresh bunch
approach, the second stage dispersive element is typically 5 times smaller. Preliminary design of the
dispersive sections reveals no significant engineering or space issues. Detailed analysis is still required
to set limits for higher order optical terms, such as could be induced by fringe fields and /or geometric
aberrations. However, no practical problems are expected given the allowed longitudinal space of ~30
m and the relatively large seed wavelength. The actual design of the dipole elements of this chicane
could introduce a transverse focusing effect that will be properly modelled with the FEL simulation
codes.

4.3.5 Delay Section Needs and Issues for FEL-2 Fresh-Bunch Approach

In the fresh bunch approach to FEL-2, the e-beam must be delayed by ~0.5 — 1.0 ps relative to the
FEL radiation in order that a “fresh” section of the e-beam be energy-modulated in the second stage
modulator. A 1-ps delay is equivalent to an R, of 600 um. Inasmuch as the radiation field carries the
“imprinting” signal, the allowed longitudinal space of ~1.8 m is more than adequate to contain the
needed chicane. The delay section must also contain various diagnostics and at least a quadrupole
singlet (and possibly doublet) for matching the e-beam to the second stage optics. FEL simulations of
this section include diffractive effects.
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4.4 FEL-1 Design and Parameters Calculations

The nominal design parameters of FEL-1 are presented in Table 4.4.1.

Table 4.4.1: Nominal design value and presumed rms jitter for FEL-1 parameter.

Input Seed Laser
Power [MW] 100
Wavelength [nm] 240 - 300
Waist size [microns] 300
Input Electron Beam
Energy [GeV] 1.2
Current [A] 800
Rms energy spread [keV] 150
Rms emittance [mm-mrad] 1.5
Modulator Undulator
Period [m] 0.16
Length [m] 3.04
Number of periods 19
Radiator Undulator
Period [m] 0.065
Section length [m] 2.34
End drift length [m] 1.04
Number of sections 6
Total length [m] 20.28
FEL parameter p 2.9 x 1073

As most user proposals for FEL-1 concern ultra-fast, pump-probe and other time-domain phenomena,
the relevant electron beam characteristics are those of the “medium bunch” option for which the main
body current is ~800 A; the flat-top duration is ~700 fs (which allows for timing jitter); the total charge
is ~0.7 nC, and the incoherent energy spread is 150 keV. For FEL-1, the output power is relatively
insensitive to the actual value of the energy spread so long as the input laser power and modulator
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length can produce a coherent energy modulation AE an order of magnitude greater than o,. A nominal
laser power of 100 MW has been adopted; lower values would require increasing the modulator length
beyond the ~3 m used here. The laser beam comes to a focus halfway in the modulator with a rms
waist size of 300 um. This value is significantly greater than the electron beam transverse size so as to
minimize the induced incoherent energy spread.

Figure 4.4.1 shows the undulator layout for FEL-1 that includes a modulator, dispersive chicane, and the
radiator sections consisting of active undulators and end drifts.

Modulator Radiators
F'-"l_ 0 e Tt Ot O e N
1 i s i v - —
3.04 1.04 2.34

3.4 m period repeats for 6 fotal periods in radiator 2 (length = 20.28 m)
Total Length = 23.32 m

A
3

Figure 4.4.1:
Nominal undulator layout for
FEL-1. The vradiator consists

Between the modulator and
radiator is a dispersive section

of 6 sections, each 2.34 m long
separated by 1.04 m drifts
containing a focusing quadrupole,

whose purpose is to convert
energy modulation into strong
microbunching.

phase corrector, and diagnostics.

The electron beam and seed laser enter from the left. The drift length between the modulator exit and
radiator entrance, and between the individual radiator sections, is 1.04 m including the space associated
with the partial strength poles at entrance and exit. At the modulator exit, the peak-to-peak energy
modulation, 2AE, is ~4 MV and the rms energy spread is ~1 MV. A simple scaling argument (R, x AE/E
= Ayop/ 4) suggests that the necessary R, is about 35 microns, close to the design value.

For purposes of FEL gain simulations, each radiator undulator section is 2.34-m long and is composed 16
full-strength 6.5 cm periods. Two periods or fewer are required for adiabatic transition to and from each
end drift, resulting in a physically usable drift section length of 0.84 m. In the calculations, each drift
section includes a “perfect” phase shifter that ensures the longitudinal phase slippage in the drift is an
exact multiple of 2. Since photon number is a critical parameter for FEL-1, the nominal layout includes
sufficient sections (6) in the final radiator to ensure power saturation at the shortest design wavelength
(40 nm), although as few as three sections are necessary for saturation at 100-nm wavelength.

The general procedure for optimizing the undulator parameters for each wavelength was as follows.
The normalized modulator strength a (= K/v2 for a linearly-polarized undulator) was set to the
nominal FEL resonance value. Then the radiator performance was optimized with respect to values
of the dispersion parameter R, and a . Figure 4.4.2 displays the growth of power and coherent micro-
bunching at 40-, 60-, and 100-nm wavelengths as predicted by the GENESIS and GINGER codes for the
parameters of Table 4.4.1.
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Figure 4.4.2:

GENESIS and GINGER results for
radiation power and microbunching
fraction for FEL-1 at 100-, 60-, and
40-nm wavelengths.

At the longer wavelengths power and bunching saturation was reached well before the end of the sixth
section. The figure also shows good basic agreement between the GENESIS and GINGER predictions.
The peak power of 2.5 GW at 40 nm corresponds to an extraction efficiency of 0.26%, quite close to
the 3D FEL parameter of 2.9 x 10°. That parameter is likely to be an overestimate because the Ming
Xie fitting formula [6] does not allow for the 1-m drift sections. The output power can be doubled by
properly tapering the six radiator segments.

4.4.1 Sensitivity to Jitter of Input Parameters: Time-Independent Simulation
Results

To estimate the sensitivity of output power to electron beam and laser parameters, extensive GENESIS
and GINGER simulations were performed varying parameters one at a time. The studies described in
this section are limited to axisymmetric effects for both the electron beam and input laser. Section 4.4.2
discusses sensitivity to non-axisymmetric effects such as an input transverse offset or tilt of the entering
electron beam. Each individual beam or seed parameter was varied around a central value for the
“medium bunch” case, as shown in Table 4.4.1. The calculations were done in the “time-independent”
or “time-steady” limit in which all properties of a time-varying electron and laser pulse are replaced by
a single, representative value. This approximation models performance with just a single longitudinal
“slice,” thus dramatically reducing computational time. To estimate the expected shot-to-shotjitter in the
output power and photon number of FEL-1 at 40 nm (i.e., the wavelength with the greatest sensitivity),
time-independent calculations were performed in which the input laser seed power and various electron
beam quantities were varied independently around their individual design values following a tolerance
budget summarized in Table 4.4.2.

Two sets of calculations were done for FEL-1. First, fluctuations of only a single parameter were
considered. For each electron beam parameter (e.g., energy, current, efc.), a Gaussian distribution of 50
parameter values was generated with the appropriate standard deviation (Table 4.4.2).
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Table 4.4.2: Adopted Shot-to-Shot Variation Budget.

Parameter

Normalized

shot-to-shot variation

Emittance
Peak current
Mean energy
Energy spread

Seed power

10%
8%
0.10%
10%
5%

Each value was used in different GINGER simulation runs to initialize the electron beam (or input seed
laser). Then, a second set of calculations was done with simultaneous, multi-parameter jitters; a set of
400 parameter values were created in which each and every beam parameter was randomly varied
following the appropriate Gaussian distribution. These runs produced the data for the curves of Figure
4.4.3, where, as an example, only sensitivity to energy and current fluctuations are reported.
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Figure 4.4.3:

Left: FEL output power as a function
of electron beam energy in the case
of a single parameter only (curve)
and multiparameter (dots) variation.
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Right: FEL output power as a
function of beam current in the case
of a single parameter only (curve) and
multiparameter (dots) variation.

First, the effect of ajitter only in the mean electron energy was considered based on a Gaussian distribution
with a normalized rms of 0.1% — the design goal for beam energy at the end of the linac (see Chapter
6). The single parameter sensitivity scans show that energy plays a crucial role in the FEL performance
of FERMI. The multiparameter results (see Figure 4.4.3 left) of output power vs. beam energy, although
they show scatter due to the other parameters fluctuations, remain very well correlated to the electron

energy variation.
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For the case of current jitter (see Figure 4.4.3 right), the output power grows monotonically with
increasing current. As was true for the electron beam energy, one sees a clear correlation between multi-
parameter jitter output power and the input electron beam current. For the adopted central design
point, FEL-1 shows little sensitivity to the electron beam incoherent energy spread, emittance and seed
laser power (data not shown). The overall (multi-parameter) estimated fluctuation in output power is
about 22%.

One possible way to reduce the sensitivity of the FEL-1 output power to the mean electron energy
is to enlarge the effective energy bandwidth of the radiator by using different a  values in different
undulator sections of the radiator. With this approach, electron bunches with mean energies slightly
different from the nominal value will still encounter some section whose a_ is close to FEL resonance. To
reduce sensitivity to the mean electron energy without simultaneously increasing sensitivity to electron
beam current, a simple tapering configuration was investigated. Section by section, a  was alternatively
set to higher and lower values relative to a constant tapering along z. To lowest order, this type of
variation favors neither higher nor lower beam energies (relative to the nominal value). For this new
configuration the normalized standard deviation of the output power for the adopted energy jitter is
less than 5%, and, more importantly, the power fluctuations are also reduced in the multi-parameter
jitter case down to about 10%.

4.42 Input Transverse Tilt and Offset Sensitivity

Control of displacements and tilts of the electron beam is important to insure the performance of the
FERMI FEL. Electron beam offsets can occur due to upstream pointing errors, undulator misalignments,
or internal structure in the electron bunch arising from time-dependent linac wakefields, in which case
they will also be sensitive to timing jitter. FEL performance in the presence of such offsets was modeled
with the GENESIS code, because a fully three-dimensional field solver is necessary to capture all non-
axisymmetric effects. Simulation studies included initial offsets for the electron beam only; the laser
seed and undulators were assumed to lie along a common axis.

“Global” sensitivity studies simulating various types of jitter simultaneously — including jitter arising
from initial tilt or offset — were performed at various wavelengths. The most prominent effect of electron
beam offsets is a large drop in output power when the transverse overlap in the first undulator between
the electron beam and input radiation seed decreases significantly. In addition, the FEL radiation beam
develops offsets comparable to those of the electron beam. Investigation of the behavior of the output
phase revealed that phase variations with longitudinal position can significally affect the spectral width
of the output radiation. As was true for the jitter studies without offsets or tilts, the most significant
source of shot-to-shot fluctuations is predicted to be jitter in the electron beam energy. However,
when using expected values for fluctuations in the electron beam and laser seed power, simulations
suggest that the combined effect of the jitter on the other FEL parameters are comparable in some cases
to the effect of energy jitter. For the standard deviations chosen, i.e., 100 microns in position and 10
microradians in tilt, the predicted fluctuations in output power for untapered undulators (normalized
standard deviations) are 13% at 100 nm, 24% at 60 nm, and 28% at 40 nm. Results for the 40-nm case are
shown in Figure 4.4.4.

The output power from tapered undulators shows less sensitivity to jitter in the electron beam energy.
Our studies also reveal correlations between beam parameter errors and output power. In addition to
mistuning of a_ such that the nominal energy does not quite yield the optimal power (easily corrected
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Figure 4.4.4:

Left: Output power versus energy  simultaneously varying as given in
at 40 nm with all input e-beam  Table 4.4.2. Right: Output power
parameters and the laser seed power  versus emittance.

in practice), the only significant correlation is between the beam transverse emittance and the output
power. Rather than reaching a local maximum at the nominal electron emittance, the performance
improves significantly as emittance is decreased. The time-dependent jitter study discussed in Section
4.4.3.2 does include such correlations.

4.4.3 Time-Dependent Calculations

Complete “start-to-end” (S2E) simulations that begin at the emitting cathode and end at the undulator
exit (for the electron beam) and/or the experimental sample (for the photons) are the most accurate
means of estimating the performance sensitivity of an FEL. Extensive modelling of the injector and linac
(see chapter 5) yielded so-called “golden” macroparticle files for input in the FEL simulations. Due to
the relatively large temporal jitter (~350 fs) expected at the linac exit, a pulse shorter than 700 fs FWHM
would lead to unacceptable (for use in pump-probe experiments) shot-to-shot fluctuations in output
power as many seed pulses would fall temporally outside the electron beam pulse.

Both the GINGER and GENESIS FEL simulation codes were used to predict the full, time-dependent
radiation output corresponding to these macroparticle “golden” files. In general, the FEL codes use
a total number of macroparticles per time interval that is greater than that generally available from
most ELEGANT output files. GENESIS solves this problem by using a special algorithm that creates,
as needed, new macroparticles in the “empty” regions of 6D phase space between the ELEGANT
macroparticles. GINGER uses a different algorithm with which to populate fully a given time slice;
ELEGANT macroparticles from adjacent temporal regions are used with their 5D coordinates (x,x",y,y’,y)
carefully interpolated in order to maintain their individual deviation from a coarse-grained average in
time. In principle, both algorithms should maintain the local time-dependence of various higher order
correlations (e.g., <xy’>, <yx">, efc.).

For both codes, it was necessary to rematch the 4D phase space (x,x",y,y) to the FEL-1 undulator lattice.
In FEL operation, rematching will be done by a series of dipoles and quadrupoles upstream of the
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modulating undulator. Computationally the rematching was accomplished by determining the Twiss
o and B in the central temporal regions of the ELEGANT files, computing the requisite transformation
matrix to give the correct match, and then applying this matrix to all the macroparticles. This calculation
uses only the temporally-central, “well-behaved” portion of the electron beam thereby neglecting any
current spikes the head and/ or tail regions with “abnormal” phase space properties.

Nearly all the FEL-1 time-dependent simulations were done at 40 nm for which FEL performance is
most critical. The input radiation seed was taken to be either a Gaussian temporal profile pulse of 100
fs (FWHM) — appropriate for pump-probe experiments — or a constant intensity, flat-top pulse in which
the laser fully covered the e-beam — appropriate for experiments in which maximum photon number
but not timing synchronization is needed.

In all cases the seed beam has a Gaussian transverse intensity profile with a 210-micron waist occurring
at the mid-point of the modulator. The simulations normally adopt a temporal slice spacing of either 0.8
fs (i.e., 240 nm) or 1.6 fs. After each modulator run, the particles arewritten out to disk. They are then
read into the subsequent radiator run with the longitudinal phases (relative to a plane wave) multiplied
by the harmonic upshift number, in this case 6 (= 240 nm/40 nm). However, the temporal spacing and
resolution in the radiator runs remain the same (i.e., 0.8 fs). In other words, the macroparticles are not
reorganized into independent40-nm slices; rather, physical quantities such as current and microbunching
fraction at 40-nm wavelength are effectively averaged over a 240-nm interval. So long as the normalized
output spectral bandpass is small compared with 40 nm /240 nm = 1/6, this temporal resolution is more
than adequate.

4.4.3.1 Expected Performance for the Nominal Working Point

A campaign of time-dependent start-to-end simulations was performed making use of various electron
beam distributions provided appropriate to the gun and linac operation (see Chapter 6). Figure 4.4.5
shows the GENESIS-predicted output temporal and spectrum profiles at 40-nm wavelength for an
optimized (i.e., flat in both energy and current) input electron beam distribution. The input seed was a
40-fs (rms) Gaussian at a peak power of 100 MW.

The output number of photons per pulse is about 1014 with ~80% in single transverse mode. The output
pulse length is 54 fs rms and the relative spectral bandwidth 0.03%, about a factor of 2.2 above the
transform limit

As reported in Chapter 6, wakefields arise from the interaction of the electromagnetic fields of the
electron beam with the features of the vacuum chamber walls including breaks in the geometry of the
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beam pipe cross-section. Preliminary calculations were performed using a wakefield code based on a
numerical physics package developed by H.-D. Nuhn at SLAC. This code currently includes effects
from vacuum chamber resistivity, surface roughness, geometric breaks, and a “synchronous term.”
Calculations for FERMI assumed a high-aspect ratio, rectangular , Al vacuum pipe of 6.0-mm inner
vertical height with a surface roughness of 100-nm amplitude with a longitudinal period of 25 microns.
The geometric wake was calculated presuming a 10-cm break occurring every 3.4 meters. An “AC”
conductivity model was used for the resistive wake.

With these choices, the resulting longitudinal wakefield is unlikely to degrade FEL-1 output. Apart from
large spikes at the head and the tail of ~-60 kV/m amplitude, the wakes of the particle distribution (see
Figure 4.4.6) have temporal variations of only 5 KV /m or less. As shown in Figure 4.4.6, a representative
calculation of FEL output with and without wakefield effects included substantiates this assessment.

During the engineering design of the FERMI undulator and vacuum chamber, these wake calculations
will be repeated to include more realistic roughness numbers and perhaps a non-circular geometry.
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Figure 4.4.6:

Upperleft: time-dependent longitudinal
wake results for the “medium bunch”
distribution (copper, circular cross
section with diameter of 6 mm).
Upper right: “medium bunch” current
distribution (red curve) and temporal

profile of superimposed seed pulse.
Down left: temporal profile of the
FEL-1 output power resulting from a
Genesis simulation including (black
curve) and neglecting (red curve) wake
fields. Note that curves are practically

overlapped. Down right: Bandwidth as
a function of radiator distance (FEL-1)
including (black curve) and neglecting
(red curve) wake fields.
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4.4.3.2 Sensitivity to Jitter of Input Parameters

To examine the effects of injector and accelerator jitters upon the shot-to-shot, time-resolved properties
of the output FEL-1 radiation, 100 individual files of 1M macroparticles were propagated starting from
the injector (GPT code) through the linac (Elegant code). Each file included the effects of random jitter
in the individual injector and accelerator cell voltages. The jitter follows Gaussian distributions with
variances set by the budget allowances allocated by the gun and linac groups. GINGER time-dependent
simulations for the FEL-1 lattice tuned at 40 nm were performed over a large time window with high
resolution. For each jittered file, simulations where done using artificial macroparticles created from the
time-dependent envelope quantities previously determined by the elegant2genesis code and also using
directly the ELEGANT particles. Note that only the effect of the jitter on the electron bunches has been
considered without taking into account any jitter source in the seed laser.

The 100 jittered files have been produced starting from one hundred GPT files that consider the possible
jitter sources in the gun. Those files have been propagated through the linac with ELEGANT. Output

distributions have been pre-processed in order to evaluate the resulting jitter in bunch arrival times
(Figure 4.4.7).

Figure 4.4.7:

Arrival time jitter of the 100 elegant
files with respect to the arrival time of
the nominal file.

bunch amival time (s}

The analysis shows a distribution with an rms jitter of about 130 fs, which is close to the value predicted

by LiTrack simulations (see Chapter 6). These data can be fit with a Gaussian distribution (Figure
4.4.8).

t_avg=-12fs
5 =130fs

counts

Figure 4.4.8:

Distribution of the arrival time jitter
reported in Figure 4.4.7; data can be
fitted with a Gaussian distribution,
whose sigma is about 130 fs.
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By plotting the electron energy and current profiles of the 100 bunches taking into account of the
arrival time (Figures. 4.10-4.14) it is evident that a time window exists of the order of 400 fs in which
the fluctuations of electron parameters due to the jitter arrival time are small. This window forms the
“useful” part of the bunches for the FEL process. The analysis of the effect of variations in electron beam
properties on that window is reported is reported in the following.

2250 -
2245 -
2240 =

22354

o] Figure 4.4.9:
] Temporal profile of the electron beam
2225 - mean energy of the one hundred
. . . . . . . . jittered ELEGANT files.
500 400 -200 "“_E‘ 5 00 4an 600 a00fs
Figure 4.4.10:
2236 Aver.qge of the electron mean energy of
2234 the jittered electron bunch calculated
S in the useful time window (-200 fs;
2228 200 fs).
Ell 2‘0 4‘0 BIU BID
file number

The electron mean energy, y, in the useful part of the bunch (from -200 fs to 200 fs) presents a distribution
with an rms of 0.09%, in agreement with the values of reported in Chapter 6.

Figure 4.4.11:

Distribution of the average electron
mean energy of the useful part of the
jittered bunches; data can be fitted
with a Gaussian distribution whose
2228 2230 ,,2232 2234 2236 sigma is 0.09%.
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The current distribution shows an rms value (6.6%) that is slightly lower than the one reported in Chapter
6 (8%). Similar analyses have been performed for other electron beam properties, (emittance, energy
spread, etc.). With respect to beam emittance, data show a distribution with an rms value that is close to
the one reported in chapter 6 (about 12%). The energy spread, instead, is slightly affected by the temporal
jitter of bunches and the rms distribution shows a larger value (almost 20% instead of 10%). Calculated
electron beam average values and corresponding standard deviations are reported in Table 4.4.3.
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Figure 4.4.12:
Temporal profile for current of the one
hundred jittered files.

Figure 4.4.13:

Average of the electron bunch current
calculated on the useful part of the
jittered files (from -200 fs to 200 fs).

Table 4.4.3:  Average values and corresponding standard deviations for the main
electron beam parameters extracted from time-dependent simulations.

Quantity Mean Value Std. Dev.
Gamma 2231.9 0.09%
Current (A) 718 6.6%
Incoherent energy spread 0.33 19.5%
Normalized emittance 1.35 12.4%

The FEL simulations assume the nominal setup of FEL-1 (see Section 4.4) optimized in terms of a_ and
R,, to maximize the output power extracted from an ideal bunch, whose parameters are equal to the
average values reported in Table 4.4.3. Time-dependent simulations using this optimized setup for the
jittered files show a high sensitivity to beam jitters (e.g., about 50% of fluctuation in the output power),
far from the predictions of time-independent simulations.



Chapter 4 - FEL Physics

Consequently, a new optimization procedure was needed to find baseline characteristics that minimize
the effect of the beam jitters. To reduce the sensitivity of the FEL output power the tuning of the radiator
was changed slightly to a setting with a smaller value of a . The setup utilized for simulations is the
following: a seed laser of 100 MW with a Gaussian temporal profile (100 fs rms), the modulator tuned at
240 nm, the dispersive section set with a R, =19-10* and the radiator tuned at 40 nm.

Figure 4.4.14 displays the output power profiles obtained from the 100 jitter bunches, while Figure 4.4.16
shows the corresponding output spectra. Red, Green and Blue traces in Figure 4.4.14 and Figure 4.4.16
correspond to the electron bunches reported in Red, Green, Blue in Figure 4.4.9 and Figure 4.4.12.

30x10”

254

Figure 4.4.14:

Temporal profiles for the FEL output
radiation at 40 nm obtained from
GINGER simulations using the jittered
ELEGANT files; Red, Green and Blue
curve refer to bunches reported with
the same colors in Figure 4.4.9 and
Figure 4.4.12.
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Integrating the pulse profile yields the number of photons of each FEL pulse. Figure 4.4.15 reports
the number of photons of FEL output pulses for each of the one hundred jittered electron bunches.
Statistical analysis of data shows a distribution that is close to a Gaussian centered at 70-10'> photons per
pulse with a standard deviation of about 23%.

The output spectra of the FEL pulses shown in Figure 4.4.16 demonstrate that thejitter of the inputelectron
beam parameters induces a fluctuation of the central wavelength. However, such a fluctuation is about a
factor 3 smaller than the average bandwidth and, as a consequence, does not affect substantially the FEL

(+a,)
2y?
one can derive that, if the emission wavelength is defined by the resonance wavelength of the radiator,
the jitter in wavelength should be two times that associated to the jitter in electron mean energy. This
estimate is not true for a seeded FEL in which the emission wavelength is defined by the seeding laser

and only partially by the undulator resonance wavelength.

performance (see Table 4.4.4). Considering the equation for the undulator resonance A =L -
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These results are in agreement with predictions and the calculated fluctuation for the wavelength is
small compared to the fluctuation of the mean energy of the input jittered bunches.

T TR T TTTH] I il T I Figure 4.4.17:
]’ 1 ‘[ i I H I I | Factor to the Fourier transform limit of

the FEL output pulses for the jittered
ELEGANT files.

The FEL output pulses were also characterized in terms of how close they are to the Fourier transform
limit. Figure 4.4.17 shows the distance of each FEL output pulse to the Fourier limit for the one hundred
simulated jittered files. The average Fourier factor for the simulated data is 2.2 and the standard deviation
of the distribution is about 13%.

Table 4.4.4: Statistics of the one hundred FEL pulses.

Quantity Mean Value Std. Dev.
Average pulse width (fs) 73.2

Average photon number 7.1e+13 23.3%
Average central wavelength (nm) | 40.0019 0.013%
Average bandwidth 0.033%

Fourier factor 22 13%
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To verify the prediction of time independent simulations that indicate that the jitter in the mean electron
energy is the strongest limiting factor for achieving a good output stability, one plots (in Figure 4.4.18)
the number of photons per pulse v. the average electron beam energy. The clear correlation between the
two quantities confirms the high sensitivity of the FEL output to the mean electron energy.

100x10"* o E

numbar of photons

SHE . . Figure 4.4.18:
. ' Number of photons per pulse v. the
average electron mean energy of the
228 2230 , 23 284 2236 corresponding electron bunch.

4.4.4 Diagnostics Needs for FEL-1

Some routine measurements will guide the operators in maximizing the output from FEL-1. Within the
different segments of undulator and other lattice elements, electron beam position monitors are needed
to ensure that the beam orbit stays as close as possible to the magnetic axis. Following the chromatic
dispersion element, the electron bunch will have both strong energy modulation and micro-bunching;
the latter can be measured with coherent optical transition radiation (COTR) from an insertable foil.
In the radiator, the build up of the coherent harmonic signal can be determined section-by-section by
purposely mistuning the magnetic strength of the downstream undulator sections so as to eliminate any
additional emission. COTR in the drift sections can also be used to measure the z-dependent evolution
of the micro-bunching. The COTR signal should also be rich in harmonics of the initial seed laser. Ideally
for comparison with simulations, measurements of the microbunching and FEL radiation should be
done following each radiator undulator section. Finally, measurements of the final energy spread of the
e-beam upon exit from the final undulator section should be commensurate with the FEL emission from
the radiator.
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4.5 FEL-2 Design and Parameters Calculations

As mentioned in the Section 4.1, most proposed experiments using FEL-2 will be in the frequency
domain, in which case narrow spectral bandwidth is crucial. Consequently, the baseline design of FEL-2
utilizes a relatively long (~1.5 ps) electron beam pulse with a moderate (~500 A) current. Figure 4.5.1
shows the layout adopted for the fresh bunch approach.

' fresh bunch ' delay section Dispersive Section
2nd Stage Radiators

=/ \ T/ \

<t & =<t &

First Stage Second Stage

Figure 4.5.1:
Nominal undulator layout for FEL-2.

For the fresh bunch approach, such a long pulse is essential given the practicalities of temporal jitter and
the accuracies of a temporal delay section. The core design for the first stage of the fresh-bunch FEL-2 is
parallels that of FEL-1. Specifically, relatively strong, input seed power (~100 MW) energy-modulates a
500 A electron beam in a long period (~16-cm wavelength) undulator followed by a dispersive section
with R, ~ 25 um. The dispersive section produces strong bunching at the fundamental (b=0.5) and
also at the second through sixth harmonics in the following radiator. Where the design for the FEL-2
fresh-bunch layout begins to differ significantly is that the first stage radiator is relatively short (e.g., 2-3
segments) and only brings the radiation to a sufficient level (~200 MW) to provide adequate coherent
energy modulation in the following undulator. This choice contrasts with the FEL-1 radiator that is
long enough (e.g., 5-6 segments) to reach FEL power saturation (~1-4 GW). The basic characteristics
for the second stage modulator are the same as for the first stage radiator (e.g., 65 mm period; 2.34 m
segment length) so as to minimize costs. In general, the first stage should be as short as possible to
minimize SASE that increases the incoherent energy spread of the “fresh” portion of the e-beam to
be used in the second stage modulator and radiator. A secondary consideration is that the cost is also
lowered. Provisionally the fresh bunch delay section is presumed to have a 1.8 m length (necessary in
the numerical simulations to include proper diffraction effects).

The second stage (final) radiator has a somewhat shorter period (i.e., 50 mm) and is subdivided into
2 m long active segments of undulator separated by 1 m drifts. These breaks contain a quadrupole
singlet for focusing, a phase shifter, dipole correctors, and diagnostics. The length of the final radiator
is somewhat arbitrary; in general for the fresh bunch approach one wants sufficient length for power
saturation, ~6 segments at 10 nm wavelength. However, one could certainly increase the output power
by adding more radiator segments with tapered magnetic strengths.
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45.1 Fresh Bunch Time-Independent Results

Following similar strategies described in Section 4.4.1, a series of simulations were performed to
optimize the output power of the second stage. As the final design of FEL-2 will be modified based on
FEL-1 performance the calculations presented here are representative rather than fully consistent design
sets. Assuming that most of the first stage of FEL-2 would be similar to that of FEL-1, the most sensitive
quantities to vary are the number of radiator sections in the first stage and the strength of the dispersive
section following the second stage modulator. A good design point was a three-section first radiator
that would emit ~250 MW of power at 40 nm wavelength. With that choice, at the end of the second
modulator, the peak-to-peak energy modulation is ~1.8 MeV, as compared with 2.5 MeV modulation in
the first stage. The final radiator is 6 sections long and produces (see Figure 4.5.2) a peak power of 0.63
GW (1.4 GW) and a bunching of 0.44 (0.53) at 10 nm (20 nm) for 500 A beam current.
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Figure 4.5.2:

Power and bunching for different
FEL-2 configurations as a function of
position within the radiator.

A small number of time-independent, single parameter variation scans were performed to determine the
sensitivity of the final output. Not surprisingly given the much larger total number of undulator periods
in FEL-2 as compared with FEL-1 plus the additional sensitivity connected with having a second stage
of modulation, one observes a much greater dependence upon electron beam parameters, especially
beam energy.

4.5.1.1 Fresh Bunch Time-Dependent Results

A number of full start-to-end simulations were done for the fresh bunch approach to FEL-2. Simulations
concentrated upon 10 nm output cases as these were likely to be the most sensitive to imperfect electron
beam parameters. The first stage radiator output was at 40 nm so the second stage had a 4:1 up-
conversion ratio. An example of output temporal and spectrum profiles based on an optimized input
electron beam is shown in Figure 4.5.3.
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Figure 4.5.3:

FEL-2 temporal and spectrum profiles
for  fresh-bunch  scheme resulting
from a GENESIS simulation in time-
dependent mode.

The number of photons obtained per pulse is about 10" (93% in single transverse mode). The output
pulse length is 110 fs (rms) and the bandwidth 5 meV, about a factor about 1.5 above the transform limit.
The peak brightness is about 10* photons /mm2/mrad2 /sec/ 0.1% bandwidth.

A concern for FEL-2 is whether jitter in beam parameters combined with wakefield effects in the
accelerator (discussed at length in Section 6.8.3) will significantly degrade the narrow spectral profile
typified by Figure 4.5.3. As displayed in Figure 4.4.16, the fluctuations in beam energy can jitter the
position of the peak of the spectrum of FEL-1 by ~10- with little noticeable increase in bandwidth. FEL-2
is more sensitive to jitter in beam parameters than FEL-1 due to the reduced value of rho in the second
radiator. In addition, the amount of bunching produced by the second dispersion section is sensitive to
lower input radiation at the beginning of the second stage due to energy mismatches in the first stage of
the cascade. Although a detailed quantitative answer to this question would require many hundreds of
simulation runs, the analysis the time-variation of energy during the beam pulse given in Section 6.8.3
permits a semi-quantitative answer. These considerations do not include the effect of wakefields in the
undulator, discussed in the following section.

For that sub-set of users who require narrow bandwidth radiation, special care will have to be taken
to minimize the fluctuations in the non-linear chirp (o,, in Eq. 6.8.2) that is induced by wakefields
throughout the accelerator and wiggler. As the non-linear (quadratic) component directly influences the
radiation bandwidth at the FEL design point, fluctuations in this component could lead to uncertainties
in the output bandwidth beyond the few meV level desired by users studying RIXS phenomena.
The analysis of Section 6.8.3 indicates that even in the long bunch case the fluctuation in a,is ~60%,
producing a commensurate increase in the effective (average) bandwidth. In the medium bunch case
the fluctuation in a, is two times smaller, an amount that would not significantly reduce the effective
bandwidth. Therefore, in the final design of FEL-2 the pulse length will be selected to optimize the
average photon number within the desired 5 meV bandwidth.

The second concern for FEL-2 is whether the fluctuations in the central frequency (which in FEL-2
can be much larger than the bandwidth) are tolerable in RIXS experiments. As RIXS measures only
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frequency differences, the jittering of the central value does not matter as long as 1) the output frequency
is measured, and 2) the linewidth is sufficiently small.

Even if the quadratic chirp could not be sufficiently well controlled (unlikely in light of the analysis of
Section 6.8.3), an alternative approach would be to control the magnitude of the linear component of
chirp. Then, unlike the behaviour seen in Figure 4.4.16, the central value of the spectrum would remain
fixed by the central value of the spectrum of the seed laser with the bandwidth varying from pulse-
to pulse. One could then use a monochromter upstream of the experimental sample. Options for the
placement of this monochrometer are presently being studied.

45.2 Wakefield Calculations

As was done for the FEL-1 “medium bunch” in Section 4.4.3.1, the expected longitudinal wakes were also
calculated in the FEL-2 “long bunch” case. As before, the rectangular Al vacuum chamber characteristics
were 6.0 mm vertical inner height, a surface roughness of 100 nm amplitude with a longitudinal period
of 25 microns, and a presumed 10 cm break occurring every 3.4 meters. The resistive wake calculation
was based upon an AC conductivity model. Figure 4.5.4 shows the calculated wakes versus distance
back from the beam head.

Once again, with the exceptions of possible spikes in the head and tail regions, over an interval exceeding
1.0 ps there is a nearly constant wake of ~ 4.4 kV/m with temporal fluctuations of + 2.5 kV/m or so.
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Figure 4.5.4:
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Over a 50 m total vacuum chamber length, a fluctuation of = 150 kV corresponds to less than 0.01% of
total energy — much less than the FEL parameter. Consequently this variation is unlikely to cause any
significant degradation of emitted power. Moreover, as the wake function from the wiggler has very
little curvature, the wakefield in the wiggler will have minimal effect on the line width of FEL-2.

Fluctuations in power are equivalent to a slight line broadening, but do not shift the output wavelength.
In contrast, if the surface roughness were to grow to ~500 nm amplitude, the fluctuations from this wake
component increase by a factor about 25 to approximately 15 kV/m. Over 40 m of vacuum chamber, this
wake would lead to a normalized beam energy fluctuation of 0.05% which could prove quite troublesome
both in output level and in bandwidth. Therefore, further studies are needed to set specifications and
tolerances for the FEL-2 vacuum chamber as a compromise between ease and cost of fabrication and FEL
performance. In any case the conclusions presented at the end of the preceding section remain valid.
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4.5.3 Diagnostics Needs for FEL-2

For most items, the diagnostic needs of FEL-1 and FEL-2 are quite similar. The first stage of FEL-2 can
be considered a somewhat shorter version of FEL-1 and the various diagnostics proposed for FEL-
1 could be replicated here. For the fresh bunch approach, the output radiation of the first stage will
be used to modulate a portion of the electron bunch; therefore, detailed radiation diagnostics would
prove extremely useful. In order to tune the delay section between the first and second stages, a cross-
correlator between the first stage coherent signal and the spontaneous emission from the second stage
might be useful. In addition a diagnostic of micro-bunching after the second stage modulator is likely to
be essential. A diagnostic to resolve in z the build up of coherent radiation in the second stage radiator
would also provide valuable information. Since the undulator gaps can be opened, a gross mistuning
downstream of the desired diagnostic point might be sufficient.

454 Results for the “Alternative” Whole Bunch Configuration and Comparison
with Fresh Bunch Approach

An alternative scheme that was considered for FEL-2 is based on the so-called “whole-bunch” approach.
Here, the entire electron beam pulse is energy-modulated by the external laser seed and, following the
first radiator, there is neither a temporal delay section nor a second modulator. Instead, the electron
beam immediately enters a weak dispersive section followed by a second radiator whose FEL resonant
wavelength is tuned to an integer harmonic of the first radiator. Due to the relatively small harmonic
micro- bunching at this new wavelength, this second radiator must operate deep in the exponential gain
regime. Thus, to keep the exponential gain length and power saturation lengths acceptably small, the
energy modulation produced by the first (and only) modulator must be relatively small compared to py,
where p, is the FEL parameter for the second radiator (generally ~ 1 x 107).

This small energy modulation means that at entrance to the first radiator the e-beam will have a smaller
micro-bunching level relative to that of the fresh bunch scheme. Consequently, the whole bunch
approach can fail (in terms of the needed second radiator undulator length for saturation) if the initial
energy spread becomes too large. Moreover, because the micro-bunching level is small at the beginnings
of both the first and second radiator, the relative strength of the shot noise micro-bunching is much
higher and the final SASE strength can be two or more orders of magnitude greater in the whole bunch
approach than in the fresh bunch approach. The main potential advantage of the whole bunch scheme is
that it is less sensitive to shot-to-shot fluctuations of the relative timing between the e-beam and external
seed laser. This advantage comes with the price of great difficulty in producing an electron bunch with
minimal non-linear energy chirp.

A representative output temporal profile and spectrum obtained at 10 nm using the whole bunch
configuration are shown in Figure 4.5.5. The initial electron beam distribution used is the same as for
the fresh-bunch calculation shown in Figure 4.5.3.
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Figure 4.5.5:

FEL-2 temporal and spectrum profiles
for whole-bunch scheme resulting
from a GENESIS simulation in time-
dependent mode.

In this whole-bunch example, the number of photons obtained per pulse is about 10" (93% in single
transverse mode). The output pulse length is 200 fs (rms) and the bandwidth 4 meV. This gives a result
which is a factor about 2.5 above the transform limit.
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5  Photoinjector "

Synopsis

The front-end injection systems of the FERMI@Elettra linac produce the high brightness electron
beams that define the performance of the FEL and the quality of the x-ray beams delivered to the users.
The injector mainly consists of the RF gun, based on the BNL/UCLA 1.6 cell design [1] and scaled
to European S-band frequency, its compensation solenoid and two traveling wave S-band rf sections
(called STA and SPB) which accelerate the beam up to 100 MeV. The slice emittance at the end of the
injector is specified to be less than 1.5 mm mrad. The injector must provide a linearly current ramped
bunch in order to linearize wakefield effects in the linac sections [2]. This requirement translates into
finding the best laser pulse shape at the cathode that produces an electron bunch evolving into the
desired current profile along the drift between the gun and the first booster section. Two main bunch
configuration have been studied: a 0.8 nC/9 ps long “medium length bunch (MLB)” configuration and a
1nC/11 ps “long bunch (LB)”. It is shown that the optimum laser temporal profile for both the MLB and
the LB regimes is a quadratic ramp, which is transformed to a linear ramp by space charge forces in the
injector. As the charge density varies from head-to-tail in the bunch, a best compromise has to be found
for the emittance compensation process. As a consequence it is shown that slice emittance as well as
charge distribution must be ramped along the bunch (see Paragraph 5.6.1): slice emittance values range
from 0.7 to 1.1 mm mrad for the MLB regime and from 0.8 to 1.2 mm mrad for the LB regime while the
current increases from 40 A up to 80 A.

Furthermore, since a seeded harmonic cascade FEL is very sensitive to shot-by-shot variations in beam
characteristics, the effects of jitters on the FEL performance have been studied in the ramped current
scenario. In particular, time jitters are critical because they are translated into energy jitter in the two
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chicanes, thus affecting the FEL output power stability. The main source of time jitter comes from jitter
in the drive laser arrival time at the cathode with respect to the gun RF waveform, specified to be equal
to or less than 200 fs and corresponding to a 0.1 deg jitter in the RF phase seen by the beam. Hundreds
of simulation of the injector output beam quality (Section 5.6.2) with input parameters randomly
picked, within tolerance values dictated by present technology and supported by measurements, have
been performed; they show that the overall expected rms time jitter value at the injector exit is 350
fs. Sensitivity studies and tolerance budgets concerning injector output current, energy, emittance and
injector optics parameters are included in the discussion.

5.1 Introduction

This chapter describes the critical technical components of the photo-injector system and the associated
beam dynamics, optimized to deliver the high quality electron beams FERMI requires.

Section 5.2 provides an overview of the various injector systems and subsystems. Different injector
operating modes are described corresponding to the different linac set-up’s required by FEL beam
characteristics tailored to meet user needs.

Sections 5.3 and 5.4 describe the main photoinjector components: electron source and RF gun. The
photoinjector drive laser main specifications are given at the end of Section 5.3 and discussed in more
detail in Chapter 10.

RF gun design considerations are presented in Section 5.4, where various cavity geometry options,
studied in order to optimize the efficiency of energy transfer to the electron beam, are described. A study
of power coupling into the various cavity modes falling within the bandwidth of the RF drive pulse
is also presented, followed by a study of the transient cavity response and, finally, of the effects of the
cavity design on the extracted beam quality.

Section 5.5 describes the low energy, off-axis diagnostics beamline. Beam dynamics simulation results
using ASTRA, GPT, ELEGANT, and MAD are presented.

Section 5.6 beam dynamics optimization studies are discussed for the various operating modes.
Optimized baseline beamline configurations and drive laser pulse shapes are presented, supported by
space-charge tracking codes simulations. Optimization of the beam transport through the linac sections
up to the FEL undulator entrance requires significant deviations from the canonical “flat-top” temporal
laser pulse shape at the photocathode. The physics of nonlinear electron current emission has been
revisited in order to find the optimum temporal profile of the drive laser. It is shown that a linear
current ramp at the injector output is required and that the laser pulse intensity should therefore follow
a quadratic curve. Parametric sensitivity studies are performed around the baseline configurations and
jitter studies are presented showing the stability degree of the found solutions. The conclusions of this
chapter are summarized in Section 5.7.

5.2 Overview of Electron Source and Injection System

The front-end injection system of the FERMI linac is designed to produce the high brightness electron
beams that determine the FEL performance and the quality of x-ray beams delivered to the users.
The electron source and the injection system are specifically designed to minimize technical risk and



cost by utilizing existing accelerator components and by leveraging on the technical designs of other,
contemporary x-ray FEL projects. The injector major components are shown in Figure 5.2.1.

Figure 5.2.1:

The FERMI@Elettra FEL photoinjector.
a) RF Gun, b) Solenoid,

¢) Pop-in screens, d), e) SOA and SOB
booster accelerating sections.

5.2.1 Electron Source and RF Gun

The FERMI electron source is a metallic photocathode (polycrystalline copper) illuminated by an intense,
263 nm wavelength UV laser whose pulse shape is chosen to optimize the final beam quality. Because
the best measured values of the quantum efficiency of copper at 263 nm are in the range 10°-10*, the
laser must deliver ~500 uJ on the cathode in order to produce a ~1 nC bunch charge.

The photocathode also serves as the conducting back plane of a one and a half cell RF gun. A first stage
gun is designed for a pulse repetition rate of up to 10 Hz. An upgraded version, not described here,
reaching up to 50 Hz repetition rate, is foreseen as a second stage.

The first stage gun operates in the fundamental, TM010-rt (“pi’) mode of the two-cell cavity, resonant
at 2997.9 MHz. Its design utilizes, with appropriate slight shape modifications, proven industrialized
technologies, previously optimized for operation at 2856 MHz.

It is specified to provide a peak accelerating gradient of 110 MV /m, and an output beam energy of ~5
MeV at 10 Hz repetition frequency. It is powered by a fraction (~60%) of the power delivered by the
first linac klystron. The cavity filling time to its nominal field value is ~2.8 ysec assuming a 10 MW peak
input pulse.

External solenoid magnets are integral to the RF gun operation. A multiple pancake, emittance
compensating solenoid provides focusing to help transport the beam from the gun exit to the entrance
of the booster linac structures.
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5.2.2  Gun-to-Linac Drift

The gun-to-linac (GTL) drift section encompasses the beamline from the gun exit to the entrance of the
first booster accelerator (see Figure 5.2.2).

Figure 5.2.2:
Gun-to-linac beamline. See text for
details.

The GTL beamline contains the instrumentation for the low energy beam diagnostics and trajectory
correction, and the vacuum instrumentation for the entire front-end section. Two dipole trim magnets
(h) allow correcting beam offset and angle. Two vacuum crosses (c) support retractable beam profile
image screens, a charge-measuring Faraday cup and horizontal and/or vertical slits. An inductive
toroid (g) is placed near the gun exit for non-destructive bunch charge measurements. A six-way cross
(f) in the beamline allows for on-axis injection of the photocathode drive laser pulse, vacuum pumping
and measurement.

Together with the low energy, off-axis diagnostic beamline, the GTL allows measuring transverse and

longitudinal beam phase space properties.

5.2.3 Low Energy Diagnostic Beamline

The off-axis, low energy diagnostic beamline concept is shown in Figure 5.2.3. It is equipped with a
magnetic spectrometer to measure beam energy and energy spread, an important tool for optimizing
the gun performance.

FERMI@Elettra




Chapter 5 - Photoinjector

Figure 5.2.3:
Off-axis, diagnostic beamline. See text
for details.

The beamline main components are: the 90-degree spectrometer magnet (i), three quadrupole magnets
(1), two dipole trim magnets, a beam profile screen and a Faraday cup (c). The beamline dispersion is
adjusted so as to maximize the spectrometer energy resolution.

5.24  Booster Accelerating Modules

The two booster traveling-wave accelerating structures SOA and SIB, are shown in Figure 5.2.1. Each
section is composed of 93 identical on-axis, iris-coupled cells, resonating at 2.998 GHz. The two end cells
are used to couple RF power into and out of the structure. The ~3.3 m active structure length requires
~3.5 m of beamline. It operates in the 27t/3 mode, and provides peak accelerating gradients of ~19 MV /
m, for a total maximum energy gain of ~45 MeV (including a 10% margin). The booster sections are
equipped with solenoids to provide transverse focusing, to assist with emittance compensation, and to
match the optical (lattice) functions at the input to the main linac.

5.2.5 Operating Modes

Several configurations of the electron bunch to be produced have been considered in the optimization
study process, in order to make the machine design as flexible as possible so as to satisfy the various
user requirements [3]. Eventually, two main bunch configurations have been selected: a “medium
length bunch (MLB)” configuration and a “long bunch (LB)”one. At the linac output the bunch design
specifications call for a 600 fs/1 kA peak in the MLB mode and a 1.5 ps /0.5 kA peak in the LB mode.

The simulations of e-beam dynamics have been separated into two parts: tracking through the low
energy injector part, including SOA and SIB, in which the beam is space charge dominated (up ~100
MeV), and tracking through the rest of the linac. Injector simulations are performed using two space
charge tracking codes: ASTRA [4] and GPT [5].
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As discussed in Chapter 6, in order to compensate the wakefield effects in the linac sections and to
provide a flat distribution in phase space at the linac output, the injector output electron bunch current
distribution is designed to be linearly ramped in time [6], in both the MLB and the LB regimes. This
unconventional specification originated in the Linac optimization studies, which showed that the
nonlinearity of the linac accelerating field waveform and the nonlinear time-of-flights in the bunch
compressors play an important role in beam dynamics [2,6] and are such that, with the commonly used
flat top charge distribution, the longitudinal phase space footprint at the end of the linac would exhibit
a quadratic chirp degrading the FEL performance [7].

5.3 Photocathode and Drive Laser Systems

The photoinjector system for FERMI requires a robust, pulsed UV laser system. The system requirements
for the photoinjector laser are presented in Table 5.3.1.

Table 5.3.1: Temporal specifications for the UV laser pulse.

Wavelength <270 nm
Required pulse energy at the cathode (Cu) ~0.5 m]
Pulse duration range (FWHM) 1-20ps
Rise/fall time range (10-90 %) 0.5-5ps
Instantaneous power flatness (rms) <5%
Synchronization (rms) <300 fs
Pulse repetition rate range 10 Hz - 50 Hz

Specifications for the beam transverse profile parameters at the cathode are listed in Table 5.3.2:

Table 5.3.2: Spatial specifications for the UV laser spot at the photocathode.

Beam diameter range (FWHM) 2-4 mm
Edge ramp width (10-90 %) 0.5 mm
Intensity flatness (rms) <5%

Beam shaping techniques based on refractive, reflective, diffractive, and absorptive optics are used
to transform Gaussian-like spatial profiles into the desired longitudinal profile [8]. A more detailed
description of the photoinjector drive laser is given in Chapter 10.
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54 RF Gun Design and Optimization

Meeting the FERMI photoinjector electron beam brightness specifications requires studying all possible
perturbation effects in the RF gun that may degrade the beam quality. The present generation of RF
guns allows a coupled-cavity, resonant ‘zero’ order mode, at a frequency lower (typically by ~ 10 MHz)
than that of the main accelerating mode (the “pi” mode), and that can be excited by the drive klystron
pulse. Its undesired field may rise to significant amplitude and thus interfere with the beam dynamics
of the emitted electrons, eventually affecting the beam quality. To evaluate such effects, the frequency
separation between the two resonant modes was studied for different cavity geometries. The coupling
between the gun cavity and the power feed wave guide has also been also analyzed, together with the
transient effects during cavity filling. After estimating the amplitude of the excited ‘zero’ mode, beam
dynamics simulations were performed showing the beam quality behavior as a function of the zero
mode amplitude and frequency separation.

5.4.1 RF Cavity Design

The first gun cavity design [9] was obtained by reducing the BNL/SLAC/UCLA 1.6 gun geometry by
a factor K = f,  /fooe1 = 0.96. Such simple scaling does raise the main resonant frequency from 2856
MHz to 2997.9 MHz, but disregards other issues involved in normal conducting RF cavity optimization
[10]. In particular, to investigate ways of increasing the resonant frequency separation between the pi
and the zero modes and to decrease the coupling of the zero mode to the klystron drive pulse, several
RF cavity geometries have been examined, all resonating at the European frequency of 2997.9 MHz
but differing in cell lengths and pi-to-zero mode frequency separation. A detailed study of the cavity

Normalized field

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Z length (m)

Figure 5.4.1:
Axial electric field of the five cavities
(pi-mode).



Chapter 5 - Photoinjector

modes was performed using both frequency-domain and time-domain electromagnetic models [3]. For
the largest foreseeable separation, the cavity drive efficiency decreases by ~10%. Great care was taken,
using SUPERFISH modeling, to re-scale and optimize each cavity geometry to produce a nearly 1:1
ratio between the pi-mode peak field in the full and in the half cells, as well as to control the frequency
separation between the two resonant modes. Various geometries are described in detail in [3, 11].

Field profiles along the axis, for 5 such cases, whose parameters differ slightly while all falling within
an acceptable range, are shown in Figure 5.4.1. The main difference between cases is the value of
the launching phase that optimizes the beam energy gain and plays an important role in the beam
dynamics.

Ref. [3] describes in detail the dependence of shuntimpedance on the cavity geometry and the calculations
of the effective R/Q for all design options.

5.4.2 Power Coupling

In order to estimate the power coupling between the gun and the waveguide, a three-dimensional model
of the basic pillbox RF gun structure was created and implemented using Microwave Studio [12] (Figure
5.4.2). The results obtained are in good agreement with SUPERFISH models. The cavity is modeled
with symmetric waveguides and ports. Full height WR-284 waveguides are used: they extend to within
3 mm from the outer cavity walls, in which a rectangular opening provides the waveguide-to-cavity
coupling iris. The dimensions of the coupling aperture were varied until the time-domain response, at
the smallest mode frequency separation, roughly corresponded to the values measured at the SLAC gun
Test Facility (GTF) [13]. The coupling aperture dimensions were then kept fixed while adjusting the cells
iris radius to vary the mand zero mode frequency separation. The frequency separation was also varied
by varying cell geometries.

Time-domain calculations were also performed using Microwave Studio to obtain the waveguide
coupling factors (B) for the pi and zero modes at their resonant frequencies. Results have shown that, in
all cases studied, the pi mode is over-coupled (f>1) while the zero mode is under-coupled (p<1).

Figure 5.4.2:
Microwave Studio model for the RF
Qqun with dual waveguide feeds.
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5.4.3 Klystron Pulse Shape and Gun Cavity Transient Response

The transient response of the two-mode RF gun structure has been analyzed using a realistic excitation
signals.

A model of the klystron pulse that drives the cavity modes, assumed to have a 3 usec flat-top with
linear, 100 ns, rise and fall times and a superimposed single carrier frequency modulation at 2998 MHz,
has been analyzed. The amplitude and the relative phase of the klystron pulse frequency components,
normalized to the 2998 MHz component are plotted in Figure 5.4.3 versus their frequency difference

from the 2998 MHz. The drive pulse amplitude ratio and relative phase with respect to the 2998 MHz
component are tabulated in Table 5.4.1.
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Figure 5.4.3:

Log-amplitude (left) and relative phase
(right) of the klystron voltage pulse
frequency  components, normalized
to the 2998 MHz component, versus
frequency difference (in MHz).

At large offsets from the carrier frequency and at steady-state, the relative amplitude is seen to decrease
exponentially, while the relative phase oscillates about 7t/2. Hence, one does expect that, at steady-
state, while the m mode will track the phase and amplitude of the 2998 MHz component, the zero mode
amplitude and phase will deviate from it as shown in Figure 5.4.3. This estimate does not account for
differences in coupling to the klystron pulse for the two modes, nor for mode quality factor differences

in coupling to the klystron pulse of the two modes, nor for mode quality factor differences. Those effects
are discussed in the next sections.

Table 5.4.1:  Relative amplitude and phase at several frequency offsets from the
carrier frequency.

Af (MHz) 0 -3.5 -5 -10 -15 -20
Relative amplitude 1. 0.052 0.024 0.010 0.007 0.005
Relative phase (°) 0. 77.94 122.5 90. 102.0 90.
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5.4.4 Two-Mode Resonant Cavity Response under Ideal RF Drive

The behavior of the RF gun structure under non-trivial RF drive waveforms is determined from analysis
of the equivalent circuit equation. The transient and steady state response of the cavity modes have been
determined and related to measured values of the fields in the full- and the half-cells. In this section, the
RF drive waveform is assumed to take an idealized, though nontrivial form, the phase of the RF drive
signal was assumed to remain constant over the pulse.

Assuming that the two cavity modes (0 and n) present within the bandwidth of the RF drive, are
independently coupled (frequency separation between the two modes larger than the width of each
resonance), the time dependence of the voltage of each mode with the coupling to finite conductivity
walls and an external waveguide can be expressed as [3]:

0 +,0
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Under constant phase approximation, a time domain solution to equations 5.4-1 and 5.4-2 that allows an
analytical formulation of both transient and steady-state behaviors has been derived [3]:
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The equivalent circuit parameters are related to measured quantities: coupling, calibrations derived
from numerical simulations, cavity shunt impedance and electric field at the cathode.

An ideal RF source waveform has been assumed, defined as:

Vi (£)/Vy = H(f)(l —e'" ) ~H(z - T)(l —e ) 544

The rise and fall times of the waveform (t) are assumed to be 100 ns, for a 10%-90% pulse risetime of
~220 ns. The pulse is held for 3 usec (T) before it begins to decay. The drive source central frequency is
matched to that of the mmode in the cavity. The WR-284 waveguide cutoff frequency is 2.08 GHz for the
dominant TE,; mode. The peak power of the forward wave is adjusted to produce ~110 MV/m at the
cathode in the = mode.

A Python script was written to generate the time dependent complex mode voltages (Eq. 5.4-3) from
the RF power source waveform (Eq. 5.4-4). For four different frequency separation cases (4.6 MHz,
7.12 MHz, 12.5 MHz, 17.6 MHz) the corresponding waveforms for the forward and reverse waves, the
peak cathode electric field in the pi and zero modes, and the combined electric field in the half and full
cavity cells have been calculated. The electric field was obtained from field measuring probes inserted
in both cells and, in presence of a significant zero mode excitation they do differ significantly from the
unperturbed pi mode values. Figure 5.4.4 displays, for the 12.5 MHz case, the forward and reverse wave
amplitudes (a) and the peak pi and zero modes electric fields (b).

Forward and reverse signal in waveguide Pi and Zero mode cathode ficlds
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Figure 5.4.4:

Incident and observed waveforms for
12.5 MHz frequency separation.

Even though this model makes several assumptions, such as constant phase of the drive pulse throughout
the entire pulse length, it provides an analytical, closed-form expression useful to predict the state of the
fields in the RF gun cavities at any time during the pulse, in order to pursue beam dynamics studies,
and against which measured quantities may be benchmarked.
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54.5 Two-Mode Resonant Cavity Response under Measured or Simulated RF
Drive

The behavior of the RF gun structure under non-trivial RF drive waveforms is derived from numerical
analysis of the equivalent circuit equations. In order to benchmark the technique, the computed transient
and steady-state cavity responses are compared to measured values of the fields in the full and half cells
of the GTF RF gun.

The circuit equations in the time domain are solved by integrating the differential equations from Section
5.4.4 in the slowly varying envelopes approximation [3].

The complex RF drive voltage waveform is obtained by measuring the forward klystron pulse amplitude
and phase at a power divider upstream of the RF gun full cell. The forward phase is measured with
respect to a low-level clock signal. The same power divider, which also functions as a directional coupler,
is used to measure the reflected signal.

In order to benchmark the results of the method against FERMI Linac measured data, the SLAC GTF
injector case was simulated first, using a particular GTF measured waveform [14] as the drive pulse.The
resulting forward wave signals were used to derive the complex voltage waveform driving the pi and
zero modes, which can be written

, 545

where amplitude and phase are both time dependent quantities. Under the slowly (with respect to the
instantaneous phase of the drive signal) varying envelope approximation, the derivative of the complex
waveform is expressible in terms of derivatives of the envelope amplitude and phase:

V;=(

Equations of motion 5.4-5 and 5.4-6 were numerically integrated using a Python script and the results of
the fit are shown in Figure 5.4.5, displaying excellent agreement between the computed and measured
waveforms. The mode frequency-beating in the cavity field amplitude is evident.
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5.4.6

An analysis of the GTF injector case was first of all performed to benchmark the results of this method
against the measured data. The results of the fit are shown in Figure 5.4.5, displaying excellent agreement
between the calculated and measured waveforms. The mode frequency-beating in the cavity field
amplitude is evident.

Applying this method to the FERMI FEL injector to four different frequency separation values yields the
corresponding forward and reverse waveforms, the peak cathode electric fields in the pi and zero modes
and the combined electric fields in both the half and the full cells. The latter quantities are measured
by field probes in both cells. Input parameter values were computed using Superfish and the drive
frequency was matched exactly to the pi mode resonance. In addition, only near-critical coupling of the
waveguide to the RF gun, p =f,=1.05, was assumed for both modes. For all four cases the results are



generally similar to the GTF ones quoted above and, as mentioned earlier, in presence of significant
zero mode excitation the combined fields do differ significantly from the unperturbed pi mode values.

The peak forward power required to drive the peak pi mode amplitude to ~110 MV/m is empirically
determined and the time along the pulse at which the peak amplitude is reached in the full-cell, which
is the time at which the electron beam should be launched by firing the photocathode drive laser, is
recorded. Peak electric field values and phases relative to the forward wave phase are tabulated in Table
5.4.2.

Forward and reverse signal in waveguide
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Table 5.4.2: FERMI RF gun operational parameters.

Mode separation, Af [MHz] 4.6 7.12 12.5 17.6
P, vara [MW] 9.2 9.3 9.9 10.1
L [usec] 2.82 2.81 2.81 2.82
Deorwara L] 174.3 175.2 175.2 174.3
P_ [MW] 7.05 7.1 7.5 7.6
E_[MV/m] 110.3 109.9 110.2 1104
Ao _[°] -6.7 -6.8 -6.8 -6.6
E, [MV/m] 9.07 5.86 3.1 2.4
Ag, [°] -92.4 -83.6 -83.2 -86.1
Ad, - A¢_[°] -85.7 -76.8 -76.4 -79.5
E, _,[MV/m] 111.3 1114 111.0 110.9
Ad, . [°] -11.3 -9.8 -84 -7.8
E, , [MV/m] 110. 108.8 109.6 110.0
A, [°] 178.1 176.2 174.8 174.6
Ad,, - A, [°] 189.4 186.0 183.2 182.4

5.4.6 Beam Dynamics Simulations

The analysis of the previous section yields a data set describing the optimized cavity parameters at the
appropriate electron beam launching time. The analysis has been used to perform parametric sensitivity
studies and to generate accurate relative field and phase values for beam dynamics calculations.

The effect of zero-mode excitation on the beam dynamics has been studied for the MLB bunch case,
assuming for simplicity a flat-top bunch profile [15]. Similar analyses can be extended to the ramped-
current bunches. The electron beam was generated from a 9 ps (FWHM) long, flat topped drive laser
pulse with 0.5 ps linear rise and fall times. The (hard edge) spot size diameter at the cathode was 1 mm.
The bunch charge was 800 pC and the initial (thermal) emittance is ~0.6 mm mrad [16]. The evolution of
the transverse rms beam phase space and of the emittance is shown in Figure 5.4.6. Slice parameters were
computed using 1 ps length slices, symmetric about the bunch center-of-charge. The bunch longitudinal
blow-up decreases the slice peak current from an initial value of ~90 A at generation to ~75 A at the
booster linac entrance and all the way down to the injector exit.
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Figure 5.4.7 shows the beam energy and longitudinal emittance evolution in the injector. The average
beam energy reaches ~95 MeV at the injector exit. The rms bunch length grows by ~30%, from ~0.8
mm to ~1.05 mm. The region of largest longitudinal blow-up rate is the gun-to-linac drift space, where
the beam has relatively low kinetic energy and is decreasing in spot size under the effect of emittance
compensation processes and of matching to the linac optics.

The longitudinal emittance is defined as

e, = \/<ZZ><AE2> ~(z-AE) 547

where z and AE are the particle offset in longitudinal position and the energy offset with respect to the
synchronous particle. Figure 5.4.7 displays the evolution of longitudinal emittance, total rms energy
spread and linear correlation of the longitudinal phase space <z (dAE/dz) >.
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the injector.

The linear correlation indicates the orientation of the phase space. It has greatest meaning in the region
upstream of the booster linac sections. RF field curvature in the linac introduces significant quadratic
and higher order polynomial nonlinearities. The resulting longitudinal phase space of the beam in the
gun-to-linac and booster-to-linac regions is shown in Figure 5.4.8.

Energy offset [keV]
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Figure 5.4.8:

Longitudinal phase space in the gun-to-linac region (respectively at 50 cm and at
170 cm from the cathode) (on the left), and at the exit of SJA (at 5m from the
cathode) and S@B (at 9 m from the cathode) (on the right).
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In the gun-to-linac region, the overall energy spread is dominated by the correlated contribution. The
longitudinal emittance blow-up in the gun-to-linac drift is due to the increase in bunch length and to
increasing space charge force terms.

The baseline beam dynamics outlined above was used to generate a collection of nominal beamline
parameters that led to optimized RF gun voltages and phases, solenoid magnet peak field settings,
booster linac voltages and phases, etc. For each gun mode frequency separation value, a set of beam
dynamics simulations was produced, both with and without the zero mode, as a function of the pi-
mode phase with respect to the bunch launch time.

The modes are assumed to be excited by the GTF-like klystron pulse described previously, which
introduces specific zero-mode amplitudes and phases relative to the pi mode. The zero mode, when
present, lags behind in phase with respect to the pi mode according to the phase difference tabulated in
Table 5.4.2. This effectively allows studying the beam dynamics sensitivity to the stability of the laser
arrival time at the photocathode.

Analysis of the beam transverse phase space at the injector exit (~8.28 m) provides information on
the degree to which the zero mode excitation interferes with the emittance compensation process. In
general, for the relatively long and intense bunches considered here, one finds that the normalized
emittance is more sensitive to offsets in the pi-mode phase than to the presence of a perturbing zero-
mode. This because space charge forces and ‘normal’ RF field nonlinearities (due to the pi mode alone)
are the dominant contributors to transverse emittance and energy spread. Nevertheless, quantitative
understanding of the zero-mode influence will be essential during commissioning and whenever short
and/or low charge bunches are used.

5.4.6.1 Transverse Phase Space

The transverse emittance variation with the pi-mode phase is shown in Figure 5.4.9. The quoted bunch
emittances are averages over 100 longitudinal bunch slices.

Pi mode only Pi and Zero modes
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Figure 5.4.9:
Variation of normalized transverse emittance with respect to pi-mode phase offset, for
the pi-mode only cases (on the left) and pi+zero-mode cases (on the right).
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The emittance sensitivity to phase offsets decreases at negative detuning angles while it increases for
positive detuning. When adding the zero mode excitation, the transverse emittance sensitivity to the
pi mode phase remains more or less constant, an indication that the zero mode influences primarily
the longitudinal phase space. The figure also shows that, as mentioned above, changing the cavity
geometry (the beam transit RF phase) in the direction of increasing the mode separation improves the
emittance only slightly.

5.4.6.2 Longitudinal Phase Space

The influence of the zero mode on the longitudinal phase space footprint was initially noticed studying
the correlated energy spread of photoinjector-generated electron bunches [17]. Beating between the two
modes introduces additional correlated energy spread that must be accounted for in following the beam
through the accelerator.

Results of beam dynamics simulation runs are compared in the gun-to-linac drift region (~0.5 m), before
the nonlinear RF curvature makes it difficult to extract the influence of the zero-mode. Differences in
total energy spread, linear correlation, and longitudinal emittance between the pi+zero mode cases and
the pi-mode only cases, computed as a function of the pi-mode phase offset, are shown in Figure 5.4.10,
Figure 5.4.11 and Figure 5.4.12.
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Comparing the results of Figure 5.4.10 and Figure 5.4.11, it is again evident from simulations that in the
gun-to-linac drift region the total energy spread is dominated by the correlated one. Several interesting
and relevant effects of the zero-mode excitation are observed. First, the difference in the amount of
correlated energy spread generally decreases as the mode separation increases. Second, the sensitivity
of the difference in the correlated energy spread with respect to the pi-mode phase offset significantly
decreases as the mode separation increases. Last, the difference in longitudinal emittance (Figure 5.4.12)
is largely removed by increasing the mode separation.

5.5 Diagnostic Beamline Design

Figure 5.5.1 shows the photoinjector and diagnostic beamline layouts. The diagnostics in this area
monitors the gun performance and characterizes the electron bunch produced by the RF gun. The low

Solenoid Solenoid

SOA - SOB

Solenoid
Solenoid

Solenoid Solenoid

Laser Optics
&

Diagnostic table Figure 5.5.1:

Photoinjector and energy analyzer
beamline.
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energy transport line from the gun to the entrance of the first booster linac (SJA) allows for two modes
of operation: direct transport (“in-line”) and deflection to an energy analyzing branch beamline. Two
horizontal and vertical dipole correctors (trim) and two BPMs allow for trajectory corrections. A single
magnetic quadrupole is included in the direct transport beamline to compensate for any residual phase-
induced quadrupole field components in the RF gun or in the linac coupling cells that may interfere
with emittance compensation by breaking the cylindrical symmetry. Standard in-line and intercepting
diagnostics measure the bunch current, transverse distribution and emittance. An energy analyzer
comprised of a 90° bend and three quadrupoles will be used to measure the beam energy and energy
spread. A streak camera deployed at the end of the energy analyzer beamline allows for detailed study
of the beam longitudinal phase space profile. A complete description of the individual diagnostic
components appears in Chapter 11.

5.5.1 RF Gun and In-line Transport Optics

The in-line beamline connects the RF gun output flange to the entrance to the booster accelerator (SJA /
SOB) and to the following linac sections. The current physics model of the beamline assumes idealized
field profiles of the beamline elements. The electron beam distribution, RF gun and linac cavity modes,
solenoid magnet fields, and the resulting beam dynamics were assumed to be axisymmetric. In this
approximation, no additional beamline elements are required to generate the high-brightness electron
bunches and propagate them between the gun and booster linac.

The physics model uses a simplified, free space model of the solenoid magnets. The resulting field
distribution has a fairly long longitudinal reach that may likely interfere with downstream diagnostic
performance. A companion bucking solenoid will be included to cancel the on-axis magnetic field at the
cathode plane.

5.5.2 Diagnostic Components and Measurements

5.5.2.1 Beam Properties to be Measured Directly

The photoinjector beamline requires diagnostics to accurately and adequately measure the electron
beam produced by RF gun and photoinjector laser. Measurements on the electron beam include: (i)
bunch charge and photocathode quantum efficiency (Q.E.), (ii) transverse beam position, (iii) beam
energy and energy spread, (iv) transverse beam profile, and (v) thermal emittance. Only bunch charge
and transverse beam position measurements may be performed with non-interceptive diagnostics.
All other measurements will require beam interception and/or deflection. Additional measurements
need to be performed on the photoinjector laser beam. Most important are the laser spot size, energy
distribution and total energy deposited at the photocathode. They are provided by optical diagnostics
(virtual cathode and camera, laser pulse joule-meter, etc.) located close to the RF gun. Information on
the longitudinal laser pulse distribution will be obtained from the optical spectrum, and/or by direct
measurement with a streak camera.

Beam current and bunch charge will be closely monitored during commissioning and operation to detect
and correct any slow drift in the photocathode average quantum efficiency (Q.E.): charge variations will
be fed-back to the photocathode drive laser in order to correct them by modulating the laser intensity. A
map of the photocathode Q.E. over the region of interest can than be obtained by sweeping a small size
laser spot over the cathode and measuring the emitted photo current.
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Abnormally large charge variations that could indicate large changes in the average photocathode Q.E.
will require more extensive corrective action.

5.5.2.2 Summary of Standard In-Line Diagnostic Elements

The in-line beamline is equipped with a standard complement of diagnostics. Bunch charge will be
inferred from current measurements using an inductive toroid and an intercepting Faraday cup (FC).
The difference signals from capacitive button-type beam position monitors (BPMs) will provide the
bunch charge-centroid position, while the sum signals will be used to measure the bunch charge after
calibration with the FC. To determine the photocathode quantum efficiency the drop-in Faraday cup
will provide the most accurate bunch charge values.

YAG-coated scintillator screens generating optical transition radiation (OTR) when hit by the beam
will be the primary diagnostic for transverse electron beam size and profile. Paired with an upstream
quadrupole magnet, they will be used to measure the transverse beam emittance by the quadrupole-
scan method. At low bunch charges, the photocathode thermal emittance may also be measured in the
same way.

5.5.2.3 Standard Diagnostic Resolution and Sensitivity

The electron beam charge is specified to be in the 0.3-1.0 nC range, with a ~10 ps (FWHM) bunch length
under normal operation conditions. The charge measurement nominal resolution is consequently
specified to be in the ~10-50 pC range. A spot size diameter at the cathode of around 0.5 mm (rms)
increases up to 2-3 mm before entering the solenoid at about 30 cm from the cathode. The solenoid
focuses the bunch down to 0.4 mm (rms) at about 1.5 m from the cathode. Thus position resolution of
~10-100 um is sufficient when measuring the transverse bunch size before it enters the solenoid.

During commissioning and for measuring the thermal emittance, the injector may be operated at reduced
bunch charge levels, typically ~50 pC or less. To measure the charge, Faraday cups with less than 10 pC
resolution will have to be deployed on both beamlines. At such low bunch charges the YAG-coated OTR
screens have sufficient sensitivity to provide gross spot size and trajectory measurements.

5.5.3  Beam Properties Measured with an Energy Analyzer and Streak Camera

A dispersive beamline that deflects the beam by 90° is used to measure the average beam energy and
energy spread. Single-shot streak-camera measurements of Cherenkov or OTR light radiated by the
final screen may be used to probe the longitudinal beam distribution and determine the longitudinal
phase space emittance.

5.5.3.1 Energy Analyzer Optics

A detailed description of the energy analyzer optics is given in Section 5.4 of Ref. [3]. Its optical functions
have been designed to minimize the beam spot size at the image screen, while maintaining a given
dispersion. The resulting optical functions are shown in Figure 5.5.2.
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MAD models of energy analyzer
showing the evolution of projected
(left) and slice-averaged (right) Tuwiss
parameters.

The screen location at ~1.5 m coincides with the nominal beam waist position. At this point, for a beam
energy of 5.3 MeV, or y ~ 10.4 the optical functions and the emittance take the values:

B,  ~ 0.25m
D, ~ 0.45m
€ ~ (1.0 mm mrad) / (10.4) = 0.1 mm mrad

The minimum relative energy resolution is then §_. > 3.6 10, or ~2 keV.

The beamline layout presented here is the result of a compromise between the requirements of producing
a high brightness electron beam, which tends to require shorter drift lengths between the RF gun and
the first booster linac for proper emittance compensation, and the needs of the diagnostics and other
instrumentation required to diagnose and to preserve the high quality of the beam.

5.6 Injector Performance Studies

The beam dynamics in the injector system has been modeled extensively - from the photocathode to
the exit of the booster accelerator modules - using 2D and 3D space-charge tracking codes (GPT and
ASTRA). Some approximations have been made regarding the beamline and its components. Firstly, the
entire beamline was assumed to possess perfect azimuthal symmetry about the beamline axis. Secondly,
the RF gun model used in the simulations did assume the presence of the TM010-t (‘pi’) mode only. As
shown in the previous sections, the lower-frequency mode response is a complicated function of the RF
pulse history and gun geometry. The optimization studies presented here will therefore require some
recalibration once the RF gun behavior has been more completely characterized. Lastly, longitudinal
wakefield effects from the booster accelerator structures have been included in an approximate form:
time-dependent longitudinal impulses are computed based on the published wakefield data [18] and
the longitudinal bunch charge distribution.
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Flexibility in the beamline design and tuning for optimum performance has required some compromise.
Space allocation for the beamline instrumentation, including the special diagnostic-dedicated branch
requires a minimum drift distance between the RF gun exit and the first booster structure entrance of
about 1.6 m, still sufficiently close to the optimum matching point for emittance compensation located
at ~ 1.4 m from the cathode.

To optimize the performance in the remainder of the linac, a new type of initial pulse current shape,
namely a linear ramped current distribution, has been adopted. In particular, to produce a bunch with
uniform current and energy at the entrance of the FEL undulators, accelerating structure wakefields and
compression parameters effects lead to the choice of a bunch current in the shape of a quasi-linear head-
to-tail ramp. This section describes the optimized beam dynamics for the ramped current distribution
for two different bunch configurations: a 0.8 nC/9 ps long “medium length bunch (MLB)” and a 1
nC/11 ps “long bunch (LB)”, and includes parametric sensitivity studies and parameter jitter analysis.

5.6.1 Optimum Baseline Configurations

Table 5.6.1 summarizes the main optimized bunch parameters at the exit of photoinjector, in both the
MLB and the LB regimes.

Table 5.6.1: Main bunch parameters at the exit of the photoinjector.

Parameters at the exit of the photoinjector MLB LB

Electron beam energy [MeV] 95 95

Bunch charge [pC] 800 1000

Peak current [A] From 40 to 80 From 40 to 100
Ramped Bunch length [ps] 8 9

Slice emittance [mm-mrad] <1 <1

Projected emittance [mm mrad] <15 <15

Energy spread (uncorrelated) [kev] <2 <2

5.6.1.1 Medium Length Bunch Regime

In a seeded FEL, the temporal overlap of an ultra short (~100 fs) seed laser pulse with the electron
beam at the undulator entrance is a critical issue. To relax jitter tolerances, a ‘medium length’ bunch
case has been considered, consisting of a 600 fs electron bunch with a peak current around 1 kA. This
translates to a required extracted charge of 800 pC and to a drive laser pulse at the cathode of about 9 ps
FWHM, with 0.5 ps of rise/fall time. As mentioned earlier a conservative value of 110 MV /m for the
gun accelerating gradient was considered, even if better performances could be obtained by increasing
it to 140 MV /m.

As described in [19] a backward tracking simulation performed by LiTrack [20] revealed that a linearly
ramped current distribution at the photoinjector exit is a very convenient method to linearize the
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wakefields fields in the Linac accelerating sections. Figure 5.6.1 shows the longitudinal phase space (a)

and the current profile (b) required by the linac optimization studies at the exit of the photoinjector for
the MLB case.
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In order to satisfy these requirements, and to provide an injector output beam with a tailored current
profile, the evolution of the initial profile of an emitted bunch in the injector due to the strong non-
linearity of the longitudinal space charge field has been studied: the redear is referred to [21, 22] for
a more detailed description. Several initial current distributions were analyzed in order to find the
one which best linearizes the space charge field. In order to avoid a strong compression along the
linac, the linear current ramp bunch at the injector exit must be about 2.5 mm (~8 ps) long. Because the
bunch length is blown-up during transport from the cathode to the first accelerating section, the above
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Figure 5.6.2:

a) The optimized longitudinal laser shape is a

fourth-degree polynomial;

b) Bunch current distribution at the end of the

photoinjector, LiTrack notation.
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requirement limits the allowed ramped fraction of the bunch. A fourth-degree polynomial distribution
(see Figure 5.6.2) was found to be effective in compensating the high orders contributions of the space
charge field (see Figure 5.6.3) while maximizing the bunch fraction that samples a linear space-charge
field. The current distribution plotted in Figure 5.6.2a has been adopted as the baseline ramp for the
MLB case, with the assumption that the laser pulse can be so shaped. However in a more conservative
scenario even a quadratic distribution could be used without severe drawbacks.

2- T
../.’, .
/e
E ’ /
2 /
8
v f linear (~ z)
L Ry . 2
e I quadratic (~ z°)
XJ{ —— four degree poly (~ 24)
-6x10° j Figure 5.6.3:
/ Comparison between the longitudinal
f T T T T 1 space charge fields sampled by a
0.0 0.2 0.4 0.6 038 1.0 linear, a quadratic and a fourth-degree
zZIL polynomial distribution at the cathode.

Because of the non-uniform charge distribution of the ramp, it is difficult to find an injector parameter set
that completely satisfies the invariant envelope equation, performing perfect emittance compensation for
all slices. Since each slice contains a different amount of charge for any given set of injector parameters,
it evolves in a particular and unique way in the gun-to-SJA drift. An “average” setting has therefore
been found that minimizes the projected emittance at the exit of the photoinjector (see Figure 5.6.4). The
resulting emittance, including the thermal contribution, reaches ~1.39 mm mrad, and if one includes
only 80% of the bunch particles, reduces to 1.21 mm mrad.

The thermal emittance contribution has been included following the empirical formula [16]:

e, (mmmrad)=0.16+0.93-0 , (mm) 5.6.1

where O is the drive laser spot rms radius.

Thus, assuming a drive laser spot radius of Imm, the thermal emittance is about 0.6 mm mrad.
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Dividing now the longitudinal bunch profile at the end of S@B into 100 slices and calculating the
emittance and the energy spread of each slice, one obtains the plot shown in Figure 5.6.5. As expected,
the ramped current distribution also affects the slice emittance modulation along the bunch. The slice
emittance of the minimum current slices (at the head) is around 0.7 mm mrad, while the highest current
slice reaches 1.1 mm mrad. Figure 5.6.6 shows a top view of the bunch at the injector exit: the transverse
dimension is quite constant along ~70% of the bunch length.
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Figure 5.6.6:

Top view of the ramped MBL
calculated at the exit of the
photoinjector. The head of the
bunch is on the left.

5.6.1.2 Long Bunch

The ‘long’ bunch case is the configuration selected for running at high bunch charge (1 nC) and a long
drive laser pulse (~10 ps) at the cathode. An in-depth investigation of the best ramped current profile was
carried out, starting from the backtracked results obtained with Litrack and plotted in Figure 5.6.7.
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Figure 5.6.7:

(On the left) Longitudinal phase space and (on the right) current distribution at the
exit of the photoinjector for the long bunch case (highest slice current in the bunch
tail) obtained by the Litrack backtracking.
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As in the MBL case, the electrons in the highest current region are pushed back by the space charge
forces in the gun-to-SJA drift, so that only a fraction of the bunch has a ramped current profile. It was
found that the length of the non-ramped fraction depends mainly on the highest (peak) slice current
value, I-peak: for I-peak~100 Amps, the non-ramped fraction is about 1-1.5mm long. Since in the LB
case the required ramp is longer than in the MBL case (~4 mm, i.e. ~13 ps) the ramped fraction of the

bunch at the injector exit must also be longer.

Figure 5.6.8 shows the optimized laser pulse shape at the cathode and the electron bunch current profile
at the exit of the photoinjector: the ramped fraction is about 66% of the total.
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Figure 5.6.8:

a) The optimized longitudinal laser shape is a
quadratic polynomial;

b) Bunch current distribution at the end of the
photoinjector (I-peak~90 Amps).

Figure 5.6.9 shows the result of the emittance compensation process. Even in this case, because of the
non uniformity of the slice charge density, obtaining good matching condition is an issue. At 100 MeV

the projected emittance reaches 1.39 mm mrad.
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As in the MBL case a slice analysis of the bunch at the exit of the photoinjector was performed and the
results are shown in Figure 5.6.10. The slice emittance behavior (from 0.7 to 1.2 mm mrad) is consistent
with the charge density ramp along the bunch and satisfies the specification (less than 1.5 mm mrad).
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5.6.2 Parametric Sensitivity Studies

5.6.2.1 Parameter Choices, Tolerances and Jitter Studies

The stability and the robustness of the proposed baseline injector configuration has been investigated.
The characteristic variations of the output bunch parameters as a function of the input parameters
have to be carefully estimated, because a seed harmonic cascade FEL is very sensitive to shot-to-shot
stability. The temporal stability of the electron bunch at the entrance of the undulator, for example, is an
important operational requirement to guarantee a reliable synchronization with the seed laser. Moreover
the energy stability of the electron bunch is a condition for the stability of the FEL radiation itself; it is
therefore important to investigate the contribution to the energy jitter of the injector parameters jitters.

Time of flight, energy, energy spread, peak current and emittance at the end of the injector have been
identified as the main output parameters whose shot by shot variation, as well as the corresponding
effects on the bunch slice properties , should be quantified.

Moreover, the strong correlation introduced by space charge effects between the various injector
parameters does not allow considering each of them separately, but requires performing complete
tracking simulations that include all the jitters simultaneously. By randomly sampling each injector
component parameter within a tolerance range dictated by present technology, a large number of injector
cases have been tracked with GPT and ASTRA, thus obtaining a statistically significant evaluation of
the expected jitter of relevant beam output parameters. The solenoid current jitter has been neglected
because of the very high stability specified for its power supply. Table 5.6.2 shows the expected rms jitter
of each of the considered injector parameters while the computed beam output jitters are collected in
Table 5.6.3 and Table 5.6.4.

Table 5.6.2: Expected rms variations of the injector parameters.

InjectorParameter Expected rms variation
RF injection phase 0.1 deg
Laser Arrival time 200 fs
Gun Eacc 0.25 %
Solenoid strength 0.005 %
SOA-SIB Eacc 0.25%
SUA-SOB RF phase 0.1 deg
Charge (laser pulse energy) 4%
Laser spot size 4 %
Laser pulse length 5%

In order to estimate the current jitter an equivalent current I, independent from the longitudinal bunch
profile, has been defined as: i 0

\/EOr 5.6.2
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where Q is the total bunch charge and o, is the rms bunch length. This figure of merit represents the
peak current of a uniform distribution having o, as rms bunch length, but the treatment is general
and any other distribution (gaussian, parabolic, quadratic, etc...) can be taken as reference, with I the
corresponding peak current.

Random gaussian sampling of all the injector parameters according to the tolerances of Table 5.6.2 has
been performed for the medium and for the long bunch case.

Figure 5.6.11, Figure 5.6.12 and Figure 5.6.13 show the simulated output parameters jitter and the
corresponding histograms for the MLB case.
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Figure 5.6.11:

Projected emittance jittered values
obtained by randomly sampling input
injector parameters.

Figure 5.6.12:

Time (on the left) and current (on
the right) jittered values obtained by
randomly sampling input injector
parameters.

Figure 5.6.13:

Energy (on the left) and energy spread
(on the right) jittered values obtained
by randomly sampling input injector
parameters.
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Since the laser pulse shaping process could introduce additional jitter sources, a preliminary study has
been made to identify the main parameters whose jitter could affect the shaping of the laser pulse, and
their correlation to each other. As an example, a pulse length jitter produces jitter in the ramping current

distribution.

Furthermore, regarding the optical matching between the injector and the linac, an analysis of the Twiss
parameters jitter has been carried out using the above set of output jittered bunches. The results are
given in Table 5.6.3. The average a, and B, are respectively -0.09 and 18 m, but the jittered outputs are
spread out with a standard deviation of 0.15 and 2.1 m respectively. This should be taken into account

for the finalization of the optics matching.

Table 5.6.3: Output parameters jitters for the ramped MLB.

Output parameters rms jitter
Time (fs) 351
Current (%) 24
Energy (%) 0.17
Energy Spread (keV) 42
Emittance (%) 13.1
Alpha 0.15

Beta (m) 2.1

The above described issues concerning the emittance compensation of a ramped current distribution are
reflected in a reduced stability of the optimized injector parameters setting, leading to a rms jitter of the

projected emittance of about 13%.

As for the MBL case simulations using a set of randomly sampled injector parameters (following Table
5.6.2) were also run. The results are reported in Table 5.6.4.

Table 5.6.4: Output parameters jitters for the long ramped bunch.

Output parameters rms jitter
Time (fs) 266
Current (%) 3.3
Energy (%) 0.17
Energy Spread (keV) 24
Emittance (%) 6.3
Alpha 0.26

Beta (m) 6.3
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5.6.2.2 Sensitivity Studies

The sensitivity of each injector input parameter to time, energy, energy spread, current and emittance
jitter has been studied for both the medium length and the long bunch case. In particular, the smallest
change of each input parameter with respect to its optimum setting that produces a given change of
one of the output parameters was evaluated using ASTRA and GPT. Table 5.6.5 and Table 5.6.6 show
the results obtained for the medium length and the long bunch case respectively. As an example, in the
medium length bunch case, a 1.5% variation of the gun solenoid field with respect to its optimum value
produces a 1% variation of the peak current I, while to produce a 100 fs change in the bunch arrival time
a 10.7% field increase would be needed.

Table 5.6.5:  MBL case. The minimum parameter value variation producing the output
variation indicated in brackets in the first row. The range considered to
compute the sensitivity is reported in brackets in the first column. (n/s =
not sensitive; * = extrapolated).

Al AT o, AE/E € o <€,
Parameters (variation) (1%) (100 fs) (10 keV) 0.1%) (10%) 10%
Gun Solenoid (2%) 1.5% 10.7% * 1.1% n/s 0.2% 2%
Gun Eacc (1%) 0.47% 0.13% 0.12% 0.96% 0.33% 4.3%
RF phase gun (1°) 0.65° * 2.8° 0.8° 3.8° 0.5°* 4.8°*
SO A Eacc (5%) 20% * 2% 3.9% 0.21% n/s n/s
SOA RF phase (0.2°) 6.2°* n/s 0.1° 1.9¢* n/s n/s

Table 5.6.6: LB case. The minimum parameter value variation producing the output
variation indicated in brackets in the first row. The range considered to
compute the sensitivity is reported in brackets in the first column. (n/s =
not sensitive; * = extrapolated).

Al AT o, AE/E €0 <€ >
Parameters (variation) 1%) (100 fs) (10 keV)  (0.1%) (10%) 10%
Gun Solenoid (2%) 2.2% 10% * 5% * n/s 0.8% 1.2%
Gun Eacc (1%) 0.6% 0.15% 0.17% 1.6% * 0.5% 0.9%
RF phase gun (1°) 1.0° 0.3° 0.28° 1.8°* 2.9°* 4.6°*
SO A Eacc (5%) 20% * 2% 1.1% 0.2% n/s n/s
SJA RF phase (0.2°) 6.2°* n/s 0.22° * 0.7°* n/s n/s

These results are useful to identify the main sources of output jitter. For example, concerning the time
jitter, the main contributions come from the Gun (accelerating gradient and RF phase) and from the time
jitter of the laser. The pulse to pulse stability of the ramped current distribution is the object of further
studies.
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5.6.2.3 Additional Statistical Studies of Bunch Parameters

A polynomial fitting of the longitudinal phase space, current bunch profile and slice emittance provided
further insights into the reproducibility of the bunch parameters.

LB case: Figure 5.6.14 shows fourth order polynomial curve fits of the longitudinal phase spaces of
twelve randomly selected bunch configurations, while Figure 5.6.15 shows fits of their current profiles.
The curves fit the synchronous bunch core (3 mm) with the tails left out.

97.5 —
T 970-
2
%
2 96.5
&3]
Figure 5.6.14:
. 12 polynomial curve fits (fourth
96.0 - order), randomly sampled among
the thousands performed, of the
T longitudinal phase spaces of bunches
-1.5mm 1.0 05 0.0 05 1.0 15 simulated for the long ramped case.

Bunch length Bunch head is on the left.

Current (A)

Figure 5.6.15:

12 polynomial curve fits (fourth

order), randomly sampled among the

thousands performed, of the current

T T T T T T T profile of bunches simulated for the

-1.5mm 1.0 05 0.0 05 1.0 15 long ramped case. Bunch head is on
Bunch length the left.
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Each fit provides a set of polynomial coefficients for functions described by
Ji(2)=c0, +cl, z+c2,- 7z +... where i is the simulation index. The average coefficient values and
their standard deviation (sdv) was computed. Table 5.6.7 reports the results for the longitudinal phase
space, the current profile and the slice emittance. The average coefficients can be used to analytically
reconstruct the injector output particle distribution includingjitter. This knowledge is useful for tracking
in longitudinal phase space (for instance using LiTrack).

Table 5.6.7:  Statistical analysis of fitting coefficients. The curve function used is a
polynomial as: f,(z) =0, +cl, - z+¢2, 7" +...

G e e spice. profle .
<c0> 97.27 86.8 1.06
c0sdv 0.17 3 0.07
<cl> 513 2.3 10¢ 308
clsdv 50 210° 45
<c2> -2.17 10° -1.14 107 -2.6 10°
2sdv 2860 1.0 10° 410*
<c3> -6.6 10° -4.0 10° -1.1108
c3sdv 4310° 3.7108 2107
<c4> 5.510%
c4sdv ) ) 910°

5.7 Conclusions

An injector design based on proven technologies and techniques, suitable for producing the high-
brightness electron beams required for successful operation of the FERMI@Elettra FELs is presented.

Photocathode performance specifications are well established and conservative. Laser systems are
aggressive in average and peak power, but benefit from parallel developments ongoing at other
laboratories and in industry. The laser profile tailoring is critical, and will require development to
produce suitably reliable pulse shapes at the photocathode.

The design of the off-axis diagnostic beamline in its present stage guarantees that all basic information,
such as beam energy, energy spread and position, is obtainable within specification, but still needs
additional development and more detailed studies. Additional measurements to be provided for include
longitudinal phase space correlations and thermal emittance in the low bunch charge regime.

The sensitivity of the baseline beam dynamics solution to zero mode excitation in the RF gun cavity has
been analyzed for various cavity geometries, having different frequency separations between the pi and
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the zero mode. An analysis of the transient behavior of the pi and zero modes of the RF gun has been
presented. The length and intensity of the electron bunches have been found to affect the longitudinal
phase space more than the transverse one. The analysis has also shown heightened sensitivity of the
energy correlations present at the RF gun exit to amplitude perturbations resulting from small mode
frequency separation.

Optimization of the beamline optics and the drive-laser profile has produced a flexible beamline design
that can accommodate various linac operating modes and supply high brightness electron beams
suitable for generating a variety of seeded-FEL pulses up to the soft X ray region.

The production and transport of bunches with large initial nonlinear variation of the instantaneous
current have been demonstrated to undergo a redistribution of charge such that a linear current ramp is
developed over much of the bunch at the injector exit. Such bunches have been shown to be amenable
to standard emittance compensation techniques.

The sensitivity of the parameters to changes in some baseline design parameters has been analyzed. The
most significant element of the jitter budget remains the timing jitter at the exit of the injector, most of
which arises from the drive laser arrival time jitter. For the medium length bunch cases, a rms output
timing jitter of ~350 fs or less is achievable for a drive-laser arrival time jitter of 200 fs (rms) or less. In
the long bunch cases, the tolerances are more relaxed.



Chapter 5 - Photoinjector

5.8 References

[1] D.Palmer, “The next generation photoinjector”, Stanford University dissertation, 1998.

[2] A. Zholents et al., “Formation of Electron Bunches for Harmonic Cascade X-Ray Free-Electron-
Lasers”, Phys. Rev. Spec. Topics Accel. Beams, 9, 120701 (2006).

[3] S.Lidia, G. Penco and M. Trovd, “Technical Design and Optimization Study for the FERMI@Elettra
FEL Photoinjector”, ST/F-TN-05/13, August 2005.

[4] K. Flottman, https:/ /www.desy.de/~mpyflo/ Astra_dokumentation.
[5] S.B. Van der Geer, et. al., http:/ / www.pulsar.nl/ gpt/index.html.

[6] A. Zholents et. al., “Formation of electron bunches for harmonic cascade x-ray Free-Electron-
Lasers”, EPAC'06, Edinburgh, June 2006.

[7]1 W.Fawley and G. Penn, “Thoughts on Spectral Broadening Effects in FERMI and other FEL's Based
upon Seeded Harmonic Generation”, ST/F-TN-06/07, May 2006.

[8] EM. Dickey and S.C. Holswade, eds. Laser Beam Shaping: Theory and Techniques, Marcel Dekker,
Inc. (New York, 2000).

[9] P.Craievich and V. Verzilov, “Case Study for Modification and Use of the LCLS RF Photoinjector as
an Electron Source for the ELETTRA Linac FEL”, ST/M-03/02, May 2003.

[10] T.P. Wrangler, RF Linear Accelerators, John Wiley & Sons (1998).

[11] M. Trovd and P. Craievich, “RF Cavity Geometries for Fermi Gun”, ST/F-TN-05/29, December 2005.
[12] Microwave Studio, CST.

[13] J. Schmerge (SLAC), private communication.

[14] J. Schmerge (SLAC), private communication.

[15] G. Penco, et. al., “Optimization studies of the FERMI@Elettra Photoinjector”, Proceedings of the
10th European Particle Accelerator Conference, Edinburgh, 2006.

[16] W. Graves, et. al., Proceedings of the 2001 Particle Accelerator Conference, Chicago, 2001.

[17] J. Schmerge, et. al., Proceedings of the Physics and Applications of High Brightness Electron Beams,
Erice, 2005.

[18] P. Craievich, T. Weiland and I. Zagorodnov, “The Short-Range Wakefields in the BTW Accelerating
Structure of the ELETTRA Llinac”, ST/M-04/02, June 2004.

[19] A. Zholents et. al., Technical Note, “FERMI@Elettra Accelerator Technical Optimization Final
Report”, ST /E-TN-06/15, July 2006.

[20] K. Bane and P. Emma, “LiTrack: a Fast Longitudinal Phase Space Tracking Code with Graphical
Interface”, PAC ’05, Knoxville, Tennesse (2005), 4266.

[21] G. Penco, “Longitudinal Space Charge Field at the Cathode In Case of a Non Uniform Bunch”, ST/
F-TN-06/03, March 2006.

[22] G. Penco, M.Trovd, S.Lidia, “Ramping Longitudinal Distribution Studies for the FERMI@Elettra
Injector”, Proc. FEL conf. 2006.






6 Accelerato

Synopsis

The FERMI harmonic cascade FEL operates within a range of wavelengths from 100 to 10 nm, covered
by two distinct undulator chains at the fixed energy of ~1.2 GeV. Two electron beam scenarios have been
developed: the medium length bunch (MLB) mode with a bunch length of ~ 700 fs and the long bunch
(LB) mode with a bunch length of ~1.4 ps. The electron peak current is 800 or 500 A, respectively. The
accelerator was designed with sufficient flexibility to accommodate such variations in bunch parameters.
Other important electron beam parameters include the normalized slice electron beam emittance and
the slice energy spread, which are about 1.5 um rad and 150 keV, respectively. A challenging aspect
was the demand to produce an electron beam with as uniform as possible peak current and energy
distributions along the bunch. For this reason, a new parameter, the “flatness”, defines the value of the
quadratic component of energy variation along the bunch for which the increase in bandwidth of the
x-ray signal due to this variation becomes equal to the Fourier transform limited bandwidth defined by
the bunch length. Tracking results predict flatness of 0.8 MeV / ps?for the MLB mode and of 0.2 MeV / ps?
for the LB mode.

Since the RF photocathode gun produces 0.8 nC and 1nC for the two options distributed over
bunch length of 9 ps and 11 ps respectively, the bunch has to be compressed by a total factor
of about 9 before it enters the undulator. The acceleration and compression is done in the main S-band
linac. The two bunch compressors (BCs) consist of symmetric magnetic chicanes, each 8.0 m long. They
include trim quadrupoles for a fine tuning of the dispersion bump. The locations and compression
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factor of the two chicanes were fixed in order to minimize the 6-dimensional emittance dilution of
the electron bunch in presence of space charge forces and wake fields. The electron energy at BC1 is
~230 MeV in order to avoid space charge effects, while compressing the bunch early enough in the
linac to reduce the effects of transverse wake fields. The energy of the second compressor is about
580 MeV, which balances the conflicting requirements of minimizing the transverse and longitudinal
emittance dilution by coherent synchrotron radiation (CSR) and that of canceling the final correlated
energy spread by means of the downstream longitudinal wake field. By using a weak chicane with a
bending angle smaller than 0.07 rad per dipole and a large initial correlated energy spread within the
range of 1.0% - 2.5%, the CSR effects can be reduced, but the chromatic aberrations make the tolerances
on the magnets field quality tighter.

A short X-band RF structure is used prior to the first compressor in order to linearize the longitudinal
phase space. It operates in the deceleration mode with a peak voltage of 18 MV; its contribution to the
transverse and longitudinal wake fields is negligible compared to that of the main linac.

Since the whole beam delivery system acts like a huge amplifier of energy and density modulations,
a laser heater is foreseen at 100 MeV just after the photoinjector to Landau damp the microbunching
instability. The uncorrelated energy spread induced by this tool is able to suppress the modulation
in the energy and density distributions at a scale small with respect to the bunch length; but, at the
same time, the bunch compression brings the induced slice energy spread closer to the FEL threshold.
It is important for the FEL process to provide slice energy spread not much larger than 150 keV (rms
value). Simulations have been made which calculate the emittance dilution in the linac due to transverse
wakefields and anomalous momentum dispersion, each of which arises with component misalignments.
These simulations include realistic correction techniques and successfully demonstrate that the required
level of transverse emittance preservation is achievable. Jitter studies implemented in full start-to-end
simulations have been performed and a tolerance budget of the linac stability has been defined according
to the FEL specifications.

The beam delivery system ends with a transfer line located between the end of the linac and the entrance
of the FEL. This part includes the emittance diagnostic section, the electron beam switchyard for the
two FELs, called “spreader”, and the matching sections. The design meets the constrains imposed by
the existing and planned building boundaries, by the desire to utilize existing equipment and by the
demands for various diagnostic instruments.

6.1 Introduction and Overview

This chapter describes the accelerator physics aspects, the engineering considerations and the choice of
parameters that led to the design of the FERMI Free-Electron-Laser accelerator. The accelerator covers
the region from the exit of the injector to the entrance of the first FEL undulator and its layout is described
in paragraph 6.2. The tracking results of the electron beam dynamics from the photocathode to the linac
end are shown in paragraph 6.3.

Paragraph 6.4 includes the technical aspects of the accelerating structures, modulators and low level
RF (LLRF) system; it also contains some considerations about the upgrade needed to improve the linac
stability.

When the intense electron bunch propagates down the accelerator, it is subject to various collective
effects [1]. It was found that the longitudinal wakefields are responsible for the nonlinear variation of
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the energy along the bunch. Paragraph 6.5 shows the geometric wakefields of the accelerating structures
used in the tracking study. Paragraph 6.6 discusses the longitudinal dynamics during compression
and acceleration. The emission of coherent synchrotron radiation (CSR) [3 and refs in 4] in the bunch
compressors and the spreader is a relevant topic, since it may contribute to the emittance dilution.
The microbunching instability is driven by a combination of longitudinal space charge (LSC) [5 and
refs in 4], bunch compression and CSR; they continue to play a visible role in the formation of the
microstructures on the electron bunch even at high energies and, if unaccounted for, can increase the
energy spread in the electron beam beyond the tolerance for proper FEL operation. The design and the
implementation of a laser heater [5] for energy Landau damping is presented, together with an estimate
of its effect on the particles distribution. Nonlinear components in the RF waveform and in the time-of-
flight characteristics of the bunch compressor are taken into account as they are often responsible for the
appearance of high spikes in the peak current at the edges of the electron bunch [6]. The leading spike
may induce resistive wall wakefields that modulate the energy of the electron bunch during its motion
through the spreader and the undulator.

The transverse dynamics is studied in paragraph 6.7. Single particle dynamics considerations led to the
evaluation of the magnets field quality needed in order to minimize aberrations. The collective effect
of the beam break up (BBU) instability is also discussed. The impact of the transverse wakefields is
enhanced by the trajectory distortion if the tolerance budget for field quality and accelerator alignment is
not satisfied. Trajectory bumps were proposed to cancel the transverse-longitudinal position correlation
created by the wakefields [2]. Finally, the transverse acceptance and tolerance budget required for a total
emittance blow up smaller than 10% are listed.

The jitter studies of paragraph 6.8 focus mainly on the longitudinal dynamics, since the FEL process
is more sensitive to the longitudinal than to the transverse planes. Both MLB and LB modes have
been analyzed in time dependent, full start-to-end simulations that include errors within the specified
tolerance budget. Jitter studies of the slice parameters have been also performed. Paragraph 6.9
describes the beam collimation to be located in the Spreader and the beam dump. It is followed by the
last paragraph 6.10 which contains some general considerations about instrumentation, diagnostic and
feedback, directing the reader to the specific chapter for more details of the hardware involved.

6.1.1 Overview of Design Specifications

The FERMI accelerator is schematically shown in Figure 6.1.1. It consists of four linacs L1 — L4, two
bunch compressors (BC1 and BC2), a laser heater and a spreader. The latter switches the electron beam
into one of the undulator lines (not shown). The laser heater is the first component of the accelerator. At
its output the energy of the electron beam is ~100 MeV and the peak current is 60-70 A. At the end of
acceleration the electron beam energy is approximately 1.2 GeV and the electron peak current is either
500 A or 800 A, depending on the bunch length needed for the FEL operating modes. The latter envisage
two options for the electron bunch length: the medium length bunch (MLB) mode with a bunch length
of the order of 700 fs and the long bunch (LB) mode with a bunch length of the order of 1.4 ps. The
electron beam delivery system was designed with sufficient flexibility to accommodate both. Other
important electron beam parameters include the normalized slice emittance and the slice energy spread,
which are 1.5 um rad and 150 keV respectively for both bunch lengths.
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LINAC 1 BC 1 LINAC 2 LINAC3 BC2 LINAC 4
Gun Laser heater X-band linearizer Spreader
Figure 6.1.1:

A schematic of the FERMI accelerator.

The list of the beam specifications is shown in Table 6.1.1. A new parameter, the “flatness”, is also
quoted. It defines that value of the quadratic component of the average energy variation along the
bunch for which the increase in bandwidth of the x-ray signal becomes equal to the Fourier transform
limited bandwidth defined by the bunch length.

Table 6.1.1: Main electron beam specifications.

MEDIUM LONG Units
Bunch Charge 0.80 1.00 nC
Bunch Length, FWHM 700 1400 fs
Peak Current 800 500 A
Slice Norm. Emittance <1.5 <1.5 um
Flatness, | d’E/d¢t| <0.8 <0.2 MeV /ps?

Table 6.1.2 lists the major machine parameters for the medium length and long bunches.
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Table 6.1.2: Basic linac and compressors parameters.

Configuration MLB LB Units
Charge 0.8 1 nC
Linac-1: voltage 47 x 4 47 x 4 MV
Linac-1: phase 54 62 deg
X-band: voltage 18 18 MV
X-band: phase -90 -90 deg
Linac-2: voltage 47 x 3 47 x 3 MV
Linac-2: phase 70 72 deg
Linac-3: voltage 120 x 2 120 x 2 MV
Linac-3: phase 70 72 deg
Linac-4: voltage 120x 5 120 x 5 MV
Linac-4: phase 109 105 deg
IE 230 244 MeV
BC1 R, -0.0280 -0.0280 m
o, 2.7 2.0 %
CE 4.5 2.5
584 602 MeV
BC2 R, -0.0162 -0.0315 m
o, 1.1 1.2 %
CFE 25 3.5

The compression factors are determined by the need to reduce the CSR instability and the CSR induced
growth of the projected emittance. The energy of the first magnetic chicane (BC1) avoids a beam
dynamics dominated by space charge forces, while that of the second (BC2) is limited by CSR that might
arise with a high momentum compaction lattice

As for the linac, phases and voltages of the accelerating structures were chosen in order to achieve the
desired compression and, at the same time, to manage the longitudinal wake for best cancellation of the
final energy chirp.

The location of the different types of accelerating structures in the linac layout was mainly guided by
the minimization of the transverse wake fields by putting the structures with the highest impedance at
the linac end, where a shorter bunch is accelerated.
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6.2  Accelerator Lattice and Components

Figure 6.2.1 shows the Twiss functions of the entire accelerator, together with a description of the
locations of the major components. The parameters of each component are presented in the following

sections.
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6.2.1 Laser Heater

The plot of the Twiss functions in this area is shown in Figure 6.2.2. The lattice was designed to be
flexible enough to accommodate variations in the input beta-functions in the range of 3 — 40 m.
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6.2.2  First Bunch Compressor

A schematic of the bunch compressor is shown in Figure 6.2.3. It consists of a chicane built from four
rectangular bending magnets [7]. Because of its symmetry, this bunch compressor is a perfect achromat.
Nevertheless, leakage of the dispersion function after the last bend may occur due to errors; for this
reason, trim quadrupoles (shown in Figure 6.2.3 between the first and second bends and the third and
fourth bends) are added for a fine tuning of the dispersion function.

L=05m colimator

Figure 6.2.3:
A schematic of the bunch compressor.

It is important for the design of the bunch compressor to take CSR into account. Although transverse
microbunching radiative fields affect the emittance directly, an indirect emittance excitation via
longitudinal-to-transverse coupling:

S ~H(SE/EY 6.2.1

typically dominates. AE/E is the energy spread caused by CSR and H is the optical function defined in [8].

According to Eq. 6.2.1, the BC1 lattice was designed in such a way that the magnitude of H in the last
bend of the chicane can be varied by up to a factor of four. This will give some flexibility to maneuver
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between such tasks as containing the emittance excitation due to CSR, which benefits from a smaller
H, and containing the energy spread growth due to the microbunching instability, which benefits from
a larger H. Four quadrupole magnets after the chicane are used to match the Twiss functions into the
downstream L2 (see, Figure 6.2.4). Between these magnets space has been reserved for a deflecting
cavity to be used for emittance measurements and for a beam dump to be used during commissioning.

6.2.3 Second Bunch Compressor

The Twiss functions of this compressor are shown in Figure 6.2.5. The lattice of BC2 is exactly the same
as that of BC1, shown in Figure 6.2.3, and designed so that the magnitude of H in the last bend of

the chicane can vary by up to a factor of four. The physics considerations are also the same as those
discussed for BC1.
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6.2.4 Linac End Section and Spreader

6.2.4.1 Layout

A detailed description of the transfer line connecting the accelerator to the undulator chains may be
found in [44]; this reference includes considerations on some technical aspects of the design.

A simplified schematic of the spreader is shown in Figure 6.2.6. One of the design goals is to minimize
its length for two main reasons: the cost of the building housing the line and the fact that the position of
the start of the experimental area is fixed and delimited by the existing building. For this reason, strong
quadrupoles and short drifts are used. The bending angle of the spreader’s bending magnets is also
predetermined as a design requirement of the experimental area is to shift FEL-2 line by 1 m and FEL-1
line by 3 m from the linac line [45].

FERMI@Elettra




The spreader starts with two 3 degrees bending magnets of that deflect the electron beam away from the
linac. Two more 3 degrees bending magnets with of opposite polarity turn the electron beam back into
the straight line of FEL-2. Alternatively, the third magnet is switched off and the electron beam proceeds
to the second pair of magnets that deflect electron beam back into the straight line of FEL-1 (see Figure

6.2.6).
B5 B6
EI...............-B ..... . FEL1
------- €
B4 e £
B3 . D
RO L .
B1 BzE[ :
—_— c
" Figure 6.2.6:
! 33.5m A schematic of the spreader.

It is important that the spreader lattice preserves the electron beam emittance. This is done by two
means: i) by using a lattice with small H function in the magnets; ii) by employing a scheme of emittance
self-compensation. Besides four bending magnets, the lattice includes twelve quadrupoles that are
arranged like a FODO lattice with nt/2 betatron phase advance in x and y planes per unit cell. The
latter is comprised of two quadrupoles and two drift lengths. Two cells are used between two adjacent
bending magnets to produce —I transfer matrix in each plane. This arrangement in the horizontal plane
provides a basis for a compensation of the emittance excitation due to coherent synchrotron radiation
(CSR) in the spreader’s bending magnets.

6.2.4.2 Emittance Diagnostic Section

The emittance diagnostic section is located between the linac and the spreader and is designed for
measuring the emittance using optical transition radiation from the screens that can be inserted into the
electron beam path. Vertical and horizontal beam emittances will be derived from the measurements
of the electron beam sizes at several locations with various betatron phase advances. Two variants
of the lattice are proposed, corresponding to an invasive and a non-invasive modes of operation: i) a
production lattice designed for normal operation during x-ray beam delivery and ii) a diagnostic lattice
designed for emittance measurements when the photon beam is not delivered and the electron beam
can be intercepted

In the latter case a periodic lattice is used with a betatron phase advancing from one screen to the next
by approximately w/4 in both planes and with almost equal horizontal and vertical beta functions at
all the screens’ locations. A RF deflecting cavity is located upstream of the screens and is used for slice
emittance measurements. A more detailed schematic of the part of the spreader leading to FEL-2 and the
associated Twiss functions are shown in Figure 6.2.7.
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6.2.4.3 Production Lattice

The lattice configuration during photon beam delivery is shown in Figure 6.2.8. It is less favorable for
emittance diagnostics because of the less periodic behaviour of the Twiss functions within the screen
area and less regular advance of the betatron phases. In spite of this shortcoming, all the screens can still
be used for quick beam characterization albeit less accurate than that of the dedicated line.

A distinctive feature of the production lattice is the presence of the two local peaks of the beta functions
in the diagnostic section just upstream of the spreader. The lattice is tuned such as to have 3/2 n betatron
phase advance between the local peaks of the beta functions where adjustable x and y collimators will
be used. The energy collimator will be used near the peak of the dispersion function inside the spreader,
as shown in Figure 6.2.9 for FEL-2.
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Matching sections after the spreader are very similar for FEL-2 and FEL-1. Four matching quadrupoles
provide enough flexibility to adjust the Twiss functions at the FEL input. A 5 m long drift is reserved
after the last quadrupole and precision cavity BPMs will be placed on both sides of this drift. The electro-
optical monitor for measuring the electron bunch arrival time will also be placed inside this drift.

6.2.4.4 Time-of-flight Adjustment

The two quadrupoles placed between each pair of dipoles are separated by a unit transfer matrix and
located close to the positive and negative peaks of the dispersion function. Thus, one can simultaneously
change their gradients and produce a dispersion bump localized between the quadrupoles. By controlling
this bump one would be able to regulate the R, of the spreader making it to be exactly zero or any other
reasonable value. In fact, it is proposed to keep it slightly positive in some cases in order to disperse the
electrons in the spikes of the peak current.

The time-of-flight parameter R,, of the spreader shown in Figure 6.2.8 can be adjusted within a relatively
large range of values. In order to do this one needs to synchronously tune two quadrupoles, one of
which is located near the peak of the dispersion function. With this arrangement the dispersion function
gets a kick at the first quadrupole, oscillates between B2 and B3 magnets and gets a compensating kick
at the second quadrupole.

Figure 6.2.10 shows the spreader part of FEL-2 when the strength of the Q2 and Q10 quadrupoles is
lowered by 10% with the goal to increase R,, from 0.9 to 5.5 mm. Figure 6.2.10 shows that this adjustment
causes some beating of the beta-functions at the end of the lattice that must be corrected in the matching
lattice downstream. Tweaking the same quadrupoles in the opposite directions, i.e. reducing the
gradient in one quadrupole and increasing in the another quadrupole by the same amount, allows a fine
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adjustments of the dispersion function thus enabling the correction of any dispersion leak that might be
caused by errors (magnetic or alignment) without affecting the beta-functions and R,,.
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6.2.4.5 Technical Aspects

This paragraph shows the solutions adopted for the hardware of two difficult areas of the spreader
in terms of high congestion of components occupancy. Figure 6.2.11 shows the layout of the area
downstream of the B3 bending magnet where two beam lines split.

HV steering ,BPM (13

magnet
BPM Laser
window

_K / / Q12
Figure 6.2.11:
/ Q1 H'\"mm":!ﬂ'ﬂﬂ e The layout of the area downstream
B3 y H':,I OGIMI ® wu of the B3 bending magnet where two

beam lines split.
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The electron beam following the FEL-2 line goes through the centers of the Q9, Q10, Q11 and Q12
quadrupoles, while the FEL-1 beam goes through the center of the Q13 quadrupole and in a chamber
that penetrates the iron of Q10. In Q9 the beam trajectory is off-axis (see, Figure 6.2.12) which means
that this quadrupole must accommodate the vacuum chamber for both beams. The location of this
quadrupole is appropriately chosen; its conceptual design is shown in Figure 6.2.12.
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Figure 6.2.12:
Top, front and isometric view of the quadrupole Q9 showing also electron beam

trajectories and a sketch of the vacuum chambers for the central and periphery
beams.

Figure 6.2.13 shows the seed laser port and the surrounding apparatus. The location for this port just
upstream of the last bending magnet B4 is the closest to FEL-2 and it is still more than 11 m away from it.

FEL2 seed laser window
(11.42 m to FEL)

gt

Figure 6.2.13:
Top view of the seed laser port for FEL-
2 and surrounding apparatus.

Conceptual Design Report




Figure 6.2.14 shows the fine details of the laser port, such as flange, window sizes and window separation
from the electron beam axis. Like for the quadrupole Q9, the quadrupole Q12 accommodates the vacuum
chamber that allows two beams, the electron beam and the laser beam, both heading towards the FEL-2.

Figure 6.2.14:
Details of the seed laser port.

The design of the seed laser port for FEL-1 is exactly the same as the one just described for FEL-2. This
port is located upstream of the bending magnet B6 and the quadrupole Q18 (not in figures).

6.3 Tracking Study

This paragraph shows the results of particle tracking for the nominal set of operation of the FERMI
Linac. Simulations with several codes [30, 40] show rather an accurate agreement in their results. They
confirm also the original estimate that CSR and LSC wake potentials contribute only weakly to the
formation of the electron bunch on a scale large compared to the bunch length.

6.3.1 Medium Length Bunch Mode

The electron beam parameters of the medium length bunch mode (MLB) are given in the Table 6.3.1.

Table 6.3.1: Electron beam parameters for the MLB mode.

Bunch charge 0.8 nC

Beam energy 1.140 GeV
Peak current (beam core) 800 A

Bunch duration (full width, beam core) 700 fs

Slice energy spread (rms, beam core) 150 keV
Slice emittance (rms, beam core) 1.5 um
Laser heater (energy spread rms) 12 keV
Compression factor in BC1 / BC2 45/25

Flatness 0.8 MeV /ps?
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Figure 6.3.1 shows the electron distribution in the longitudinal phase space and a histogram of the

peak current. Figure 6.3.2 shows the plot of the slice emittance and slice energy spread at the end of the
accelerator for the MLB.
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Figure 6.3.1:
MLB mode: density plot showing the distribution of the electron relative energy
spread versus time and the histogram of the peak current.
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Figure 6.3.2:

MLB mode: slice normalized emittance
(left) and slice energy spread (right) at
the end of the accelerator.

According to this plot, there is no growth of slice emittance during acceleration and compression. The
variation of the slice emittance seen in Figure 6.3.2 is due to the ramped peak current in the injector. We
note that the smallest emittance is at the head of the electron bunch. This may have a useful implication
because head-electrons radiate in the final stage of the harmonic cascade FEL with the most demanding
specification for the electron beam emittance.
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6.3.2 Long Bunch Mode
The electron beam parameters for the long bunch mode are given in the Table 6.3.2.

Table 6.3.2: Electron beam parameters for the LB mode.

Bunch charge 1.0 nC
Beam energy 1.170 GeV
Peak current (beam core) 500 A

Bunch duration (full width, beam core) 1400 fs

Slice energy spread (rms, beam core) 150 keV
Slice emittance (rms, beam core) 1.5 um
Laser heater (energy spread rms) 15 keV
Compression factor in BC1 / BC2 25/35

Flatness 0.2 MeV/ps?

Figure 6.3.3 shows the electron distribution in the longitudinal phase space and a histogram of the peak
current obtained with Elegant for the LB. Figure 6.3.4 shows the plot of the slice emittance and slice
energy spread at the end of the accelerator.
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Figure 6.3.3:

LB mode: density plot showing the
distribution of the electron relative
energy spread versus time and the
histogram of the peak current.
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Figure 6.3.4:

LB mode: slice normalized emittance
(left) and slice energy spread (right) at
the end of the accelerator.

6.4 The Linear Accelerator

In order to raise the operating energy to 1.2 GeV, necessary to satisfy the specifications of the FERMI
project, seven additional sections will be installed in addition to the present linac. These sections were
obtained from CERN after the decommissioning of the LEP Injector Linac (LIL). These sections will also
allow to maintain an adequate margin over the maximum operating energy, providing a more flexible
and reliable operation, which is particularly important in a user facility such as FERMI. In addition to
the energy upgrade, the linac will also be modified in several other ways:

* the installation of a new high brilliance source, made of a last generation photoinjector of
the SLAC-UCLA-BNL type. This gun, operating like the rest of the linac at 2998 MHz, is
described in mode details in Chapter 5 of this document;

e alaser heater section;

* the installation of an accelerating section in 4" harmonic (in the X-band region, 11.4 GHz) to
linearize the longitudinal compression;

* the installation of two bunch compressors based upon magnetic chicanes, which allow to
increase the peak power of the beam and to simultaneously reduce the pulse length;

* the performance improvement of the existing RF plants, and the optimization of such systems
in terms of amplitude and phase stability, using advanced digital feedback techniques;

* the improvement of the beam diagnostic system along the entire linac, including the
installation of new devices such as deflecting cavities to measure bunch length.
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6.4.1 Existing Linac and Future Upgrade

The present Linac is composed of eight high power RF plants, each of them equipped with a 45 MW S-
band klystron modulator Thales TH 2132A; two 3.2 m long accelerating sections (SJA, SPB), powered
from the same klystron; seven 6.1 m long accelerating structures (S1 to S7), each one equipped with
an RF compression system (SLED) and powered with its own 45 MW klystron. All these components
are housed in two adjacent areas: the klystron gallery, at ground level, where all the RF generators
are located and the accelerator tunnel (112 m long), situated 5 m below the ground level to ease the
specifications of radiation safety.

The two areas are connected by means of a suitable number of apertures, placed near each RF plant,
that allow the passage of waveguides, signal cables, piping, etc. In order to accommodate the energy
upgrade and the conversion to injection into the FEL, the klystron building and injector tunnels will
be expanded by about 85 m. The new building will house the new front end up to the first bunch
compressor (see, Figure 6.4.1).

Bunch length
measurement and

Beam dump

Figure 6.4.1:
The new machine Front-end.

6.4.2  Accelerating Structures

The accelerator uses three types of sections [10]. The SOA and SOB sections follow the electron gun and
are used for the initial acceleration and the emittance compensation scheme. A detailed description of
the injector and its parameters can be found in Chapter 5. Seven CERN-type sections (C1-C7) are divided
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between L1 (four sections) and L2 (three sections) and are used upstream and downstream BC1. S0A,
SOB and the CERN sections are traveling wave (TW) structures operating in the 2 /3 x mode and coupled
on axis. Seven ELETTRA-sections (S1-S7) make up L3 (two sections) and L4 (five sections) and are used
upstream and downstream of BC2. They are backward traveling wave (BTW) structures operating in the

3/4 n mode and magnetically coupled. The inner geometries of the accelerating structures are shown
schematically in Figure 6.4.2.
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Figure 6.4.2:

FERMI accelerating structures. a)
SO0A-SOBgeometry.b) C-typegeometry
(CERN). c) 5-type geometry.

The first two geometries, shown in Figure 4a and 4b, are SLAC-type sections configured in traveling
forward wave (TFW) mode with on-axis coupling and operated to a relatively modest gradient of
18 MV /m. The geometry shown in Figure 4c corresponds to a nose-cone type section with magnetic
coupling; they operate in Backward Traveling Wave mode (BTW) and at high gradient (up to 25 MV /
m). Unlike the previous two types, these have an iris radius of only 5 mm. The S-sections are supplied
by an RF pulse compression system of the Sled type and by a TH 2132° klystron. The same type of
klystron supplies two structures of the others.

Table 6.3.1 summarizes the main operational parameters of each of the three section types. An operating
margin of up to 15% is available on top of the nominal energy gain.
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Table 6.4.1: Linac energy budget.

Linac energy budget
Type of - Maxi.mum energy Operat.ing Oper.ating energy
structure Quantity | AE (MeV) gain on crest margin gain on crest
(MeV) (%) (MeV)
Gun 1 5 g 5
S0A-S0B 2 50 100 10 90
Cc1-C7 7 55 385 15 329
51-57 7 140 980 14 840
X-band 1 -20 -20 0 -20
With X-band Total 1450 1244
Without X-band Total 1414 1264
FERMI energy 1200 MeV

Figure 6.4.3 shows the new FERMI layout including the necessary building expansion, the planned
distribution of the various section types in the new linac and the relative RF plants. For comparison, the
existing buildings are shown below this drawing.
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The building expansion for the new front end is visible in the front of the existing structure. The figure
also shows the RF systems and sections that will be relocated: SOA and SOB will be installed right after
the photoinjector; S1 and 54 will be moved to the high energy end of the linac. A length of 10.5 m is kept
available downstream of the S2 accelerating section. The proposed layout would leave the position of
S2-57 accelerating sections unchanged, thus reducing the impact of the machine upgrade.

6.4.3 HYV Modulators

The present RF system is based on eight high power modulators, capable of 102 MW peak power and
operating at 10 Hz, with their own klystrons (Thales TH 2132A, 3 GHz, 45 MW peak power, 4.5 usec
pulse width). The configuration adopted for each power station is based on an 18-cell PEN (Guillemin
type E Pulse Forming Network), resonant charged with a constant current HV power supply (FUG-
HCK 6750M-30000) and discharged with a double gap thyratron (EEV CX 1536X). The use of a coupled
inductance PFN optimizes the rectangular pulse shape at the output compared to a conventional L-C
network with the same number of elements.

The need to supply seven supplementary accelerating sections C1-C7 and the new Photocathode RF
Gun will bring the total number of FERMI RF systems from eight to thirteen (MDK1-MDK13); the two
deflecting structures that will be used for diagnostic purposes will keep the RF power from MDK1 and
MDKG® respectively. Only the section S1-S7 will be fed through the existing SLED system.

In order to evaluate the energy gain of the linac, the plan is to operate each plant with a 10-15% margin
on the maximum available klystron power, with an RF pulse width less than 3.5 usec. Even if in the
initial phase the system will be operated at 10 Hz, the upgrade of all system is planned to include
the capability of operating at 50 Hz at a later phase. Particular care will be given to the stability of
each station in terms of amplitude and phase of the fields with each section. This results in the very
demanding tolerances required on the RF sections by the FERMI specifications. This challenging task
starts from the optimization of the performance of the modulators. It is therefore planning to design and
build new modulators for all of the stations in the system and to compare two prototypes: one based
upon conventional technology, thyratron and an extremely low ripple PFN, in combination with a HV
pulse transformer. A second based on a hybrid technology combining a solid state switch (an inductive
adder) with a HV pulse transformer. Test both PFN and solid state allows the evaluation of performance,
cost and risk. This R&D plan is intended to verify system performance especially in terms of stability
and reliability, extremely important for a user facility like FERMI. This will lead the final design for the
upgrade of the whole system.
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6.4.3.1 Modulators Upgrade Plans

The klystron pulse specifications for the FERMI project are given in Table 6.4.2.

Table 6.4.2: Klystron modulator pulse specifications.

Parameter Value Units
Klystron TH2132 Thales
Micro Perveance 19t02.1 uA / Va2
Peak Cathode Voltage 314 kV
Peak Cathode Current 350 A

Pulse Width 45 us
Pulse Repetition Frequency 10-50 Hz
Rise/Fall Time <2 us

The present systems will meet all of the above specifications with the exception of the pulse repetition
frequency. A prototype modulator based on the same technology, with an additional improvement on
the pulse flatness (< 0.1%) and capable of operating at 50 Hz is being assembled. It will be installed
and tested on the photoinjector. At the same time, a solid state design is proposed which we expect
should result in reduced capital cost, improved efficiency, reliability and maintainability. The solid state
design should also eliminate most single point failures of the modulator by employing redundancy. A
simplified schematic of the proposed modulator is shown in Figure 6.4.4.

The proposed solid state modulator is an inductive adder, similar to those proposed by SLAC for the
NLC and operating at SLAC for ORION, and for the SPEAR III injection kickers. The design in Figure
6.4.4 uses a minimum of six steel cores, each driven by two 6.5 kV, 800 A IGBT switches. In this design
the adder circuit would drive the existing ELETTRA pulse transformer in the existing high voltage tank
for the klystron. The modulator would easily fit in the present electronics enclosures.

The operation of the modulator is as follows. Each core is driven by two parallel IGBT drivers. The
IGBTs switch 4 kV through a single turn primary. A single turn is passed through the aperture of each of
the cores, inductively adding the primary voltages in series. The output pulse is then feed to the primary
of the existing pulse transformer to drive the klystron cathode. Pulse shaping will be required because
of a resonant condition caused by the modulator stack leakage inductance and primary to secondary
capacitance, the leakage inductance and winding capacitance of the pulse transformer, and the klystron
capacitance. This will cause an overshoot and oscillations on the flat top if all the IGBTs are quickly
switched on at the same time. A solution is to slow down the rise time from the inductive adder. This is
best accomplished by delaying turn on of some of the cells, as has been demonstrated with the 8-pack
modulator at SLAC. Further shaping of the output pulse is required because of voltage droop during
the pulse flat top caused by a finite capacitance, and transformer magnetizing inductance. The droop
can be corrected by a bouncer circuit composed of an SCR switch and a resonant RC circuit where a
sinusoidal voltage is subtracted from the main output pulse. The modulator parameters for this circuit
are given in Table 6.4.3.
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Simplified schematic of a proposed
solid state klystron modulator.

Figure 6.4.4:
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Table 6.4.3: List of modulator parameters.

Parameter Value Units
Number of Modulators 15

Maximum Output Voltage 335 kv
Maximum Output Current 425 A
Maximum Repetition Frequency 60 Hz
Maximum Pulse Width 45 us
Minimum Pulse Width <100 ns
Rise Time <2 us
Fall Time <1 us
Pulse Flatness <+1 %
Minimum # of Cells 6

Minimum # of IGBTs 8

Maximum IGBT Voltage 4000 \%
Maximum IGBT Current 3000 A
Timing Jitter (rms) <50 ns
Primary Power Supply 10 kW

6.4.4 LLRF System

The specifications of the RF control and timing systems are extremely demanding and require adopting
state of the art technologies. One additional complication is the use of the X-band cavity, which is likely
tobe at an integer harmonic of the USA S-band frequency (2856 MHz) and therefore not an exact multiple
of the existing linac operating at the European S-band frequency (2998 MHz). Local phase locked loops
are planned to ensure the stability of each station.

The conceptual design of the LLRF system is made of three major components: the RF reference
distribution system, the RF controller hardware, firmware, software and the interface with the timing
and synchronization system. Each of these three components has been developed to a level of details
sufficient to provide a reference design.

6.4.4.1 RF Reference Distribution System

This system was chosen to operate at 491 MHz, which is the frequency distributed throughout FERMI. It
will be used locally to develop all the intermediate frequencies and in combination with local oscillators.
This choice eliminates asynchronous events, since the same RF reference is used for the creation of all
frequencies and phases.
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The RF controller will make use of an FPGA-based digital processor [11] which takes advantage of the
high dynamic range available in modern ADCs and DACs by down-converting the S and X bands to 48.2
and 47.6 MHz respectively. The RF and timing system distributes an RF reference signal at 491.64 MHz
to all the RF stations. The digital controllers then process this frequency and synthesize the IF locally.
The resulting IF is then used to lock each station to a phase reference provided by the synchronization
system. This provides frequency references across the facility and eliminates asynchronous events.

Coherence between S and X bands is established by their common subharmonic of 15.779 MHz, which
generates the S-band frequency when multiplied by 190, and the X-band driver when multiplied by
724. The reference signal of 491.64 MHz is 8 x 74/19 of the 15.779 MHz subharmonic. It is divided by
8 to get a 61.45 MHz digital clock for the ADC, DAC, and FPGA. A combination of DDS techniques
and frequency multiplier chains are used to generate the S band (multiply by 6 + 87/111/8) and X
band outputs (multiply by 24 - 2/3 - 86/111/8). Each station will be individually controlled by a single
FPGA system that works off the 491 MHz reference frequency and the laser distributed timing pulses,
as shown in Figure 6.4.5. In this approach the most critical components are the dividers and amplifier,
as they can add noise to the system. These components are part of the proposed R&D plan for the RF
controller upgrades.

6.4.4.2 Single Station Controllers

Each station requires a dedicated controller to ensure that the cavity fields are indeed synchronized to
each individual bunch to the specified level of amplitude and phase. A block diagram of the system
is shown in Figure 6.4.5. To accomplish this, each section will have a dedicated temperature stable
reference, which will be used to calibrate each read-back point in between pulses. This will reset all
errors in real time and will minimize the effects of slow drifts.

A Field Programmable Gate Array (FPGA) based digital controller will then take the reference phase
provided by the laser distribution system and lock to it the local RF phase. After down conversion to the
IF, the signals are digitized by 14 bit ADCs and all signal processing is then implemented in the FPGA.
The firmware that programs the FPGA is the heart of the system and performs a multitude of tasks, from
the actual feedback control, (although it is unlikely to have a closed feedback loop with such a short
pulse due to the internal delay of the system), to adaptive feed forward compensation, to interlocks and
protection. The firmware also contains the interface with local networks and the code to interact with
the control system.

+2998.0 MHz

S-band LLRF

491, @ —
9164 MHz ()

- Xband LLRF:

Figure 6.4.5:
Single station RF controller block diagram.
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6.4.4.3 Synchronization System

The synchronization system will distribute phase references to each station. The specifications correspond
tomaintaining a sub 100 fs synchronicity across the 300 m of the facility. Integration of the synchronization
system with the local RF controllers is essential. Such system is described in detail in Chapter 10. Figure
6.4.6 shows the block diagram of the system and its integration with the RF controllers.
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Figure 6.4.6:

Block diagram of the integration
of synchronization and RF control
systems.

166 FERMI@Elettra




6.4.4.4 Auxiliary Systems

The linac upgrade will require both the construction of new systems as well as the upgrade of several
auxiliary systems that are part of the existing linac. In addition to the systems already described here,
such systems include:

¢ Control system

*  Feedback systems

*  Vacuum system

* Beam instrumentation and feedback systems
* Conventional facilities (buildings, utilities)

In addition to the extension of the linac building and klystron gallery, the linac upgrade will require the
installation of new AC power and water cooling capacity to be able to energize and cool the additional
sections that will be installed. This corresponds to 1.5 MW of AC total power (whose 0.5 MW of the
existing accelerator) at 50 Hz and to 300 kW of heat load on the existing systems, excluding the auxiliary
systems.

Several of the existing systems will be upgraded. Some of them, like the controls and vacuum systems,
benefit from the ongoing booster construction, where the new hardware is already being deployed and
therefore the linac upgrade will be an extension of the existing construction. Others, like feedbacks and
beam instrumentation, need significant upgrades to meet more demanding specifications.

6.4.5 Linac Stability

Sensitivity studies have been performed to determine the variation of the Linac output parameters
with respect to the phase and amplitude jitters of the accelerating fields, electron bunch charge and
electron emission time at the cathode (see, Chapter 5). The obtained sensitivities have been used to
form a tolerance budget for each segment of the Linac (L1-L4 and the X-band structure). They provide
a collection of tolerances that need to be met.

The results indicate that the most stringent phase specifications concern the first Linac segment (L1),
while the tightest amplitude control is required on L4. In this process a tolerance budget among the
various elements of the Linac was allocated, trading off amplitude and time jitter in the RF gun with
those of each accelerating section. The corresponding specifications in amplitude and phase result in the
tightest phase control in L1 (0.09 °S) and amplitude control in L4 (0.05%). While the present RF systems
have not yet achieved these demanding goals, some preliminary measurements were performed on the
existing systems. So far, stability of the order of 0.1% amplitude and 0.1 °S can be achieved, not including
potential benefits from the noise correlation among different stations in the Linac [12]. With the above
conditions, the error tracking analysis showed a satisfactory result in the final slice energy and peak
current as a function of the time defined by the master clock. In order to be able to assess the stability
of the existing systems, preliminary phase jitter measurements were performed on some of the present
RF transmitter in operation at ELETTRA. While operating at 10 Hz, four of the existing systems (MK3,
MK4, MK5 and MK?) were tested by observing the pulse to pulse variation of the mean (integrated)
phase in the range from 1 sec. up to 10 min. (10 to 6000 pulses). The measurement setup is shown in
Figure 6.4.7.
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Figure 6.4.7:
Phase jitter measurement layout.

As one can see from the scheme, the measurements tried to characterize all the system’s components,
from the klystron up to the RF water load of the accelerating section. The phase noise was measured
over 1 usec of the 3.0 usec total RF pulse length. Table 6.4.4 reports the results of the measurements.
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Table 6.4.4: Pulse to pulse main phase variation (°S rms).

MK 3 MK 4 MK 5 MK 7 AV G
K lystron (pos: A-1)

1 sec 0.031 0.048 0.034 0.019 0.033
5 sec 0.036 0.048 0.034 0.030 0.037
10 sec 0.036 0.037 0.034 0.034 0.035
30 sec 0.036 0.070 0.038 0.030 0.043
1 min 0.041 0.092 0.041 0.030 0.051
5 min 0.056 0.088 0.038 0.049 0.058

10 min - - - - -

Driver-K lystron (pos: B-1)

1 sec 0.056 0.038 0.049 0.034 0.044
5 sec 0.067 0.038 0.053 0.060 0.055
10 sec 0.056 0.042 0.057 0.053 0.052
30 sec 0.078 0.069 0.057 0.060 0.066
1 min 0.111 0.046 0.064 0.056 0.069
Time 0.108 0.080 0.200 0.060 0.112
10 min 0.130 0.096 0.230 0.120 0.144

Driver-K lystron-SL E D detuned (pos: B-2)
1 sec 0.045 0.069 0.071 0.069 0.064
5 sec 0.068 0.061 0.056 0.084 0.067
10 sec 0.057 0.058 0.060 0.065 0.060
30 sec 0.079 0.061 0.060 0.084 0.071
1 min 0.090 0.088 0.056 0.126 0.090
5 min 0.188 0.104 0.075 0.168 0.134
10 min 0.354 0.561 0.188 0.172 0.319

Driver-K lystron-SL E D detuned-Section (pos: B-3)

1 sec 0.153 0.169 0.177 0.098 0.149
5 sec 0.138 0.184 0.162 0.184 0.167
10 sec 0.181 0.157 0.181 0.162 0.170
30 sec 0.169 0.184 0.211 0.218 0.196
1 min 0.173 0.184 0.238 0.169 0.191
5 min 0.358 0.338 1.076 0.237 0.502
10 min 0.634 0.441 1.027 0.335 0.609

The last column shows the average values over the four stations. Acquisition problems resulted in
the missing data klystron (A-1), 10 min. period. A preliminary analysis shows that the pulse to pulse
variation of the mean phase remains within acceptable levels; for example, the klystron (A-1) stays
within 0.04 °S over 1 sec. (10 pulses), reaching 0.06 °S in 5 min. (3000 pulses). The same parameters vary
between 0.15 °S and 0.6 °S over the whole system, thus is required a feedback system capable of keeping
the transmitters within the specifications.

Figure 6.4.8 shows the oscilloscope trace relative to the acquisition of 3000 pulses from the klystron in
the MKS5 section: over 5 min. of statistics, the pulse to pulse integrated phase variation is below 0.06 °S.
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MDKS5 Klystron 1 usec averaged phase
noise (3000 pulses, 5 min).

6.5 The Geometric Wake Functions of the Accelerating Structures

The geometric wake functions of the accelerating structures in the FERMI Linac plays an important
role in the formation of the final electron beam [13]. Particular care was taken in the management of the
wakefields in the BTW structures, which have the highest impedances, as shown in Figure 6.5.1.

<X 10"
—— S0A and SOB sections [ =304 and S0B sections
=—— CERN sections — CERN sections
— BTW sections — BTW sections

=

n

=
i

Transv. wake functions [V/pC/m/m]

Long. wake functions [VipCJ’m'l _
. % 58858 8B

1 0 0.5 1 Ls
s [mm] s [mm]

Figure 6.5.1:

Longitudinal (left) and transverse
(right) wake functions of theaccelerating
structures used in the FERMI Linac.
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The longitudinal wake field introduces second and third order energy chirps, thus reducing the
compression efficiency and leading to current spikes at the bunch edges. The wake field in L4 increases
the final correlated energy spread, with an impact on the HC FEL bandwidth [14]. The transverse wake
field, driven by trajectory distortion caused by field errors and elements misalignment, induces the
BBU instability, that is, a correlation in the transverse-longitudinal particle positions. The instability
increases the projected emittance by causing a launching error and an optical mismatch of the bunch-
trailing electrons. An in-depth study of the wake functions was performed and techniques are proposed
to minimize the phase space dilutions. The wake functions of the three types of accelerating sections
have been calculated in [15,16] using analytical approximation for the SOA, SOB and CERN sections and
a time domain code for the BTW sections [17].

6.5.1 Longitudinal Wake Potentials

For a longitudinal charge distribution A, the voltage gain of a test electron due to the electromagnetic
wakes of the electrons behind of it is given by the wake potential [18]:

w(s)= —}W(S—s')/lz(s’)ds’ 6.5.1

It was found that by computing the short-range wake numerically and fitting it with a simple function,
one can obtain a result that is valid over a large range of s (position along the bunch) and over a useful
range of parameters [19]; this consideration applies to the steady state situation, which is reached in
an approximate distance a>/2c, (where a is the section aperture and o, the rms bunch length) from the
entrance of the accelerating section, by fitting generally short with respect to the section length (about
0.5 m for a 200 fs bunch and 5 mm aperture). In what follows, the steady state wake functions [18] will
be used.

For SOA and SOB accelerating structures one obtains:

w(s) = 380exp(- /s(mm)/128)

For the CERN accelerating structures:

w(s) = 3llexp(— w/s(mm)/1.38) [Ll
p 6.5.3

Cm

Vv

pCm 6.5.2

For the ELETTRA accelerating structures:

w(s) = 13456Xp(— 1/s(mm)/O.?a) [%l for s<1 mm
pCm

6.5.4
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The wake potential in the BTW structures is stronger than in TW structures because of the magnetic
coupling that requires a smaller iris radius. However, the former provides a higher energy gain.

It has been shown [13] that, for 1 nC charge distributed over 12 ps bunch length traveling through
the SOA, SOB and L1 sections (for a total length of ~ 24 m), the cubic energy chirp is dominated by the
longitudinal wake potential contribution.

The cubic energy chirp is responsible for the appearance of the bifurcation in phase space after the
bunch compressors; this phase space distortion in turn leads to spikes in the peak current at the edges of
the electron bunch [13]. It is therefore desirable to minimize it. One way to achieve this is to use a density
distribution with the linearly ramped peak current shown with the bold line in Figure 6.5.2a. It gives a
wake potential with a significantly reduced cubic chirp a,=890 MV /nC (see also the bold line in Figure
6.5.2b). The part under the bold line in Figure 6.5.2 contains approximately 40% of the total charge.

Peak current (4) Wake potential (MV/nC)
-1 1 2
=05 b)
y \_/
-25
2
s (mm) ! § (mm)
Figure 6.5.2:

Density distribution with a linear — and its associated wake potential,
ramped peak current (a) and its  while the black line shows the actual
corresponding wake potential (b). The  distribution and wake potentials
bold line shows the ideal distribution  obtained in simulations.

6.5.2 Transverse Wake Potentials
As suggested in [15,16], an analytical approximation to the wake function for the TW structure (SJA,

SJIB and CERN sections) may be used for the transverse case. With the geometric parameters in [20] the
transverse wake function up to 5 mm bunch length (s in meters) is:

w!(s)=9623-|1- 1+,/;_3 o Voo v
0.60 ‘ 10 pC ‘m-m 6.5.5
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w! (s)=7524- [1_ (1 +\/:)em
0.70-10

For the BTW accelerating structure an analytical model was chosen which is a combination of periodic
and one-cell structure solutions. The transverse wake function up to 2 mm bunch length is (s in meters)

[17]:
W (s)=27984-[1-[1+ |—F Vo |y 13000y [V
0.12-10 pC-m-m 6.5.7

The SOA, SIB and CERN sections are characterized by relatively weak wake fields compared with the
S-sections.

v
pC-m-m 65.6

6.6 Compression and Longitudinal Dynamics

In order to achieve high peak current and small energy spread the electron beam must be manipulated
in longitudinal phase space. This is normally achieved by using a series of RF accelerating structures
and magnetic chicanes (bunch compression system). It is desirable that this process remains linear in
order to avoid bifurcation in longitudinal phase space and high peak current spikes at the edges of the
electron bunch. A distribution as uniform as possible is also aimed for, as it provides the maximum peak
current in the main body of the bunch and narrows the bandwidth of the FEL output.

6.6.1 Magnetic Compression

The rms bunch length after the BC1 is [21,22,23]:

o, = <s2 - <S>2> = \/(1 +hRs )20220 + (Rssaao )2 = |1 + hR56|010 661

where 0, and o, are the rms bunch length and uncorrelated energy spread before BC1. The compression
factor is:

C=—"2= !
o, 1+hRy
6.6.2

The uncorrelated energy spread after the compression is Co,.
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A 4-th harmonic cavity, called the “linearizer” in Figure 6.1.1, helps to linearize the energy chirp before
BC1 [21,22,23]. The quadratic energy chirp is zero if the following condition is imposed [8]:

__ U, +U1cos(¢l)
N 16 cos (¢4) 6.6.3

where U is the acceleration amplitude of the two accelerating sections preceding the laser heater (see,

Figure 6.1.1) where acceleration is on-crest; U, is the acceleration amplitude of the four accelerating
sections placed between the laser heater and BC1, with off-crest acceleration at phase ¢, (referred to the
crest of the rf wave). U, and ¢, are the amplitude and phase of the 4-th harmonic X-band cavity.

Similar considerations can be drawn for the second stage of bunch compression using L2, L3 and BC2.

6.6.2  Coherent Synchrotron Radiation

Coherent synchrotron radiation (CSR) in the bending magnets of the two bunch compressors plays a
major role in the micro-fragmentation of the electron bunch. This CSR causes variation of the electron
energy along the electron bunch. In the case of the long magnet with bending angle [24]:

/ 13 664
¢M2(24?b) e

one can write for the rate of the electron bunch energy loss per unit length z of the magnet (see, refs in 4):

dE w N2€2
a = —_deslz (s )Fu (s) = -3 W 6.6.5

where N is the number of particles per bunch and A the density distribution.

The electron bunch moves inside the vacuum chamber that acts as a waveguide for the radiation. Not all
spectral components of the CSR propagate in the waveguide and therefore the actual radiated energy is
smaller than in a free space environment (see, Figure 6.6.1).

Because of shielding [25 and refs in 4], CSR is suppressed in BC1 where the electron bunch length
exceeds 2-3 ps and is only important in the 4-th magnet of BC2 where the bunch length shrinks below
1-1.5 ps. This magnet is 0.5 m long and has a 9.35 m bending radius. The calculated average energy loss
per electron due to CSR in free space (i.e. without shielding) is 340 keV for a 0.7 ps long electron bunch
but the steady state formula slightly overestimates the effect. Therefore, this study concludes that the
CSR effects are less important than the wakefields perturbations of the linac discussed in the previous
paragraphs.
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6.6.3 Reverse Tracking

One of the problems faced by the accelerator optimization study was how to obtain, at the end of the
accelerator, a distribution with as constant peak current and energy as possible along the electron
bunch. Chapter 4 describes why this is a necessary performance aspect for the electron beam in order
to optimize both the output power and bandwidth of the FEL radiation. This problem is considerably
simplified by using the backward tracking technique justified and demonstrated in [13]. The technique
consists in setting up a desirable “flat-flat” (in peak current and energy) distribution at the end of the
linac. Starting with this distribution and tracking it backward, a nearly linear ramped peak current was
obtained at the start of the linac. This is the reasoning that led to the ramped peak current distribution
mentioned in paragraph 6.5.1 and used in start-to-end simulations.

6.6.4 Microbunching Instability

At a scale much smaller than the bunch length other additional effects gain significance. At this scale
shielding is not effective and any microstructure in the charge distribution along the bunch will emit
CSR as in free space. Such microstructures induce LSC forces which modulate the energy of electrons
in the bunch. Together, the LSC and the CSR effects give rise to the so-called microbunching instability
(uBI) that can be triggered even by the initial shot noise in the charge distribution [5 and refs in 4] at the
cathode of the photoinjector. The end result of this perturbation is an increase of the slice momentum
spread which, if it is too large, reduces the gain and increases the bandwidth of the FEL.

Simulations show that the entire machine acts as gigantic amplifier of the initial noise through a
mechanism similar to self-amplification of spontaneous emission (SASE) in FELs. A reliable estimate
of the growth of the momentum spread is at present fraught with uncertainty, as the simulations of the
microbunching instability with particle tracking codes require a very large number of macroparticles;
for example, a computation simulating the behaviour of a 6 ps long electron bunch (FWHM) using
10° macroparticles still generates a numerical noise approximately 50 times larger than the real shot
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noise. The predictions are particularly uncertain in the second bunch compression where the instability
gain is large, leading to a nonlinear evolution of its growth. Appendix A of this Chapter discusses the
development of a Vlasov solver to overcome this problem.

The results presented in the next paragraph rely therefore on the linear theory [4 and refs. therein] and
they assume an uncorrelated energy spread of the final beam of 150 keV rms.

6.6.4.1 Gain Function and Energy Landau Damping

The spectral dependence of the gain of the microbunching instability was calculated for the set of
machine and electron bunch parameters listed in Table 6.6.1. The results are presented in Figure 6.6.2.

Table 6.6.1:  Parametersrelevant to the microbunching instability and used to calculate

its gain.
Parameter Value Units
Uncorr. energy spread 2 keV
Beam energy 100 MeV
Compr. Factor BC1 4
Beam energy BC1 220 MeV
Linac length up to BC1 30 m
Compr. Factor BC2 25
Beam energy BC2 600 MeV
Linac length up to BC2 50 m
Linac length after BC2 70 m
12000 |
10000 |

8000 |
§ 6000 |

4000 |

2000 J ] Figure 6.6.2:

ol ] Spectral ~ gain  function of the
o 50 100 150 200 microbunching instability at the end of
Ao (um) the linac in the linear approximation.
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Because most of the microbunching instability gain occurs after BC2, one can effectively suppress it by
using only BC1 for bunch compression [26]. Although this is a potentially attractive option, it is not yet
sufficiently demonstrated because difficulties were encountered in obtaining “flat-flat” distribution at
the end of the linac due to strong longitudinal wakefields in L3 and L4. This is an option that requires
further studies and will be pursued in the future.

The slice energy spread in the electron bunch after the second bunch compressor was calculated by
assuming that the energy spread induced by microbunching instability will eventually become
incoherent energy spread. This approach results in an unacceptably large number for the momentum
spread at the undulator entrance: o,= 4.3 MeV. To overcome this problem, a laser heater was proposed
in [5]. It consists of a laser beam which, by interacting with the electron beam, increases its uncorrelated

energy spread so that the uBI (see, Figure 6.6.2) is Landau damped.

At first, it is simply assumed that the laser heater provides additional energy spread which adds in
quadrature to the existing, uncorrelated one generated by the photoinjector. Figure 6.6.3 shows the
uncorrelated energy spread at the end of the linac as a function of the one induced by the laser heater
alone for both the MLB and LB modes. The calculation is simplified by the fact that the interaction
between the laser and the electron beam is weak because the required energy spread needed is small.
In this case the changes in laser and electron dimensions along the interaction region can be neglected.
Even the slippage effect is negligible because the slippage length is small with respect to the electron
and to the laser pulse length. The heating process is therefore well described by the small gain theory
with a single mode [27].

350

Energy spread added by laser heater (keV)

Figure 6.6.3:

Medium bunch (left) and long bunchs modes (right). Uncorrelated slice energy
spread after the second bunch compressor as a function of the one added by the laser

heater.
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The gain in density modulation in a linear compressor due to an upstream energy modulation for a
Gaussian energy distribution is [29]:

A’Y _%(R%kfﬁo 2

b, (A
o) kR~ e 6.6.6

b, ()

where k, is the compressed modulation wave number characterizing the instability, R,, is the

momentum compaction of the magnetic chicane and 9, is average uncorrelated energy spread
just before the compression. The Landau damping of the instability is proportional to the damping

1
.. Rk 3 )
coefficient e 2 .

G(\) =

Figure 6.6.4 shows the damping coefficient for a Gaussian energy distribution as function of the
compressed modulation wavelength: the solid curve corresponds to 10 keV of rms uncorrelated energy
spread boosted by the laser heater; the dashed curve reproduces the Landau damping provided at BC1
by the natural 2 keV rms energy spread of the beam without laser heater.

Eq. 6.6.7 describes the instability gain in 1-D approximation. If the transverse spatial distribution of the
electron bunch is taken into account, then the energy distribution after heating is given by [28]:

EZ
13 B

(&

f d
\/(AYL (r ))2 - (60 - E)z 6.6.7

where 7 is the coordinate running over the transverse profile of the beam, o_is the rms transverse
electron beam size, o, is the standard deviation of the Gaussian electron energy distribution before
the interaction, & is the particle energy coordinate, §, the mean energy spread of the beam Av.(0), the
maximum energy modulation amplitude induced by the heater. In such a case, the instability gain
assumes the form [29]:

1

no;+/2n0,

frdr-e_(zroi]

v(d,) =

bf ()“f ) 6.6.8

b, (%)

Eq. 6.6.9 reduces to eq. 6.6.7 in the 1-D approximation and for a Gaussian energy distribution.

G(\) =

KRy, 2L [y, )e ™ ds,
Y

In Figure 6.6.5 the damping coefficient is plotted as a function of k, for different values of the ratio
between the transverse dimension of the laser and of the electron beam, B=0, /0, and assuming a total
energy spread of 10 keV rms. For comparison, the outer line refers to the damping coefficient in the 1-D
approximation and for a Gaussian energy distribution, as in eq. 6.6.7.
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Figure 6.6.4:

Damping coefficient for 10 keV rms
(solid line) and 2 keV rms (dotted line)
of induced energy spread as function of
the compressed modulation wavelength
in microns.

Figure 6.6.5:

Damping  coefficient for different
values of B=c /o in the range 0.3 —
2.0. The modulation wavelengths are

s 10 15 20 25 0 compressed.
modulation wavelength{micron)

The instability gain after BC1 was also calculated analytically including the energy modulation from the
geometric wake field and from longitudinal space charge in L1 and including CSR in BC1. Figure 6.6.6
shows the instability gain as function of the compressed modulation wavelength, for three cases of the
ratio B=o, / o,. An uncorrelated energy spread of 10 keV rms is assumed in the calculation.

Conceptual Design Report

179




microbunching gain

=
microbunching aain
- B

by

-

microtbunching oain
- 8 & %

g L

e . = =y M ™ ™) e n e a0 08
modulation wavel icron;
moduation wavelengin(micron) engthylcrar) modustion wavelengihimicran)

Figure 6.6.6:
From left to right, microbunching gain at BC1 for B=0.3, 1, 3. 10 keV rms uncorrelated energy
spread. The modulation wavelengths are those of the compressed beam.

6.6.4.2 The Laser Heater

The laser heater consists of an undulator located in a magnetic chicane where a laser interacts with the
electron beam, causing an energy modulation within the bunch on the scale of the optical wavelength
(see, Figure 6.6.7). The corresponding density modulation is negligible and the coherent energy—position
correlation is smeared by the chicane [8].

Figure 6.6.7:
Laser heater scheme.

According to [8], the induced energy spread should be in the range 10 — 17 keV. For a required energy
spread, the needed laser power decreases quadratically with the electron beam transverse dimensions;
at the same time, a too low a value of the transverse beam size makes the efficiency of the heating
process more sensitive to the laser-beam transverse alignment. The specification for the accuracy of the
alignment of both the external laser and the electron beam with the undulator axis is less then 0.1 mm.
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A laser power of 1.6 MW is required to induce 10 keV rms energy spread for the MLB mode for a laser
heater undulator with a Ti:Sa cathode laser operating at 780 nm. As for the LB mode, an uncorrelated
energy spread of 12.5 keV asks for a laser power of 2.33 MW.

Since the slice parameters of the electron bunch, such as average energy, Twiss parameters, etc..., are not
constant along the bunch, there is a different heating of the various longitudinal slices. In particular, a
strong dependence of the induced energy spread has been found on the variation of the transverse beam
size along the bunch (see, Figure 6.6.8). In order to achieve B>1 that is a bunch length at the laser heater
longer than the transverse beam size, the laser is matched to the maximum slice transverse dimension.

deltagamma
x1
8
1

Figure 6.6.8:
24 ; ' . ' T T Uncorrelated energy spread after
6 -4 2 0 2 4 heating.
92
x10

t(s)

o0 -

The interaction of laser heater and electron bunch was studied through Elegant [30] for the MLB mode
using the parameters reported in Table 6.6.2. The particle tracking includes an exact expression of the
magnetic field of the undulator (without errors), a fundamental Gaussian mode laser and CSR in the
chicane of the heater. The resulting slice energy spread is within 11.1 keV and 12.6 keV in the bunch core.
The CSR effect on transverse emittance and energy spread is negligible.
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Table 6.6.2: Parameters of laser heater for the MLB mode.

Number of undulator periods
Undulator periods

Undulator k

Laser peak power

Laser wavelength

Laser waist

Chicane bending angle

Chicane bending magnets length
Chicane drift between bending magnets
Chicane undulator’s drift

B, before chicane

a, before chicane

B, before chicane

a, before chicane

12

5cm

0.487 (0.104 Tesla peak magnetic field)
1.3 MW

780 nm
912.2 um
7.05 degrees
10 cm

10 cm

80 cm

11.89 m

0.03

10.49 m
-3.332

As anticipated, the energy-position correlation induced by the heater decoheres by the small chicane
because electrons with different divergences follow different paths independently of their longitudinal
position if o, x I R,, I>780 nm/2x. For the MLB mode, where o, =26 x 10¢, IR, | =25 mm. the condition

for decoherence is o, xR, =650 nm.

0.005

0.000

-0.005

delta

-0.010

=0.015

Figure 6.6.9:
Longitudinal phase space just after
the laser heater. The interaction is
described by the parameters listed
in Table 6.6.2.
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6.7 Transverse Dynamics

The main goal of the study of the transverse beam dynamics is the preservation of a small normalized
emittance during acceleration and transport to the undulator. The factors contributing to emittance
degradation may be caused by single particle dynamics and collective effects [4]. The single particle
dynamics evaluates the consequences of geometric and chromatic aberrations of the lattice and of
quantum fluctuations in the dispersive regions. The collective motion is described in terms of the beam
break up (BBU) instability, since the CSR contribution has already discussed in Section 6.5. Trajectory
distortions and their correction are also presented in this paragraph, together with specifications for the
transverse acceptance.

6.7.1 Chromatic Aberrations

The emittance blow up caused by chromatic aberrations defines the tolerances on the dipoles and
quadrupoles components of the field. The tolerances are evaluated below.

6.7.1.1 Dipoles

A quadrupolar and sextupolar field component in a dipole with horizontal dispersion D, and horizontal
beta function B, dilutes the horizontal emittance through the generation of first and second order
horizontal dispersion. The tolerances for the quadrupolar (b1) and the sextupolar (b2) components at a
radius R from the magnetic axis with respect to the main field component (b0) are given by [31]:

- 1 R |2¢, Ag,
|0b| nxaé /J)x ng 6.7.1

2
b 1[_R [£:0 AL,
bO |Hb| 77an ﬁx 8x0

If the multipolar component is calculated at R = 20 mm, then an emittance growth of less than 1% is
guaranteed by the following tolerances on all the dipoles: 1b /b | < 0.6x10* at BC1 and Ib,/b, | <
1.5x10* at BC2 for the quadrupolar component; Ib,/b,| <1.2x10*at BC1 and Ib,/b | <10x10* at BC2
for the sextupolar component. Because of the very small energy spread at the Spreader (o, < 0.1%), the
tolerances about the multipolar components in those dipoles are more relaxed.

S

S

6.7.2

6.7.1.2 Quadrupoles

The chromatic aberration in a quadrupole is a 2" order effect in the particle coordinates; it depends on
the integrated quadrupole strength (kl), on the B-function at the quadrupole and on the relative energy
spread of the particle (o,):
Ae
&

=—pro (k)

6.7.3

N | =
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The most critical point of the lattice from the point of view of chromatic aberrations is expected to be
in proximity of BC1, where the rms correlated energy spread may reach a maximum value of about
3%.Eq. 6.6.3 has been evaluated and summed over all the linac sections, giving a total contribution to
the emittance blow up of less than 6%.

6.7.2 Geometric Aberrations

The emittance blow up by geometric aberrations is evaluated for the sextupolar component in the dipoles
only. The multipolar components in the quadrupole magnets have been found to be much smaller.

6.7.2.1 Dipoles

The second order geometric aberrations describe the quadratic dependence of the focusing strength
on the transverse position of a particle. The systematic sextupolar component of the dipole field has
been recognized to be the main source of geometric aberrations. Their effect on the emittance increase
is [32]:

B s Lyl (prats Tyt = Gy pre 6
£ 2 4 2

According to eq. 6.7.4, a sextupolar component of 4x10* at 20 mm leads to an emittance increase of less
than 1%.

6.7.3 Quantum Fluctuations (ISR)

High energy electrons passing through a curved beam transport system emit Incoherent Synchrotron
Radiation (ISR) and suffer from quantum excitations that increase the transverse emittance. The
emittance blow up for a symmetric chicane of identical rectangular magnets is calculated with the
following formula [32]:

5 A v
Afsz'IO_S'ES[GeV]'?—Z (L+1,)+ /’”;ﬁ 67.5

b

where E is the beam energy, L and 6 are the dipole length and bending angle respectively, I, the bunch
length, § the Twiss function in the chicane.

This blow up becomes only significant for very high beam energies; thus, the largest effect is expected
to be in BC2 at 600 MeV and in the Spreader at 1.2 GeV. The evaluation of eq. 6.7.5 for BC1, BC2 and the
simulation result for the Spreader are summarized in Table 6.7.1.
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Table 6.7.1:  Emittance blow up due to the ISR emitted in the dipoles of BC1, of BC2 and
of the Spreader (the unperturbed normalized emittance is 1.5 um).

Ae_[um] Ae [e[%],
BC1 4x10* 0.03
BC2 2x1072 1.33
SPREADER 4x102 2.66

6.7.4  Trajectory Distortions

Alignment and field errors cause trajectory distortions which are corrected by means of a properly
arranged scheme of steerers and Beam Position Monitors (BPMs). These errors are also sources of
mismatch between the beam phase space ellipse and the Twiss ellipse of the transport line. The chromatic
dependence of the betatron phase advance may cause filamentation of phase space with consequent
emittance dilution. It may also diminish the effectiveness of the compensation of the transverse wakes
by the orbit bump method described earlier (6.4.2). Misalignment studies have been performed under
the assumption of independent mechanical supports of each of the magnetic elements and accelerating
structures. Ground motion and vibrations have been assumed to be much smaller than the static
errors.

6.7.4.1 Misalignment and Field Errors

Skew field components in dipoles and quadrupoles may lead to emittance blow up. The specifications
for the elements alignment and field quality are listed below.

6.7.4.1.1 Dipoles

A roll angle ¢, of the dipoles generates a residual vertical dispersion which in turn leads to a vertical
emittance dilution. The tolerance for the dipole roll angle is given by [31]:

1 2e , Ag,
<
0b06 ﬁy 8y0 6.7.6

b,

Ae
For a blow up —= = 1%, the stronger constraint comes from the maximum bending angle at BC1 (6, =

€0
0.085 rad) in pregence of the maximum relative energy spread (o, = 3%), giving a tolerance ¢, < 830 um
(rms value).

A dipole field error induces emittance blow up through parasitic dispersion according to [33]:

EE()m TN, 7
£ 2 o

6.7.7

2
>
p
. AB-l
where N is the number of magnets affected by the error o,, = (B_) . A relative dipole field error of
5x10% contributes to an emittance blow up of less than 1%. 0o
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6.7.4.1.2 Quadrupoles

Aroll angle ¢, of a quadrupole in a dispersion free region induces geometric coupling. The tolerance
for the quadrupole roll angle is given by [31]:

1 2 o Ag,
¢ |kl| /)’ﬁ ng g 6.7.8

Y <1% , one obtains a relaxed constraint of ¢q1 < 20 mrad (rms value) for an average focusing
c ,
y,0

length f = 1/kl =5 m and average betas of 20 m.

For

The skew field component in a dispersive region leads to a residual vertical dispersion and consequently
to a vertical emittance dilution. In this case, the tolerance for the quadrupole roll angle becomes [31]:

1 1 28y0 Ae
|kl| n0s\ By £y 6.7.9

9,2

£
Y <1% is satisfied by 0y = 10 mrad (rms value) for an uncorrected horizontal
. ,
y,0
dispersion of 1 cm and an rms relative energy spread of 3%.

The condition

A lateral misalignment of the quadrupole also generates residual dispersion in both planes; for a given
maximum allowed emittance growth the transverse alignment of the magnet should be [31]:

AvAy < L L [20 A2
|kl| o, \ B & 6.7.10
Ae

= 1% is obtained by Ax, Ay = 110 um (rms value) for the maximum conceivable energy spread ¢d
0

=3%.

Finally, field errors in both the normal and skew components of the quadrupole gradient generate
emittance dilution according to [33]:

Ae %NMﬁ2k212(05+0k2) 6.7.11

[

&

where o = ko, , and N, is the number of quadrupoles in the line. An rms gradient error o, = 0.1% and an
rms roll angle ¢, = 300 um limit the emittance blow up to the order of 0.1%.
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6.7.4.2 Launching Error

An optical mismatch of the beam phase space ellipse from the Injector into the start of the linac may
cause emittance blow up through chromatic filamentation. In the pessimistic hypothesis of complete
filamentation, a f-mismatch and a D-mismatch at the beginning lead to, respectively:

n

2
Ae 1 (A A
a, =0 ==L = (—ﬂ) —8(S) 6.7.12

1o (74 (e + BT
o
£ I &y 2

26,8

A B-mismatch of 5% causes an emittance blow up of 13%, while a residual dispersion D = 5x10° m with
divergence D’ = 5x10* generates a blow up of up to 15%.

6.7.4.3 Trajectory Correction

A satisfactory trajectory correction can be obtained in the 120 m long FERMI Linac by using 40 pairs
of correctors and 40 BPMs, active on both transverse planes. Each drift between two consecutive
accelerating structures includes one BPM and one steerer, separated by a quadrupole magnet. This
scheme allows both local and global methods of correction.

Particle tracking simulations have been performed with Elegant in a realistic operational scenario that
includes reading the beam position at the BPM locations and correcting the trajectory in presence of
transverse wakes.

Figure 6.7.1 shows an ensemble of trajectories, including field errors, elements misalignment and
trajectory correction consistent with the tolerance errors budget shown in Table 6.7.2, Table 6.7.3 and
Table 6.7.4. The trajectory correction requires an average kick per steerer of 1.5 mrad.

Figure 6.7.1shows that the rms off axis-trajectory is within 700 um peak-to-peak in both planes.

20103 <y>

Figure 6.7.1:
Ensemble of 120 trajectories along the
FERMI Linac after correction (Elegant
simulations). It includes field errors
; 2 q ) " ) \ and elements misalignment shown in
0 20 40 60 80 100120 the errors budget in Tables 6.6.2 - 6.6.4.
The large excursion take place in the
S (FT'I ) compression chicanes.

<x>, <y> (m)

=21 05
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Table 6.7.2: Elements misalignment (rms values).

Ax, Ay [um] Az [wm] A [urad]
Dipole = = 300
Quadrupole 150 200 300
BPM (30 wm RMS resolution) 150 200 -
Acc. Structure 300 = =

Table 6.7.3: Field quality (rms values).

Main field component [%]

Dipole AB/B =0.01
Quadrupole AK1/K1=0.1

Table 6.7.4: Launching error.

Nominal Set Jitter [p-t-p]
|Ax|, 1Ayl 100 um <100 um
|AX" 1, 1Ay’ | 100 prad -

6.7.5 The Beam Break-Up Instability

The wakefields in the S1-57 Linac sections, with an impedance which is higher than of the rest of the linac,
make this part of the layout particularly sensitive to the BBU instability. Possible solutions have been
considered, inspired by the research of a similar effect in linear colliders. At the end, the local trajectory
bump method was adopted. This method consists in an empirical search of a “golden” trajectory which
makes the wake induced kicks compensating each other. By applying this scheme, the residual “banana
shape” distortion of the transverse profile of the bunch corrected along its length can be reduced to be
no greater than the nominal unperturbed rms beam size.

6.7.5.1 Theoretical Model

An analytical study based on a continuous model which describes the transverse motion of a single
bunch in presence of transverse wake fields was performed in [37]. Such a study predicts the emittance
growth under the combined influence of the short-range transverse wakefields, injection offsets, finite
emittance and misaligned accelerating sections. It was found to be in good agreement with the numerical
simulation results using Elegant, as Figure 6.7.2 shows. The comparison was repeated with different
initial offsets and the results are listed in Table 6.7.5. The beam shape with the tailing particles traveling
off-axis w.r.t. the head axis is here named “banana shape”.
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— tracking code
© analytical solution

%L1 [um]

— tracking code
© analytical solution |
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02 0.4 0.6 0.8 1

Figure 6.7.2:
Analytical (blue circles) and tracking (red line) results for the lateral displacement
(a) and angular divergence (b) at the L4 end for an initial offset of 200 wm of a 0.33
nC, 200 fs long bunch.

Table 6.7.5:  Analytical solution and ELEGANT tracking with FW bunch length of
200 um and different initial offset X

ELEGANT Analytical
X;[um] €, e (W] €, m U]
50 0.08 x 10-2 0.08 x 10-2
100 0.33 x 10-2 0.34 x 10-2
150 0.75 x 10-2 0.76 x 10-2
200 1.32 x 10-2 1.34 x 10-2
250 2.07 x 10-2 2.10 x 10-2
300 2.97 x 10-2 3.02 x 10-2
500 8.24 x 10-2 8.40 x 10-2
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6.7.5.2 Control of the Instability

The ensemble of trajectories subject to field errors, elements misalignment and steering corrections is
plotted in

Figure 6.7.1. The corresponding banana shape distortions induced by the BBU instability at the Linac
end are shown in Figure 6.7.3.

A parameter called Ratio was associated with each banana shape and is defined as the transverse
deviation of the bunch tail with respect to the head in units of the beam size of a perfect, linear machine
(nominal beam size). The banana shape obtained after a simple trajectory correction, hence without
any particular attempt to preserve the emittance, increases the beam size by about 6.5 times over the
600 fs bunch duration; its maximum excursion is 2 mm with respect the bunch head. This numbers is
unacceptable as it would compromise the FEL process [38].

For this reason a local bump was applied at the beginning of the Linac region where the transverse
wakefields are strongest. Figure 6.7.3 shows that the change of sign of the horizontal trajectory after the
bump reduces the final banana shape distortion to the level of one standard deviation of the nominal
beam size. This is acceptable and gives confidence that this instability will not compromise the quality
of the electron beam.
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Figure 6.7.3:

Evidence of BBU instability in the electron bunch trajectory, evolution of
horizontal plane, before the local the normalized transverse emittance
trajectory bump (top plots) and after the  along the Linac and banana shape in
bump (bottom plots). From left to right:  the horizontal plane at the Linac end.
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6.7.5.3 Effect of Trajectory Jitter

Local methods of correction like the one used in the above example have the disadvantage of being
dependent on the particular conditions of operation and jitters in some beam parameters. For this reason,
a trajectory jitter — generated by varying the beam launching error — was simulated and the resulting in
the banana shape was computed. Figure 6.7.4 demonstrates that a properly corrected banana shape is
not appreciably affected by this jitter, since it remains below the 1-o level.

0.0 Horizontal Bananao shope

R |

- 0.5]

S

S

T

< 0.0}

2

=

S

s 0.5

-1.0} \ \ , . Figure 6.7.4:
_2x1 013 0 2x1 013 Effect of the launching error jitter on the

banana shape at the end of the Linac.

bunch duration

6.7.6  Transverse Acceptance and Error Tolerances

The “beam stay clear” region, i.e. the transverse aperture needed to comfortably accommodate the
electron beam, including trajectory distortions, is calculated along the whole accelerator and spreader.
The width of the vacuum chamber is also fixed according to the specification of the vacuum pressure
in the linac.

6.7.6.1 Beam Size and Aperture

The optics from the Injector end to the Spreader end is shown in Figure 6.7.5. The horizontal dispersion in
the two chicanes corresponds to the bending angles for the compression of the medium length bunch.

Table 6.7.6 shows that the chromatic contribution to the horizontal beam size is the only important
difference between the different machine setups and it is always much bigger than the one due to
betatron oscillations.
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Table 6.7.6:  Chromatic and geometric contributions to the horizontal emittance in the
dispersive regions of the FERMI Linac.
Location Beam Size SHORT MEDIUM LONG
N0, [mm] 3.1 5.7 4.0
BC1
o, [mm)] 0.20
n,0, [mm] 0.7 1.9 2.6
BC2
o, [mm] 0.150
n,0, [mm] 0.130
SPREADER
o, [mm] 0.050

The formula for the calculation of the “beam stay clear” includes the geometric (¢ ) and the chromatic
(Do) contributions, as well as the off-axis displacement of the bunch centroid (after trajectory

correction):
hbsc =1.2- (31 le B+,0,)° + u) 6.7.13

A margin of error of 20% is added to specify the minimum half -width of the vacuum chamber that is
able to accommodate the beam along the Linac. Figure 6.7.6 and Figure 6.7.7 show, respectively, the
behaviour along the Linac of the rms geometric emittances and of the rms correlated energy spread
(MLB mode). In dispersion free regions, h.bsc (6.6.14) assumes its maximum value in the horizontal
plane at the beginning of the Linac, where h.bsc = 3.1 mm. An rms normalized emittance ¢ = 1.5 um and
an off-trajectory error u =1 mm are assumed. Because of the symmetry of optics in the two planes and
of the round beam injected into the Linac, the same upper limit also applies in the vertical plane.

For a detailed evaluation of the width of the vacuum chamber in the chicanes the reader is referred to [7].

Fermli FEL, Linac + Emit_meas, April, 2006, Beta0=19m/19m

50, _“’lndmlNTd\.l verslon 8.23d1 . . . . . 3£1_m§ 152349 0.4
: B B, D. D, £
45. | o3
- 0.2
- 0.1
- 0.0
- 0.1
- 02 Figure 6.7.5:
| o3 FERMI Linac optics from the Injector
. end (where the beam average energy is
00— w S04 95 MeV) to the Spreader end (where the
) ' ’ ' ’ s beam average energy is 1180 MeV).
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The vacuum chamber aperture along the Linac and the Spreader is dictated by several constraints that
include the vacuum pressure, the magnet design and the beam acceptance discussed above. Preliminary
estimates indicate that a vacuum pressure lower than 107 mbar can be guaranteed in the Linac drifts
with a vacuum chamber radius of 30 mm.

Table 6.7.7 summarizes some of the vacuum specifications in various regions of the electron beam.. The
vacuum chamber apertures in the chicanes and in the Spreader are shown in Table 6.7.8.

Table 6.7.7: FERMI vacuum system. Main parameters.

Section ;Zli;it]iiameter Material ;’nr;(;’s;zre Z[‘;Z]in pump # of pumps
GUN - - <5x10? - ---

LINAC 30 Stainless steel ~ <1x107 300 2 per module
UNDULATOR | 30 (h) / 6 (v) Aluminum <5x10® 40 1 per module

Table 6.7.8: Total width of the vacuum chamber in regions including dipoles.

Location Total width Units
BC1 450 mm
BC2 240 mm
Spreader D =0 4.0 mm
Spreader D =0 4.4 mm
1.0M0% T T T T T T T T
B.Oox1 0L
’g 6.051 0%
w}\
5 40MO0FL
Figure 6.7.6:
2.00%L Rms geometric emittances along the
FERMI Linac for the MLB mode. The
chromatic contribution to the emittance
0 20 40 60 80 100 120 140 is mcl.uded, as mdz'cated by .the qut
reversible growth in the dispersive
S ( m ) regions of the chicanes.
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Figure 6.7.7:
0 50 100 150 Correlated rms energy spread along the
s (m) FERMI Linac for the MLB mode.

6.7.6.2 Elements Misalignment

Analytical calculations and simulations are in agreement in predicting the tolerances on the alignment
of the magnetic elements and of the accelerating structures required in order to avoid emittance blow
up; they are summarized in Table 6.7.9. These tolerances are not sufficient to avoid the BBU instability,
even though, in general, the suppression of BBU is made easier end more efficient as the misalignment
of the elements in the lattice is reduced.

Table 6.7.9:  Tolerances for elements misalignment, rms values. BPMs resolutions of 30 um
rms and maximum correction strength of 2 mrad have been assumed.

Ax, Ay [um] Az [um] A¢ Roll [mrad]
DIPOLE - - 0.8
QUADRUPOLE 100 150 1.0
BPM 100 150 =
ACC. STRUCT. 150 - -

The tolerances on the launching error at the beginning of the Linac are given below; they include the
following contributions from the jitter of the bunch centroid position and divergence:

[Ax 1, 1Ay | <100 um

|AX"1, 1Ay’ | <100 urad 6.7.14
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6.7.6.3 Field Quality

The tolerances listed in Table 6.7.10 — Table 6.7.13 have been chosen to reduce the emittance blow up due
to filamentation below the 1% level. The definition of the multipolar components is in [39].

Table 6.7.10: Tolerances for the quadrupole magnets of the Main Linac (LS — L4). LS
includes Q_L1.1 and Q_L1.2. L1 and L2 include the quadrupoles near
bunch compressor BC1 and BC2, respectively.

LS L1 L2 L3 L4 Units
# of Quads 8 13 6 3 6
Integrated Gradient | 5, 156 001-058 006-056 001-077 00 I
Range -217
Gradient
Homogeneity in = 0.09 0.17 0.26 0.24 0.11 %
10 mm
SE GO 47 8.6 132 122 5.6 %
Ib,/b, lat R=20 mm : ) ’ : :
Expected Total
Length 150 mm
PS Stability (rms) 0.01 %
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Table 6.7.11: Tolerances for the dipole magnets of the first bunch compressor (BC1).

# of Dipoles 4
Magnetic Length [mm] 500
Curvature Angle [rad] 0.055 - 0.085
B,Range [T] 0.068 - 0.169
Total Gap [mm)] 30
Magnets Type Rectangular
Expected Total Length [mm] 550
Magnet Name B11 B12 B13 B14
Field Homogeneity:
0.075 0.008 0.009 0.138

|Ab,/ b,| at x=+25 mm [%]
Quadrupolar component:

0.06 0.006 0.007 0.11
Ib,/ b, at R=20 mm [%]
Sextupolar component:

1.5 0.012 0.014 2.8
Ib,/ b, at R=20 mm [%]
Decupolar component:

100 0.05 0.06 100
Ib,/ b, at R=20 mm [%]
PS Stability (rms) 0.01 %
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Table 6.7.12:  Tolerances for the dipole magnets of the second bunch compressor

(BC2).

# of Dipoles 4
Magnetic Length [mm] 500
Curvature Angle [rad] 0.052 - 0.080
B,Range [T] 0.168 — 0.386
Total Gap [mm] 30
Magnets Type Rectangular
Expected Total Length [mm] 550
Magnet Name B21 B22 B23 B24
Field Homogeneity:

0.188 0.019 0.023 0.250
|Ab,/ b,| at x=+25 mm [%]
Quadrupolar component:

0.15 0.015 0.018 0.20
Ib,/ b,| at R=20 mm [%]
Sextupolar component:

10.6 0.10 0.11 14.1
Ib,/ b, at R=20 mm [%]
Decupolar component:

100 0.5 0.5 100
Ib,/ b, at R=20 mm [%]
PS Stability (rms) 0.01 %
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Table 6.7.13: Tolerances for the quadrupole magnets of the Spreader. SPRD2
quadrupoles include also Q_SPRD.5, Q_SPRD.6 with g < 14.3 T/m and

L _=0.1m.
DIAGN.- . SP2 SP2 .
coLL. MATCH sprRDZ  °  SPRD1  .°  Units
# of Quads 7 4 10+2 4 12 4
0.20 0.80 1.12 1.35 1.12 1.35
Integrated
Gradient — — — — = = T/m
Range
4.07 7.31 7.25 10.25 7.25 10.25
Gradient
Homogen. in + 0.024 0.09 0.09 0.014 0.09 %
10 mm
Sext. comp.:
b, /b, | at R=20 1.2 4.6 4.6 0.7 46 %
mm
ErypEsiae. el 200 200 250 250 250 250 mm
Length
PS Stability
(rms) 0.01 %
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Table 6.7.14: Tolerances for the dipole magnets of the Spreader.

SPREADER
FEL-1 + FEL-2

# of Dipoles 6
Magnetic Length [mm] 500
Curvature Angle [rad] 0.0523598
B,Range [T] 0-0.592
Total Gap [mm] 30
Magnets Type Rectangular
Expected Total Length [mm] 550
Field Homogeneity:
|Ab,/ b,| at x=+25 mm [%] D2
Quadrupolar component: 0.023
Ib,/ b, at R=20 mm [%] ’
Sextupolar component: 216
Ib,/ b,| at R=20 mm [%] )
Decupolar component: 10.0
Ib,/ b,| at R=20 mm [%] ’
PS Stability (rms) 0.01 %

6.7.6.4 Optical Mismatch at the Injection

Analytical calculations and preliminary results from jitter studies in time-dependent simulations
provide indications on the tolerances of the optical mismatch of two electron beam Twiss parameters at
the beginning of the Linac. They are listed below for an emittance dilution no larger than 10%

D <1
, | AB <3% 6.7.15
D, <0.5 mrad By ).
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6.8 Beam Jitters Sensitivities and Effects of Errors

This paragraph addresses the problem of the unwanted variation of the accelerator settings during
operation. The FEL operation requires stringent specifications for the stability of the linac output
parameters: electron bunch arrival time, relative peak current and relative mean energy. In order to
understand the sensitivity of these parameters to jitters of various error sources along the linac, an
elaborate study using the tracking codes LiTrack [40] and Elegant [30] was performed and is reported
in this section.

In section 6.8.1 the effect of errors on the longitudinal dynamics are described; the results were used to
create a tolerance budget for some linac parameters. A slice-by-slice jitter analysis of the flatness of the
longitudinal phase space is also presented, since this is a critical parameter in the FEL process.

In paragraph 6.8.2 the results of tracking studies that include realistic errors in the relevant accelerator
parameters are presented. The Elegant code was used to generate a set of beam coordinates at the end of the
linac. These coordinates were then picked up as inputs for the FEL simulations described in Chapter 4.

6.8.1 Longitudinal Dynamics

The LiTrack code was used for the sensitivity studies [8] of the FERMI linac, sketched in Figure 6.8.1.
The simulation technique is described in [8]. It is to be noted that the medium length and Long bunch
configurations requires different particle distributions, both with ramped peak currents from the
photoinjector.

LH | C1 C2 XC3 C4 | BC1 C5 C6 C7 S1 82 |BC2| 381 82 83 S84 §5
Linac 1 + X-Band Linac 2 Linac 3 Linac 4
Figure 6.8.1:

Layout of the FERMI linac used in the
sensitivities study with LiTrack.

The basic parameters of the linac and of the compressors used in the 1-D tracking simulations (LiTrack)
and of the sensitivity studies can be found in Table 6.1.1, of Section 6.1.1.

6.8.1.1 Medium Length Bunch Mode

Table 6.8.1 lists the sensitivities of some electron beam parameters to RF phase, RF voltage and
compressor chicane bend power supplies variations. Each sensitivity number quoted in the table
independently causes a 10% peak current increase, a 0.1% relative mean energy increase and 150 fs final
timing increase.
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The sensitivities reported in Table 6.8.1 are used to generate a tolerance budget based on summing
random, uncorrelated effects:

14 2

E(h) <1 6.8.1

i=1 p sen

The sensitivities in Table 6.8.1 are weighting values for the summation in eq. 6.7.1. The overall tolerance
budget is obtained by choosing the individual tolerances such that p, < p,, for all the indexes i. Table
6.8.1 lists the sensitivities for the MLB mode.

0.418 psec 3.697 psec 1.655 psec
1.5 Lo 5 La 500 s
0
-5
&
: : 5,
5 = 3
-15
13 0 5 20 0 5 5005 0 5
Af /psec Af % Af fpsec
8.315 % 35.626 %
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Figure 6.8.2:

Rms final relative mean energy AE/E, relative peak current Al/I and final timing
jitter At, as a function of gun timing jitter At, (upper plots) and relative initial
bunch charge variations AQ/Q (lower plots).
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Table 6.8.1:  Individual rms sensitivities for the MLB mode. Each parameter variation
causes a AI/I =+10% peak current change or a AE/E =+0.1% relative energy
change and At = 150 fs timing change at the end of acceleration.

Parameters S, Unit AI/I0=+10%  AE/E0=+0.1% At =+150fsec
L1 RF phase ¢1 S-band deg -0.26 0.27 -0.18
LX RF phase ¢x X-band deg ~ 0.85 -3.35 9.81
L2 RF phase $2 S-band deg -4.24 0.96 -1.87
L3 RF phase $3 S-band deg -2.48 0.56 -1.10
L4 RF phase ¢4 S-band deg >10 -0.33 >10
L1 RF voltage AV1/V1 % 13.42 0.48 -0.24
LXREF voltage AV [V % 11.05 -3.85 2.06
L2 RF voltage AV2/V2 % -7.91 0.63 -1.19
L3 RF voltage AV3/V3 % -4.60 0.37 -0.70
L4 RF voltage | AV4/V4 % >20 0.20 >20
Gun timing At0 ps 3.70 0.42 -1.66
Initial charge AQ/Q % -35.63 -8.32 18.67
BC1 chicane AB1/B1 % -1.56 1.59 -0.20
BC2 chicane AB2/B2 % -2.22 0.52 -0.27

Table 6.8.2 lists three possible tolerance budgets. If the first budget (fourth column in Table 6.7.3) is used,
the relative peak current fluctuations at the linac end will be held to <10% rms. If the smaller tolerance
from each column is applied (bold text), all three performance specifications (I1AI/I1<10%, |AE/
E1<0.1% and | At <150 fsec) will simultaneously be met. We can see from Table 6.8.2 that the relative
mean energy jitter is the leading output parameter that determines the tolerance on the photoinjector
and linacs. It is worth pointing out that the tolerances on the voltage and phase of the accelerating
section as well as of photoinjector parameters are exchangeable, i.e. the photoinjector parameters could
be relaxed if the rf voltage is tightened and vice versa.
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Table 6.8.2:  MLB mode tolerance budget for <0.1% rms final relative mean energy,
<10% rms peak current jitter or <150 fs final timing jitter. All the
specifications are satisfied if the tighter tolerance is applied.

Parameters Sy. Unit |AI/I01<10% | AE/E0|<0.1% | Atfl <150 fsec
L1 RF phase | ¢1 S-band deg 0.20 0.10 0.10
LX RF phase | ¢x X-band deg 0.50 0.30 0.70
L2 RF phase | ¢2 S-band deg 0.50 0.10 0.40
L3 RF phase | ¢3 S-band deg 0.20 0.10 0.20
L4 RF phase | ¢4 S-band deg 0.70 0.10 1.00
L1 RF volt. AV1/V1 % 1.00 0.10 0.15
LXRFvolt. |AV/V. % 0.80 0.50 0.50
L2 RF volt. AV2/V2 % 0.80 0.10 0.20
L3 RF volt. AV3/V3 % 0.50 0.10 0.15
L4 RF volt. AV4/V4 % 1.50 0.05 1.00
Gun timing At0 ps 0.35 0.25 0.35
Initial charge | AQ/Q % 5.00 3.00 4.00
BC1 chicane AB1/B1 % 0.15 0.10 0.02
BC2 chicane AB2/B2 % 0.25 0.03 0.02

6.8.1.2 Long Bunch Mode
Table 6.8.3 shows the sensitivities in the LB mode.
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Table 6.8.3:  Individual rms sensitivities for the LB mode. Each causes AI/I0=+10%
peak current change, AE/E0=+0.1% final relative energy change and At =
150 fs final timing change.

Parameters S, Unit AI/I0=+10%  AE/E0=+0.1% At =+150 fsec
L1 RF phase o1 S-band deg -0.60 0.43 -0.23
LX RF phase dx X-band deg 1.53 -4.77 10.05
L2 RF phase $2 S-band deg -2.66 0.92 -1.15
L3 RF phase $3 S-band deg -1.55 0.54 -0.67
L4 RF phase ¢4 S-band deg >10 -0.43 >10
L1 RF voltage AV1/V1 % 1.81 0.55 -0.22
LXRF voltage AV [V, % -45.95 -5.01 2.13
L2 RF voltage AV2/V2 % -8.14 0.57 -0.65
L3 RF voltage | AV3/V3 % -4.74 0.33 -0.38
L4 RF voltage AV4/V4 % >20 0.20 >20
Gun timing At0 ps 8.01 0.45 -3.16
Initial charge AQ/Q % >40 -7.96 12.97
BC1 chicane AB1/B1 % 1.67 -1.88 -0.26
BC2 chicane AB2/B2 % -1.93 0.36 -0.14

Table 6.8.4 shows that the relative mean energy jitter and the final timing jitter are the leading output
parameter to influence the tolerance on photoinjector and linacs.
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Table 6.8.4: LB mode tolerance budget required for <0.1% rms final relative mean
energy, <10% rms peak current jitter and <150 fs final timing jitter.

Parameters S, Unit |AI/I01=10%  |AE/E01=0.1%  |At1=150 fsec
L1RF phase | ¢1 S-band deg 0.30 0.10 0.10
LX RF phase | ¢x X-band deg 0.70 0.50 0.90
L2 RF phase | ¢2 S-band deg 0.60 0.15 0.25
L3 RF phase | ¢3 S-band deg 0.50 0.10 0.15
L4 RF phase | ¢4 S-band deg 1.50 0.10 1.00
L1 RF volt. AV1/V1 % 0.50 0.10 0.10
LXRFvolt. |AV/V. % 5.00 0.50 0.60
L2 RF volt. AV2/V2 % 2.00 0.15 0.15
L3 RF volt. AV3/V3 % 1.10 0.10 0.10
L4 RF volt. AV4/V4 % 2.00 0.08 1.50
Gun timing At ps 1.20 0.25 0.60
Initial charge | AQ/Q % 7.00 3.00 6.00
BCl1 chicane | AB,/B, % 0.20 0.04 0.02
BC2 chicane | AB,/B, % 0.20 0.02 0.02

6.8.2 Global Jitter Study

The tolerances derived in the previous section for the phases and voltages of the accelerators and for the
R56 compression parameters of the chicanes were applied to a statistical study that uses the technique
of Latin Hypercube Sampling (LHS) [41]. A number of configurations having randomly picked RF
voltages, phases and compression parameter within the specified tolerances were the input to LiTrack.
A statistical analysis of global output parameters like mean energy, peak current and timing confirmed
the tolerance budget. Further statistical analyses were done on a number of slices inside the bunch
with a fixed slice length of 10 fs. The results of the medium and long bunch are shown in the following
sections.

6.8.2.1 Medium Length Bunch Mode

Figure 6.8.3 shows the statistical results over 400 different configurations of the accelerations,
compressions and photoinjector parameters.
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Figure 6.8.3:

Histograms for MLB mode of the relative peak current AI/I, (left), final relative
mean energy AE/E, (center) and final timing jitter At (right). I, is the nominal peak
current and E  is the nominal mean energy.

6.8.2.2 Long Bunch Mode

Figure 6.8.4 shows statistical results obtained in the same way as in the previous case (see, above)
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Figure 6.8.4:

Histograms for LB mode (lower plots) of the relative peak current Al/I, (left), final
relative mean energy AE/E, (center) and final timing jitter At (right). I, is the
nominal peak current and E is the nominal mean energy.

2060 FERMI@Elettra




6.8.3  Slice Jitter Analysis

An additional requirement is the need to have a longitudinal phase space as uniform as possible in
the useful part of the bunch. Slice jitter studies have been conducted with 400 seeds for each linac
configuration. For each seed the energy variation in the central part of the bunch is described by the
following function:

a a, a,

Oa Oa Oa 2
Eit)=a,|lx—|+q|lx—|t+a,|1x—| ¢ 6.8.2

The flatness of the longitudinal phase space is defined as the average quadratic component in the energy
chirp (4,) and its rms fluctuation (O, ).

6.8.3.1 Medium Length Bunch Mode

Table 6.8.5 collects statistical parameters of the polynomial coefficients of eq. 6.7.2 that fit the E-t data in
a least squares sense. The case reported here refers to the MLB mode.

Table 6.8.5: Statistical parameters of the polynomial coefficients for the MLB mode.

Medium bunch case M6
Unit mean rms rms/mean %
a0 MeV 1140.86 1.140 0.10
al MeV/ps 0.0138 1.410 10220.94
a2 MeV/ps? 3.570 1.030 28.95

Figure 6.8.5 shows a set of 10 randomly chosen seeds of the energy versus time along the bunch (left
plots) together with the first derivative of the relative energy (central plots). The figure on the right
shows the pattern of the first derivative when the quadratic chirp is removed.
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Figure 6.8.5:
Set of 10 randomly chosen seeds for MLB mode (b) (left plots) together with relative

first derivative of the energy with respect to time inside the bunch with quadratic
chirp (central plots) and with quadratic chirp removed (right plots).

6.8.3.2 Long Bunch Mode

The same statistical study applied to the long bunch gave the results shown in Table 6.8.6.

Table 6.8.6: Statistical parameters of the polynomial coefficients for the LB mode.

Long bunch case L4

Unit mean rms rms/mean %
a0 MeV 1170.69 1.21 0.10
al MeV /ps 0.662 0.468 70.69
a2 MeV / ps? 0.140 0.086 61.43

Figure 6.8.6 shows set of 10 randomly chosen seeds for the LB mode (left plots) together with first
derivative of the energy deviation with respect to time inside the bunch with quadratic chirp (central
plots) and with quadratic chirp removed (right plots).
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Figure 6.8.6:

Set of 10 randomly chosen seeds for long bunch case (b) (left plots) together with
relative first derivative of the energy with respect to time inside the bunch with
quadratic chirp (central plots) and with quadratic chirp removed (right plots).

6.8.4 Tracking Studies with Errors

A study was conducted to investigate the effect of a realistic acceleration environment that includes
predicted errors in the photoinjector and in the linac. The simulation (“start-to-end”) applied to the
MLB configuration, follows the electron beam from the photo-cathode to the end of the acceleration.

Two codes were used for the tracking studies: GPT [42] for the photoinjector and Elegant for the linac.
Eighty-four different particle distributions in the 6D phase space were randomly generated and converted
into an Elegant input format. The particle distribution was tracked under the combined influences of the
linac errors with rms values taken from Table 6.8.2. The 84 output particle distributions at the linac end
were used as inputs for the FEL simulations. The statistical analysis on 84 different particle distributions
obtained from Elegant gave jitters at the end of acceleration that are in good agreement with the 2-D
LiTrack results:

AI/1<9.2% rms, AE/E < 0.092% and At, < 93fs
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Figure 6.8.7:

Histograms for the MLB mode of the relative peak current AI/I, (left), relative mean
energy AE/E, (center) and timing jitter At (right) obtained by means of Elegant
simulations. 1, is the nominal peak current and EO is the nominal mean energy.

6.9 Collimation and Beam Dump

A 1.2 GeV electron beam loss can damage the permanent magnet modules of the insertion devices. To
avoid this, beam collimation is essential for the protection of the undulator modules. In addition to
collimators, beam stops and beam dump systems are needed for the machine and personnel protection
systems. The specifications of these systems depend on the beam energy and power. These are estimated
below.

6.9.1 Power Specifications

The following assumptions were made in the calculation of the electron beam power:
* maximum electron energy 1.5 GeV,
* maximum charge per pulse 1 nC,
* maximum repetition rate 50 Hz.

Theseassumptionsarebased on the projected operationalspecificationsand possible future developments,
like the energy upgrade to 1.5 GeV and the repetition rate of 50 Hz. The potential also exist for multi-
bunch operation in a single pulse, with up to 100 bunches accelerated in a linac macropulses. This mode
of operation is not part of the baseline design, but it cannot be excluded in a future development. A
similar consideration applies to an upgrade of the linac repetition rate to 100 Hz.
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Table 6.9.1: Average power and energy of the electron beam.

Mode Repetition rate [Hz] Power [W] Energy per pulse []]
Single pulse 50 75 1.5
100 macro pulses 50 7500 150
100 macro pulses 100 15000 150

The minimum possible geometric emittances are 0.5 nm in each plane, the energy spread is 0.1%, the
average beta function is 10 m and the dispersion smaller than 0.001 m. Thus, under these conditions of
maximum foreseeable electron beam density, the transverse beam dimension is 0.15 mm (rms value)
and the beam transverse area, covering 40 of the charge distribution, 0.4 mm?*

The maximum peak power involved for a maximum peak current of 1.5 kA and a 0.6 ps long pulse is 1.5
TW. This peak power translated to peak energy density (with the previously found beam dimensions)

is listed in Table 6.9.2.
Table 6.9.2: Peak energy density of the electron beam.
Single pulse density 0.42 kKJ/cm?/ pulse
Bunch train density 42 KJ / cm?/macro pulse

Only a small amount of the electron beam energy will be deposited to the chamber. In Figure 6.9.1 the
electron energy loss for Steel and Al chambers is shown. For a 2 mm thick steel chamber the electrons
will loose approximately 10% of their energy and 5% for Al. For the single pulse operation the maximum
deposited energy will be 42 J/cm? and for the future macro-pulse mode it will be 4 kJ /cm? Note that
metal damaging level starts at ~100 Joules/cm?.

+ r=E/E0- Fe steel |
= Alu ;

0 1 2 3 4 5 6 7 8 9 Figure 6.9.1:

chamber thickness (cm) Ehne;;gy deposited vs. chamber
thickness.

Conceptual Design Report




6.9.2 Beam Collimation

Beam collimation is essential in order to provide protection of the undulator modules from miss-steered
beams. In addition, other undesirable effects like halo and dark current created in the gun and bunch
compressors, wake field generated tails in the linac, mismatched and miss-steered beam, particles
produced by Coulomb Scattering may damage and compromise the beam quality. The collimator section
serves as transverse and longitudinal phase space filter. Particles outside this region are blocked and
cannot be lost in the undulator modules. In the transverse plane this is achieved by a set of apertures
limiting the transverse phase space volume. In the longitudinal plane similar pair of apertures at opposite
dispersion regions limits the off-energy particles, dark current electrons and energy tails produced in
the bunch compressors.

The collimator section is a key component of the FEL since it will be directly positioned in front of the
undulators. Phase space parameters like emittance, length and energy spread can be measured there.
The choice of the material and the shape and length of the collimators will be decided after a Monte-
Carlo study on material and the secondary particle capturing efficiency. Both transverse and energy
collimation are considered.

6.9.2.1 Betatron Collimation

In order to keep the collimation system as compact as possible a scheme with two single absorbers is
adopted. This scheme has high efficiency with just two apertures working in parallel for both transverse
dimensions. The two absorber blocks are separated by ~rt/2 phase advance difference (see, Figure 6.2.8).
Assuming a pipe radius of 8 mm a beam stay clear of 4 mm (26 ¢ of transverse beam dimensions) and
betas at the undulators of the order of 10 m, the collimator acceptance is 0.8 um. The aperture radius of
the absorbers is about 3.5 mm for a 15 m distance between the absorber blocks.

6.9.2.2 Energy Collimation

Energy collimation will be achieved in a closed dispersive region using another pair of absorbers of
about the same apertures as in the transverse case. The collimators will be installed at the point of
maximum dispersion of the Spreader lattice (see, Figure 6.2.1).

6.9.3 Beam Dump

Beam stoppers, beam dump and the machine protection system are sketched here, together with some
considerations on their implementation in the FERMI layout.

6.9.3.1 Linac Beam Stoppers and Beam Dumps

Four beam stoppers will be installed in the Linac for beam commissioning, tuning up and radiation
safety. They will be situated after the gun, after each bunch compressor and at the end of the linac.
Additionally at the end of the linac a beam dump will also be constructed for energy measurements. It
consists of a DC electromagnet able to deflect the beam by 20 deg. followed by a simple short transfer
line (in the already existing tunnel of the existing transfer line to the storage ring) at the end of which a
small dump will be situated. A general view is shown in Figure 6.9.2.
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6.9.3.2 Machine Protection System

Due to the low beam power of the baseline design with single pulse operation no fast beam abort
system is needed. In case of problems (e.g. miss-steering, bad transmission, etc...) the linac gun will be
inhibited. In a future upgrade a fast beam abort system might be needed.

|

|

% -adﬂ%"'ﬁ&a_
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Geometric collimation small beam dump area 4th beam stopper Energy collimation
Figure 6.9.2:
End Linac and Spreader.
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6.9.3.3 Main Beam Dump

A beam dump transfer line is foreseen in the beam lines at the end of each radiator. In order to be fail
safe, and thus to completely eliminate the possibility of electrons propagating into the experimental
stations, a permanent magnet will be used for the first deflection of 15 deg. The large angle is meant to
keep the critical wavelength low so that the generated synchrotron radiation does not contaminate with
the FEL light and keeps the thermal stress low. The layout is shown in Figure 6.9.3.
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Dump Hall
Figure 6.9.3:

A 20 m long TL leads to the dump hall.

The first bending set consists of one permanent and one electromagnetic dipole; it allows a 15+45 deg
bending angle. The second bending set consists of an electromagnet of 30 deg bending angle (see,
Figure 6.9.3). Using appropriate bypasses the FEL radiator lines can be connected to a unique chamber
that eventually will transport the beams to the dump. Beam current toroids and loss monitors will be
installed before and after the bends to control any losses (e.g. if beam has the wrong energy) and send a
beam inhibiting signal to the photoinjector.
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6.9.3.4 Dump Hall

An inadvertent loss of beam towards the ground will be intercepted by the underground rock, acting
as dumper. Great care will be used to avoid that the dump be exposed to rain water, with possible
contamination of underground waters with radioactive isotopes. A dedicated beam dump hall will be
constructed to keep open the possibility of using the electron beam for diagnostics and experiments, and
of using the light for micro-lithography and micro-mechanics, and for producing isotopes or neutrons
for a future neutron source. This hall will be situated to the right of the FEL in the direction of the beam
at the end of the radiator hall and will have an area of at least 50 m? Unlike the linac dump (which
operates only during linac experiments) this dump will carry the burden of continuously dumping the
electron beam.

6.9.3.5 Beam Dump Specifications

Although the single pulse mode involves low beam power, it is advisable to specify the dump with
the maximum foreseen average and peak powers since, after years of operation, the dump becomes
radioactive and it’s preferable not to have to change the dump when the machine is upgraded.

It is foreseen to increase the transverse beam dimensions by at least a factor of 3 before the beam hits the
dump. With this additional assumption, the main specifications of the FERMI dump are the following:

a. must absorb up to 4 kJoules/cm? / (macro) pulse;

b. must absorb an average beam power of up to 15 kW;

c. energy and radiation absorption efficiency > 99%;

d. natural production of isotopes must be minimized and isotopes must be short lived;

e. mustbe designed such as no maintenance will be required for a 10 year period for
the absorbing core.

A standard graphite-aluminium beam dump that meets the above specifications [43] is described in
Figure 6.9.4; electrons enter from left. More detailed calculations will define the details such as the
cooling needed, the slow sweep system, etc.
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6.10 Instrumentation, Diagnostics and Feedback

This paragraph addresses some aspects of the electron beam diagnostics. A more detailed treatment of
the instrumentation may be found in Chapter 9. The justification for long-term feedbacks and details
about their functionality and interplay with the diagnostics specifications may be found in Chapter 10.

6.10.1 Laser Heater

In addition to being a tool for the control of the microbunching instability, the laser heater is also an
excellent diagnostics instrument. To exploit this fact, a FODO channel placed after the laser heater will
be used for electron beam size measurements at various phases of the betatron oscillations and also for
emittance diagnostics. Removable screens will be employed in the locations indicated on the plot of
Figure 6.2.2. The betatron phase advances between first and second screen, second and third screen and
third and fourth screen are 24°, 79°, 24° in the horizontal plane, and 72°, 23°, 57° in the vertical plane.

6.10.2 Magnetic Chicanes

The energy dispersion is at its maximum in the middle of the chicane and, therefore, this is a convenient
place for collimation and energy monitoring. Since the electron bunch typically has a significant energy
chirp while it propagates through the chicanes, the collimator can be used to trim electrons in the head
and tail of the electron bunch, thus helping reduce the peak current spikes at the bunch edges.

6.10.3 Spreader

The FODO channel after the L4 linac sections is designed to provide approximately 135° of betatron
phase advance in both planes for emittance measurements using the removable screens marked as
solid circles on the plot. Downstream of the FODO channel a possible convenient place for a deflecting
cavity is indicated. This cavity will be used for slice emittance and energy spread measurements at high
dispersion points in the spreader.

As mentioned above the collimation section is ideal for beam measurements: beam position monitors,
current transformers, loss monitors and synchrotron radiation detections windows will be installed
there. In order to tune the collimators, two Optical Transition Radiation (OTR) stations are needed, one
for the transverse section and one in the dispersive section for energy spread tuning.

6.10.4 Feedbacks

The high sensitivity of a seeded machine to short-term fluctuations (jitters) and long-term variations
(drifts) of the electron beam quality make the presence of feedbacks a fundamental specification of the
machine design. This paragraph addresses some basic thoughts on this subject.

Alongitudinal feedback is dedicated to the stability of the bunch length and of the average beam energy
in correspondence of each magnetic chicane and of the Spreader, where appropriate diagnostics can be
located. Together with a charge feedback in the Injector, it provides information about the long-term
stability of the bunch current and of the FEL resonant energy.
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A trajectory feedback maintains the trajectory stability in order to minimize the perturbations to the
orbit and to the compensation of the “banana” shape induced by the beam break-up instability. This is
especially true for the L4 linac section, which is the most sensitive part of the machine to this kind of
instability. The undulator entrance is also another critical point for the trajectory stability; in fact, the
beam based alignment technique requires tight tolerances on the stability of the beam launching just
before the insertion devices.

6.11 Appendix A: Method of Vlasov’s Equation

The direct numerical solution of the Vlasov equation represents a complementary approach to the
more prevalent method of simulating beam dynamics by macroparticle tracking. In particular, a Vlasov
solver offers the advantage of being immune from the statistical fluctuations stemming from using a
limited number of macroparticles, which may interfere with a correct interpretation of the results when
studying the microbunching instability. Small scale structures are more easily resolved and the unfolding
of instabilities more accurately characterized. Moreover, in contrast to semi-analytical studies based
on the linearized Vlasov equation, numerical solutions of the full equation can be used to investigate
saturation effects, which may be important.

It should be pointed out that the Vlasov solver should not be expected to substitute the macroparticle
simulations since at this time only a 2D phase-space solver is available. Moreover, the physics that
can be currently investigated with the existing solver is limited in practice to short-scale effects of the
collective forces (microbunching).

The existing code allows one to include models of impedance describing space charge, coherent
synchrotron radiation (CSR), and RF structure wake fields. CSR is evaluated in free space with the
assumption that the bunch follows a trajectory with uniform radius of curvature. This excludes transition
effects through the entrance and exit of bending magnets. In the study discussed here the RF structure
wake fields were not included.

It was argued that it is possible in 2D to account for the particles smearing due to the transverse emittance
in an approximate but meaningful way by introducing an effective low-pass filter in the evaluation of
the collective force. Some confidence in the validity of the above model of emittance-induced smearing
can be obtained from comparison with predictions from linear theory [24] in the regime where linear
theory applies. Incidentally, such comparisons have also been successfully used to provide general
validation of the coding.

Figure 6.11.1 shows the gain curves for a beam that travels through approximately 36 m of transport line
(including L1) before entering the bunch compressor. The gain curves are evaluated at the exit of BC1.
In this case space charge effects are significant and are included in the calculation.
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Figure 6.11.1:

Gain curves through for L1+BC1 in
the presence of CSR and space charge
(with space charge excluded in BC1) as
determined by linear theory (solid line)

A (um) [before compression]

the Vlasov equation (blue dots). o,=10
KeV; smearing effect of transverse
emittance is included in the left but not
in the right picture.

and from the numerical solutions of
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The gain plotted is the ratio between the amplitude of a sinusoidal charge-density modulation for a
given frequency at the exit and entry of the bunch compressor. The amplitude is understood to be
expressed in units of the peak current (which is different at entrance and exit because of compression).
The beam is a flat-top with Gaussian energy spread.

In the Vlasov code the local value of the transverse rms size is used so that the “effective” beam radius
appearing in the impedance model is taken as [8] r,’= [1.3 (6. + 6,%)]. For the linear theory calculation
a constant in z transverse size is assumed. The parameter r, for the linear theory was adjusted to fit the
gain curve against the Vlasov solver calculation. The same value, r, =0.27 mm was then used to produce
both pictures in Figure 6.11.1. The application of the Vlasov solver was then extended to include the
L2 and L3 and the second bunch compressor BC2. The goal was to study the effect of shot noise in the
development of the microbunching instability and determine its impact on the uncorrelated rms energy
spread on the beam past BC2. Result is shown in Figure 6.11.2.

The initial beam density is a flat-top in charge density and Gaussian in the uncorrelated energy spread.
The shot noise was modeled by perturbing the initial, smooth density function in phase space with
random noise. The calculation indicates that most of the energy modulation induced by space charge
(the dominant collective effect) takes place between BC1 and BC2. By the time the beam reaches BC2
these fluctuations are sufficiently large to cause the instability to reach saturation, as indicated by the
two bottom plots. Notice that in this calculation SC and CSR are the only collective effects present.

FERMI@Elettra




s=44.1185 m; E=233.005 MeV

-0.04 -0.02 0 0.02 0.04

0.75

0.5
0.25

-0.015-0.01-0.005 0

q
$=94.4185 m; E=591.028 MeV

$=89.9185 m; E=591.028 MeV

-0.04 -0.02 0 0.02 0.04

q
§=97.4185 m; E=591.028 MeV

0.75
0.5

0.25 | faud

0.005 0.01 0.015

Figure 6.11.2:

Longitudinal phase space at selected
locations starting from a noisy flat
top bunch with Gaussian rms energy
spread; s=0 is at the start of the laser-
heater section. The top left pictures is
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at the exit of BC1; top right picture is at
the entrance of BC2 and the remaining
two after the BC2 3™ and 4" dipole (q is
the z-coordinate in units of 1 mm, p is
the uncorrelated energy in MeV).

Conceptual Design Report




6.12 Appendix B: 6D Parallel Tracking Code IMPACT

IMPACT is a suite of parallel particle-in-cell codes designed for modeling high intensity, high brightness
beams in RF proton linacs, electron linacs and photoinjectors. It consists of two parallel particle-in-
cell tracking codes (one is longitudinal position-dependent and one is time-dependent), an RF linac
lattice design code, an envelope matching and analysis code, and a number of pre- and post-processing
codes. The present version of IMPACT can treat intense beams propagating through drifts, magnetic
quadrupoles, magnetic soleniods, magnetic dipole, and RF cavities, using map integrator and nonlinear
Lorenz integrator. Recent additions include new capabilities for modeling short range longitudinal and
transverse wakefields as well as 1D CSR wakes.

Both parallel particle tracking codes of the IMPACT suite assume a quasi-static model of the beam and
calculate space-charge effect self-consistently at each time step together with the external acceleration
and focusing fields. Typical IMPACT simulations at NERSC are run with a few millions to a few tens
million particles, though smaller and larger runs are possible.
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7 Undulators

Synopsis

The FERMI undulators are based on PPM arrays, a choice dictated mostly by the need to provide variable
polarization. The present design is based on a remanent field Br=1.2 T, which allows to choose material
grades with close to the maximum available coercitivity. High coercitivity makes the material highly
resistant to radiation, a feature of paramount importance for its long lifetime. The undulator coefficient
K must be greater than 1 in order to provide sufficient FEL gain. The minimum acceptable gap height is
10 mm, dictated by residual gas pressure and energy losses induced by resistive wall wakefields in the
undulator vacuum chambers.

The modulators for both FEL-1 and FEL-2 have fixed, linear polarization. They must be tunable in the
240-360 nm range, a requirement that can be satisfied by a wide range of period lengths among which
the shortest acceptable, ~ 10 cm, is favoured for FERMI. The first stage radiator and the second stage
modulator for FEL-2 are also designed for fixed, linear polarization.

All the other undulators are of the variable polarization type, based on the widely used APPLE-II
(Advanced Planar Polarized Light Emitter) configuration, the most efficient one for this application. All
polarizations are tunable over the full design tuning ranges of 100 to 40 nm and 40 to 10 nm of FEL-1
and FEL-2 respectively. Because no analytical expression is known for the field amplitude as a function
of the geometrical parameters of such devices, a semi-empirical formula is used derived by fitting the
results of 3D magnetostatic calculations performed on a number of different special cases.
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Detailed design of all undulators is in progress to include various higher order effects such as those due
to the finite anisotropic permeability of the magnetic material and the precise magnet block shape and
dimension.

Undulator alignment techniques have been studied in detail since misaligned individual undulator
magnets can both modify the magnetic field, depending on the sign and magnitude of the roll-off
coefficients, and distort the ideal trajectory, governed by the undulators focusing properties. Based
on the request that, at nominal FEL performance, the relative difference in field strength between
neighboring individual undulator magnets must be less than + 0.2%, a worst case tolerance of up to
~200 ym has been set on their misalignments; this corresponds to a relative field change of less than
0.1%. Dedicated correction coils at both ends of each individual undulator magnet compensate the
residual random magnetic field errors as well as the misalignment effects. Undulator focusing has been
computed by 3D numerical tracking of the beam in the undulator field, and trajectory corrections, by
beam-based alignment (BBA) techniques complemented by spontaneous radiation observations, have
been simulated. It has been found that misalignements of up to 100 um can be satisfactorily corrected. It
can also be envisaged, given the rather comfortable tolerances on the trajectory straigthness, to correct
the effects of the Earth magnetic field by ad-hoc shimming of individual undulators.

The undulator mechanical design is strongly influenced by the experience gained with the construction
of the Apple II undulators installed on the ELETTRA storage ring. The undulator rests on a rigid C-
shaped frame (“carriage”) supported at each end by a post equipped with a vertical guide on which two
(upper and lower) stainless steel backing beams can slide up and down. Each backing beam, supporting
one (longitudinally) movable and one fixed aluminium beam to which the magnet arrays are attached,
can be displaced vertically by two synchronized motors to adjust the undulator gap aperture. Two
additional motors driving the moveable aluminium beam move the magnet array longitudinally
(in “phase”). Gap height, longitudinal shifts and magnet vertical position are measured by absolute
encoders with better than 1 yum resolution. The carriage in turn rests on a platform remotely moveable
in the horizontal plane for fine-aligning the whole structure. The main design tolerances are: 10 ym rms
on planarity and parallelism of the backing beams and 5 ym rms on gap height.

As concerns the thermal stability, considering the tolerable relative difference in field strength between
neighboring individual undulator magnets, the change of the undulator peak magnetic field with
temperature and the thermal expansion of its support structure, one concludes that the ambient
temperature, averaged over a time interval of a few hours, determined by the thermal inertia of the
device, must be stable to within + 0.7°C.

Aluminium has been chosen as the undulator vacuum chambers material because of its lightness, ease
of fabrication and good electrical properties. The material specific outgassing, the most important
parameter limiting the ultimate pressure, is kept low by following scrupulous cleaning and assembling
procedures. A simulation of the system vacuum behaviour indicates that a maximum average pressure
below 5-10-7 mbar can be easily reached provided strict construction, assembly and maintenance
prescriptions are followed. Such a value is much lower than what is required to meet the conservative
limits set on outgassing, bremsstrahlung production and carbon compounds deposition on the vacuum
chamber inner walls. More detailed simulations will be performed following completion of detailed
design of all components.

The undulator region optics is designed so that the average betatron function in each plane can range
from 7 to 11 m, satisfying the design aim of a moderate focusing strength. The radiator optics uses a
sequence of three standard FODO cells. The maximum quadrupole gradient is 10 T/m, including a 20%
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margin. The matching of the FODO lattice, with the undulator gaps closed, was done using MAD in
which the undulator is described by an uncoupled 6*6 transfer matrix, computed using Racetrack in
both the 100 nm and 40 nm photon wavelength configurations and for three representative polarizations:
horizontal, circular and vertical.

Special attention has been given to the problem of wakefields generated in the narrow gap undulator
vacuum chamber which can increase the bunch energy spread. Since one finds that transverse wake
effects can be neglected, the main concern is the longitudinal wake driven by the resistive wall (RW)
of the chamber, by the impedances of cavity-like objects and by the roughness of the chamber inner
surface. To minimize the effect of resistive wakefields a rectangular (or elongated elliptical) aluminium
chamber is chosen. As far as surface roughness is concerned, computations were carried out in the
worst case of a circular perfectly conducting chamber with diameter equal to the chamber inner gap
and a sinusoidal surface corrugation with longitudinal periodicity As and amplitude h_. The tolerable
roughness value parameter is found to be (As/h_)>>200, compatible with that obtainable with careful
but standard machining techniques and surface treatments. Resonant wakefields have not yet been
considered; in any case, the detailed chamber design will be such as to avoid the presence of high Q
resonator-like structures.

Finally, the consequences of trajectory position errors in the undulators have been studied and, in the
worst case of FEL operation at the (10 nm) shortest design wavelength, a tolerance has been set of +
10 ym rms, with respect to a straight line, over the whole undulator length. It has also been checked,
as mentioned above, that beam-based alignment procedures allow reaching the specified goal. An
additional bunch-to-bunch feedback system is also foreseen to keep the beam on the optimized trajectory
during FEL operation.

7.1 Magnet Technology

As mentioned in Chapter 4, the final radiators are required to provide variable polarization, while for the
modulators and the intermediate radiators fixed linear polarization is envisaged. Amongst the various
known technologies, pure permanent magnet (PPM) structures offer a number of advantages: simpler
and more accurate design, reduced interaction with external magnetic field sources (including the earth
magnetic field) and more straightforward applicability of error compensation techniques based on
magnet sorting, swapping and shimming.

The so called hybrid undulator uses ferromagnetic poles to channel the flux generated by the permanent
magnets, and can provide a higher field in the range of parameters considered here. However, this only
applies to the fixed polarization case, since no practical variably polarized hybrid undulator exists.
Therefore, the advantage of this more efficient solution, namely a reduction of the total undulator
length, would affect only a fraction of the total magnetic structure. For these reasons the FERMI@Elettra
undulators will be based exclusively on PPM arrays.
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7.2  Design Constraints

The resonance condition for FEL radiation to be produced is:

x=%(1+Kﬁn3), 7.2.1

A being the radiation wavelength, A the undulator period length and y the electron relativistic factor.
Note that, having defined the deflection parameter K in terms of its rms value, the above relation holds
for any field polarization. At 1.2 GeV electron energy the resonance condition can be written in practical
units as

11.03- A (nm
Ny (mm) = Tz() 722

The deflection parameter must be greater than 1 in order to provide sufficient FEL gain. This implies
that, for the shortest FEL wavelength of 10 nm (FEL-2), the corresponding undulator period must be
shorter than ~55 mm. On the other hand, the shortest acceptable period length is determined by the
required tuning range (100 to 40 nm for FEL-1 and 40 to 10 nm for FEL-2) and by the smallest allowed
magnetic gap. Considerations on the maximum allowable residual gas pressure in the chamber and the
energy loss induced by resistive wall wakefields in undulator vacuum chambers of different shapes and
materials (see Section 7.10 and 7.11) lead to an acceptable minimum gap of 10 mm.

The most widely used magnetic material for applications in insertion devices is NdFeB, a sintered alloy
produced in different “grades” characterized by different remanent field (B,) and intrinsic coercivity (H )
values. Typically the strongest grades, with the highest remanence, have a lower intrinsic coercivity and
viceversa. The table below shows indicative ranges of these two quantities for commercially available
materials:

Table 7.2.1: Typical remanence and intrinsic coercivity for NdFeB.

Typical B, (T) Typical H (kOe)
14+15 11+16
1.3+14 12 +24
12+13 17 + 33
1.1+12 22 + 36

In terms of efficiency of magnetic field generation a high remanence is preferred, since the peak
undulator field is proportional to this quantity (see eq. 7.3.5 below). However, in a high radiation
environment like that of a linac-based FEL, resistance to radiation (scattered electrons and associated
electromagnetic cascade) is of paramount importance in order to guarantee a sufficiently long lifetime
of the permanent magnets. The exact mechanism of radiation damage depends on the nature of the
radiation (electrons, neutrons, X-rays, y-rays) but the result of excessive exposure is the same, namely
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permanent demagnetisation. Several studies exist on the subject [1], showing that high intrinsic
coercivity also implies increased hardness against demagnetization; a tradeoff therefore exists between
top field and radiation resistance. The present design is based on a remanent field B =1.2 T, which allows
choosing material grades with close to the maximum available H,.

7.3 Linearly Polarized Undulators

In a standard vertical-field undulator the magnetic field distribution can be written (to second order in
the transverse coordinates X and Y) as:

Bx(-xayaz) = _Bo ‘k)? 'X'y‘COS(k‘Z)
k> 2
B (x,y,2) = Bo(1+7x‘x2 +7y‘y2)‘008(/< " 2) 7.3.1

B (x,y,2)==k-y-B, -sin(k - z)
_2-7:
A

Here k, and k., the roll-off coefficients, describe the horizontal and vertical quadratic roll-off of the main
field component; k is related to them through Maxwell’s equations which impose

k*=k;+ky 732

Figure 7.3.1:

Schematic of a fixed polarization PPM
undulator based on two Halbach arrays:
the magnetic field amplitude is adjusted
by changing the vertical gap between
the arrays.
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A 2D approximation can be used when the magnets are wide enough in the x direction that one can set
k,—0, a condition easily satisfied; the field expression then reduces to

Bx(-x’ Yy, Z) =0
kf' 2 7.3.3
B (x,y,2) = Bo(l+7- y7)-cos(k-z)
B.(x,y,2)=-k-y*B, -sin(k - z)
and
ko=k=2T
Ay 7.3.4

In a standard PPM undulator with 8 blocks per period the on-axis peak field B is given by the classical
relation [2]:

-vg/  sin(?/,) _2mh,
B,=2B e KMR—A-(l—e A)) 735
4

’ Vi

The block height & is usually chosen to be A, /2, producing ~96% of the maximum theoretical field with
a reasonable volume of magnetic material, so that

.
B, =1723'B. ‘¢ 78 : 7.3.6

Taking B =1.2 T (see Section 7.2) one has
ng

B, =2.067-¢ '™ 7.3.7

and the associated rms deflection parameter is:

e B\,

s () By em)

rms

The previous relations can be used to determine the period length of fixed polarization undulators such
as used for the first modulators of both FEL-1 and FEL-2. Such devices are specified to be tunable to
the seed laser wavelengths, in the 240 nm to 360 nm range (see Chapter 4). The deflection parameter,
the peak field and the field roll-off coefficient values in this range are listed in Table 7.3.1 for different
period lengths.
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Table 7.3.1: Main parameters of various linearly polarized undulators for the 240-360 nm range.

A, (cm) A (nm) K, . B, (T) k, (m™)
8 360 7.0 1.32 79
240 5.7 1.07 79
10 360 6.2 0.94 63
240 5.0 0.76 63
12 360 5.7 0.72 52
240 4.6 0.58 52
14 360 5.2 0.57 45
240 4.2 0.46 45
360 49 0.46 39
16
240 3.9 0.37 39

The table shows that the tunability condition is satisfied for a wide range of periods, from which the
value A =16 cm, giving 19 periods per undulator, has been selected and used in the FEL simulations of
Chapter 4. Additional studies are in progress to further optimize the choice of A since a shorter period
would have a number of advantages, namely

- a higher deflection parameter, which increases the electron-radiation coupling,
- a shorter magnet length for a given number of periods,

- a tuning range extended towards shorter wavelengths.

The parameters of the other fixed polarization devices, the first stage radiator and the second stage
modulator for FEL-2, have also been computed and are listed in Table 7.3.2.

Table 7.3.2: Main parameters of a linearly polarized undulator covering the 40-100 nm range.

rms

A, (cm) A (nm) K B, (T) k, (m™)

6.5 100 4.0 0.93 97

40 24 0.56 97
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Note that equation (7.3.5) relies on the approximation that the magnetic material has unit permeability,
meaning that fields produced by individual magnet blocks can be linearly superimposed. The final
detailed magnetic design therefore needs further work to take into account various other effects due to
the finite width and the dimensional tolerances of the magnet blocks, the actual anisotropic permeability
of the magnetic material and to magnetic field harmonics affecting the emission wavelength. Based on
our experience, including such effects is expected to require only slight adjustments of the period length
and/or of the gap width.

7.4 Variably Polarized Undulators

The most efficient undulator structure for providing variable polarization is the so called APPLE-II
(Advanced Planar Polarized Light Emitter) [3], schematically illustrated in Figure 7.4.1.

Figure 7.4.1:

Sketch of an APPLE-II undulator:
magnetic field strength and polarization
can be adjusted by changing the vertical
gap (g) and the longitudinal position
(Zs) of the arrays respectively.

Compared with alternative solutions, this device can most efficiently generate magnetic field
configurations leading to horizontally, elliptically, circularly or vertically polarized radiation, while
remaining accessible from the side in the mid-plane. The latter feature has a number of advantages as
far as installation of the vacuum chamber and, more important, magnetic measurements are concerned.
It has therefore been widely used at several synchrotron radiation facilities, including ELETTRA.
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Figure 7.4.2:
An Apple-1I undulator during assembly.

Like in the case of linear polarization vertical field undulators, the magnetic field can be written, to
second order in the transverse coordinates X and Y, as

12 12

B.(x,y,2)=B,-(1+ 2" - x? +7y-y2)-sin(k-z)+Byo-kf-x-y-cos(k-z)

k2 k2 7.4.1
B, (x,y,2) =B, k"x-y-sin(k-2)+ B, (1+ 2 - x’ +7y-y2)-cos(k-z)

B.(x,y,2)=k-x"Bcos(k-z)~k-y B, sin(k-z)

where:

ki +k; =k+k" =k 742

For APPLE type undulators there is no analytical expression of B, as a function of the device geometrical
parameters. However, a semi-empirical formula is obtained (as suggested in Ref. [4]) fitting the results
of 3D magnetostatic calculations performed on different magnet configurations; it has the following

general form ,

B,=a-exp —b-(i)+c-(i) y 7.4.3
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often used to describe the field versus gap aperture dependence and as a help in choosing a starting set
of parameters for numerical calculations. An important shortcut is provided by the principle of “scale
invariance”, stating that, no matter what the configuration of a collection of unit-permeability magnetic
blocks is, the magnetic field they generate is unchanged if their linear dimensions and their separation
distances are all simultaneously scaled by the same factor [1].

This scaling procedure is applicable to FERMI, given the design and the foreseen range of parameters of
the undulators. The height (h) and the width (w) of each block and the blocks horizontal separation (s)
have therefore been parametrized as
A A Ao
- g=—0
2 60 . 7.4.4

The resulting coefficients appearing in Eq. (7.4.3), for the three main polarization modes (horizontal,
circular and vertical), are listed in Table 7.4.1.

Table 7.4.1: Coefficients to be used in eq. (7.4.3) for various polarization modes.

Polarization Fitting coefficients

Horizontal a=1.76 b=2.77 c=-037
Circular a=154 b=4.46 c=0.43
Vertical a=222 b=5.19 c=0.88

These coefficients are then used to determine the (approximate) period length of the final radiators
so that the desired tuning range (100 to 40 nm for FEL-1 and 40 to 10 nm for FEL-2) is covered for
all polarizations, namely A, = ~6.5 cm for FEL-1 and A = ~5.0 cm for FEL-2. Pending more detailed
calculations, and taking into account details such as the earlier mentioned non-unit permeability,
the above approximate values have been used throughout this report. The corresponding sets of
main undulator parameters, computed for two radiation wavelengths and three main polarization
configurations, are listed in Tables 7.4.2 and 7.4.3.

Table 7.4.2:  Parameters of FEL-1 radiator (A, = 6.5 cm) at both extremes of its tuning
range in the three main polarization modes.

Mm) | K, | By (D | B, (M| k n) | kD) | kY | k/ om?
100 - H 4.0 0 0.93 55 87 - -
100 - C “ 0.66 0.66 55 79 147 - i 177
100-V “ 0.93 0 - - 161 -i 189
40-H 2.4 0 0.56 14 96 - -
40-C “ 0.40 0.40 27 93 116 - i 151
40-V “ 0.56 0 - - 124 -i 157

H = horizontal, C = circular, V = vertical polarization
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Table 7.4.3:  Parameters of FEL-2 radiator (A, = 5 cm) at both extremes of its tuning
range in the three main polarization modes.

hm) | K, | By(D | By | keon) | k@) | koY) |k (m)
40-H 2.8 0 0.85 58 113 - -
40-C “ 0.60 0.60 72 102 185 -1 225
40-V “ 0.85 0 - - 197 -i 235
10-H 1.1 0 0.33 22 -1 128 - -
10-C “ 0.24 0.24 14 125 133 -1i 183
10-V “ 0.33 0 - - 139 -i 187

H = horizontal, C = circular, V = vertical polarization

7.5 Alignment Tolerances

An incorrect alignment of individual undulator magnets produces two effects:

i) afield change whose strength depends on the sign and magnitude of the roll-off coefficients

ii) a trajectory distortion that depends on the focusing properties of the magnet.

In terms of field uniformity, tolerances can be derived based on the requirement that for close-to-ideal
FEL performance the relative difference in integrated field strength between neighbouring magnets
must be less than + 0.2% (see Section 4.3.3). Expression 7.4.1 tells us that the relative field change due to
horizontal and vertical displacements A, A, of the undulator axis, is:

2(AB/B) = kLA, + KA}

7.5.1
and, based on the data in Tables 7.4.2 and 7.4.3, it can be conservatively assumed that the magnitude of
the roll-off coefficients, kX and ky, does not exceed 250 m. It follows that single undulator misalignments
of up to ~200 um can in principle be tolerated. This can be seen in figure 7.5.1 for the case of the FEL-2
radiator, which is the most sensitive to field imperfections. It can be seen that the relative field change is
less than 0.1% when moving off-axis by 200 ym in either X or Y directions.
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Figure 7.5.1:

FEL-2  radiator  transverse field
distribution with closed gap (40 nm)
and vertical polarization.

The effects of the undulator focusing properties on the electron trajectory have been estimated based
on numerical tracking of the beam in the 3D undulator field. As an example, Figure 7.5.2 shows that the
trajectory in the FEL-2 radiator offset from the nominal position by A, = A, =200 um, which causes the
position and angle errors to reach up to 50 yum and 30 urad respectively, values exceeding the tolerances
required for FEL operation (see Section 4.3.3). Nonetheless, in this particular example, the error on the
optical phase, 2° rms, stays within the specified tolerance of 0.15 rad = 9° rms.

e ﬁ%@wnkﬂhﬂﬂﬁﬂﬂﬁﬂﬁ |
i

Figure 7.5.2:

Electron trajectory in presence of a
misalignment of 200 wm (a) compared
to the ideal case (b).

Such a large trajectory offsets must be corrected during commissioning. Dedicated correction coils,
mounted at both ends of each individual undulator magnet, correct the effect of residual random
magnetic field and misalignment errors. Figure 7.5.3 shows a simulation where the trajectory distortion
has been corrected in this way. The maximum trajectory offset and tilt are reduced to about 10 um and
10 urad respectively, well below specification. The associated contribution to the phase error is also
reduced to 0.8 deg.
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a)

Figure 7.5.3:
Partial compensation of the trajectory distortion (a) can be obtained using correction
coils, arranged as schematically sketched in (b).

In practice, undulator modules will be further fine-aligned, whenever necessary, using beam-based
alignement (BBA) techniques assisted by observations of the spontaneous radiation. It can be shown
that residual misalignments (before BBA) at the level of 50 um, due to effects such as field strength
errors, trajectory distortions and optical phase errors, can be corrected by BBA to meet the specified
tolerances.

7.6  Effect of the Earth Field

In presence of a constant magnetic field an electron initially traveling along the z direction is deflected
by an angle

e
0 =- Bdz , or, in practical units,
| b 0 (wad)

_30-BIG] z(m)
© E(GeV)

7.6.1

For B(G) = 0.5 G, the trajectory of a 1.2 GeV electron is bent by 25 urad and displaced by 25 um every 2 m
of travel, a value incompatible with the tolerance set on the FERMI beam average trajectory straightness
in the undulator. As an example, Figure 7.7.1 shows the trajectory in one of the FERMI undulators when
constant magnetic field components of 0.2 G horizontal and 0.5 G vertical (again typically observed
Earth field components) are added. Note that the contribution to the phase error, 3° rms, is also non
negligible.
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Figure 7.6.1:
(a) electron trajectory in presence of a constant environmental field of 0.2 G
(horizontal) and 0.5 G (vertical). (b) corresponding phase error distribution.

Considering that the beam trajectory will be corrected during initial commissioning, so that after a first
correction (see section 7.12 on beam-based alignment) it can be assumed to pass through the center of
all BPMs, the earth field effect will cause it to look as shown in Fig. 7.7.2 or in more detail in Figure 7.7.3,
namely as a sequence of parabolic arcs in between successive BPMs on which the oscillation inside the
magnet is superimposed.
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-100T -

=200+ .
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Figure 7.6.2:

Sketch of beam trajectory in the
undulator in presence of the Earth
magnetic field.

One sees that the corrected trajectory excursion is significantly reduced both in angle and offset, and
that the residual phase error is less than 1° rms. Still, one concludes that Earth field effects must be either
compensated or shielded. Shielding is discarded as impractical due to the dimensions of the apparatus
and must therefore be compensated. Compensating-out the effect by shimming, discarded by LCLS [6]
because the environmental field intensity and direction in the laboratory can differ from those at the final
undulator location, is still being considered for FERMI since tolerances on the trajectory straightness are
less demanding than those of the LCLS.
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Figure 7.6.3:

Beam trajectory (a) and phase error (b) inside an undulator section, in presence of
the Earth field and assuming that the corrected trajectory goes through the center
of the BPMs mounted at both ends of the section itself.

7.7 Mechanical Design Considerations

The undulator mechanical design is based on the experience gained with the construction of the Apple
IT undulators installed in the ELETTRA storage ring [7-11]. The main differences of the present FERMI
design with respect to the one implemented in ELETTRA are the magnet length (2.5 m in FERMI, against
2 m in ELETTRA) and the tighter specifications on the gap height and on the electron-photon phasing.
The new requirements will be met by suitably modifying the existing design.

The magnet main supporting structure (“carriage”) is made of rectangular steel tubes welded together to
form a rigid C-type frame. The carriage is supported by two vertical posts, one at each end. Each of two
stainless steel backing beams (upper and lower ), movable up and down on rails fastened to the main
support posts, carries one longitudinally movable and one fixed aluminium beam, on each of which a
magnet array is fixed. The undulator gap is changed by moving the backing beams up and down, driven
by a pair of synchronized motors. The relative longitudinal position of the two aluminium beams carrying
the magnet arrays (“phase”), also driven by two (upper and lower) synchronized motors, determines
the radiation polarization. Finally, the carriage is mounted on a horizontally movable platform for the
fine alignment of the whole structure. Undulator gap height, longitudinal (phase) shifts and carriage
transverse positions are all measured using absolute encoders with better than 1 um resolution.
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Figure 7.7.1:
Support structure of one of the
ELETTRA elliptical undulators.

The permanent magnet blocks are clamped onto individual holders using the indentures cut into each
of two of their opposite edges, as shown in Fig. 7.7.2. The holders are in turn fastened to four base plates
by pins and bolts. Such a structure has been developed and perfected to allow adjusting the position
of individual magnet blocks both horizontally and vertically (shimming), in order to compensate for
random magnetization errors.

Block holder

N

| | Magnet block

‘%/ “ Base plate

N
Figure 7.7.2:
Cross section of a magnet block holder
on the base-plate.
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A design study of the assembly is in progress, aimed at guaranteeing the following mechanical
tolerances:

i) planarity and parallelism of each backing beam: 10 um

ii) maximum magnetic gap error: 30 um

iii)  gap and phase positioning accuracy: 5 um

iv)  beam axis adjustable in the horizontal and vertical directions to within 5 um

Such tolerances must be met at all gap and phase values in the presence of the strong magnetic forces that
change in magnitude and direction as the undulator is tuned to different wavelengths or polarizations.
As an example, Figure 7.7.3 shows the strength of forces acting on the individual arrays and on the
backing beam of the FEL-1 radiator as functions of gap height and phase. Forces acting on the FEL-2
variable polarization device are smaller due to the smaller size of its magnetic blocks.

Figure 7.7.3:

Magnetic forces on the FEL-1 radiator as a function of gap and phase: horizontal
(a), longitudinal (b) and vertical (c) force components on the movable array; vertical
force on the upper/lower backing beam (d).
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Deformations and stresses on the support structure and on its strongback have been evaluated using the
finite element modeling (FEM) code ANSYS. Figure 7.7.4 shows the simplified model of the main frame
and of the lower support beam used in the simulations. Models of the linear rails and the permanent
magnets assemblies have also being developed and analyzed.

a)

Figure 7.7.4:
Models of the steel frame (a) and of the
lower beam (b).

Special attention has being given to the determination of permanent magnet arrays transverse and
vertical deformations since they produce systematic field errors directly affecting the undulator
performance [12]. The calculations have been benchmarked against the existing ELETTRA EU10.0
APPLE II undulator whose performance is known and whose forces per unit length are comparable to
those expected in the FEL-1 radiator.
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Figure 7.7.5:

FEM results showing the transverse
(a) and vertical (b) deformation at the
center of the EU10.0 undulator beam.



Chapter 7 - Undulators

MODAL SOLUTTCN

STEP=1
SUB =1
TIME=1
USM (AVG)
RSYS=0

CMX =,726E-05
SMY =.500E-07
SM =.726E-05

. S00E-07

ss1-06" 05

.325E-05

245E-05 LA06E-05

48605

.B46E-05

AN
RIG 28 2006
16:04:47

Figure 7.7.6:

—— Deformation of complete beam of the

NODAL SOLUT 10N

AN

STEP=L
SUB =L

TIME=L
/EXPANDED

™ (AUG)
REVE=0

X = 4z1E-02
BN =-.294E-05
S =.224E-02

a) File: fazeltpeso trave

0CT 10 2006
14:39:21

b)

EU10.0 undulator.

AN

0CT 10 2006
13:29: 28

HODAL SOLUT 10N

STEF=1
SUB =1

TIME=L
/EXP&NDED

E (aUe)
RETE=0

IMX = 421E-03
B =-.312E-03
SMX =.Z12E-04

File: faseOtpeso trave

Figure 7.7.7:
Transverse (a) and wvertical (b)
displacements of the support frame.

The FEM calculations were carried out on EU10.0 in the minimum gap and zero phase configuration, in
which the horizontal and vertical forces are both close to their maximum. The results, shown in Figures
7.7.5,7.7.6 and 7.7.7, are in good agreement with measurements recently performed on the same device
[13]. The study proved specially useful in finding the position of the gap encoders most effective in
preventing carriage deformations from spoiling the accuracy of the gap height measurement. In this
respect, the alternative of having the encoders supported on a separate frame is also being evaluated.
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7.8 Thermal Stability Requirements

The main effect of unavoidable ambient temperature fluctuations is a change of the peak magnetic
field due to reversible magnetization losses in the permanent magnet material. The corresponding
temperature coefficient for NdFeB is typically AB /B, = 0.15% /°C.

For the FEL to operate (see Section 4.3.3), the relative difference in field strength between neighboring
individual undulator magnets is specified to be less than + 0.2%. Therefore, were thermal changes of
the magnetic blocks the only source of field variation, the undulator average temperature would be
required to stay within + 1.3 °C.

However, there are other factors to consider. Thermal expansion of the undulator support structure
changes the transverse distance between the two linear permanent magnet arrays, fastened to a common
steel backing beam (“horizontal gap”), and the undulator (vertical) gap height. Sensitivity coefficients
can be evaluated from basic magnetic field expressions (see Section 7.4 and 7.5) showing, as an example,
that the FEL-2 radiator, having the shortest period, is the most sensitive to gap height variations when
operating in the vertical polarization mode, the AB/B change reaching up to 10% / mm.

A similar effect is found when changing the horizontal block separation (AB/B~8% /mm); gap height
and block separation stability of the order of 20 um are required to fulfill the + 0.2% tolerance criterion
mentioned above. A conservative estimate of the deformation of a carefully engineered support structure
indicates that an average temperature change of less than 1°C is needed to keep the error on both the
horizontal and the vertical gap within less than 15 um.

Adding up the two effects and accounting for the thermal inertia of the device, one concludes that the
average ambient temperature must be stable to within + 0.7 °C, averaged over time intervals of a few
hours.

7.9 Magnetic Optics in the Radiator Region

The radiator is a sequence of 3 FODO cells, with an undulator in each of the straights. Matching of
the FODO lattice with the undulators gaps in their “closed” position was done with MAD, in which
the undulator is introduced as an uncoupled 6x6 transfer matrix computed using RACETRACK.
The calculations are done for the 100 nm and the 40 nm photon wavelength (FEL 1 covered range)
configurations, and for three representative polarizations, horizontal, circular and vertical.

The constraints taken into consideration in designing the optics are:

1)  average betatron functions in the 7 to 11 m range in both planes, with maxima less than ~13 m and
minima not less than ~5 m (see Chapter 4). When varying the polarization and/or the wavelength
of the FEL output, the quadrupoles must therefore compensate for variations of the transport
optics due to the change in the undulator focusing properties.

2)  integrated quadrupole strength small enough for quadrupole misalignments and magnetic errors
not to dominate trajectory errors ;

3) amaximum quadrupole field gradient small enough for hysteresis effects not to significantly affect
reproducibility of the various different optics needed in operation;

6)  quadrupole physical dimensions compatible with the straight section space reserved for diagnostics
devices, corrector magnets, and other needed instrumentation.
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A matched FODO lattice with phase advances in the range of 40° to 60° in either plane has been shown
to nicely meet all requirements, in particular that of rather low beta excursions along the channel,
combined with sufficiently low maximum beta values.

Table 7.9.1 lists the strengths and phase advances of the 0.15 m long, FODO cell quadrupoles, called QR1
and QR2, in the fully open undulator gaps configuration and for three different polarizations (see also
Section 7.7). The quadrupole specified top gradient of 10 T/m includes a 20% margin. The maximum
betatron function stays within 12.5 m. The open gap optics has the highest and closest to each other
phase advances compared to all other operational configurations; this because as gaps are closed and
undulator effects become stronger, the lattice behaves less and less like a pure FODO and the phase
advance difference between the two planes tends to grow. The effect is most evident for the circular and
vertical polarizations at a photon wavelength of 100 nm, where the defocusing quadrupoles change to
focusing.

Table 7.9.1:  Radiator quadrupole strengths [m*] — magnetic length 0.15 m.

Polarization QR1 QOR2 Beta phases Racetrack & Mad phases
Open und. defocussing focussing ® =58 ® =58
-1. 964 1. 964 <I>y = 58° CI>y = 58°
H - 40nm defocussing focussing D =48° D =48°
-1.381 1.524 (Dy =47.8° (Dy =48°
C -40nm defocussing focussing ® =48.2° D =48°
-1.274 1.625 <I>y =47.6° (I)y =48°
V - 40nm defocussing focussing ® =49.7° D =49.2°
-1.161 1.798 (I)y =48.5° <I>y =49.2°
H - 100nm defocussing focussing ® =41.5° D =42°
-0.457 0.717 CI>y =42 .4° (I)y =42.2°
C-100nm focussing focussing ® =46° ® =457°
0.013 1.317 (I)y =42.6° <I>y =41.9°
V - 100nm focussing focussing ® =529 ® =49.9°
1.448 1.474 (I)y = 44° d)y =46.5°

H = horizontal, C = circular, V = vertical polarization

As an example, Figures 7.9.1 and 7.9.2 show the behaviour of the Twiss functions in the undulator
region for the last two configurations of Table 7.9.1, namely, circular and vertical polarization and 100
nm wavelength.
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Figure 7.9.1:

Twiss functions in the undulator region
for circular polarization at 100 nm;
FODO cell phase advances ¢ = 45.7°,
b, =41.9°

Figure 7.9.2:

Twiss functions in the undulator region
for wvertical polarization at 100 nm;
FODO cell phase advances ¢ = 49.9°,
b, =46.5°
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7.10 Undulator Vacuum System

The undulator vacuum system is designed to fit the minimum undulator gap (10 mm); it is built in
modules, each consisting of a diagnostics section followed by an undulator vacuum chamber. The
diagnostics section hosts all instrumentation for beam diagnostics and alignment as well as the vacuum
diagnostics and pumping system instrumentation.

The design complies with the following general guidelines.

- The chamber material electrical resistivity and roughness must be low enough for the resistive
wall and the roughness impedance to be kept within specified, acceptable limits (see below) [14].

- The material atomic number must be low and the vacuum chamber capable of surviving at least
one direct hit by the full current, full energy, accidentally mis-steered bunch [14].

- Cost and ease of fabrication must be taken into account.

While the mechanical properties of copper, aluminium, titanium, and stainless steel are all suitable
for HV vacuum chamber applications, copper and aluminium are preferred because of their superior
electrical characteristics. For FERMI, aluminium has been chosen because of its lightness and ease of
fabrication combined with good, if not best, electrical properties [15-18].

The average pressure in the undulator vacuum chamber is specified not to exceed 5-107 mbar.
7.10.1 Description
The undulator vacuum chamber is made of extruded aluminum; the inner profile is as shown in Figure

7.10.1. The minimum allowed internal gap is 6 mm, the wall thickness is 1.5 mm. No lateral pumping
is foreseen.

N |
1.5

Y

Y

30

Figure 7.10.1:
Transversal profile of the undulator
vacuum chamber. Values in mm.
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The surface roughness is specified to be < 0.5 yum rms [16], a conservative value considering what is
achieved using state of the art extrusion and surface polishing processes [21]. Preliminary calculations
of the effects of the roughness impedance predict, assuming the vacuum chamber cross section is
circular with 3 mm radius, a maximum tolerable roughness of <~ 250 nm; this is not too far from the
above specification given the worst case assumption made on the chamber shape. Further R&D, both to
validate the applied theory and to improve the surface properties, is in progress.

The transition vacuum chamber between two undulator modules is built of the same material and has
the same internal shape as that of the undulator in order to avoid wakefield producing discontinuities.
A bellow allows to easily connect two adjacent modules and to compensate small length variations
due to thermal excursions, particularly during bakeout. The bellow is directly welded to the vacuum
chamber in order to save space for diagnostics instrumentation. Its detailed design will be defined so as
to minimize geometrical wakefield effects.

A box (Figure 7.10.2), surrounding a vacuum chamber section with pumping slots, carries four flanges
to which pumps and auxiliary vacuum instrumentation or other components such as pressure gauges,
residual gas analyzer, vacuum valves or beam diagnostics instrumentation can be connected. Care is
taken to ensure that the pumping slots do not significantly contribute to wakefield amplitudes.

Figure 7.10.2:
Sketch of top view and side view of the
pumping box.

Each chamber is equipped with at least a 20 1/s sputter ion pump (SIP) in order to ensure the design
operating vacuum pressure also in presence of possible small leaks. Because of the relatively high
starting and working pressures, triode pumps are foreseen. Note that the obtainable final pressure is
conductance limited, as discussed in Section 7.10.2.

In order to minimize discontinuities occurring between each pair of coupled vacuum chambers, flat
flanges and VAT-like seals are specified.

The general undulator vacuum layout is presented in figure 7.10.3. Only two all-metal gate valves are
used, one at the beginning and one at the end of the undulator chain vacuum system. They are equipped
with RF contacts and with a side flange to connect the system to the pumping station used during
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bakeout and pump-down. An additional pumping station can be connected if needed to an all-metal
angle-valve mounted on a pumping box placed half way in between the two end gate valves, in order

to lower the average pressure at which the ion pumps are switched on.
& & x

T g}
D A A

@ SIP @ Vacuum gauge % Pneurmnatic gate valve Dﬁ Manual valve

Figure 7.10.3:
General undulator vacuum layout.

At least three pressure gauges (two “Penning” and one “Pirani”) and, where needed, a residual gas
analyzer are installed to monitor the system both during pump-down and during normal operation.

In case either the foreseen vacuum level or the chamber wall roughness should turn out to limit the
beam performance, other vacuum chamber shapes or technical solutions are being considered, such
as: extruded aluminium vacuum chamber with ante-chamber to achieve lower average pressures; a
stainless steel chamber with a better surface finishing to reduce roughness and with a thinner chamber
wall so as to bring the internal gap up to 7 or 8 mm. The latter solution would require aluminium
coating to ensure the required electrical properties of the inner surface.

7.10.2 Vacuum Performance

The maximum average pressure allowed in the system during operation is specified not to exceed
5-107 mbar in order to keep bremsstrahlung below the specified safety thresholds [18]. A first indication
on the tolerable amount of bremsstrahlung during machine operation can be obtained comparing
the FERMI expected working parameters with the experimental data from ELETTRA under typical
operating conditions (See Table below).

Table 7.10.1: Typical operating conditions of FERMI and ELETTRA.

P (mbar) E (GeV) I(A) L(m)
FERMI 5-107 1.2 8-10° 50

ELETTRA 1-108 2 0.3 11
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The ratio of the total dose rate at a conventional reference distance of ten meters from the end of the
straight sections was calculated using the following formula [25]:

~17-10" -2 . L 1.
patm

D[Gy/h]aIIOm

7.10.1

where E is the electron energy [MeV], I the average electron current [e'/s], L the straight section length
[m], p the average pressure ,p_  the atmospheric pressure (1013 mbar).

The result is:
D
£ ~1.8-10°
E . 7.10.2

The very low ratio is due to the fact that, while the peak currents of the two accelerators are comparable,
the FERMI repetition rate and consequently its average current are several orders of magnitude lower
than that of the LCLS. Similar results can also be drawn from experience at FLASH [23].

While more detailed calculations are in progress for radiation protection purposes, the undulator
vacuum chamber design average pressure of 5x107 is expected to be more than adequate as far as
production of bremsstrahlung is concerned.

In order to evaluate the effect of photon induced desorption due to incoherent synchrotron radiation,
more detailed knowledge of the photon distribution along the undulator vacuum chamber than at
present available is necessary. Nevertheless, first indications can be obtained from comparing FERMI's
parameters to those of LCLS, although undulator types and chamber material and shape are different.
For FERM], the electron beam average power of < 12 W at 10 Hz repetition rate is 150 times lower than
the maximum average power of LCLS (1.8 kW) [14]; the FEL radiation peak power is also about 35 times
lower for FERMI. On the other hand, the LCLS calculated average pressure increase due to photon
induced desorption in the copper chamber is in the range of 10 mbar with a desorption yield (molecules
desorbed per incident photon) of Cu about one order of magnitude lower than that of aluminium [24].
From the above data one therefore expects the desorption induced pressure rise in the FERMI undulator
chamber to be lower than that computed for LCLS by at least one order of magnitude and therefore
negligible compared to the design average pressure.

Concerning the possibility of carbon contamination of the surface, at FLASH - where the vacuum
specification for the undulator vacuum chambers requires the residual gas pressure for masses > 45
amu to be not higher than 10° of the total pressure - no carbon contamination is observed [23]. A similar
specification is also foreseen for FERMI so that no significant contamination is expected.
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7.10.3 Pressure Profile

In a distributed pumping system along a pipe with uniform outgassing, the pressure profile is classically
represented by a parabola [26] the maximum ( Pl ) and minimum ( PO ) values being

1
Pl=qu(§+ ), 7.10.3

2-C

respectively, with q being the specific outgassing, B the perimeter of the pipe cross-section, 2! the
distance between two neighbouring pumps, S the pumping speed and C the pipe conductance.

Because of the vacuum chamber shape, the system is conductance limited: equation 7.10.3 therefore
indicates that the ion pump speed does not significantly influence the ultimate reachable pressure but
only defines the pressure at the pump location; moreover, the pressure drop P -P is independent of the
pumping speed. It is therefore rather the specific outgassing rate that must be kept as low as possible in
order to reach the lowest conductance allowed pressure.

With a proper cleaning procedure, including in-situ bakeout, and paying special attention to the
cleanliness of the environment during assembly [19,20], one can reach specific outgassing rates of 1-10""
mbar-1/s/cm? or lower [21].

To evaluate the average pressure in the system at room temperature, a Monte Carlo simulation of thermal
outgassing was performed using the MolFlow code [22] on a modular system with periodic boundary
conditions simulating the modular undulator vacuum chamber. The resulting curve (Figure 7.10.4) has
been normalized to a worst case specific outgassing rate of g=1-10""" mbar-1/s/cm?, taking also into account
the contributions from in-vacuum beam diagnostics components. The lowest pressure is, of course, at
the pump location while the highest one, approximately at the undulator midpoint, is about one order
of magnitude higher; the average pressure in the whole chamber is 4-107 mbar.
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7.10.4 Conclusion

In conclusion, aluminium has been chosen as the undulator vacuum system material, because of its
lightness, ease of fabrication and good electrical properties. The material specific outgassing, the most
important parameter limiting the ultimate pressure, is kept low by following scrupulous cleaning
and assembling procedures. A simulation of the system vacuum behaviour indicates that a maximum
average pressure below 5-107 mbar can be easily achieved provided strict construction, assembly and
maintenance prescriptions are followed.

More detailed simulations will be performed following completion of the detailed design of all
components.

Structural and thermal properties of the vacuum chamber including mechanical stress and consequences
of possible beam losses are being studied further.

7.11 Wakefields in the Undulator Vacuum Chamber

Since the effects of transverse wakes in the undulator vacuum chambers can be neglected, the main
concernis the longitudinal wakes which may blow-up the electron bunch energy spread and consequently
degrade the quality of the FEL radiation. They may originate from:

- the resistive wall (RW) effect due to the finite conductivity of the chamber walls,
- the impedance of cavity-like objects,
- the roughness of the chamber inner surface.

The treatment of RW wakefields and of their effect on the FEL performance follows the approach of
references [27-30]. Wake functions driven by the wall resistivity are obtained in the time dependent (AC)
approximation by numerically computing the inverse Fourier transform of the AC impedance. The very
high frequency components in the wake function spectrum acting back on the electron beam degrade
the final FEL beam quality by blowing up the electron bunch energy spread.

The theory presented in ref. [27,29] has been applied to both round and parallel-plate geometries, and
to aluminium and copper vacuum chambers. The round chambers have an inner radius of 6 mm , while
the parallel plate chamber gap is 10 mm. The induced electron bunch energy spread has been evaluated
for both the medium and the long bunch case, as described in Chapter 5 of this report.

The theory of surface roughness in a circular chamber, on which the calculations of this study are based,
may be found in ref. [31]. The theory of parallel plates [32] is less well established; the overall wakefield
is computed by adding up the various excited modes that can propagate through the chamber itself. In
the limit of two infinite parallel plates there must be a continuous spectrum of modes that, when added
up, tends to cancel the overall effect [7]. Consequently, the induced energy spread is expected to be no
larger than for a circular chamber with a radius comparable to the parallel plate separation.
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7.11.1 The Resistive Wall Wakefields

This Section provides an overview of the effects of RW induced, AC (time dependent) wakefields . More
details are given in ref. [33.]

The interaction between the electron beam and the vacuum chamber is generally described by a coupling
impedance and varies according to the wave number k of the excited electromagnetic modes that can
propagate inside the chamber. The impedance is computed using an RLC parallel circuit to model the
chamber response.

The key parameter is the AC conductivity of the chamber wall:

°c 7111
1 - ikct

6:

the DC conductivity, o, and the electron relaxation time, T , being given in table 7.11.1.

Table 7.11.1: DC conductivity and relaxation time for Al and Cu.

aluminium copper
o [Q'm"] 4.22x107 6.45x107
T [s] 8.00x10" 2.70x10

The normalized AC longitudinal coupling impedance of a circular chamber can be written as

Z(J
2na [h(k)/k —ika/2] 7.11.2

Z(k) =

and that of a parallel plates chamber as

[k(k)

Z(k) = f cosh (aX)—%COSh(ax) sinh(a) 7.113

where A (k) is a function whose inverse imaginary part gives the skin depth [30], namely

Mk) = Z, G| /2 +sgn(k)) 7.11.4

where 4 denotes the radius of the circular chamber or the half-gap of the parallel plate and Z = 377 Q
the vacuum impedance.

The wake functions in the time domain are obtained from the inverse Fourier transform of the impedance.
They are described by the wake function excited by a point charge

w(s) = 2] RZ(0)) cos(k ) dk 7115

where s > 0 is the distance from the point charge. The dependence on the chamber material and on the
aperture 4 is shown in Fig. 7.11.1 for a circular vacuum chamber and in Fig.7.11.2 for one with parallel-
plates.
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The figures clearly show that an aluminium, parallel plates chamber is favoured over a circular one with
same aperture since [33]

- the maximum amplitude of the wake function w(s — 0*) is 7*/16 times lower and

- the wakefield is damped at least 1.5 times faster.
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Figure 7.11.1:
Longitudinal AC wake functions for aluminium (a) and copper (b), evaluated
at different radii of the circular cross-section vacuum chamber. The radius is
indicated in mm next to each curve.
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Figure 7.11.2:

Longitudinal AC wake functions for aluminium (a) and copper (b), evaluated at
different half-gaps of the rectangular cross-section vacuum chamber. The half-gap
height is indicated in mm next to each curve.
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The effect of the longitudinal resistive wall wakefield is to induce an energy spread which is correlated
with the longitudinal position inside the bunch. This correlated energy modulation follows closely the
shape of the wake functions, and, consequently, the choice of the chamber aperture is crucial for the FEL
efficiency.

The induced energy spread, for the medium bunch case with a total bunch charge Q = 0.8 nC and for the
long bunch with Q = 1 nC have been computed; the resulting bunch profiles are shown in Chapter 5.

The first step in calculating the energy spread is to compute the wake potential, defined as the convolution
of the wake function with the electron bunch linear current density distribution p(s), namely

1e N !
W, (s) = —d W(sHp(s - sds' 7.11.6

with the sign convention that positive values indicate energy gain for a particle located at a distance s
behind the leading point charge. With this convention, the energy spread is given by

AE(s) = eW,Q 7117

The AC wake functions were convoluted by binning the charge distribution in 5 um bins. The results
for two cases (@ = 3 and 5 mm), are shown in Fig. 7.11.3 for the medium bunch and in Fig. 7.11.4 for the
long bunch case.

It is to be noted that, apart from rather large amplitude oscillations at the head and the tail of the bunch,
in the worst case of a 3 mm radius circular chamber the residual absolute energy variation at the bunch
core is - 10 keV/m for the medium bunch case and 5 kV/m for the long bunch case. The aluminium
chamber clearly offers a flatter bunch core and lower amplitude oscillations near the bunch head and
tail. As far as the chamber shape is concerned, the overall average energy loss suffered in a parallel plate
chamber is slightly less than that in a circular cross-section with same aperture.
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Figure 7.11.3:
Induced energy spread in the medium bunch passing through a circular (a, c)
and a parallel-plates vacuum chamber (b, d), for a =3 (a, b) and a = 5 mm (c, d),
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Figure 7.11.4:

Induced energy spread in the long bunch passing through a circular (a, c) and a
parallel-plates vacuum chamber (b, d), for a =3 mm (a, b) and a = 5 mm (c, d),
taking aluminium (red) and copper (blue) for the wall material.
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7.11.2 The Roughness Wakefields

This section addresses the effects of the wakefields that are excited by the interaction of the bunch
charge with the roughness of the vacuum chamber surface. The model for the study is inspired by ref.
[31], where a round perfectly conducting pipe wall, having a sinusoidal corrugation with longitudinal
periodicity 7\5 and amplitude ho is considered. The results presented here were obtained in the small-
angle approximation, assuming an amplitude /, which is much smaller than the period A_or, in terms
of aspect ratio, AR = A, [h,>>1.

The wake function for this model is:

n N
cos| —s | +sin| s
_Ze 1 Nz 9 (Xx ) ()‘s )

41 AR a  0s \/275 7118

w(s)

-

A

where a is the pipe radius, Z, the vacuum impedance and c the speed of light.

Figure 7.11.5 (a) shows the wake function of Eq. (7.11.5) for two different radii of the round pipe, 3 mm
and 5 mm, with AR =250 and A = 25 wm. It is worth noting that the two wake functions look very much
alike. Figure 7.11.5 (b) shows a comparison between different geometries of the surface roughness of a 3
mm radius pipe. The figure clearly shows that wakes generated by roughness are quite sensitive to the
roughness depth, /1.
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Figure 7.11.5:

Medium buch case. Surface roughness wake function in a circular cross section
vacuum chambers. (a): wake functions for a = 3 mm (blue line) and a = 5mm (green
line), with h,= 100 nm and s = 25 um (AR = 250). (b): wake function for a = 3mm,
and AR =500 (blue), AR = 250 (green), AR =125 (red) and AR =100 (cyan).

The wake potential W, (s) and the energy spread AE(s) are plotted in Figure 7.11.6 for the medium
bunch case. Figure 7.11.6 (a) shows the results of the convolution between wake functions and current
distribution, i.e. the energy deviation versus longitudinal position inside the bunch for AR = 250 and a
radius of the round vacuum chamber of 3 mm and 5 mm respectively. Figure 7.11.6 (b) shows the energy
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deviation versus s, for a 3 mm radius pipe and different aspect ratios AR. One concludes from it that
aspect ratios larger than ~250 are desired.
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(green), 125 (red) and 100 (cyan).

Figure 7.11.7 shows the energy variations in the long bunch case, with the same roughness geometry.
In this case wake effects are small and, in the worst case of AR = 100, the energy variation in the bunch
core is less than 1 keV/m.
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Long bunch case. Energy variation induced in a circular cross-section vacuum
chamber. (a) Energy variation for a = 3 mm (blue) and a =5 mm (green), with
AR = 250. (b) Energy variation for a = 3 mm and AR = 500 (blue), AR = 250
(green), 125 (red) and 100 (cyan).
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In addition to the effects just described an additional contribution arising from relatively low frequency
synchronous modes, where surface corrugations are shallow, (i.e. those with a low AR value) must be
taken into account. The effect is modelled assuming a sinusoidal wall surface modulation, like in the
high frequency case [31]. The wake function for such a synchronous mode is

Zyc 8 )
w(s) = —2—Ucos| s
(s) i o ( ; ) 7.11.9

where the dimensionless factor U and the mode frequency w both depend on 4, h;and A . The values of
these functions can be found in ref [31]. It is found that, in a 3 mm radius round pipe, the effects of the
synchronous mode become significant only if AR<~ 150. The synchronous mode induced energy spread
with AR = 125 and 100 are plotted in Figure 7.11.8 and Figure 7.11.9 for the medium and long bunch
cases, respectively.
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Figure 7.11.8
Medium bunch case. Effect of the synchronous mode on the energy spread in a 3mm
radius pipe and aspect ratio AR =125 (a) and AR =100 (b).
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Figure 7.11.9
Long bunch case. Effect of the synchronous mode on the energy variations with a
pipe of radius 3 mm and aspect ratio AR = 125 (a) and AR = 100 (b).

It is concluded that the effect of the synchronous mode is negligible if the surface roughness aspect ratio
is larger > 250.

In a rectangular cross-section vacuum chamber the roughness wakefield is derived by taking into
account the higher order modes of the excited field that can propagate inside the chamber. Depending
on the corrugation height, these modes are more or less coupled to each other (hybrid modes). In the
limit of two infinite parallel plates a continuous spectrum of modes exists whose sum tends to vanish,
as shown in ref. [32]. Consequently, for any given aperture, the induced energy spread in the parallel
plate (or elongated ellipse) case is expected to be lower than in a circular cross section pipe. Pending
further study one can therefore assume that specifications derived for the circular pipe case also hold

for a parallel plate one.
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7.12 Alignment and Trajectory Control

7.12.1 Introduction

In the absence of magnetic perturbations and misalignments, the average electron beam trajectory in the
undulator is a straight line on which a very small amplitude oscillation is superimposed. In this ideal
situation slippage-free transverse overlap of the electron and the radiation beams is guaranteed. In a
real situation, misalignment of magnetic elements, the finite resolution and misalignment of the BPMs
and undulator magnetic field errors all contribute to distorting the ideal beam trajectory.

The goal of undulator magnets and quadrupoles alignment procedures is to keep the trajectory distortion
in the undulator region below the tolerance specified for successful FEL operation; namely, according
to simulations [34], within < 10 um in the most critical case of FEL operation at 10 nm wavelength, the
lowest end of the foreseen operating range.

Such a tight tolerance is mainly dictated by the phase error due to slippage between the electron bunch
and FEL radiation, occurring when the electron trajectory strays from a straight line [35].

The phase error accumulated over a length [ by an electron entering the undulator at an angle x” with
respect to the undulator axis is

A<I>=k,-AS='kr[l' (1+<x’)2)‘l]“kr'@ 7.12.1

where k_is the radiation wave vector and As the path length difference between FEL photons and the
electron beam. In addition, a field error on the j* undulator pole imparts a further angular kick to the
beam that one can write

6 = (2K/y )(AB/B) 7.12.2

Assuming that during the initial commissioning the beam is steered through the center of all BPMs, the
residual trajectory errors are due to the BPMs finite resolution and misalignment. In a simple model
in which the focusing and defocusing actions of the undulator are neglected, the average phase error
per section introduced by N undulator pole magnetic errors and by the inaccuracy of the trajectory
correction is [35] :

(A®) =K, [%(Nz +5)(0%+y?) +ﬁ<%w-mncz>} /

(7.12.3)
(o5)=()  (wi)={w)
Aport_inae = \ rBZPM + A;PM—pas

where 7, and A, .. are the corresponding BPM resolution and misalignment, kr is the radiation
wave number, A the undulator period, 0 the kick due to a pole error, W the pole roll angle error, K
the undulator parameter, y the electron beam Lorentz factor and Aporiiae the overall inaccuracy of the
position measurements. The mean values of magnetic pole field and roll angle errors are assumed to be
independent of the pole location. The same assumption is made for the the inaccuracy of the BPMs.
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To proceed, one uses the model of a N/2 periods undulator sketched in Figure 7.12.1, in which a BPM
plus a corrector are placed next to both the magnet ends. Quadrupoles in between undulators are not
explicitly considered because their misalignment simply changes the required initial steering corrections.
Straight lengths are also not shown for simplicity.

BPM and corrector  pole

«—1—
12 3

Figure 7.12.1:

Simplified model of an undulator with
N/2 periods. A BPM and a corrector
placed next to each of its ends are
indicated.

Figure 7.12.2 shows the mean phase error in an undulator section, at 40 nm FEL wavelength, as a function
of the position measurement inaccuracy due to BPMs misalignment. Pole magnetic field and roll angle
random errors are conservatively assumed to be (AB/B)=10" and ¥ =10 rad respectively.
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Figure 7.12.2:

Mean phase error as a function of the
mean position measurement inaccuracy,
specified above.
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Figure 7.12.2 indicates that the tolerable absolute rms trajectory position error must be less than 50
wm if the accumulated phase error is to be less than the 0.2 rad generally accepted value, verified by
simulations [34].

As concerns the achievable accuracies, one notes that mechanical and electrical centers of a stripline
type BPM can only be made to coincide to within ~100 wm, while the achievable rms error on the
position of the BPM mechanical center with respect to the ideal straight line trajectory is also of the
order of 100 wm (see 13.4.3), giving an overall BPM expected rms position error of ~140 um. Even using
cavity type BPMs, whose mechanical and electrical centers can be made to coincide to within a few um,
conventional mechanical alignment errors would still be of the order of 100 wm. One therefore concludes
that the 50 wm specification mentioned above cannot be met by conventional equipment and surveying
techniques.

The FERMI alignment strategy is therefore to still use stripline beam position monitors but, in order to
reduce the electron trajectory distortions to within the specified tolerance, to complement state-of-the-
art mechanical alignments with the trial and error, beam-based alignment (BBA) technique pioneered
at Stanford on the SLC [36], and now foreseen, in somewhat different forms, by all FEL projects under
development [37, 38]. In this section it is shown that BBA meets FERMI's electron trajectory straightness
specification.

The procedure foreseen for FERMI, described in more detail in the following section, is the same as for
LCLS. Quadrupoles and BPMs are pre-assembled in such a way that they can be considered, alignment-
wise, a single item. A set of BPM readings is taken at three different energies, numerically analyzed and
used to physically correct the quadrupole magnet transverse position and to adjust the BPM position
nominal calibration. By repeating the procedure several times the incoming electron beam position and
angle at the undulator entrance can be adjusted to meet the desired tolerance.

7.12.2 Beam-based Alignment Procedure Details

The technique of beam based alignment is well described in [39]. The goal is to determine the position
of the centers of the BPMs with respect to a straight line to better than a few wm and force the electron
trajectory through them.

BPMs and quadrupoles in between undulator sections are pre-assembled on a girder before installation
in the tunnel and supported independently from the undulators; lattice quadrupoles are mounted on
movers and equipped with dipole correctors. BPM readings being only relative, there is no need for
very accurate BPM position fiducialization since their true position error, obtained through the BBA
procedure and the algorithm devised for the LCLS [37], can be allowed for by software corrections of
their calibration. Gross trajectory corrections are obtained by physically displacing the quadrupoles
using their movers. Fine adjustments, with better than 1 um resolution, are made using the dipole
correctors instead.

It is expected that the basic procedure will need to be repeated approximately once a month with the
undulator gaps wide open. Assuming the initial conditions at the undulator entrance remain the same,
further perturbations of the ideal trajectory when the gaps are closed can only come from the quadrupole
field errors, their residual misalignments or from the earth magnetic field.

Simulations of the whole procedure were carried out for a standard magnetic lattice, using random
sets of BPM readings at 1.2 GeV, 900 MeV, and 600 MeV. All magnet settings and the electron beam
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launching angle and position at the entrance of the undulator were assumed to be energy independent.
Quadrupole and BPM misalignments were computed, the necessary corrections applied and the
launching parameters adjusted accordingly. The process was repeated at least 3 times.

The main factors determining the ultimate quality of the procedure are the BPM resolution, the jitter in
the electron beam position and angle, and, possibly, quadrupole and BPM position drifts during the time
when measurements and corrections are performed. It was found that the algorithm is not very sensitive
to the initial quadrupole and BPM position errors, which did allow to specify a conservative value of
100 wm for the initial mechanical misalignment of these elements. Inaccuracies in the fiducialization
of the electric center of the BPMs (100 m) and of the magnetic center of quadrupoles (20 um) were
added in quadrature to the position errors. Input measurement resolutions and error values used in the
simulations are listed in Table 7.12.1.

Table 7.12.1: Resolution and error values used in BBA simulations.

BPM rms resolution 1 wm
BPM offsets (uncorrelated) 100 um
BPM offsets (uncorrelated) 50 um
BPM mean calibration error 10%

BPM rms calibration error 3%

Quad offsets (correlated 100 um
Quad offsets (uncorrelated) 50 um
Quad fiducialization 20 um
Quad mean gradient error 0.3%

mover resolution 2 um
mover mean calibration error 5%

mover rms calibration error 3%

beam energy mean uncertainty 1%

beam energy rms uncertainty 0.1%

beam position/angle initial offset 10 o/o beam
beam position/angle rms jitter 0.01 o beam
Quadrupole and BPM drifts +2 um

Figure 7.12.3 shows the final beam trajectory deviation from a straight line as a function of the possible
quadrupole and BPM drifts while BBA is being carried out. Seventy different simulation runs for both
the horizontal and the vertical plane were done, with different seeds randomly chosen within the
respective standard deviations listed in Table 7.12.2. The error bars are the one standard deviation of
the 70 runs set.



Chapter 7 - Undulators

T T
15 - 15 1
El &
E B
2 10 . £ up -
B fg’-
E 5 ]
i'é =
g £
CEEE S - £ 5F .
| | 1 1
0 2 4 a 0 2 4 é
Ivlasdrun drift (micron) Tolasdronrn drift {micron)
a) b)
Figure 7.12.3:

Horizontal (a) and vertical (b) final trajectory deviation as a function of the
maximum drifts of quadrupoles and BPMs during the BBA procedure. The
probability of each drift is taken to be uniform in the range: £ (assumed maximum
absolute drift value).

Figure 7.12.3 shows that, in order to meet the tolerances demanded by FEL operation at 10 nm, the
maximum tolerable drifts should stay within + 2 um.

Figure 7.12.4 shows the final beam trajectory deviation at the end of the BBA procedure, as a function
of the BPM resolution, the beam launching angle and position jitters during BBA operation. In order to
achieve the stated goal, a BPM resolution of < 1 um is needed. The resolution of a stripline BPM is 20
um for a single measurement. Averaging the BPM readouts over a large number of pulses improves the
resolution of the measurements. The beam position random error shown in the figures is the standard
deviation of the mean of 400 measurements. This number of measurements reduces the statistical error
on the determination of the launch angle and position to ~1% for a single shot jitter of 20% of the beam
size and angular spread. This is sufficient to achieve the BBA goal. In addition, feedback systems will be
implemented to bring the average of multiple beam position and angle jitter measurements within 1%
of the design beam size and angular spread.
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resolution. The two curves are for two  dimension.

7.12.3 Earth Magnetic Field Effects

The results reported above were obtained without considering the earth’s magnetic field. When the
earth field is included in the simulations the trajectory is scalloped in a sequence of parabolic arcs in
between quadrupoles (see Section 7.6). In order to quantify the distortions a simulation was performed,
with the undulator field switched off and in the ideal case of perfect alignement. The value of the sagitta
of the parabolic arcs was found to be 17 wm in the horizontal plane, corresponding to an rms trajectory
deviation in an undulator magnet of 5 wm. By tuning and shimming the undulator one can reduce the
distortion due to the Earth’s field to the order of ~1 um; since the distortion adds in quadrature with all
other effects, its contribution is negligible.

7.12.4 Conclusion

The consequences of deviations from the ideal trajectory in the undulators have been studied. It is
found that FEL operation at the 10 nm shortest design wavelength, requires the electron trajectory in
the undulators to be a straight line to within 10 um rms with respect to the undulator magnetic axis
and over the whole undulator length. In this section it has been shown that beam-based alignment
procedures allow reaching the this goal.
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FERMI@Elettra includes two separate undulator sections named FEL-1 and FEL-2 delivering radiation
in the 100 + 40 nm and 40 + 10 nm ranges, respectively. For FEL-1 a 50 + 100 fs pulse is delivered with a
peak power of about 1-5 GW, and ~ 10" photons per pulse are expected. FEL-2 is characterized by a 200
fs pulse carrying about 1 GW and 10* (fresh bunch mode).

In order to characterize, select, and carry the photon beam to the experimental endstations, a set of optical
systems is placed after the undulators. Characteristics such as energy, energy resolution, pulse length,
intensity, arrival time, polarization, and so on, are determined by means of several diagnostics located
between the undulators and the experimental hall. Gas-based systems such as absorbers and intensity
monitors are mounted within window-less in-vacuum sections. The gases intercepting the radiation
axis serve as natural absorbers reducing the overall photon flux. Additionally, the gas ionization signal
gives information about the relative intensity of the beam. A system of slits removes unwanted off-axis
radiation mainly coming from spontaneous emission. It also works as an angular collimator making
possible spectral-angular filtering.

At the entrance of the experimental hall radiation coming from each FEL impinges on a plane mirror used
as a power absorbing element upstream of the more delicate elements along the beamlines. Moreover,
this optical element is important from the radio-protection point of view.
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In order to energetically and temporally characterize the radiation, an energy spectrograph, an
angular distribution detector, and a temporal pulse length-measuring device are installed. The on-line
spectrograph uses a variable line spacing plane grating that passes more than 95% of the radiation in
reflection (zero order) to the following beamlines, while a small fraction of the total number of photons
is diffracted within the orders of diffraction. The first order, in particular, is focused and directed onto a
linear spatially sensitive detector to analyze the energy spectrum of the radiation, pulse by pulse. A two-
dimensional detector characterizes the quality of the emitted radiation by checking the off-axis emission
to give useful feedback for the undulator tuning. A streak camera determines the pulse length with a
temporal resolution tentatively below 0.5 ps.

Proper beamline designs are currently under study for the different experiments foreseen for FERMI@
Elettra. A main design goal is the possibility of serving some of the endstations with light coming from
both FELs (not simultaneously). Moreover, the optics take into account the fact that the effective photon
source moves longitudinally as the emission energy is varied.

Different traditional monochromator schemes are considered, and a detailed study is in progress to
determine the best configuration for the needs of the different experiments. In addition, a scheme for a
time preserving monochromator is described and discussed.

8.1 Introduction

Two free-electron-lasers are employed to deliver radiation from 12 to 124 eV with bandwidths of
40 and 15 meV (for FEL-1 and 2 respectively). Some experiments can work with this level of energy
resolution, and keep the pulse length as short as possible. In those cases in which a higher degree of
monochromatization is needed, the inevitable drawback of a lengthening the pulse length must be faced.
Consequently, different designs are adopted for the two cases: high-energy resolution and short-pulses
beamlines. These lines are currently being designed according to the specific users’ needs. Another
design takes contemplates focusing of the FEL radiation directly on the samples in the endstations.

The major design challenge is the high peak power of the FEL pulses (up to several gigawatts) that
imposes severe constrains on the beamline design and on the optical coatings. Moreover, the pulsed
structure of the radiation calls for proper diagnostics to characterize the pulse length, spectral profile,
and intensity. These diagnostics at first serve as tools for optimizing the machine performance, and
include also more specific tools as radiation angular distribution detectors.

8.2 Differences between FEL and Synchrotron Radiation

The very high peak energy arriving on the optical elements, together with the extremely short pulse
length, is the main difference between FEL and synchrotron radiation (SR). This difference calls for
modifications of usual synchrotron beamline designs as well as the choice of proper materials. The
peak energy density from the FEL is four to five orders of magnitude higher than in undulator beams
at 3" generation synchrotron facilities. Such energy, delivered in sub-picosecond pulses, creates a large
number of ionized surface atoms on the optical elements (as well as on the samples) before de-excitation
processes can take place. As a consequence, desorption (ablation) of surface atoms may occur. Recent
first tests carried out at 12 eV on silicon-, carbon-, and gold-coated mirrors carried on at TTF-FEL in
DESY [1] can help meet this new challenge (not present at SR facilities). To provide a conservative safety
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margin the FERMI@Elettra beamlines are designed with peak fluences on optical elements that are 10
times lower that the damage thresholds verified for the chosen optical materials. Furthermore, focusing
of the undispersed FEL radiation onto optical elements (slits included) is avoided in favor of grazing
incidence angles on the optics. Finally, surface materials with as low ionization cross sections as possible
are preferred.

8.2.1 Pulsed Structure

The radiation presents a pulsed structure with frequency of 10 — 50 Hz, and a pulse length of about
50 +200 ps, with a peak power of 1 +5 GW. The product of the pulse frequency and the pulse length,
for the given peak energy determines the total delivered power. To safely estimate this value it is
conservative to take 100 Hz as the frequency (T = 102 s) for both FELs. For FEL-1 the product is about
10", while for FEL-2 it is 2.5x10% in the fresh bunch mode. Therefore, the integral power load delivered
on the first optical element of each beamline is about 1 W, or even less. One must add to this value the
power due to the spontaneous emission of the undulator, as well as of the radiation emitted by the
bending magnet used to deflect the beam out of the photon trajectory. Also in this case the pulsed nature
of the radiation guarantees very low values for the average thermal load. These values are much smaller
than what expected in typical SR beamlines, and consequently standard direct side cooling (with water)
is appropriate (even if operations without cooling are possible).

Another major issue related to the pulsed structure is the fact that when this kind of radiation passes
through a diffraction grating its time distribution is inevitably modified. This is a consequence of
the different optical paths traveled by the individual photons within the same pulse. While the path
difference is close to zero in the case of mirrors, it is no longer negligible in the case of diffractive
elements. In this case (Figure 8.2.1) the rays traveling at opposite edges of the pulse travel different
paths, this difference increases as the footprint of the photon beam on the grating surface is larger.

Figure 8.2.1:
Sketch of the path difference due to a
single groove of a diffraction grating.

This path difference is equal to Nd(sina-sinf), where N is the number of grooves lightened by the beam,
d is the groove spacing, o and f are the incidence and diffraction angles, respectively. A pulse time
duration enlargement At is determined and it can be roughly estimated to be equal to the path difference
divided by the speed of light. According to the expected beam divergences and the necessary angles of
incidence, At will range from 0.1 to 1 ps depending on the requested photon energy resolution. To be
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more accurate a computer code able to simulate ray by ray the effect of this enlargement in the presence
of mirrors or gratings for any source distribution has been created. An example is illustrated in Figure
8.2.2, where the effect of a high-resolution monochromator on the time profile of an incoming pulse (for
two different pulse lengths) is simulated.
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Figure 8.2.2:

Effect of a monochromator providing a bandwidth of less than 2 meV at 50 eV
with a 1.2 ps pulse (right) and 0.5 ps pulse (left). The solid curves represent the
incoming beam time profile, the dotted curves the diffracted beam profile.

Of course, one should always take into account the fact that a monochromatic beam can never be
shorter then its transform limit, therefore, for a high resolution monochromator, thanks to the very low
divergence of the beam, the effect of the enlargement due to the grating is negligible (or comparable)
with respect to the natural time broadening due the lower energy bandwidth. The only case in which
the grating effect is relevant is the case of low-resolution monochromators for FEL-1.

Clearly, when there is a strong demand very high-spectral purity of the photon beams in the experimental
endstations, non-standard solutions must be adopted. One possibility is working with a double grating,
time preserving monochromator (described in Section 8.4.3.2). This configuration uses two diffraction
gratings mounted in opposite angle configurations: a — f for the first one, § — a for the second one
(see Figure 8.2.3). In this way the longer path traveled by a photon on the first grating is compensated
by traveling a shorter path on the second, and vice versa.
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configuration.

8.2.2 High Powers

One of the main problems related with the very high peak brilliance is the power arriving on the optical
elements in a very short temporal interval. Even if the average power is of the order of few Watts,
requiring just a simple cooling system to prevent small mirror deformations, the peak power can go up
to 10 GW in particular for FEL-1. To simulate the behavior of the FEL with enough margin to include
variations of both pulse length and peak power, and to give a safe estimate of the behavior of the optics
under such a high energy density, a box-shaped pulse has been used. In particular, for a 200 fs —pulse
an energy of 2 mJ is delivered. Since the divergence of the beam is quite small, 50 urad, it produces an
energy density up to 0.2 J/cm? at 10 meters from the source. Such an energy density is higher than the
damage threshold of several materials. Consequently grazing angles of incidence are used.

The absorbed energy density is also a key parameter, since the typical lattice disruption value of the
order of 1 eV/atom must be not exceeded [2]. This quantity depends on a combination of parameters
including the angle of incidence, the material attenuation length and atomic density, and the reflectivity.
In particular, reducing the grazing angle of incidence introduces a competition between the reduction
of the optical surface power load and the reduction of the geometrical dilution effect (due to the shorter
penetration depth) leading to an increase of the load on the very first layers.

An experimental study was performed by A. Andrejczuk et al. [3], where the damage threshold of
some materials was determined at 98 nm-wavelength and normal incidence. Shorter pulses or longer
wavelength (for fixed pulse energy) determine a lower damage threshold. Moreover, the damage
threshold is further reduced if the interval between two consecutive pulses is of the same order of the
relaxation time of the materials [4]. Typically the ablation is a thermal process, and this means that it is
expected to be lower on materials where the energy can be carried away rapidly [5].
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There are some pre-process, before the ablation, which do not “destroy” the surface, but which can
drastically deteriorate its optical properties. For instance, in bare silicon, the ablation threshold is 3.7
eV per atom for a 20 fs pulse at 780 nm (6.2 eV /atom for 500 fs) while the melting threshold is 2.6 and
5.4 eV/atom for 20 and 500 fs respectively [6]. In other materials (graphite or diamond) the damage
threshold is from 2 to 4 times smaller than the ablation one [7].

Nevertheless, dedicated research efforts, including experiments, are required to improve understanding
of the mechanisms contributing to ablation of optical surfaces, with the aim of properly defining the
bulk and coating materials for the beamline elements.

Possible candidates for coating and/or bulk mirror materials are carbon and silicon, due to their
sufficiently high damage thresholds and the possibility of realizing good quality optical surfaces with
both materials. As a safety margin, designs with energy densities 10 times lower than the expected
damage thresholds are preferred. The thresholds measured at 98 nm were redefined at different
wavelengths simply by taking into account the differences in cross section at different energies. Also
this assumption requires further study.

In table 8.2.1 the expected energy density 10 meters from the source and the necessary minimum angle
of incidence to work within an energy density 10 times below the damage threshold are reported for an
high density graphite coating. For FEL-2 there are no major constrains, while for FEL-1 great care must
be used in selecting the position and angle of incidence for a mirror.

Table 8.2.1:  Expected energy density and maximum angle of incidence at 10 and 20
meters from the source for different possible machine configurations, for
a carbon-coated mirror.

FEL | PulseLongth  PeakPower  Crersydensity - Safety ineidence angle C
1 200 fs 3GW 180 mJ / cm? 2°@10m / 6.3°@20m

1 1ps 3GW 890 mJ / cm? 0.4°@10m / 1.3°@20m

1 200 fs 10 GW 590 m]J / cm? 0.6°@10m / 1.9°@20m

2 400 fs 1GW 600 mJ /cm? 2 @10m

2 1ps 0.3 GW 450 mJ/ cm? 2.6°@10m

2 1ps 1GW 1500 mJ / cm? 0.8°@10m

To take into account also the volume dilution effect some calculations have already been made for the
4GLS source [8]. In this study the damage thresholds obtained experimentally for normal incidence 12.7
eV-photons [3] have been rescaled for different energies and 5°-grazing angle of incidence. In particular,
it was found that within the 10 — 110 eV range there is a multiplying factor ranging between 20 and
100 for the damage threshold of carbon and silicon. This means that the thresholds found for normal
incidence are increased going to grazing incidence, even if the reduced penetration of the photons in the
material is taken into account.

Together with the issue of mirror damage, damage induced by the radiation on different optical elements
like gratings, slits, multilayer coatings, transmission beam splitter should be taken into account. As an
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example, the radiation impinging on a diffraction grating hits the groove walls with angles reaching
very large values (see Figure 8.2.1 as a guideline), up to quasi-normal incidence. The effect on the groove
shape is still to be determined and proper studies and tests must be carried out in order to determine
the best groove profiles. More generally, tests on the damage threshold for different optical elements
are mandatory and must be performed to help selecting the most efficient optical systems for the beam
transport.

8.2.3 Coherence

The measure of the spatial coherence of the beam can be made in several ways. While all these methods
are invasive, fortunately, one can reasonably assume that the transversal coherence does not vary from
shot to shot. Interference effects could be used to measure the transverse coherence length, possibly
in the whole beam in a single shot (like in the Fizeau or Michelson experiments). In contrast, it is very
difficult to preserve the coherence along a beamline, simply because the presence of non-perfect optical
elements. If an high degree of coherence is necessary, the relevant optics must have a surface profile
much better then what is requested for SR beamline. Residual slope errors in the order of 0.1 urad (rms),
including the holding effect, are necessary. This implies a substantial effort in metrology, probably
including “at wavelength” metrology in a dedicated facility.

8.2.4 Beam Splitters and Filters

Several experiments require the splitting of the incoming beam into two beams for a further recombination
(study of interference effects), or with the purpose of their relative delay for pump-probe experiments.
The easiest way to split the beam at these energies is the use of a diffraction grating (Figure 8.2.4).

Focusing Mirror
(on the sample)] /

m= Focusing Mirror
(on the sample]
o ‘ Diffraction Grating
Collimating Mirror (laminar holographic)

Figure 8.2.4:

Scheme of the beam splitter proposed for
the time-resolved spectroscopy beamline
(Masciovecchio, Ruocco, Sette, Torre).
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The grating disperses the same wavelength at different diffraction orders including the zero order,
which corresponds to the reflected beam. Several needs must (or could) be met: 1) splitting the beam at
different directions but with almost the same intensity (if necessary), 2) avoiding temporal lengthening
of the pulse (if necessary), 3) permitting the use of both beams within a wide energy range (the direction
of the diffracted beam depends on the incoming wavelength). Nevertheless, optimizing case-by-case,
possible solutions exist. Figure 8.2.4 presents a scheme planned for one of the beamlines proposed for
FERMI@Elettra (Masciovecchio, Ruocco, Sette, Torre). In this case, the efficiencies of the +1 and -1 order
are almost the same (17.5 and 17.8%).

Another option is the use of thin metallic foils that pass part of the radiation and reflect the remainder at
a particular angle. This task is challenging because the metallic films, often used as filters, do not have
surfaces as good as a mirrors. Moreover, they are easily damaged by the incoming peak energy. This
approach as well as the use of multilayer optics requires further study. Regarding the filters, most of the
work is done by the monochromators. With filters one can remove energies outside the central Gaussian
peak from the optical spectrum.

Some experiments require suppressing higher harmonics or reducing their intensity. The latter task
can be accomplished by using gas cells, with or without entrance and exit windows. Except for the
determination of the proper gas mixture and pressure, cell design is not a significant problem (see
section 8.3.1). This solution, in some cases, is also useful for suppression of higher orders, but multilayer
mirrors or transmission filters are probably better. A detailed study of the filtering is foreseen during the
conceptual design of the first approved beamline for FERMI@Elettra.

8.3 Optical Systems before the Beamlines

Several optical systems serve as interfaces between the FERMI@Elettra undulators and the experimental
stations, performing many different functions. Besides the installation of the beamlines in the
experimental hall (discussed in the next section — 8.4), other systems are inserted between the exit of the
undulators and the first mirrors of the beamlines. These include differential pumping sections hosting
gas I, monitors and absorbers, some kind of angular divergence defining systems (e.g. slits), and the
very first mirrors of the beamlines acting as power absorbers and radio-protective elements.

8.3.1  Absorption Cell and I, Monitor

The FEL radiation is transported through a window-less system starting from the exit of the undulators.
To host sections in which it is possible to perform gas absorption measurements, differentially pumped
sections are inserted before the protective wall in front of the first mirrors. Here a double task can be
accomplished: the attenuation of the FEL radiation intensity and the monitoring of its absolute intensity.
The former is realized through the use of high-pressure noble gases that are pumped at a pressure of 0.1
mbar as an upper limit [9] into a 6-meter-long cell. Figure 8.3.1 reports the calculated transmission of
this cell for different gases at pressures of 0.1 and 0.15 mbar in the spectral range 10 to 100 nm.
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Figure 8.3.1:

Calculated transmission of the gas
absorber  for different gases and
pressures (gas cell is 6 meters long).

It is clearly possible to attenuate the intensity of the FEL radiation by several orders of magnitude by
selecting the proper gas. From about 20 to 100 nm nitrogen can be used, while between 19 and 9 nm
xenon is preferred.

The second task to be accomplished within the differentially pumped section is the monitoring of the
radiation intensity by a gas-monitor/detector, probably similar to that developed for the DESY FEL [10].
The monitor, based on atomic photoionization of a rare gas at low particle density (P =10° mbar), is
free from degradation and almost transparent. Consequently, it is suitable for on-line measurements.
Moreover it can simultaneously detect photo-ions and photo-electrons, and measure the absolute
photon number per pulse.

Also within the same vacuum chamber, pairs of parallel plates are installed for beam position monitoring.
This item is discussed in Section 8.6.3.

8.3.2  X-ray Slits

The FEL radiation emitted from the undulators entering the x-ray beam transport system consists of
an intense coherent emission with a rms angular divergence of about 50 urad for FEL-1, and 15 urad
for FEL-2, surrounded by a broad spontaneous distribution with a larger angular divergence. For some
experiments the low energy spontaneous emission constitutes background noise that must be removed.
Other experiments may require removing greater amounts of the off-axis radiation. These considerations
impose the introduction of an element (collimator) to delimit angular divergence. The collimator has not
yet been designed. Careful consideration and detailed calculations must be carried out to determine if
it is possible to place horizontal and vertical double slits before the beamlines. These cannot be used for
focused, undispersed FEL radiation due to the ablation effects on the jaws. Another possibility [1] is the
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baffling of the grating, which can safely improve the pulse length without excessively deteriorating the
energy resolution. Unfortunately, since baffling cannot reduce the effective source size, as an entrance
slit would do, this method cannot improve the energy resolution if the beamline is limited by a large
source size.

8.3.3  First Mirrors

Two plane mirrors (one for each FEL) are placed at the entrance of the experimental hall, still behind
a protection wall. Their role is to deflect the FEL radiation by about 3° to prevent unwanted radiation
(including bremsstrahlung, undulator x-rays and so on) passing through and traveling along the
beamlines and/or in the experimental hall. As these mirrors also serve as power absorbers, much
less energetic radiation is delivered to the more delicate, downstream optical elements, such as the
variable line spacing (VLS) grating, located after the mirrors. As seen in Table 8.2.1, to prevent optical
surface damage these mirrors are located at least 15 meters from the undulator exits, and work with
an incidence angle of 1.5°. Very likely the coating material will be carbon or gold, due to their excellent
optical characteristics.

8.3.4 Time Arrival Monitor

A system to monitor the arrival time of the photon pulses may be installed just after the undulator exit,
close to the electron beam dump section. Here dipole radiation is emitted when the electrons are forced
to bend away from the undulator axis and towards the beam dump. This radiation, in principle, can
be used as a marker for the time arrival of the photon beam pulses into the optical systems (beamlines)
since it is directly related to the electron bunch time arrival in the undulators. Different methods can be
employed to measure the time arrival jitter. One option is to use an optical streak camera to measure
the dipole radia