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1 FOREWORD

This Technical Design Report (TDR) gives a detailed technical description
of the new research infrastructure SPARX (Sorgente Pulsata Autoamplificata
Raggi X) FEL.

The TDR and its accompanying Scientific Case, give evidence of the strong
motivation for constructing and operating such a facility for a wide and
multisciplinary user community. We are convinced that SPARX-FEL will enrich
the landscape of the research infrastructures for the forthcoming decades and
will be of great benefit for the development of science and technology.

The manuscripts have been written with the contribution of about two
hundred scientists, engineers and designers from different laboratories
worldwide, and with the advise of international editors.

| would like to express my gratitude to all of them for their deep
commitment and constant effort.

Luigi Palumbo
SPARX-FEL Project Director
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2 EXECUTIVE SUMMARY

2.1 From Synchrotron Light Sources (SLS) to Free Electron
Lasers (FEL)

Synchrotron Radiation Sources have played a relevant role in the scientific
and technological development over the last thirty years, being indeed
instrumentation tools for different fields of basic science and applications.

In order to improve experimental accuracy and reduce the measurement
exposure time, synchrotron light sources have been designed with higher and
higher brightness since the use of the first synchrotrons radiation from
bending magnets. With the design of ultra low emittance rings and with the
introduction of wigglers and undulators this parameter has increased by about
nine orders of magnitudes. Today, the so-called third generation sources
provide X-ray beams with brightness exceeding 10?° photons/sec/0.1% bw/(mm
mrad)? - (from now on these units will be referred to as c.u.). It is widely
believed that brightness in the region of 10% (c.u.) is an upper limit for the
present technology based on storage rings. A new technological step is
necessary to go beyond based on linear accelerators and a well-known physical
process named SASE (self amplified spontaneous emission).
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Figure 2.1: Evolution of X-ray source brightness

With these new devices, it is expected that the emission process will
deliver a photon brightness eight order of magnitude higher than what is
achievable with the spontaneous emission in the last generation of SLS.

Free Electron Lasers (FELs) are sources of coherent electromagnetic
radiation having similar optical properties as conventional gas or solid-state
lasers. The relevant difference is the lasing medium being, for FELs, an electron
beam which moves freely through a magnetic structure, the undulator which
causes transverse electron oscillations. While travelling in the undulator, the
coupling of electron transverse velocity with an electromagnetic radiation field

21



SPARX-FEL Technical Design Report

results in energy transfer. This causes micro-bunching of the electron beam in
dependence of the radiation wavelength and leads to coherent emission. In
LINAC based FELs, the micro-bunching instability can be created in a single
pass through sufficiently long undulators, where an exponentially growing
power radiation is produced. This spontaneous amplifying mechanism is called
Self Amplified Spontaneous Emission (SASE), which ensures only the transverse
coherence radiation, the longitudinal distribution showing large numbers of
spikes generated by the noise in the electron bunch density. "Seeding" the
electron beam with an external radiation source, allows to drive the instability
and to control the longitudinal properties of radiation.

The generated output radiation is extremely interesting in terms of
brilliance, coherence, pulse duration and intensity, these unique features offer
new opportunities in many fields of research: material science, chemistry,
biology, medical science, industrial applications.

So far few SASE FELs have been tested at LEUTL, VISA and TTF-FEL. This
last, named recently FLASH has the record of wavelength (6 nm) and started to
operate as user facility in 2007. Many projects are being proposed in the world.
The major initiatives concern the American LCLS at Stanford and the European
X-FEL at DESY, Hamburg, which are willing to reach the Angstrom region.
Nation based initiatives are particularly active in Europe, Asia.

2.2 Development of synchrotron radiation sources and FEL
in the Frascati area.

Theoretical and experimental research activity on particle accelerator, as
instruments of investigation in nuclear physics, started about forty years ago in
the Frascati area with the electron-synchrotron, and have been continuing in
recent years with the construction of new accelerator machines mainly for High
Energy Physics applications. Since the first observations on the accelerated
beams, it was clear that a new type of radiation, available from bending
magnets (synchrotron radiation), had those interesting and promising
properties, which would allow researchers to probe and investigate matter, and
biological samples at the nano-scale level.

The first experiments of synchrotron light in Italy date back to the late
fifties when at the Frascati National Laboratory (LNF) a research team, involved
in the construction of the first-in-the-world storage ring ADA, measured, for
diagnostic purposes, the radiation emitted by less than 100 electrons
circulating in the machine. The measurement was accurate enough to detect
the light emitted by single electrons.

The high interest about the radiation properties and its application gave
birth to a joint Italian-French collaboration aiming at the experimental use of
the synchrotron radiation produced by the 1.1 GeV electron-synchrotron in
Frascati. In this pioneering time the first experiments on absorption
spectroscopy were performed in the spectral region 50 eV - 500 eV.

The experience gained in the pioneering time made possible a further
development of the SR applications through a collaboration between INFN and
CNR with the project PULS on the storage ring ADONE at LNF. A new era had
started and an ever-growing community of Italian physicists approached this
new field of research.
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The first beam line on ADONE dedicated to SR, completed in 1979, was
able to transport UV and X-rays from a dipole magnet to the experimental area.
The scientific activity was mainly addressed to X-ray absorption and
fluorescence. In the next years PULSE laboratory grew up to 6 beam lines,
equipped with monochromators, and delivering a photon flux of 10" - 10"
photons per second. Despite the “parasitic” use of the radiation beam lines, the
source became soon competitive in the international scenario with the
publication of more than 1000 papers on international referred journals. The
PULS project became the main road for the development of a national
community of synchrotron radiation users.

An important step for the RS source was done with the realization in 1979
of the first “wiggler” magnet, unique source at that time, which started the
operation the same year at Frascati and Stanford laboratories. The photon flux
and the radiation bandwidth were significantly increased, and three new beam
lines, up to the hard X-rays, were installed on the machine. The experimental
stations were dedicated to absorption spectroscopy, fluorescence, Mossbauer
time resolved. In addition X-ray lithography and digital angiography techniques
were tested and developed.

In April 1993 ADONE was switched off and the machine dismounted in
order to leave place to a new accelerator complex DAFNE, 1.1 GeV center of
mass energy, devoted to high luminosity particle physics experiments. It was
designed to host also two SR beam lines (Dafne-light project): the X-ray beam
line (1-7 keV) extracts radiation from a wiggler and splits the beam in two
separate lines, DRX1 e DRX2; the infrared beam line extracts radiation from a
dipole magnet which, because of the high current stored in the ring (1.5 A),
produces an extremely high photon flux.

Accelerator physicists and engineers played also a relevant role in the
proposal and project of the 3rd generation 5 GeV European Synchrotron
Radiation Source (ESRF) and in the design of the Italian SR Source ELETTRA. For
the last case it is worth mentioning the construction of 5 beam lines (VUV, XRD,
GAPH, POLAR, X-Proximity) done by CNR institutes in Rome and by the
Universities of Rome. A collaboration between CNR, INFM and INFN designed
and constructed the multi-purpose beam line GILDA at ESRF.

Relevant contribution to the development of synchrotron radiation
sources was given by ENEA (at the time CNEN) which, immediately after
Madey’s pioneering experiment at the Stanford University in 1976, started the
development of low energy accelerators dedicated to Free Electron lasers (FEL).
Over the years ENEA built microtrons and LINACs, providing e-beams with
suitable characteristics to provide FEL radiation in the IR-FIR region of the e. m.
spectrum.

The ENEA researchers also developed the theoretical framework to study the
physics of this new coherent source and the first numerical code, giving a
significant contribution to the understanding of the processes concerned with
gain and saturation along with the major scaling laws, that are nowadays widely
exploited in the preliminary design of FEL sources.

A FEL operating in the IR spectral region, based on a 20 MeV electron
beam accelerated by a microtron was realized at the beginning of the eighties.
Later on a 5 MeV microtron was used to obtain FEL-Cerenkov coherent
radiation and, finally, two FELs operating in the sub-mm and Terahertz region
have been realized at ENEA Frascati exploiting novel features linked to the
waveguide operation, such as the possibility of operating at “zero slippage” and
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the “energy-phase correlation mechanism” exploited in the source FEL-CATS to
enhance the coherent emission in the widest possible bandwidth.

The competences in the field of FEL and SR grown at ENEA and INFN were
merged into common research lines on the study, design and construction of
sources of coherent radiation from free electrons.

After the first experiment of FEL done at Stanford by J. Madey, in 1977 at
Stanford, three FEL experiments were proposed in Europe: FEL-ACO at Orsay
(France), LEDA-F at CNEN (now ENEA) and LELA both in the area of Frascati
Labs. (Italy).

The LEDA-F project has been the first example of Storage Ring FEL in
which the accelerator has been designed and optimized for the FEL operation.

The LELA undulator installed in 1981 on ADONE storage Ring at LNF, was
2.3 meters long with 20 magnetic periods 11.6 cm each and an optical cavity
made of high quality mirrors at 17.5 meters apart. The experiment performed
with LELA had at least two important merit

a) the role of the mirror damage due to the intense flux of X-ray
radiation emitted by the electrons in the undulator
b) the measure of the third harmonic gain

The results obtained on the point a) became successively paradigmatic for
all the successive experiments, while, as to the point b), it was clearly shown
that the FEL can be used with noticeable flexibility and that FEL operating on
higher harmonics can be realized by a suitable design of the optical cavity. The
experiment confirmed furthermore the correctness of the theoretical
predictions, with respect to gain coefficient and to the enhanced sensitivity to
inhomogeneous broadening effects.

Successively ENEA has been involved in different experiments around the
world. Strong collaborations occurred with Santa Barbara (CA USA) quantum
institute, Stanford (USA CA) University, Dartmouth College (N H USA), Orsay
(Fr), Dortmund (GE) and Elettra (Trieste Italy).

In particular the collaboration with Orsay has provided a significant
improvement both in theory and in experiments and one of the main
achievements was the understanding of the interplay between FEL and different
type of beam instabilities, which became of particular interest during the last
years for the cure of the micro-bunching instability in bunch compressor
devices.

Analogous contributions, both experimental and theoretical, have been
given to the realization of the Storage Ring FEL operating at Elettra, whose
success has been determined by extensive studies on the mirror technology
and radiation induced damage.

In more recent years INFN has significantly contributed to TTF (Tesla
Test Facility) at DESY (Germany), in particular with the accelerating modules
cryostats, with new semiconductor-type cathodes, diagnostics instrumentation.
Up to the recent successes of FLASH, INFN has contributed to the development
of the facility, and is presently involved in the construction of the European X-
FEL facility.
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2.3 The SPARX Initiative

The SPARX (Sorgente Pulsata Autoamplificata di Radiazione X) FEL project
is aiming at the realization of a source of coherent X-rays, covering the range of
wavelengths (L) ranging from 0.6 to 40 nm at fundamental harmonics, which
will be able to reach the angstrom-region using the third and fifth harmonics
where high power is still produced. SPARX covers a radiation region
complementary to those of other existing or in construction facilities, such as
FLASH (4<A<40 nm), FERMI (10<A<100 nm), X-FEL (0.1<i<1.6 nm), LCLS
(0.15<2<1.5 nm), SCSS (A>0.1 nm), and will produce, with special magnets,
radiation up to the THz region. These ranges of wavelengths, showing some
convenient overlap, have the advantage of providing sufficient access to users,
expected to be proposing experiments in many fields of disciplines, and
ensuring at the same time a beneficial level of competiveness.

The project is planned as an evolutionary research infrastructure
exploiting the large site available at the Tor Vergata University campus, an area
about 1.5 km long. The machine and the related infrastructures have been
designed by a project team in the framework of a collaboration among the
major national research institutes, CNR, ENEA, INFN, the University of Roma
“Tor Vergata“, in strong partnership with many Italian and foreign universities
well recognized for their expertise on FELs and their scientific applications. The
SPARX facility total length is around 500 m, furthermore, the available site for
the construction of SPARX does not limit the expansibility of the facility for
future upgrades up to the wavelength of one Angstrom in the first harmonic.

Experimental hall (60 m)

-

Undulator hall (85 m)

Accelerator tunnels (300 m)

Figure 2.1: The SPARX surface buildings and the LINAC tunnel

SPARX has already seen relevant steps of development, namely in the
construction of the Test Facility (SPARC), dedicated to a robust R&D program on
ultra-brilliant electron beam LINACs, and on FEL physics. SPARC was approved
and funded in 2003 by the Italian Ministry of Research in the framework of the
national strategic research program (FISR), and got additional support by the
EUROFEL Projet within the 6" Framework Programme of the UE. The test facility
is now completed, hosting a 150 MeV electron beam LINAC which feeds a 12
meters long undulator. The LINAC has been commissioned and the tests of
most critical FEL components have been successfully completed, including
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High-Order Harmonic Generation (HHG), based on the interaction between the
laser beam and a gas target, used for the seeding experiment. During the last
commissioning days the spontaneous emission from the undulators has been
observed. In the coming weeks and months an exciting R&D program is
expected to be performed in order to generate the classical SASE radiation, and
perform the testing of innovative radiation generation schemes based on the
“seeding” process” and High Gain Harmonic Generation (HGHG) which can
extend the operating wavelength of SPARX-FEL down to sub nano-meter region.
First observation of radiation from undulator has been observed recently and
an intense R&D program is currently preformed on the generation of SASE and
seeded FEL. A complete description of SPARC test facility is given in a chapter
3. It must be said that besides the excellent scientific results achieved with the
SPARC test facility, a highly qualified and adeguate team of experts - which
covers all technical and scientific fields - has grown around this activity.

2.4 SPARX Layout and parameters

2.4.1 Machine schematic and parameters

Due to the availability of a large area at Tor Vergata site, SPARX is
conceived as an evolutionary project which foresees with this TDR two
additional steps to the already completed SPARC test facility. The main goal is
to achieve in the first harmonic the VUV and soft X-Rays spectrum, tuning the
machine from 5-6 A to 30-40 nm

In this way the facility easily covers in its first harmonic the water
window spectral region (ranging from 2.3 to 4.4 nm) where the large
transmission contrast between Carbon and Oxygen allows to observe
biological samples in nm scale and also allows to perform spectroscopic
studies on more fundamental materials as solids, surfaces, clusters, molecules,
atoms and the interactions among them as, for instance, the study of dynamic
processes involved in the heterogeneous catalysis. The subnanometer FEL
emission (5-6 A) is quite suitable for molecular structure studies and it can be
further extended down to 1 A with the use of third and fifth harmonics.

To this end, in order to operate with high flexibility and energy tunability
of the electron beam, the electron LINAC has been designed with a maximum
energy of 2.64 GeV. This is reached by means of a 150 MeV SPARC-like
photoinjector followed by a first LINAC, bringing the operating energy up to 1.5
GeV (which allows to enter the water window region) and the second LINAC for
an optimized operating energy of 2.4 GeV (maximum energy is 2.64 GeV)
necessary for reaching the subnanometer region. The electron beam, which can
be extracted at 1.5 GeV and at 2.4 GeV, feeds three parallel undulators (see
Figure 2.2).
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Figure 2.2: Layout of SPARX

The choice of the S-band LINAC with respect to a superconducting L-band
LINAC was already made for the test facility SPARC (i.e. the SPARX injector)
mainly due to the following reasons:

1) compactness of the system
the lower cost
existence at LNF of a 800 MeV LINAC, using the same technology
existing expertise at LNF

~— N N

2
3
4

The present TDR includes also a comparison between cold S, C and X-
band LINAC, showing that X-band LINAC technology is lacking of adeguate
maturation and can present drawbacks with regard to wakefield interactions
between cavity structures and electron beam. On the other side, C-band LINAC
looks a good alternative expecially after successfull tests at SCSS (Japan),
however, the choice of S-Band LINAC has been kept since it permits today a
technically robust design of the machine and will guarantee with the existing
expertise a reliable and efficient operation of the facility.

Two beamlines for each undulator source in order to maximize the users’
accessibility. The beamlines, optimized for high photon energy resolution and
for short-pulse handling, have been designed for the following energy ranges:

- VUV-EUV beamline: 30 -124 eV (10 -40 nm)
- EUV - Soft X-ray beamline: 88.6 - 1240 eV (1 - 14 nm)
- Soft-X-ray beamline: 1280 eV - 2000 eV (0.6 - 1 nm)

In order to reach SASE saturation in undulators of reasonable length, a
peak current | =1+2.5 kA is needed for lower and higher energies respectively.
The required final beam energy spread is 0.1% in each case and the machine is
designed to operate at a repetition rate of 100 Hz. The main parameter list are
reported in Table 2.1 and Table 2.2.

Table 2.1: Electron beam parameter list

Energy (GeV) E 1+1.5 2.4
Peak current (kA) ka 1 2.5
Normalized transverse emittance slice (um) e 1 1
Correlated energy spread (%) os 0.1 0.1
Photon Radiation wavelength (hm) A 40+3 3+0.6
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Table 2.2: Radiation parameters of the FEL sources

Units ui u2 uz2 U3

Electronbeam oy 0.96-1.5 0.96-1.5  1.92.4  1.9-2.4

energy

Wavelength nm 40-10 15-4 4-1.2 1.2-0.6
Photon Energy eV 30-120 80-300 300-1000 1000-2000
Peak power GwW 1.7-3.4 ~2 3-20 0.8@2.4GeV
Average power W = 0.1-0.2 0.03-0.1 -

Photon beam size

(FWHM) um ~140 ~150 ~130 ~120
Photon beam

divergence (FWHM) prad 33 25 Ue U7
Bandwidth (FWHM) o/ 0.2 0.2-0.1  0.15-0.1 0.09@2.4GeV
Pulse duration

(FWHM) fs 200 30-250 70-30 70-80
Repetition rate Hz 100-50 100-50 100-50 100-50
Number of s1m1a 1.5- $1 12 [
photons per pulse i 18 8.5%10" >0 Ll 1l
Peak brilliance’ ~10% ~10%
Average brilliance’ ~10% ~10'

Number of photons (sec:mrad*>mm?=0.1 % BW). Mean values

* its-
standard units: have been considered for the different cases.

2.4.2 SPARX Layout description

The SPARX X-FEL accelerator will be built in the Tor Vergata campus site, a
few km south of the city of Rome. It will be disposed along a line,
approximately 0.5 km long. The ground in this area has volcanic origin; it came
from the eruption of the Colli Albani volcano more than 600000 years ago. A
geological analysis of the territory has been carried out and it has proved that
the ground is made of very stable rock.
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Figure 2.3: The Tor Vergata Campus Site

The SPARX facility is housed in a complex of civil buildings, part of which
is underground. The surface buildings have been reduced at minimum, in order
to reduce the visual impact as required by the urbanistic constrains on the Tor
Vergata area. The buildings are located at the beginning and the end of the
LINAC (Figure 2.4).

Figure 2.4: The SPARX surface buildings and the LINAC tunnel

The underground buildings consist of a service area at the beginning of the
LINAC, two superimposed tunnels (with variable widness) for the LINAC and the
undulators, and a large experimental hall (measuring 60 x 30 m). Total length
is about 400 m see (Figure 2.5 and Figure 2.6). LINAC and undulator halls will
be divided in two overlapped tunnels. The lower tunnels will house the
accelerator components, while the upper ones will house all the backing
equipment such as modulators, klystrons and power supplies.
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Figure 2.6: The Experimental Hall

2.4.3 The Photo injector based on the SPARC experience

The SPARX photoinjector is based on the SPARC photo injector experience
and is described in detail in the dedicated chapter 3 [1].
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The maximum flexibility is required for the SPARX photoinjector in order
to provide different beams for the FEL operation and to satisfy the needs of the
FEL users. At this aim additional working points have been identified for SPARX
spanning a range of charge between 50 pC and 1 nC. The SPARC installation is
now completed including the undulator modules and first tests with the
spontaneous radiation are currently under its way. Here we summarize the
main parameters and the main results achieved with the SPARC injector at INFN
laboratories at Frascati.

The layout of SPARC is shown in Figure 4.50: it consists of a 1.6 cell RF
gun  (BNL/SLAC/UCLA type) including a Copper photocathode with an
emittance compensating solenoid followed by three 3-meters long SLAC-type
travelling wave sections operating at 2856 MHz reaching electron energies up
to 150 MeV. The first two accelerating sections are embedded in a solenoid in
order to allow operation in the velocity bunching mode [2]; each solenoid is
composed of 13 coils with the first coil and the other twelve coils in groups of
three independently supplied.

o i o8 b 4,

Figure 2.7: Photoinjector layout

The main operating parameters of the SPARC photoinjector are
summarized in the following table.

Table 2.3: Main SPARC photoinjector parameters

Parameter Value

Gun electric field amplitude 120 MV/m
Gun electric field operation phase 32°

Output gun beam energy 5.6 MeV
Amplitude of electric field in the traveling wave sections 23.5 MV/m
Magnetic field in the emittance compensating solenoid 2.72 kgauss
Total photoinjector length 12 m
Charge 1 nC
Bunch length 10 ps
Maximum electron Energy 150 MeV
Maximum current 100 A
Energy spread 0.1%

Concerning the many scientific achievements during the commissioning
phase of SPARC, we can emphasize the following:

1) Flat top laser pulse generation: It has been shown that uniform
longitudinal charge distribution strongly reduces non linear space charge
effects leading to a higher electron beam brightness. To this end, a dedicated
R&D has been performed in order to achieve a 10 ps long UV-flat-top laser
pulse illuminating the cathode with rise time shorter than 2 ps, as reported in

31



SPARX-FEL Technical Design Report

[3]. The following figure shows one of the best obtained results with pulse
shaping.
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Figure 2.8: Flat top temporal laser pulse shape with
10 ps FWHM and 1.5 ps rise time, retrieved from the spectral
measurement.

au

2) High brightness beam generation and beam dynamics studies. In the
following figure are shown most relevant results optained during the first
commissioning run with the Emittance-meter device. Left is shown the
emittance and envelope vs z for the highest measured brightness beam (7
1013 A/m2); In the center of the figure the emittance evolution comparison
between a gaussian and a flat pulse with the same FWHM for a 740 pC beam;
on the right figure the “Double minimum® [4] emittance oscillation: emittance
and envelope vs z.
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Figure 2.9: Emittance-meter measurements and simulation comparison.

3) The RF compression or “velocity bunching” technique [5].

Tests of beam longitudinal dynamics in the Velocity Bunching (VB) regime
have been also performed. VB consists in compressing the beam by injecting it
in the first RF structure with a phase near to the zero accelerating phase: the
beam slips back up to the acceleration phase undergoing a quarter of
synchrotron oscillation and is compressed. The emittance growth occurring
during the compression can be taken under control by a proper shaping of the
magnetic field of the focusing solenoids embedding the accelerating structures.
The following figure shows the measured compression factor for a 250 pC
beam vs the phase of the first travelling wave. The reduction of the bunch
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length from 5 psec to 2.5 psec for a phase range variation of 20 degrees
results to be in good agreement with PARMELA simulations. A more systematic
study of velocity bunching is on progress.
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Figure 2.10: First test of velocity bunching: compression factor vs the
phase of the first TW section. Comparison between measurements and
simulations

Based on the maturated experience of SPARC the SPARX photoinjector
follows the same basic design and is shown in the following figure.

Figure 2.11: Top and side view of the SPARX Photo Injector (total
length 12 m).

2.4.4 The low energy beam diagnostics

The 150 MeV beam is characterized by a dedicated diagnostics section,
11 m long that includes the laser heater chicane, the spectrometer for energy
and energy spread measurements, emittance and slice emittance
measurements and pulselength and longitudinal sphase space measurements
using an RD deflector. The complete description of the lines shown below are
detailed in paragraph 5.4.4.
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Figure 2.12: The 150 MeV Diagnostics Section (up: top view, bottom: side
view)

2.4.5 LINACS, transfer lines and compressors

As shown in Figure 2.13, the 150 MeV beam from the photoinjector is
boosted up to 1.5 GeV by three LINACs.

DG-2

Rys=61mm Ry =21+41mm Rss =24+30mm

VAN, DG-1
BC-1 BC-2 BC-3
ﬂARC L=4.3m L=16m \ L=16m

Figure 2.13: SPARX acceleration and compression schematic layout using
SPARC injector.

The first LINAC is made of three accelerating structures (LINAC1) and is
followed by the first bunch compressor (BC1). The second LINAC (LINAC?2) is
also made of three acceleating structures and is followed by the second bunch
compressor BC2, as shown in Figure 2.14. and Figure 2.15. These two LINACs
are 11 m long while the bunch compressors are 12 and 24 m long respectively.
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Figure 2.14: LINACI1 and BC1 (up: top view, bottom: side view). Total
length: 23 m.

i = = it i

Figure 2.15: LINAC2 and BC2 (up: top view, bottom: side view). Total
length: 35 m.

The third LINAC is made of 15 RF structures that accelerate the beam up
to 1.5 GeV (Figure 2.16). The total length of this section is 55 m.

Figure 2.16: Top and side view of LINAC3 (up: top view, bottom: side view).
Total length: 55 m.

Figure 2.17 shows details of vacuum pumps and quadrupoles placed in
the drifts in between consecutive accelerating structures (quadrupoles are ~30
cm long, accelerating structures 3 m long).

Figure 2.17: LINAC3 Module, detail.

The transfer lines and the third bunch compressor (BC3) downstream the
LINAC3 are shown in the following figure; because of the small exit angle the
magnetic elements are longitudinally shifted to avoid installation interference.
In this section will also host diagnostics devices to measure the electron
bunches at 1.5 GeV.
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Figure 2.18: TL1 Transfer Line and BC3: total length is 47 m.

The final LINAC (LINAC4), 52 m long, is composed by 15 RF structures,
that can accelerate the beam up to 2.64 GeV (Figure 2.19), before being sent
into the undulators.

Figure 2.19: LINAC4 (up: top view, bottom: side view). Total length: 52 m

In LINAC4 the quadrupoles are foreseen every three accelerating
structures, as shown in (Figure 2.20), therefore the total length is shorter than
in LINACS3.

Figure 2.20: Accelerating sections of LINAC4 Module, detail (accelerating
sections are 3 m long).

The transfer line designed to sent the beam from the LINAC to the
different undulators are shown in the following figure. Because of the small
deflecting angles, a special lattice has been designed avoiding conflicts
between magnetic elements and electron beam vacuum chambers.

Figure 2.21: Beam distribution transfer lines: total length 45 m.

2.4.6 Undulator lines

Three undulators are foreseen to cover the photon spectral range of the
project (see parameter list in dedicated section), the low energy one at 1.5 GeV
on the right side following the beam direction (i.e. the undulator that are on the
lower part of the Figure 2.22), the high energy one left side following the beam
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direction (i.e. the upper side of the figure). The central one is multi-stage
undulators in which both low and high energy electron beams can be sent. The
three undulator are, from the left to right, about 44 m, 55m and 45 m
respectively. Each undulator stadium is long 2.2 m, each gap in between about
60 cm.

Figure 2.22: Undulators (top view, the electron beam is coming from the
left side).

The following picture shows in detail undulators with quadrupole and
diagnostics inserted

Figure 2.23: Undulator section detail

At the very end of the undulators sections the bending magnets necessary
to send the electron beam to the dump are shown together with the photon
beam lines front end (see Figure 2.24).

Figure 2.24: Dumping magnets and photon lines front-end.
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2.4.7 Photon beamlines

The SASE and Seeded FEL photons produced in the undulators propagate
in beam lines with suitable optical components. The optical line configurations
allows the simultaneous use of different experimental stations (see Figure 2.25)

Figure 2.25: Optical beam lines and experimental stations

2.4.8 Beam distribution system

The SASE-FEL operating at SPARX facility will produce photon beams
whose first harmonic energy spans from 40 eV to 2000 eV with narrow
bandwidth and very short time pulses (femtoseconds regime). The use of
higher harmonics (third mainly) will allow to extend the energy interval up to 6
keV. Three undulators will be employed to produce the SASE-FEL radiation: Ul
that uses the 1.5 GeV electron beam from LINAC; U3 that uses the 2.4 GeV
electron beam; U2 that is designed to operate with both the beams.

The very high peak energy of the photon beam together with the
extremely short pulse length can cause ablation of the optical elements, then
the beamline design requires modifications respect to the usual SR beamlines
as well as the choice of proper materials for optical coating and bulk. Such
considerations suggest the use of grazing incidence angles on optical surfaces,
to avoid strong focusing of the FEL radiation onto optical elements (slits
included), and the use of surface materials with as low as possible ionization
cross section. In spite of the extremely high peak power generated by the FEL,
the average thermal load results much smaller than what expected in typical SR
beamlines (100-1000 W, according to the photon source), making conventional
side cooling sufficient to remove the average heat load from optical elements.

The principal characteristics of the FEL radiation is its very short pulsed
structure that should be preserved as much as possible passing through the
beamline. The mutual dependence of pulse length and energy bandwidth
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through the Fourier transform limit relation ATAE>h/4r determines the limit of
the pulse shortness when high resolution is demanding. Furthermore, optical
elements as mirrors and gratings may introduce photon path differences that
increase the pulse time duration. The contribution of mirrors to the optical path
difference is negligible being in the attoseconds domain, while gratings, due to
the asymmetry between the incident and the diffracted beams, stretch the
pulse up to hundreds of picoseconds [6]. The time expansions due to gratings
can be compensated adopting a suitable mirror symmetry for the dispersive
elements of the beamline that implies the use of two opposed, identical
monochromators with a shared slit. This implies, besides a sensible increase of
costs mostly due to the more stringent requests for mechanical tolerances,
severe limitations to the photon flux.

These considerations impose the beamlines designer to choose, between
high energy resolution and short pulse time duration taking in mind that, in
many cases, a compromise may represent the best choice.

In order to maximize the flexibility of the experimental activities the
SPARX project foresees for at least two photon-transport beamlines for each
undulator. One of the two beamlines acts as a filter with a resolution AE wider
than the intrinsic bandwidth of the FEL; it serves to eliminate the higher
harmonics contribution maintaining practically unchanged the pulse duration
and working with resolving power E/AE 1000 + 2000. The other beamline is
equipped with a more performing monochromator that can reach resolving
powers of 10* at expenses of the time pulse duration that anyway remains
within the fractions of a picosecond. These two types of beamlines have been
designed and optimized for the energy ranges of the three FELs: U1: 40 - 120
eV; U2: 100 - 1000 eV; U3: 1000 - 2000 eV. Only one beamline at a time will be
used at each FEL, and switching between them is accomplished by means of
moveable mirrors. After the exit slit of the generic beamline monochromator
the photon beam is focused onto the sample in the experimental equipement.
In order to satisfy opposite requests on power density at the sample, two
conditions with different focal characteristics (microfocus and ~1x1
magnification) have been considered.

Each couple of beamlines shares the front-end, the spectrometer and the
gas attenuator filter.

The front-end houses the variable aperture diaphragm that can be
considered the first optical element of the beamline. It defines the origin and
the angular apertures of the photon beam; it also stops most of the
spontaneous SR emission. In order to avoid the high peak power to cause
ablation, the light must impinge grazing onto the surfaces of the four
independent cooled blades forming the diaphragm.

The spectrometer is a multi-function optical element that mainly serves
for electron beam diagnostic and for photon beam characterizations operating
a non-destructive analysis of the FEL spectrum. It consists of a plane mirror
with a small grating ruled at the centre. The grating groove density is made
variable to allow the foci at different wavelengths to lie all on a line [7]. This
feature allows to acquire the entire spectrum imaged on a fluorescent screen as
a single camera frame. Away from the diffracted beam the rest of the photons
(more than 98%) is purely deflected by the plane mirror by few degrees. Such
reflection serves to put the photons far away the undulator line that contains
the extremely dangerous bremsstrahlung emission. The entire spectrometer
can be removed from the undulator axes so that the light has the possibility of
travelling without any reflection along a third beamline in order to take
advantage of the entire spectrum of the spontaneous emission that extends up
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to tens of KeV. Such an emission, in spite of the lower brightness respect to the
FEL lines, produces a high integrated flux of photons with a short pulsed time
structure and should make feasible many experiments of time resolved X-Rays
scattering in “white light”.

The gas attenuator is a long pipe (10-20m) equipped, at the two ends,
with differential pumping stage. It allows to control the intensity of FEL pulses
and the high harmonic content of the “white” FEL photon beam, when working
without the monochromator spectral selection.

A deeper description of the beamlines design is reported in chapter 7.

2.4.9 The THz beamline

There are also plans to build a fully separate beamline collecting the
Coherent Synchrotron Radiation (CSR) emitted by the bending magnet which
deflects the electron beam toward the beam dump at the end of the SPARX
electron beam lines after having passed the undulators. This setting will not
affect the normal operation of SPARX. Indeed, the coherence in the THz range
is essentially ensured by the electron bunches being short enough (bunch
length smaller than 1 ps).

CSR [8,9] will be collected by a mirror placed in the bending magnet
chamber, looking upwards, under broad acceptance angles (100 - 150 mrad,
due to the wide emission cone at millimeter wavelengths) and will present the
standard polarization properties of synchrotron radiation: linear in the orbit
plane and elliptical (or circular) out of the plane.

The large emission angles in the THz region may imply diffraction effects.
Moreover, the THz pulse time structure can be degradated by multiple
reflections along the line. Therefore this should be as short as possible. A
suitable location for the THz laboratory would be the large experimental hall
located above the undulators. In this location, the THz laboratory may also host
a self-standing compact THz laser built at the ENEA laboratories in Frascati [10,
11, 12].

2.5 International Scenario

Synchrotron radiation is a powerful research tool in a large variety of
scientific and technological fields from spectroscopy to material science, from
biology to biomedicine. From the first pioneering activities, which used the
light generated in bending magnets of synchrotrons devoted to elementary
particles research, in about three decades the field had a  dramatic
development, evolving through three generations of synchrotron radiation
sources. In spite of the excellent performance of the existing sources, there is
an increasing demand of more advanced radiation characteristics in the X-ray
spectral region (approximately between 10 nm and 1 A) in terms of peak and
average brilliance, transverse and longitudinal coherence, and time structure,
aiming at pulse durations well below a picosecond:

. The achievement of higher brilliance will allow an increase in
spatial resolution without loosing spectral resolution, as well as the use of
single-shot techniques in order not to damage samples, which might be quite
sensible to the radiation. This will eventually make nano-imaging experiments
possible;
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Coherence, at least transverse, will be of crucial importance in the
development of diffraction and interference techniques and will enrich the
signal content by adding phase information to the images;

Ultrashort radiation pulses, on the order of 100 fs, will allow real
time measurements which, together with the high peak and average brilliance,
will make possible to make measurements in a way faster than any radiation
damage process and, eventually, to investigate the damage dynamics itself.

FELs driven by LINAC electron beams in SASE configuration are foreseen to
meet the challenging requests for the new generation synchrotron radiation
sources (4th generation). The peak brilliance will exceed of about 10 orders of
magnitude that produced by the undulators of the 3rd generation sources,
while the average one will be larger by a factor 10° - 10% In addition the pulse
duration could be quite short (of the order of 100 fs) with respect to what is
currently attainable with storage ring based radiation source (several ps).

In Figure 2.26 we have reported the evolution during a time span of about
one hundred years of X-ray sources. It is evident that the performance offered
by FEL high gain sources could exceed in brightness the third generation
sources of coherent radiation by ten orders of magnitude or more.
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Figure 2.26: Chart of X- Ray source rightness through the years
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The perspective of realising FELs with a performance ten order of
magnitudes better than the current state of the art is due to the fact that the
FEL amplification process guarantees a gain in the emission of photons of eight
order of magnitudes, with respect to the spontaneous emission in Wiggler
magnets, as it is the case in synchrotron radiation sources operating with
Storage Rings. Furthermore the emitting source (namely the electron beam) in a
LINAC can be made smaller by a factor 100 with respect the case of a storage
ring beam. This aspect of the problem will be treated in more technical details
later in this TDR.

The challenge related to the realization of very high brilliance short pulse
VUV - X sources is considerable. The cost of this kind of R&D activity is close to
that of the so-called “Big Science”. This means that it is not conceivable that
just a single laboratory, whatever big it is, can invest in this field the required
large amount of money and man power. For this reason the need of a
coordinated effort was clear from the very beginning of this research activity.
From the analysis of what has been done up to now it is possible to recognise a
posteriori a kind of road map in which we can single out the directions along
which the past R&D work is gone. In this moment many laboratories are
working in a new phase in which a credible road map toward VUV - X spectral
region has to be designed. Milestones of this road map must be those of all the
laboratories involved in, in order to share at the best the experience and the
obtained results. We believe that, in a quite natural way, due to the formal and
informal collaborations and mutual interactions within the FEL community, this
common road map appears now quite well outlined. In order to summarize
what has been done up to now and what are the following steps, the operating
photon energy in eV of the main SASE-FEL devices around the world versus the
year of start of operation (or expected starting year) have been reported in
Figure 2.27. It is worth underlying that FLASH (D) was operated at 13 nm in July
2006 and that the SCSS prototype in Japan (J) firstly generated FEL pulses at 49
nm on 20 June 2006.
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Figure 2.27: SASE FEL photon energy vs. operation year.

Furthermore In Figure 2.28 we have reported the existing or planned
sources along with their brightness (achieved or expected) and photon energy,
while in Figure 2.24 we have provided the brightness vs. the r. m. s. time

duration.
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Figure 2.29: Brightness vs. pulse duration

Two strategies for the realization of X-FELs have been developed. The
first, aiming at realizing large scale facilities, is going to benefit from the
heritage of the big science, dominated for many years by elementary particle
Physics. The scientific institutions interpreting this role are listed in Table 2.4
along with the foreseen performances of the X-FEL sources.

Table 2.4: Large scale X-FEL projects (private communications and web

sites)
LCLS X-FEL SCSS
Pulse duration <230 fs 100 fs 80 fs
Wavelength 1.5 A 1-15 & 1-50 A
(49 nm, June 2006
result)
Repetition Rate 120 Hz 10 Hz 60 Hz
e.bunches/pulse 1 3000 1
e.b. energy 14.3 GeV 20 GeV 8 GeV
Photons/pulse at 1 A 1.1 10" 1.2 10" 0.810'
LINAC length 10°m 210°m 350 m
Estimated start date 2009 2012 2010

For laboratories of “smaller dimensions” the strategy is focused on the
development of “smart” solutions based on exotic undulators, seeding, hybrid
devices (oscillator-amplifier). The scenario of small-medium size device under
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development or proposed, which exploit this kind of “smart technologies” is
reported in Table 2.5. In particular it must be stressed that a significant effort
has been done towards the realization of mirrors for laser resonators, capable
of confining short wavelength radiation in the region below 170 nm. In the next
future it will be possible to have optical resonators confining radiation in the
range of 150 nm or less. The use of the mechanism of intra-cavity non linear
coherent harmonic generation can therefore exploited to produce a significant
amount of coherent radiation in the region of 10 nm without the problems
associated with SASE devices. The combined use of intra-cavity harmonic
generation and of micro-undulators may provide compact tools reaching short
wavelengths with very modest e-beam energies.

Table 2.5: National scale UV to soft-X FEL projects (private communications
and web sites)

SPARX  FERMI STARS NLS (UK) Arc en Ciel
) FEL-2 (1) (D) seed @
19nm (F)
Pulse duration 130 1400 20 200
[fs]
Wavelength 40-0.6 10-40 1.24-51 1.2-2.1-6.3
[nm]
e.b. energy 1.5-2.4 1.2 2.3 1
[GeV]
Estimated start 2013 2009 R&D R&D R&D
date proposal proposal proposal

2.6 Science and technology with SPARX-FEL

2.6.1 Overview

The X-rays are used at present in a wide range of fields, from the
fundamental and applied research, to the radiological diagnostic and to the
analysis of industrial products. The SPARX source will take most current
applications at new excellence levels and towards new directions. The
disciplines involved will be numerous and of very different kinds. Novel
methodologies based on X-rays imaging and on time-resolved studies in
material science, in biology and in medicine will be developed. Many
applications of non-linear optics will be extended to new spectral ranges and
new directions in the x-rays microscopy will be explored as well as new
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methodologies in the field of protein crystallography and of genomics, which is
growing very quickly.

The SPARX source will furthermore allow sending a huge energy
concentration on small areas of condensed systems. This will make it possible
the discovery of new phenomena, which cannot be forecast through a simple
extrapolation of what already known. In particular, a series of results in the
context of the photochemistry, which may have interesting industrial
repercussions, can be expected.

The SPARX source will produce X-rays with absolutely unprecedented
characteristics, among which three are particularly important: the space
coherence of the radiation; its peak brilliance, about 102 (in conventional units,
C. Uu., that is photons/s/mrad?/mm?, 0.1% band width); the duration of each
pulse, about 100 femtoseconds. In the final project, possible experimental
techniques to obtain even shorter pulses, i.e. few femtoseconds long, will be
studied.

Concerning the spectral range, SPARX will be realized in two phases: the
first one foresees the emission of radiation with wavelength between 30.0 nm
and 4.0 nm; the second phase foresees the emission down to 0.6 nm The use
of higher harmonics (third and fifth) will allow a wide tunability of the energy
between 30.0 nm and 0,12 nm.

The parameters of the SPARX source, presented in detail in the next
sections, are obviously susceptible of revisions in the advanced phase of the
project in order to meet the requirements of new users and new disciplines
(together with possible technological improvements). The use of the ultra-short
and ultra-brilliant pulses, in the energy interval mentioned above, will find a
huge variety of advanced applications in a wide range of scientific and
technological disciplines.

Clearly, it is impossible at the moment, even briefly, to evaluate all the
possible applications of the new source. Furthermore, three decades of
research experience in the synchrotron radiation field teaches that the actual
applications of a new X-rays source are much wider than those foreseen.

Here after some tecniques of investigation are briefly illustrated
together with the most significative experiments to be performed.

2.6.2 Time resolved X-ray diffraction

In the last two decades, a good deal of work have been devoted to the
real time evolution of the systems on the time scale of elementary processes.
Time resolved chemical reactions [14], molecular motions [15], phase
transitions [16], propagation of excitations [17] have been approached in a
radically different way from the past.

The development of pulsed laser technology allowed to address the
necessary time resolution and a new category of experiments, referred to as
femtochemistry, provided a new insight to the world of microscopic
transformations [18]. A general description of the method can be given in
terms of a disturbance of the sample by a suitable stimulation (pump) and the
subsequent detection of the produced effect by means of a probe. The pump
disposes the system in a certain initial condition (zero-time reference) and the
probe "reads" the configuration the system has assumed after t. Executing a t-
scan, the time evolution of the sample is obtained. A diffraction-based
pump&probe technique would enable a direct connection between the time-
resolved diffraction patterns sequence and the "instantaneous" arrangements of
sample atoms.
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The application to diffraction of the pump&probe technique is both of
physical and of chemical interest. It can be utilized either when the
measurement concerns the motion of the sample elements or when it is used to
follow their transformation. An X-FEL pulse is, in many aspects, an ideal probe
to freeze in a diffraction pattern frame the structure of a system previously
pumped by a IR, visible, UV laser pulse or by another X-FEL pulse.

2.6.3 Coherent x-ray diffraction imaging (CXDI)

Coherent x-ray diffraction imaging is one of the most promising
techniques to study the structure and behaviour of non-periodic single objects
or non-periodic assembly of objects at the nanoscale, being able, in principle,
to achieve wavelength-limited spatial resolution overcoming the limitations
imposed by the optical elements aberrations. This is the reason why CXDI is
one of the most appealing methodologies for FEL installations, and the object
of a recent striking experiment at FLASH in Hamburg [19].

CXDI was first introduced by Sayre [20], and demonstrated for the first

time by Miao et al. [21]. It is based on phase retrieval of the diffraction pattern
through iterative algorithms, under suitable oversampling geometry. Chapman
et al. [6] have demonstrated at FLASH that even with femtosecond pulses it is
possible to record a diffraction pattern before the sample is destroyed by
Coulomb explosion.
Important fields of applications of CXDI are material science and bio-
medical. In the first case, nanomaterials, as isolated quantum dots or
single magnetic particles, can be studied by CXDI exploiting the high
brilliance of FEL. Dynamic studies can be carried out using its unique
time structure. Even more exciting are the perspectives on studies of
single biomolecules, viruses or protein complexes that cannot be
crystallized.

2.6.4 Femtophysics: direct tests of quantum mechanics

Although the quantum mechanics is the physical theory that exhibits the
best agreement with experimental results, the correctness of its description of
the microscopic objects motion have not been directly tested so far. As an
example, Pauling representation of resonance among different electronic
structures was commonly considered to be a model to describe some chemical
bonds and before pump&probe experiments no evidence had been found to
affirm that it is the real behavior of bound electrons [22]. In the same way, in
the harmonic potential approximation, a molecule in a pure vibrational
eigenstate should not move and only when the molecule is sent in a
superposition of various eigenstates a non-stationary wave- packet can be
formed and an actual motion observed (see Figure 2.30). Indeed, an ensemble of
molecules can be prepared in a coherent state (i.e. sharing the same wave-
function) in which each molecule is simultaneously excited to the same mixed
state [23].
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Figure 2.30: Scheme of the simultaneous excitation of several
vibrational mode together with the resulting wave-packet. In the insert the
analogy with classical optics is shown [22].

A X-FEL pulse has a sufficient intensity and time resolution to provide a
diffraction pattern containing the Fourier transform of the instantaneous
correlation of the intra-molecular atoms positions, i.e. of the bond lengths. The
mechanism of re-distribution of the vibrational energy of a single excited mode
to the other ones could be studied. It was found [24] that the re-distribution
happens following the classic model of pendulums connected by soft springs.
Femtosecond spectroscopy data confirmed that also this mechanism is real and
that rotations or other spurious effects are not able to cancel out the phase
coherence that enables the recursive energy transfer [25].

Femtosecond diffraction data would provide a picture of the complex
molecular movement, decomposing it in a sequence of elementary steps. Also
the coherent rotations could be captured with the same technique allowing the
study of the inner (Coriolis forces) and external (collisions) perturbations, that
finally produce the disappearance of the coherent effects [26].

2.6.5 Femtochemistry: Real-time study of chemical reactions.

The usual picture of chemists who represent the chemical
transformations in terms of reagents that convert into products through a
transition state (“activated complex”) had a clear confirmation [27]. The
transition state, which can be identified neither with the original nor with the
final compound, turned out to be a real state of matter and, in spite of its short
life time, has to be considered as an independent compound. Also the way in
which the energy is transferred from the reagents to the activated complex
and, from it, to the products, (together with their characteristic time scales) was
spectroscopically investigated by optical pump&probe techniques [28]. A useful
application would be the study of laser-initiated time evolution of chemical
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reactions. The simplest model of such a process is the bond breakage of a
diatomic molecule [29]. A visible laser pulse can be used as a pump to excite a
valence electron to an anti-bonding repulsive state.

The molecular wave-packet will follow the monotonically decreasing
energy profile broadening and getting further and further from the origin,
which corresponds to the progressive separation of the atoms. The separation
could be monitored by X-FEL diffraction, showing if this description of the
process is realistic or if it is complicated by the crossing of several potential
energy surfaces (see Figure 2.31).
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Figure 2.31: Sketch of a tri-atomic molecule photodissociation [27].

2.6.6 Spectromicroscopy

Photoemission techniques like electron spectroscopy for chemical
analysis are the leading electronic probes in material science, but their
impact in the life science has been minimal. A critical problem is that the
lateral resolution in ordinary photoemission is limited to several tens of
a micron, which is nearly useless for most of the fundamental problems
in biophysics and biochemistry, which deal with microstructures in the
submicron range or smaller. This limit has been overcome with
synchrotron radiation spectromicroscopy on third-generation soft-x-ray
synchrotron sources. Such technique is able to distinguish quantitatively
the different physical and chemical behavior with a laterally resolved
determination of chemical composition. In fact photon energies in the
soft X-ray energy range can be used to study all the chemical elements
that have core levels (K or L edges) in this energy range. with a lateral
resolution better than 100 nm and a spectral resolution of 0.1 eV. As
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examples we can refer to works on diamond, where it has been possible
to distinguish quantitatively between carbon phases with different
hybridizations in a laterally resolved determination of chemical
composition experiment [30], works on dodecahydo-dodecarborate
where it has been possible to make chemical mapping images and
spectra identifying the chemical contrast between Boron and Silicon by
digitally subtracting different images taken with different photon
energies [31] and works on neuronal cells to detect specific positions of
the cells where metals was clustering after uptaking. This again falls in
the study of low dilute systems and the use of the enhanced intensity
and brightness from the new XFEL source opens the possibility to put a
lot of light into a small spot which, together with the improvement of
today available electro-optical systems can reduce the spatial and
spectral resolution of a factor 10.
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Figure 2.32: Microimage of neuronal cells doped with aluminum. The
aluminum absorption spectra refer to different area of the cell. (ref. G. De
Stasio et. al. Neuroreport 4, 1175 (1993).

2.6.7 Investigations on weak scatterers
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The extremely high brilliance of the X-FEL beam opens new research
fields for all the systems that are not able to effectively scatter X photons. This
may be due to either the scarceness of the scattering centers or to the low
efficiency of each single scatterer, as in the case of low atomic number atoms.
Interesting systems belong to this category and, as an example, the following
can be mentioned:

2.6.7.1 Dilute solutions

Dilute solutions are interesting from the fundamental point of view
since, as the dilution increases more and more, they tend to behave in the way
described by Raoult and Henry simple models (similar to the Boltzmann
hypothesis for molecular chaos), which have an enormous importance in
analytic chemistry. However, to carry out a diffraction measurement on an
extremely dilute solution, i.e. to observe the effect of the small quantity of
solute ions in the overwhelming majority of solvent particles, a differential
technique must be used. Assuming that the presence of the solute is a small
perturbation on the original microscopic arrangement of the pure solvent, the
minimal difference in the diffraction pattern of the pure solvent and of the
solution should reveal the effect of the solute presence. The huge statistics
required for doing this with a satisfying degree of accuracy can be attained by
using the high brilliance on the X-FEL source.

2.6.8 Nanoparticles and Clusters.

Extremely small dimension crystals do not produce Bragg peaks when
submitted to irradiation because of the finite size effect, of the random
distribution of the grains orientation and of the high concentration of defect
they often retain. The liquid-like diffraction patterns of such systems require a
more sophisticated processing technique than the ordinary Rietveld refinement
and a high intensity incident beam is necessary to gain a sufficient statistics on
the diffraction signal.

Aggregates having linear dimensions up to 1000A are referred to as
nanocrystals. The interest in nanocrystals is due to their peculiar characteristics
and to the role they play in the nucleation processes. Indeed on one side,
remarkable catalytic properties connected to the high surface to volume ratio
and quantum confinement effects similar to those present in artificial
structures (quantum wells, wires and dots) may be observed in the smallest
size aggregates. On the other side, the classical theory of crystallization from a
saturated solution or from an undercooled macromolecular liquid describes the
spontaneous birth and growth of crystalline domains in terms of random
formation of small clusters. Only when a cluster exceeds a critical size it gets
thermodynamically stable and may constitute the seed for the development of a
macrocrystal. This phenomenological description does not include any detail of
the cluster size fluctuations and of the dynamics of crystal formation, which
could be provided by real-time X-FEL diffraction.
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2.6.8.1 Hydrogen-based systems.

A very wide class of compounds both inorganic and organic are partially
composed by hydrogen atoms. Among them, polymers and biological
molecules play a fundamental role in many different fields of science. However,
the structure of such systems could be studied by X-ray diffraction only
partially and neutron diffraction have been preferred, despite the fluxes of
neutrons, even those produced by nuclear reactors, are several orders of
magnitude lower than that of a third generation synchrotron.

Indeed, in usual X-ray diffraction experiments, the hydrogen atoms are
generally considered as invisible and their positions in molecules or in crystal
lattices have to be obtained on the base of independent chemical knowledge.
Indeed, having the neutral hydrogen atoms a single electron only, they are not
able to effectively interact with an X-ray beam, because the X-ray intensity
scattered elastically by an atom is proportional to the square of its atomic
number. Even at low values of momentum transfer, light atoms scatter the
radiation mainly inelastically (i. e. incoherently or Compton), so that the
detected signal contains a very poor structural information, which is carried by
elastically scattered radiation only. A substantial increase of the incident beam
is required to improve the statistics in such a way that even the minimal
coherent perturbation can be detected and extracted from the incoherent
background.

2.6.9 X-ray holography

In analogy with the visible light holography, an X-ray holographic
method has been successfully used to investigate the structure of simple
crystals, like cobalt oxide (see Figure 2.33 and Figure 2.34 [32].
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Figure 2.33: Holograms collected at various energies: 6.925, 13.861,
17.444, 18.915 keV. Four holograms were acquired in order to minimize
the systematic errors [32].

Figure 2.34: Spatial distribution of Co atoms calculated from the
previous holograms [32].

To perform an X-ray holography measurement coherent X-ray beam is
split and one of the two components is used to directly irradiate a detector,
while the second is sent on the sample.. At present, the drawback of this
revolutionary technique consists of the difficulty of selecting a portion of the
beam inside which the coherent component is not negligible. Indeed, the
spatial (transverse) coherence of an X-ray beam emitted by an undulator at a
third generation synchrotron is rather low and, to perform experiments of this
kind, pinholes diaphragm as small as 10 pm must be used. This reduces the
beam intensity very much, enormously dilating the experiment duration, so
that a single acquisition currently lasts many hours [33].

Thanks to the full transversal coherence of its higher harmonics, the use
of X-FEL for this purpose is the natural solution to this restriction for systems
having long bond (or interplanar) distances. Needless to say, to couple the X-
ray holography with the pump&probe diffractometric techniques mentioned
above would open the way to unprecedented structural studies of the matter.

2.6.10 Non diffractometric structural studies

2.6.10.1 X-ray reflectometry

From Snell law of classical optics, when a light beam passes through the
interface between two media having different refractive index, it is deviated
from its original direction. In particular, if the index of the second medium is
lower, the beam will be totally reflected when the incidence angle is below a
critical threshold (critical angle) [34]. In optics, the refraction index is an
increasing function of the density, so that the total reflection may occur
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passing from a more to a less dense medium (for instance from condensed
matter to air). Snell rule still applies in the X-rays energy range. However, the
relationship between density and refraction index is inverted, so that the total
reflection is observable passing from a less to a more dense material (from air
to a condensed matter). This fact consents to use the reflectometry as a tool for
physical and material science studies because an X-ray beam impinging on a
sample (either in air or under vacuum) can be totally reflected by it. Under total
reflection conditions, a stationary wave, whose magnitude decreases
exponentially with the depth from the surface, penetrates inside the sample.
Since the penetration depth is a function of the incidence angle, a progressively
thicker layer of the sample can be explored by scanning the incidence angle
from zero (grazing geometry) to the critical value. As a consequence scattering
measurements based on the total reflection effect can be executed on soft
matter samples, like biological systems, dramatically reducing the irradiation
damages.

2.6.10.2 Inelastic X-ray scattering

The inelastic X-ray scattering is usually referred to as Compton
scattering. It consists of the energy transfer from the electromagnetic radiation
to an atomic electron that, as a consequence, is expelled from the atom, i.e.
the original atomic system is broken as a consequence of the interaction.

The possibility that the energy transfer may involve the atom as a whole
(with no breaking) is not usually taken into account, since the atomic mass is
so big that no significant recoil is expected when a photon is scattered by it.
However this picture is an approximation because a small quantity of energy
may be actually released to the atoms in the form of an increase of its kinetic
energy (mainly of the nucleus) and, hence, the spectroscopy of scattered
radiation may give information on the atomic motions [35]. From this
viewpoint, information similar to that obtained by neutron spectroscopy can be
achieved and the result of the inelastic X-ray scattering spectroscopy is the
measurement of the dynamic structure factor S(o, q) [36].

The difference is that neutrons are sensitive to the dynamics of atomic
nuclei while X-ray to the dynamics of atomic electrons and that different zones
of the (o, g) space are scanned in the two cases.

The main problem of inelastic X-ray scattering is that the energy
resolution must be extremely high, exactly because the radiation energy shift is
very small. A monochromator in the quasi-backscattering configuration,
corresponding to very weak high-order Bragg reflections, must be used for this
purpose, which involves a considerable signal loss. The photon flux collected
by the detector in such experiments is of the order of one photon per second.
The high intensity and collimation of the X-FEL beam will reduce the acquisition
times to reasonable duration and will allow the study of high atomic number
systems, which was precluded till now by absorption problems. Investigations
of interest are the study of the motion in HT_superconductors electrons, which
play a fundamental role in the physical properties of these materials; the
dynamic of disordered and / or complex systems, like liquids, glasses, semi
crystals (polymers), liquid crystals; elementary excitations that involve charge
waves along the system.
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2.6.11 Applications to inertial confined fusion (ICF) studies

It is well known that some of the most important diagnostics for the
Inertial Confined Fusion rely on x-rays. Usually at least one laser beam is used
as back lighter on high-Z target to produce an intense, point-like x-ray source
(but incoherent and polychromatic) to perform plasma radiography of the
fusion plasma, particularly of the high density region which is crucial to
understand the compression dynamics and avoid detrimental instabilities. It is
clear that a great deal of advantages can be obtained using, in place of such a
source, a coherent x-ray pulse. Techniques as interferometry and holography
could be designed and used in the ICF experiments. The feasibility of a soft-X-
ray interferometer for plasma density measurements has been proven at
Lawrence Livermore National Laboratory [37] using a laser pumped plasma X-
ray laser.

However such kind of x-ray lasers have too low intensity and too low
photon energy, so far, to be usable as diagnostic tool for the compressed core
or fusion pellets. The SASE-FEL X-ray pulse would be a unique resource for such
kind of ICF diagnostics.

Fast Ignition of fusion compressed fuel plasmas. One of the presently
most promising schemes for ICF was introduced by Tabak et al in 1994 [38].
The basic idea is to avoid the very difficult and unstable volume ignition of the
compressed pellet by injecting a localized energy pulse in the dense plasma.
Due to the high density, x-rays are among the privileged options. The energy
need calculated so far is higher than the one expected by the SASE-FEL single
pulse, while the pulse length is the same. This can stimulate the design of
specific fast ignition experiments to be scaled to the expected ICF condition.

2.6.12 Magnetic materials

The research on magnetism and magnetic materials has largely
profited in the past decade from the development of new investigation
methods based on the synchrotron radiation from third generation storage
rings. Wide-spread applications of various types of spectroscopy,
magnetometry, diffraction, scattering and microscopy techniques have been
specifically designed to exploit magnetic dichroic phenomena induced by
circularly and linearly polarized x-ray radiation [39-42]. The high brilliance
and the time structure of the FEL pulses (with T nm < X < 100 nm) will to
lead to developments of these methods, capable of shedding light on the
magnetic behavior of materials into yet unexplored microscopic and time
domains

See also refs: 39, 40, 41, 42.
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3 EXPERIENCE WITH SPARC TEST FACILITY
3.1 Origin of the SPARC Project

Driven by the large interest that 4" generation light sources, i.e. X-ray
SASE FELs, have raised world-wide in the synchrotron light scientific
community, as well as in the particle accelerator community, and following the
solicitations arising from several Italian national research institutions, the
Italian Government launched in 2001 a long-term initiative devoted to the
realization in Italy of a coherent X-ray source in the next decade.

To pursue this program, the Italian Government published two calls for
proposals, in March 2001, and in December 2001, staging the initiative in two
steps: a 3 year R&D program with a budget of 11 M€, and a subsequent
program for a X-ray coherent source planned to be built in the second phase
with a budget of 96 M€. The budget is comprised of 70% from the Government
and 30% from the proposing institutions.

In March 2002 the SPARC proposal, born from a collaboration among
ENEA, INFN, CNR, Universita di Roma “Tor Vergata”, Sincrotrone Trieste and
three units of the INFM, and strategically oriented to explore both the feasibility
of a ultra-brilliant photo-injector and to perform a SASE-FEL experiment at ~500
nm, was approved. The project was funded with 9.5 M€ budget, and the
Government funding (70%) was delivered on January 2003, allowing the project
to commence.

In 2004 the scientific program was enriched with a Seeding and Velocity
Bunching experiments, ad new diagnostics devices, through the partecipation
to EUROFEL, a Design Study Project funded by 7™ Framework Programme of EC.

3.2 Goals of the SPARC Project

The overall SPARC project consists of four main lines of activity directed
towards several goals; their common denominator is to explore the scientific
and technological issues that give rise to the most crucial challenges on the
way to the realization of a SASE-FEL based X-ray source. These are:

3.2.1 150 MeV Advanced Photo-Injector

Since the performances of X-ray SASE-FEL's are critically dependent on the
peak brightness of the electron beam delivered at the undulator entrance, this
activity was conceived with the purpose of investigating two main issues:

generation of a high brightness electron beam by means of an innovative
scheme of space charge compensation, able to drive an FEL-SASE experiment at
~530 nm.

generation of a ultra high brightness, high peak current beams, via RF
and/or magnetic compressors, suitable for future X-Ray sources.
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Due to short schedule and limited budget, the task (1) was given the
priority inside the MIUR proposal, and forms what we will refer to as SPARC
Phase 1. Nevertheless, the latter task is of urgent importance for the
development of ultra-brilliant electron beams. Therefore, although the SPARC
injector group is concentrated on the tasks of Phase 1, some strategic activity
will continue on the secondary tasks in description 2) in order to perform the
necessary work that will enable Phase 2 of the SPARC project to continue with
as little delay as possible beyond the successful completion of Phase 1.

3.2.2 SASE-FEL Visible-VUV Experiment

This component of the SPARC initiative foresees: a) performance of a SASE
FEL experiment with the 150 MeV photo-injector-derived beam, using a
segmented undulator with additional strong focusing, to observe FEL radiation
at 530 nm and below; b) investigation of the problems related to matching the
beam into an undulator and keeping it well aligned to the radiation beam, as
well as the generation of non-linear coherent higher harmonics.

3.2.3 X-ray Optics/Monochromators

Radiation emitted from an X-ray FEL will provide photon beams to users
that are unique in terms of peak brightness and pulse time duration (100 fs).
Such beams pose severe challenges in implementing the optics necessary to
guide and handle the intense radiation. This project will pursue also a vigorous
R&D activity on the analysis of radiation-matter interactions in the spectral
range typical of SASE X-ray FEL's (from 0.1 to 10 nm), as well as the design of
new optics and monochromators compatible with these beams.

Schematic drawings displayed at the end of this report show the exact
location inside the Frascati Laboratories, and the layout of the full system,
photo-injector plus undulator, inside the SPARC hall.

3.3 SPARC Layout

The proposed system consists of: a 1.6 cell RF gun operated at S-band
(2.856 GHz, of the BNL/UCLA/SLAC type) and high peak field on the cathode
(=120 MV/m) with incorporated metallic photo-cathode (Copper or Mg),
generating a >5.6 MeV beam which is properly focused and matched into 3
accelerating sections of the SLAC type (S-band, travelling wave) which
accelerate the bunch up to 150-200 MeV. The layout of SPARC showing Phase
1 is displayed in Figure 3.1.
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SPARC PROJECT - PHASE I
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Figure 3.1: Schematic of layout of the SPARC photo-injector complex
inside the SPARC experimental hall, including undulator, and by-pass line
(Phase 1).

The choice of the S-band LINAC with respect to a L-band is due to
compactness of the system, the lower cost, and the existence at LNF of a 800
MeV LINAC based on the same technology, with obvious advantages on the side
of the expertise and spares components. Morover, the higher RF frequency
leads to a higher brightness attainable by an optimized photo-injector.

The production of highest brightness electron beams in the photo-
injector requires that a temporally-flat, picosecond laser source be used to
drive the photo-cathode. The laser system driving the photocathode employes
high bandwidth Ti:Sa technologies with the oscillator pulse train locked to the
RF (Figure 3.2). The Ti:Sa mode locked oscillator and amplifiers able to produce
the requested energy per pulse (500 p) at 266 nm) have been commercially
available. To obtain the desired time pulse shape we tested the manipulation of
frequency lines in the large bandwidth of Ti:Sa, in order to produce the 10 ps
long flat-top shape. Used a liquid crystal mask in the Fourier plane of the non-
dispersive optic arrangement or a collinear acousto-optic modulator for linear
frequency manipulation.
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Figure 3.2: Layout of the photocathode laser system.

The SASE FEL experiment uses a permanent magnet undulator made of 6
sections, each 2.13 m long, separated by 0.36 m gaps, and featuring single
quadrupoles which focus the electron beam in the horizontal plane. The
undulator period is set at 3.0 cm, with an undulator parameter k_ = 1.4.
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Figure 3.3: Radiation Power at 530 nm growth along the undulator,
from GENESIS simulation.

A simulation performed with GENESIS is reported in Figure 3.3, showing
the exponential growth of the radiation power at 530 nm along the undulator;
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almost 108 W can be reached after 14 m of total undulator length. Preliminary
evaluations of the radiation power generated into the non-linear coherent odd
higher harmonics show that 107 and 7x10° W can be reached on the third and
fifth harmonics, respectively.

The second beam line is envisioned to by-pass the undulator, thus
experiments on magnetic pulse compression to be performed. In particular, in
Phase 2, it is foreseen to investigate emittance degradation due to CSR induced
effects on and surface roughness wake-field effects.

3.4 SPARC parameter list

We present here the parameter lists describing the photo-injector in two
slightly different configurations, (A) 155 MeV and (B) 200 MeV operation. The
155 MeV case has been intensively studied for use in driving the FEL. The
higher energy operation is of course interesting, as it results to be the
maximum allowed beam energy for FEL experiments.
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Table 3.1: Ferrario working point, distance 1st section entrance to cathode
= 1.5 m, gap between sections 0.5 m, two cases with three accelerating
sections at 155 MeV and 200 MeV

ELECTRON BEAM A B
Electron Beam Energy (MeV) 155 200
Bunch charge (nC) 1 1
Repetition rate (Hz) 10 10
Cathode peak field (MV/m) 120 120
Peak solenoid field @ 0.19 m (T) 0.273 0.273
Photocathode spot size (mm, hard edge radius) 1 1
Central RF launch phase (RF deg) 35 35
Laser pulse duration, flat top (ps) 12 12
Laser pulse rise time (ps) 10%—90% 1 1
Bunch energy @ gun exit (MeV) 5.6 5.6
Bunch peak current @ LINAC exit (A) 85 85
Rms transverse emittance @150 MeV (mm-mrad) <2 < 2
Rms slice norm. emittance (300 um slice) <1 <1
Rms longitudinal emittance (deg.keV) 1000 1250
Rms total correlated energy spread (%) 0.2 0.2
Rms incorrelated energy spread (%) 0.05 0.05
Rms beam spot size @ LINAC exit (mm) 0.4 0.3
Rms bunch length @ LINAC exit (mm) 1 1

DRIVE LASER SYSTEM

Laser central wavelength (nm) 780
Laser oscillator rep rate (MHz) 79.3
Laser pulse length @ oscillator exit (fs) 100
Laser pulse energy (IR) @ amplifier output (mJ)) 20
Laser pulse energy (UV) @ photocathode (m)) 0.5
Repetition rate (Hz) 1-10
Laser pulse duration, flat top (ps) 8-12
Laser pulse rise time (ps) 10%—>90% <1
Phase jitter w.r.t. RF (ps) <1
Rms energy jitter in UV (shot-to-shot) (%) 5
Rms pointing stability on cathode (mm) < 0.1
Flat top uniformity (peak-to-peak) (%) <30
Intensity transverse uniformity on photocathode (%) 20
Spot ellipticity on cathode: (1-a/b) (%) <10
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RF GUN and LINAC A B
Maximum peak field at cathode (MV) 120

Maximum rep rate (Hz) 10

RF pulse duration (us) 4.5

Gun RF peak power (MW) at 140 MV/m 15

Operating vacuum - RF, laser on (Torr) 10°

Operating temperature (deg C) 45

Cathode material(s) Cu, Mg

Quantum efficiency 10°, 10*

Laser incidence angle @ cathode (deg) 72

Maximum solenoid magnetic field (T) 0.31

Power supplies for gun solenoid sections 4

15t section accel. gradient (MV/m) 25 25
15t section accel. Phase (RF deg) on crest on crest
2" section accel. gradient (MV/m) 12.5 25
2" section accel. Phase (RF deg) on crest on crest
3 section accel. gradient (MV/m) 12.5 15
3 section accel. Phase (RF deg) on crest on crest
RF peak power per section (MW) 55,15,15 55,55,20
# klystrons 2 2
# solenoids on 1% section 12 12
# LINAC solenoid power supplies 4 4
Magnetic field on 1 LINAC section (Gauss) 750 750
UNDULATOR & FEL A B (seeded)
Slice energy spread (other parameters as above) 1103 210
Undulator period (cm) 2.8 2.8
Undulator sections 6 6
Undulator parameter (k) 2.14 2.14
Undulator field on axis (T) 0.82 0.82
Undulator gap (mm) 8.8 8.8
Undulator section length (m) 2.156 2156
Drifts between undulator (m) 0.364 0.364
FEL wavelength (nm) 500 300
Saturation length (m) ~12 ~12
FEL pulse length (ps) 8 6
FEL power @ saturation (MW) ~120 ~160
Peak Brilliance (photons/sec/0.1 % bw/mm/mrad) 1.5 10% 1.5 10%
Peak # Photons/pulse 710" 510"
FEL power @ sat. (MW) 3 harm. >4 6
FEL power @ sat. (MW) 5" harm. > 0.06 0.2
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3.5 SPARC experimental achievements

3.5.1 Low Energy Beam Measurements

The first phase of the SPARC project consisted in characterizing the
electron beam out of the photoinjector at low energy (5 MeV) before the
installation of the three accelerating sections. The design goal in terms of peak
current (100 A) and emittance (2 mm mrad) has been successfully achieved
during the year 2006. The experimental layout for this phase of the project is
shown in Figure 3.4.

The SLAC/BNL/UCLA 1.6 cell S-band RF gun was conditioned up to 10 MW,
corresponding to a field of 120 MV/m at the beginning of 2006.

The photocathode drive laser has been characterized in terms of pulse
shape and quality and the first generation of an UV flat top laser pulse has
been achieved. In combination with a quite high Quantum Efficiency (QE) up to
10+ of the copper photocathode, achieved after a dedicated laser cleaning and
with accelerating field of 120 MeV/m, the nominal beam electron beam
parameters have been obtained (1 nC, 10 ps long).

In order to study the first few meters of beam propagation where space
charge effects and plasma oscillations dominate the electron dynamics, a new
sophisticate diagnostic tool has been installed and commissioned: the movable
emittance-meter.

Emittance oscillations driven by space charge in the drift downstream ther
RF gun have been observed, in agreement to what expected from our
theoretical model and numerical simulations, and the first experimental
observation of the double emittance minima effect, on which is based the
optimized matching with the SPARC LINAC, has been achieved [1].

In addition the particular design of the emittance-compensating solenoid
with 4 different coils inside the magnetic yoke allowed a study of how different
magnetic field configurations affect the electron beam dynamics in particular
varying (in sign and absolute values) independently the current setting for each
coil power supply.

Additional parallel activities in the framework of future higher energy FEL
experiments (SPARX) have been brought ahead and the recent results from R&D
on new photocathode materials, X-band RF structures and advanced diagnostic
will be also reported.
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Figure 3.4: (up) Picture of the SPARC photoinjector showing the RF gun
with solenoid and emittance meter installed; (down) Schematic layout of
the experiment. Emeter is the abbreviation of the emittancemeter.

3.5.1.1 Cathode and Laser system

Challenging requests are made on laser temporal pulse profile (flat top
pulse with ~1 ps rise time and ripples limited to 30%) to minimize the e-beam
emittance, consequently the main activity of the laser group has been devoted
to optimize pulse shaping techniques. The Laser system layout is shown in

Figure 3.5.
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Figure 3.5: (up) Picutre of the laser system; (down) laser system layout.

We currently use a Cu cathode with a quantum efficiency (QE) of 10* at
120 MV/m, achieved after a successful in situ laser cleaning treatment,
therefore it is required about 50 pJ to extract 1 nC at the operating phase.

The SPARC laser is a 10 Hz TW system produced by Coherent. The laser
system [2] is composed by a Ti:Sa oscillator that generates 100 fs pulses with a
repetition rate of 79:3 MHz and an energy of 10 nJ. An acousto-optic
programmable dispersive filter called “DAZZLER”, used to modify the spectral
amplitude and phase is placed between the oscillator and the amplifier to
obtain the target temporal profile in the UV. The regenerative and two multi-
pass amplifiers delivers pulses with bandwidth of at 10 nm FWHM L = 800 nm
with energy of ~ 50 mJ and divergence less than 1 mrad. The amplified pulses
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go to the third harmonic generator (THG) where UV pulses with an energy up to
~ 4 m]j are produced. The THG is characterized by two type-l BBO (Beta Barium
Borate) crystals of 0:5 mm and 0:3 mm thickness used to produce respectively
the second and third harmonics. The crystal lengths have been chosen to
allocate enough bandwidth to preserve the pulse shape and, at the same time,
to guarantee good efficiency. The efficiency of the first conversion is about 50%
and the overall conversion efficiency is more than 10%. After the THG the pulse
is sent to a pair of 4300 g/mm UV parallel gratings, that forms a negative
group velocity dispersion two passes stretcher. Varying the distance L between
the gratings it is possible to obtain the output pulse length . The energy
efficiency of the UV stretcher is about 30 % producing a energy up to 1.5 m]
with an amplitude jitter of 5 % RMS. To characterize the pulse time profile a
multishot crosscorrelator with 200 fs resolution was built. The diagnostics uses
part of the sub-ps IR pulse to cross-correlate the UV pulse and generating the
frequency difference at 400 nm. According with the theory and experimental
measurements, when a large chirp is imposed, such as for our the UV stretcher,
the pulse spectrum allows the direct reconstruction of the time intensity
distribution. For the spectral measurements in the UV it has been designed a
spectrometer using a UV grating with 4350 g/mm and a converging lens to
focus the different wavelength on a ccd camera. This diagnostic proved a the
resolution of 0.02 nm. The optical transfer line to the cathode has been
designed to increase the pointing stability, to easily change the spot dimension
and to provide a normal incidence on the cathode surface.

In the early commissioning runs, we started with Gaussian pulses which
are the natural output of the laser system. Figure 3.6 shows the typical
projected transverse profile of the laser spot. The DAZZLER is used to increase
the pulse length in order to avoid a transform limited pulse in the output of the
amplifier. This was done to prevent damaging the BBO crystal. The UV pulse
length on the cathode was controlled by means of the UV stretcher.

Figure 3.7 shows the longitudinal profile obtained from spectral
measurement fitted with a 4.4 ps rms width Gaussian.
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Figure 3.6: Right: Typical projected transverse profile of the laser spot on
the virtual cathode. Right: 2D laser spot profile
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Figure 3.7: Longitudinal shape for a Gaussian-like laser pulse obtained
from a spectral measurement.
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Studies were performed in order to check the dependence of the beam
parameters on RF phase and laser parameters, mainly the pulse shape and
pulse length, with particular attention to the laser pulse rise time, defined as
the time needed for the pulse intensity to grow from 10% to 90% of the
maximum one.
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Figure 3.8: Two different pulse shapes with the same FWHM=8.7 ps: (1)
Rise time=2.5 ps, (2) rise time=5 ps.

3.5.1.2 RF system and synchronization

The SPARC RF system [3] is mainly constituted by two RF chains. The
power sources, are the 45 MW peak, 2856 MHz klystrons TH2128C. The
klystron n.1 feeds the RF gun with 3 ps long pulses and one accelerating
section via a 3 dB waveguide coupler and an RF deflecting cavity for beam
diagnostic purposes.

The RF gun, has been successfully conditioned without relevant problems
and we fed into it more than 10 MW of RF power that corresponds to an
accelerating field of about 120 MV/m. Klystron n. 2 and its waveguide
distribution lines feeds two high gradient accelerating sections through an
energy compressor that allows to obtain a 60 MW - 0.8 us RF pulse.

The timing distribution system is installed and it provides the 79.33 MHz
reference to lock the laser system to the RF oscillator using a home-designed
frequency divider board. It also furnish the 10 Hz repetition rate signal to the
machine, synchronous with the external line and to the 2856 MHz internal
distribution.
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The synchronization diagnostic allows to trace the time jitter from each
location of the machine (relative to the main oscillator) and this is displayed in
the control room monitors. Also an RF phase feedback system was
implemented to correct slow drifts due to temperature. The observed rms time
jitter of the accelerating field inside the gun is 250 fs and the laser oscillator
rms time jitter is 350 fs.

3.5.1.3 The control system

In order to reduce the time of development of the SPARC control system
[4], we decided to use well known Rapid Application Development (RAD)
software. Labview became the natural choice because in the collaboration
laboratories the use of National Instrument software is very popular. Also
Labview is considered as reference software by many hardware manufacturers
that write interface drivers in Labview. Other software such as Matlab (whose
integration with LabView is very well established) will be introduced and
integrated in the control system in order to help the online and offline analysis
of the beam during the machine operation. Gigabit Ethernet is used as
interconnection bus giving the sufficient bandwidth in the data exchange; PC
are used as front-end CPU and operator consoles giving the sufficient
computing power.

We have developed also a data acquisition system based on a database
with a possibility to communicate via TCP/IP (PostgreSQL).We have each
front-end processor running programs that send periodically all data of the
controlled elements to the database. We have developed some different
interface programs that can correlate the information.

The control system is currently working and it is ready to be extended
to the SPARC full configuration. The SPARC main server with a RHEL3
operating system, the consoles standard workstations with Windows XP. The
photo-injector device drivers are installed in industrial PCs placed in the
bunker. Two process form a connecting bridge from the front-end industrial
PCs to the control room consoles. The data server: it accepts a request of
information from the consoles and send them the data read from the proper
industrial PC. The data can be software variables (that identify the controlled
devices), sampled signals, images or information about the status of the
computer itself. And the command server: it elaborates the queue coming
from the consoles and, once identified legal commands, it delivers them to
the front-end PCs to control the photo-injector devices.

3.5.1.4 Advanced Diagnostic devices: the emittance meter and the RF deflector

The measurements of the beam parameters at different positions z, being
z the distance from the photocathode, is fundamental to study the beam
dynamics. The emittance meter (see Figure 3.9) allows one to follow and
completely characterize the transverse phase space evolution along the
direction of propagation, for a particular dynamical configuration, i.e., for a
given beam density, RF relative phase, and magnetic lens strength.
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The beam parameters can be measured in the range from about z 1000
mm to z 2100 mm. The technique [5] of measuring the beam emittance and

the phase space in both horizontal and vertical planes makes use of a double
system of horizontal and vertical slit masks made of 2 mm thick tungsten. The
slit mask must stop, or strongly degrade, the intercepted fractions of the beam.
By selecting an array of beamlets by means of an intercepting multislit mask or
alternatively by creating one beamlet using a single slit moving transversely
over the beam spot, we can divide the space charge dominated incoming beam
into emittance-dominated beamlets drifting up to an intercepting screen.
Assuming a linear screen response, the intensity of the beamlets spot on the
screen is directly proportional to the number of particles in the beamlets
hitting the screen. The emittance can be measured estimating the beamlets
size [6].

CCD camera

Ce:YAG actuator
dowastream
ballow \\‘

upsiream long bellow

f

Intermediate | H/Y slit mask actuator
bellow

Figure 3.9: Schematic view of the emittance-meter device. Beam directionis
from right to left.

Each mask (see Fig. Figure 3.10) consists of a slit array (7 slits, 50 pm
wide spaced by 500 ym, 2 mm thick) and two single slits, 50 and 100 ymwide.
The slits are manufactured by electrochemical etching, which provides, in
comparison with mechanical machining, higher precision and improved
smoothness of the slit edges. Each individual slit was machined as a
component of 0.5 mm height and later assembled into the frame [7]. This
configuration allows changes of the geometry of the slit mask simply by
reshuffling the single components.

The multislit mask was used for single shot measurements, when the
beam size was large enough for an adequate beam sampling by the slit array.
Alternatively, a single slit was moved across the beam spot in a multishot
measurement. In this case the range of transverse sampling can be freely
chosen by adjusting the step between the different positions of the slit. Typical
values of the sampling distance between the slit positions range from 110 ym
to 380 um. From 9 to 13 beamlets are collected in a single slit scan. No
relevant differences were found between single and multislit measurements
performed under comparable conditions.

The beamlets emerging from the slit mask are measured by means of a
downstream Ce:YAG radiator. The doping level of cerium in the crystal is

0.18%. The response is linear up to 0.01 pC/um2 [8], an order of magnitude
larger than the maximum density of our beam. Since beam size and divergence
depend on the longitudinal position of the device, also the slit to screen
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distance must be properly adjusted in order to optimize the beamlets profile
measurement. A bellow, placed between the slit mask and the screen, allows
one to change their relative distance from 22 to 42 cm, to optimize the drift
according to different measurements conditions (converging beam, diverging
beam, single, or multislits).

The radiation emitted in the forward direction from the Ce:YAG crystal is
collected by a 45 degrees mirror downstream the radiator, on the same screen
holder. We observe the back side of the transparent crystal radiator, thus
minimizing the degradation of the spatial resolution due of the optics field
depth. The small thickness of the crystal (100 ym) prevents appreciable
blurring effects due to the crystal bulk emission, as well as significant multiple
scattering.

Images are acquired using 8 bit digital CCD cameras (Basler 311 f)
equipped with 105 mm ‘““macro” type objectives from SIGMA. The chosen
magnification of about 0.66 yields a calibration factor near to 15 pym per pixel
and a field of view of the screen around 9.6 mm times 7.2mm. The angular
resolution depends on the drift length between the slits mask and the screen
and is in the order of 100 prad. The influence on the beam quality of the
bellow has been investigated [9]. The bellow has a length of 1.5 m long, and a
diameter of 150 mm. Wake field perturbations due to the corrugated structure
were studied using the HOMDYN [10] code. The wake fields were computed
using the diffractive model of Bane and Sands [11]. This is particularly
important when the beam is not wellaligned on-axis. In the case of T mm
misalignment from the center of the bellow, the contribution of the wakes to
the emittance degradation is negligible (0.05%). It remains around 0.13 % also
at a distance of 4 mm, much larger than the estimated misalignment.

7x 50 pm

Figure 3.10: Slit mask composed of 7 slits of 50 um width spaced by 500
um,one slit of 100 um widht and one of 50 um width.

The six-dimensional beam phase space characterization at the exit of a
photoinjector is another important measurement we have conducted in the
second phase of the SPARC commissioning. This measurement is based on the
use of an RF deflector that allows measuring the temporal profiles of the beam,
as well as the complete longitudinal phase space by adding a dispersive
system. Using the quadrupole scan technique the horizontal beam slice
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emittances as a function of longitudinal position in the beam can also be
measured. Simulations made by the ELEGANT code have shown the feasibility
of this diagnostic system.

The RF deflector design [12] has been made by the use of the e.m. codes
MAFIA and HFSS. The RF deflector proposed is a 5-cell SW structure working on
the p mode at 2.856 GHz and fed by a central coupler with b =1 . Since the
transverse shunt impedance is ~2.5 MW and the maximum input power is 2
MW, it is possible to obtain a resolution length of the order of 12 mm. Two
small longitudinal rods have been inserted to shift the resonant frequency of
the 90 deg rotated polarity modes with respect to the working mode. By the
bead-pull technique we have measured the deflecting field on axis. A tuning
procedure has been implemented in order to reach a field flatness of the order
of a few percents. External quality factor measurements have also been done,
showing good agreement with expectations.

3.5.2 Low Energy Beam Measurements

We performed a detailed characterization of the photoinjector, studying
the beam dynamics as function of relevant parameters such as the solenoid
field, the beam charge and size, the laser pulse length and its shape. First of all
we made charge versus gun RF phase measurement (phase scan) that allow us
to choose day by day the optimal phase for the electron extraction and to
collect information about the accelerating gradient and cathode quantum
efficiency. Moreover this kind of measurement allows to obtain a rough
estimation of the beam duration. Figure 3.12 shows some phase scans
performed in different photoinjector working points.
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Figure 3.12: Charge vs phase in three different beam configurations

The spectrometer and its transport line (constituted by a FODO cell) are
placed at the end of the diagnostics chain to measure energy and energy
spread. We performed these measurements in low and high charge
configurations versus the launching phase as shown in Figure 3.13 for the case
of 1 nC.
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Figure 3.13: Energy and energy spread for low and high bunch charge

The e-meter gives also the possibility to investigate the longitudinal

dynamics by inserting a slit and selecting a low charge beam slice at different
longitudinal locations.
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Figure 3.14: Energy spread versus z

By doing so, as shown in Figure 3.14, we can ‘froze’ the space charge
contributions to energy spread growth and measure its evolution at different
locations along the beamline. Moving the slit over the beam and measuring the
energy and the energy spread in the spectrometer gives information of possible
correlation between position and energy. Also centering the slit on the beam
and moving along the emittance meter allows the measure of the energy
spread in different longitudinal positions.

A longitudinal diagnostic, based on Cherenkov radiation produced by the
beam passing through a 5 mm thick aerogel slab with index of refraction n =
1.017, was installed with the main purpose of studying the photoinjector
response to different laser pulses length. A fieldlens narrow band filtering
optical system delivers the Cherenkov light to the entrance slit of a 2 ps
resolution Hamamatsu streak camera of type C1370 enabling direct pulse
length measurements see Figure 3.15.

*— Long pulse on cathode
*  sub-ps pulse on cathode (blow-out)

ps

- T T 1
200 400 GO0 0O

Charge (pC)
Figure 3.15: Bunch length measurements with streak camera
With the emittance meter is possible to follow the emittance evolution,

and tuning the machine parameters. A typical emittance measurement with the
single-slit mask consists of collecting 15 beam images for each slit position.
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The center of mass and RMS size of beamlets are then calculated for each
image and averaged. From the beamlets images we calculate the projection on
the axis, subtract the baseline, try a gaussian fit to find the best position for
the distribution center, reduce the number of the relevant points skipping
these that are outside the 3 standard deviation from the centre and only on the
remaining points we calculate the RMS parameters.
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Figure 3.16: Phase space reconstruction

The use of big magnification, an high efficiency YAG and a CCD with a
gain remotely controlled give a good signal to noise ratio and large number of
sampling point for every beamlet in all the conditions.

The 1-D pepper pot technique [13] allows not only to measure the beam
and the Twiss parameters, but also to reconstruct the phase space. In Figure
3.16 the phase space reconstruction in different positions, measured at a
charge of 1 nC is shown.
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Figure 3.17: Emittance measurement using the longitudinal
laser pulse shape of Figure 3.7. A PARMELA simulation is also
shown for comparison.
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Figure 3.17 shows measurements of the transverse vertical emittance at
different z-positions together with a PARMELA simulation. The relevant
parameters are shown in Table 3.2.

Table 3.2: Parameters of the beam corresponding to the emittance
measurement shown in Figure 3.17.

Parameter Value
Energy 5.65 MeV
Charge 1 nC

Laser spot size 450 ym
Laser pulse length 10 ps FWHM
Phase (p- ¢ ) 5

The phase ¢..« is the RF phase corresponding to the maximum energy
measured in the spectrometer.

The value 5 deg means that there is a difference of 5 degrees with respect
to the phase where the energy is maximum in the direction of the minimum
energy spread. Figure 3.13 shows the values of the energy and the energy
spread versus phase to clarify this point.

3.5.2.1 Laser Pulse Shape Studies

Studies were performed in order to check the dependence of the beam
parameters on RF phase and laser parameters, mainly the pulse shape and
pulse length, with particular attention to the laser pulse rise time, defined as
the time needed for the pulse intensity to grow from 10 % to 90 % of the
maximum one.

In the following we show the comparison between results obtained with
two different longitudinal laser pulses. Figure 3.8 shows the time profiles
calculated from spectral measurements.

Table 3.3: Parameters of the two beams corresponding to the emittance
measurement shown in Figure 3.18.

Parameter Value
Energy 5.4 MeV
Charge 0.74 nC
Laser spot size 310 ym
Laser pulse length 8.7 ps FWHM
Phase (¢ - o ) 8

Rise time beam 1 2.5 ps FWHM
Rise time beam 2 5.0 ps FWHM

The parameters are reported in Table 3.3. The rise time was about 2.5 ps
for pulse shape 1 and about 5 ps for the pulse shape 2 of Figure 3.8. The
corresponding emittance evolution in the vertical plane is shown in Figure 3.18.
The beam dynamics is different in the two cases because it is strongly
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dependent on the laser rise time. The minimum emittance value is about 25 %
smaller in the case of shorter rise time, confirming the result of [14].

3.5.2.2 High Brightness Beam

A large number of emittance-meter scans have been done in the drift
region after the gun to maximize the brightness, defined as B=2I/exey, with |
representing the peak current and ¢  the transverse emittances.

The optimization parameters were the injection phase, the solenoid
strength, the longitudinal profile of the laser and the transverse beam spot
size.

The design goal was 2 mm mrad for the transverse emittance, 100 A for
the beam current and thus 5 10> A/m?2 for the brightness.

The plots in Figure 3.19 summarize the results of the measurements
showing, in a sample of several runs with a brightness larger than the design
value, the peak brightness normalized to its design value and the normalized
emittance [15].
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Figure 3.18: Vertical emittance evolution for the beams with the

longitudinal profiles of Figure 3.8 and parameters of Table 3.3.
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Figure 3.19: Vertical emittance and brightness normalized to their design
values, in the cases with peak brightness larger than its design value (5
10" A/m?)
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In order to find the brightness values we used the laser bunch length
measured at the cathode to calculate the beam current and the minimum
emittance value measured in the drift. Therefore we neglected the bunch length
increase due to the space charge longitudinal defocusing along the drift.
Simulations show that in the measurements conditions, the bunch lengthening
is less than 10 %, which is within the uncertainty of the charge measurement.
We also performed some electron pulse length measurements with the
Hamamatsu streak camera (still model C1370) using an aerogel as radiator. The
time resolution of this streak camera is around 2 ps as before. We could not
distinguish between the lengths of the electron bunch and of the laser pulse.
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Figure 3.20: Longitudinal laser profile. The pulse length is 9 ps FWHM, and

the rise time is about 2.7 ps. The best brightness has been obtained with
this profile.

The best brightness has been obtained with the longitudinal profile shown
in Figure 3.20; the beam parameters are given in Table 3.4. The results in
Figure 3.21show the measured emittance evolution versus z for a beam of 92 A
peak current.

Table 3.4: Parameters of the beam corresponding to the best brightness

result.
Parameter Value
Energy 5.65 MeV
Charge 0.83 nC
Laser spot size 360 ym
Laser pulse length 8.9 ps FWHM
Phase (p-¢__ ) 8
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Figure 3.21: Vertical emittance versus z for run #29. This is the
measurement with the highest brightness of about 7 10"° A/mm 2. A
PARMELA simulation is also shown.

The minimum emittance value is 1.65+0.06 mm mrad, yielding a peak
brightness of 7.0 £0.8 10 A/m?2. The injection phase was set to -8.0 + 0.5 deg
with respect to the maximum energy gain phase and the laser RMS spot size
was 360 pm. The solid line in the plot is a simulation made with PARMELA.

3.5.2.32 Double Minimum Oscillation

The emittance oscillation observed in the simulation of a photoinjector is
an important feature of the Ferrario working point [16]. Some of the
photoinjectors running worldwide (FERMI [17], LCLS [16]) or in the already
designed (XFEL [18]) or still in design stage (PAL [19], BESSY FEL [20]) are based
on this working point.

The optimized matching with the SPARC LINAC relies on this peculiar
space charge regime which works in the flat top pulse mode and guarantees
the optimum matching to the invariant envelope in the LINAC sections, yielding
therefore the minimum emittance at the LINAC output. Emittance oscillations of
this kind have been explained as the effect of a beating between head and tail
plasma frequencies caused by correlated chromatic effects in the solenoid 21.
We have obtained a direct evidence of this type of oscillation working with
short laser rise time (~ 1.5 ps, the longitudinal profile is shown in Figure 3.22).
To enhance this effect we move the injection phase above the maximum energy
gain phase, thus inducing a higher energy spread (~3 %), although the
minimum achievable emittance in this case is slightly worse. The parameter of
such a beam are given in Table 3.5.

Table 3.5: Parameters of the beam whose emittance measurement is
shown in Fig.~\ref{doubleminimumj.

Parameter Value
Energy 5.5 MeV
Charge 0.5 nC

Laser spot size 450 ym
Laser pulse length 5.5 ps FWHM
Phase (9 - ¢ ) 12°
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Figure 3.22: Longitudinal profile of the laser for the measurement shown
in Figure 3.23. The rise time is 1.5 ps and the FWHM is 5.5 ps.
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Figure 3.23: Vertical emittance measurement showing a double minimum
oscillation. A PARMELA simulation is also shown on the same plot for
comparison.

The result of this measurement, showing double minimum oscillation of
the emittance is shown in Figure 3.23. It is worth remarking that this is the first
direct measurement of double minimum oscillation in a photoinjector ever
done. The effect of this oscillation can also be observed in the transverse phase
space. In this dynamic regime the head and tail of the bunch experience a
different focusing when passing through the solenoid, due to the space charge
correlated energy spread which is strongly enhanced at the bunch ends. As a
consequence, at the z position of the relative emittance maximum a cross
shape structure in the transverse phase space is predicted by simulations with
a flat top longitudinal distribution of the laser pulse (see Figure 3.24 on the
right). Under laminar conditions, i.e. when the solenoid field is not so high to
cause crossover, the space charge dominated waist is reached at different
positions by the head and the tail slices of the bunch, so that when the bunch
tail is already diverging the bunch head is still converging.
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Figure 3.24: On the left: measured transverse phase space in the vertical
plane at z=1500 mm from the cathode. On the right: PARMELA simulation
obtained with the parameters of the measurement.

We have measured this effect and the comparison between PARMELA
simulation and measured phase space. This is shown in Figure 3.24. Even if it
is hard to compare them quantitatively, the measured phase space exhibits this
particular cross shape structure as predicted by simulation.

3.5.2.4 Velocity Bunching Experiment

The longitudinal phase space rotation in the Velocity Bunching process is
based on a correlated velocity chirp in the electron bunch, in such a way that
electrons on the tail of the bunch are faster than electrons in the bunch head.
This rotation happens inside the longitudinal potential of a traveling RF wave
(longitudinal focusing) which accelerates the beam inside a long multi-cell RF
structure and simultaneously applies an off crest energy chirp to the injected
beam. This is possible if the injected beam is slightly slower than the phase
velocity of the RF wave so that, when injected at the zero crossing field phase,
it will slip back to phases where the field is accelerating, but at the same time it
will be chirped and compressed. The key point is that compression and
acceleration take place at the same time within the same linac section, actually
the first section following the gun, that typically, under these conditions,
accelerates the beam from < 5 MeV up to 25-35 MeV.

One of the main goals of the SPARC high brightness photoinjector is the
experimental demonstration of the emittance compensation process while
compressing the beam with the Velocity Bunching technique [xxii]. For this
reason the first two S-band travelling wave accelerating structures, downstream
the 1.6 cells S-band RF gun, are embedded in long solenoids, in order to keep
under control the space charge induced emittance oscillations when the bunch
is compressed.

The SPARC beam diagnostic allows rms beam envelope measurements on
four YAG screens: three screens are located at the entrance of each RF structure
while the fourth one is located at the exit of the linac. On the last screen the
rms emittance is measured by a quadrupole scan [xxiii]. A RF deflecting cavity
placed at the exit of the third accelerating structure allows bunch length
measurements with a resolution of 50 um. A photo of the SPARC photoinjector
is shown in Figure 3.25.
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= =3 - 4%
Figure 3.25: Photo of the SPARC photoinjector showing the 3 accelerating
structures with 2 long solenoids

During the 2009 winter a preliminary experimental study of the velocity
bunching technique has been performed and the main results are reported
hereafter.

The first measurements made at SPARC were devoted to study the
compression ratio as a function of the injection phase, without any external
focusing (solenoids off). We have been operating with a quasi-Gaussian
longitudinal laser profile, ~7.5 ps FWHM long and with 300 um of transverse
spot size. The bunch charge was 300 pC resulting in an initial peak current
around 35 A.

When the beam has been accelerated on crest by an accelerating field of
20 MV/m in the first two sections and 10 MV/m in the last section, the final
energy was 150 MeV with an energy spread of 0.1% and an energy stability
better than 0.1%. The rms bunch length measured at the linac exit was 3.25 ps.

SPARC measurements 2/04/09
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Figure 3.26: Measured rms bunch length of a 300 pC beam versus the
phase of the first travelling wave structure.
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Figure 3.26 shows the measured rms bunch length versus the injection
phase in the first travelling wave structure. The error bars have been calculated
over the 10 images collected for each measurement, a more detailed study
including jitters effects and systematic error will be the subject of future
investigations. A significant bunch compression occurs only after a phase shift
of 85 degrees, the beam energy was progressively observed reducing to 100
MeV and the energy spread grows up to 1 %. In the next 10 degrees shift (from
-85 to -95) the strong compression regime occurs, as expected, with almost the
same final energy and energy spread. The shortest rms bunch length we have
measured was 240 fs, (72 um) limited by the longitudinal beam emittance.
During this measurements the minimum spot size with the RF deflector turned
off was 30 um. The last two measurements also show the over-compression
effect when the phase setting exceeds -95 deg.
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Figure 3.27: Compression factor versus injection phase, PARMELA
simulations are also shown (red curve).

In Figure 3.27 the compression ratio versus the injection phase is also
shown. The red curve is the results of PARMELA simulation. The agreement is
quite satisfactory.

The emittance compensation optimization requires a careful tuning of the
solenoid field in order to keep under control the space charge induced
emittance oscillations. A systematic study of the emittance compensation
process has been done so far only for one case with a moderate compression
ratio 3.
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Figure 3.28: Emittance evolution along the linac, PARMELA simulations.

In Figure 3.28 are shown PARMELA simulation of the rms emittances
evolution along the linac for three different conditions: no compression (beam
on crest), compression with solenoids off, same compression with all solenoids
set to 400 Gauss. The effectiveness on the emittance compensation produced
by the solenoids is clearly visible from the simulation and it is in good
agreement with our measurements.

In Table 3.6 the measured beam parameters are reported. The second
column contains the measured data of the uncompressed beam (on crest
acceleration) for comparison. The lowest achieved emittances are g, = 1.7 um
and g, =1.4 um ( to be compared with ¢, = 4.3 mm and ¢, =6.1 um with
solenoids off, marked with * in the table). With a peak current of 120 A this
bunch exibiths the highest beam brightness so far obtained by SPARC injector.

Table 3.6: Measured beam parameters

No Compression Compression ratio 3
Injection phase [deg] 0 -85
Bunch Charge [pC] 300 300
Beam Energy [MeV] 140 100
Energy spread [%] 0.11 1.0
Rms Length [ps] 3.25+0.16 1.0340.1
€nx [uM] 2.33 +0.11 1.74+0.05
4.33 £0.84 *
€ny [LM] 1.30 £0.05 1.44 £0.03
6.06 0.4 *
Solenoid Field 0 400

[Gauss]
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3.5.2.5 First observation of Self Amplified Spontaneous Emission at SPARC

In this section we report the first observation of the Self Amplified
Spontaneous Emission (SASE) at 500 nm in the SPARC FEL.

In Figure 2.29 a picture of SPARC taken from the undulator end is shown. The
undulator, realized by ACCEL Gmbh, is made of six permanent magnet sections
with 2.8 cm period, 25 to 6 mm variable gap with maximum undulator
parameter K. ~2.2.

Figure 3.29: Photo of the SPARC undulator sequence.

During this experiment we have been operating with a laser pulse with
Gaussian longitudinal profile, 6-8 ps FWHM long. The bunch charge was in the
range of 200 - 300 pC resulting in a peak current around 35 A. The beam has
been accelerated up to 150 MeV with an energy spread of 0.1% and an energy
stability better than 0.1%. At the linac exit the rms emittance has been
measured by a quadrupole scan and the bunch length, slice emittance and slice
energy spread have been measured downstream of a high resolution RF
deflector [xxiii]. The typical measured rms emittance was around 2 um in both
planes for a 250 pC bunch. In Figure 3.30 the beam current profile together
with the slice energy and slice energy spread are shown. These electron beam
parameters have been sufficient for the preliminary characterisation of the
spontaneous and stimulated radiation in the undulators.

The first clear signature of coherent radiation at SPARC has been observed
at 500 nm on February 17%, 2009. In between each of the 6 undulator modules
shown in Fig. 3.29, a 36 cm drift hosts quadrupoles for horizontal focusing and
radiation diagnostic stations. Each station is equipped with actuators allowing
the insertion of Alumina screens and Aluminum mirrors to extract the
radiation. At the end of the undulator sequence, an in-vacuum spectrometer
built by the LUXOR Laboratory (Padova) is installed. The instrument is a 1 m
long normal incidence spectrometer with a Princeton UV grade CCD camera
allowing the detection of spectra both in single shot and in the integrated
mode in the spectral range 40 - 570 nm. A focusing lens (f=14cm) positioned
at a distance f from the entrance slit selects the angular acceptance of the
detector. With a slit opening of 800 um all the radiation is collected and the
integrated spectrum provides the information on the pulse energy.
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Figure 3.30: Measured electron beam slice parameters: slice energy (red)
and slice energy spread (blue) in the upper plot, current profile in the

lower plot.
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Figure 3.31: Pulse energy measured at the undulator intrasections. The
continuous line show simulations obtained with Genesis 1.3 (blue) and
Perseo (black).

The evolution of the pulse energy as a function of the position in the
undulator sequence is obtained turning off the FEL interaction by
progressively detuning the gap of the undulators. The measured pulse
energy is shown in Figure 3.31. Each of the data points corresponding to the
first three undulator sections (up to z ~ 7m) are the result of an integration
over multiple shots (1800 shots). The data corresponding to the 4", 5" and
6™ undulators are instead single shot measurements. We have observed an
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amplification factor of about 10° and the observed gain length was ~1 m.
Saturation is expected in these conditions at a pulse energy ~300pJ.
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Figure 3.32: Single shot spectra at the end of the undulator sequence

The pulse energy is compared to simulations obtained with Genesis 1.3
[xxiv] (blue) and Perseo [xxv] (black) codes. In Figure 3.32 typical SASE single
shot spectra after the sixth undulator are shown. The spectral narrowing
associated with the FEL amplification is evident in Figure 3.33, where the
behaviour of the spectral width versus the position in the undulator
sequence is shown.
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Figure 3.33: Measured Spectral width versus z. The continuous line is the
result of a Perseo simulation.
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4 MACHINE PHYSICS

4.1 FEL Physics

4.1.1 Introduction

The choice of FEL configurations at SPARX is based on user-defined
requirements on the spectral properties of the output FEL pulses, i.e., output
wavelength, peak output power, X-ray polarization, and required average
repetition rate. Typically, users expect an FEL-based light source to deliver
>10'" photons/sec in a 0.1% bandwidth at a tunable wavelength to the
experimental end station. The time structure of the pulse has to be matched to
the characteristic timescales of physical processes being studied. For X-ray
imaging and other high intensity studies, the photons should be delivered in
ultra-short, high intensity pulses. In contrast, spectroscopic studies require
limited peak intensity so as to avoid non-linear processes, but also require high
repetition rates to collect sufficient data in acceptable experimental periods.
Other requirements that drive the SPARX FEL design concern tunability, pulse
duration, pulse-to-pulse stability, timing and synchronization, degree of
polarization, and repetition rate. The layout of the SPARX FEL is designed with
the aim of maximizing the flexibility of the source in order to match the
experimental needs in the widest variety of conditions.

4.1.2 General Spectral properties

The SPARX science program requires that the FEL architecture access a
large range of wavelengths from 40 eV (120 nm) to =1 keV (1.2 nm). The
fluctuations in the central wavelength . without a monochromator in the
beamlies, should be smaller than the pulse line-width.

Bandwidth

Many SPARX users are expected to request spectral bandwidth that is
close to Fourier-transform limited. The most demanding experiments are likely
to employ Resonant Inelastic X-ray Scattering (RIXS) to study elementary
excitations in condensed matter. RIXS will require MeV resolution for studies of
such phenomena. Providing ultra-high resolution pulses with AA/A~10° in the
soft X-ray regime is likely to require the passage of the FEL pulse through a
monochromator, and might lead to large intensity fluctuations.

Harmonic content

Harmonic generation is an intrinsic process in FEL amplification. The
higher order harmonics are an effect of amplification, and constitute a valuable
source of radiation at shorter wavelengths. The implementation of an undulator
tuned at the second or third harmonic of the main undulator may be used to
enhance the higher order harmonics emission induced by residual current
modulation. The SPARX FEL exploits a variant of such a high gain harmonic
generation (HGHG) scheme in order to maximize the extension to shorter
wavelengths of the spectral range of operation. Furthermore the reconstruction
of single pulse, X-ray images generally requires the presence of a reference
signal from a scattering source, pinhole, or Fresnel lens with an outermost
fringe spacing of the order of the spatial resolution. Recently, researchers at
the FLASH FEL have demonstrated an algorithm - called the “shrinkwrap
technique [1]” - to reconstruct high resolution images by illuminating the
experimental sample with a few percent of third harmonic radiation. The
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unscattered harmonic signal provides a phase reference from which the image
of a sample on a clean background can be reconstructed from the outer edges
of the sample plane inward. Higher order harmonics produced at SPARX may
be exploited to provide admixtures of fundamental/harmonic signal at the
sample, ensuring optimized conditions for the above diagnostic scheme.

Tunability

Spectroscopic experiments at SPARX will demand the tunability of the FEL
output near to and across edge transitions. The undulator system and FEL
architecture should allow rapid tuning, fully under user control at the level of
the spectral bandwidth of the output pulses. We will design the system to be
tunable over tens of eV on the time scale of minutes with minor adjustments of
the electron beam characteristics.

Coherence

Most experiments at SPARX, such as single pulse imaging, coherent
scattering, studies of nanostructures, and soft X-ray, coherent
multidimensional absorption spectroscopy require that the X-ray pulses have a
very high degree of spatial coherence [see chapter 1]. Fortunately, the high
gain FEL process intrinsically produces pulses that typically contain ~99% of the
radiation in the lowest order mode. In other words they are nearly diffraction
limited. When operated in seeded (or self-seeded) configurations the SPARX
FEL will have the additional intrinsic feature of showing an improved phase
coherence temporally as well as spatially. Full temporal coherence is not
available in the SASE configuration that will give the furthest reach in X-ray
energy, except when producing very short, single spike pulses. As temporal
coherence is not a property of the radiation available at synchrotron light
sources, the first generation of SPARX users is unlikely to demand full
coherence at the shortest wavelengths. Also temporal coherence is not
required for imaging.

4.1.2.1 Pulse intensity

To meet user requirements the SPARX FELs will have to produce X-ray
pulses with a large range (~10°) of intensities. A tunable absorber based on a
variable pressure gas chamber in the transfer lines from the undulators to the
experimental stations, is foreseen. The light intensity may be however tuned by
changing the operation parameters of the FEL.

Linear processes

For the investigations of linear phenomena, minimum single pulse
intensities must be consistent with measuring photoemission signals and
recording changes in X-ray absorption by the sample, without at the same time
damaging the sample. As the single pulse intensity is increased, 1) damage of
the sample becomes more and more likely, 2) the electric field associated to
the pulse becomes sufficiently strong that broadening of the line spectrum of
the sample exceeds line spacing, and multi-photon processes become more
likely. Typically, these considerations limit the linear regime to FEL output
intensities in the range of 107 - 10® photons on the sample. To gather sufficient
data in experimental runs commensurate with those that typify synchrotron
light sources, users would prefer pulses rates as high as possible limited only
by the characteristic relaxation times of the processes under investigation and
by removal of heat deposited in the sample.

For many experiments, these requirements imply that producing bursts of
FEL pulses spaced by ~0.1 ps is acceptable to many users. Pulse trains,
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composed of 20/30 pulses, could be achievable if needed with the SPARX
LINAC structure.

Pulse intensity: non-linear processes

In contrast with spectroscopy and the study of linear processes, single
pulse X-ray imaging and the investigation of multi-photon processes, and non-
linear dynamics are likely to require as many as >10"2 UV/X-ray photons in a
single pulse. At such high fluence, X-ray absorption in the sample and the
consequent hydrodynamic motion or ablation will destroy the sample, before
sufficient signal is received in the experimental detectors. Consequently the
duration of the FEL pulse must be less than the ablation time of the sample or
the hydrodynamic expansion time over a resolution element. It is giant and
short X-ray pulses such as these that have made possible the spectacular
imaging experiments at the FLASH free electron laser in Hamburg [1].

Pulse-to-pulse stability at SPARX

Time-resolved spectroscopy and scattering studies of ultra-fast dynamical
processes such as phase transitions generally require X-ray probes to be highly
stable both in intensity, wavelength and bandwidth. For some experiments
jitter in these features is tolerable if the characteristics are measured and
recorded on a pulse-to-pulse basis. If, however, the jittering X-ray pulse excite
- on the average - too small a fraction of the molecules or materials, the
average signal-to-noise at the detector can become unacceptably low. In
addition, sufficiently stable pulse characteristics can allow the experimenter to
make real time subtraction of backgrounds via pump on/pump off
experiments.

Stability levels at synchrotron light sources can be at the level of 0.1% -
1%, stability that seems extremely difficult for pulsed LINAC-based sources to
achieve. In the SPARX design we will push toward achieving the highest level of
stability practical. Stability at the 5% level seems both practical with respect to
FEL design and also acceptable with respect to the requirements for FEL-based
experiments (see chapter 1). Detailed analysis of the achieved stability will be
carried on with start-to-end simulations and multivaried analysis of the system
parameters. However, we expect that users will be able to develop adequate
background subtraction techniques if we can achieve stability at the few
percent level.

4.1.2.2 Temporal characteristics

Pulse duration at SPARX

The widespread availability of table-top terawatt lasers has made pump-
probe (stroboscopic) experiments a ubiquitous approach for studying ultra-fast
processes. At wavelengths accessible with lasers, dynamics can be studied
with 1 - 10 fs resolution. In such experiments the sample is first excited with a
suitable wavelength of radiation - the pump. A subsequent light pulse, with a
duration much shorter than the characteristic time of the process under study,
then probes the transient state created by the first pulse. By varying the delay
time between the pump and probe pulses one can measure the relaxation of
the excited state. By generating ultra-fast electron bunches and using an ultra-
short seed laser, SPARX will be ideally suited to extend stroboscopic techniques
to VUV and X-ray wavelengths.

Stroboscopic studies of solution phase chemistry and biochemistry, of
reaction and solvent dynamics, and of magnetization dynamics will require
pulses of 20 - 200 fs pulse duration. Likewise single pulse experiments such
as molecular imaging and time-resolved coherent scattering with nanometer
spatial resolution will require pulse durations in the range from 20 - 30 fs.
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Presently a new area of experimental physics is emerging [2] -
“attosecond science”. In the future, we expect that users of SPARX may request
X-ray pulses as short as few hundred attoseconds.

Different electron beam configurations will allow the control of the
radiation pulse duration from several hundred to few femtoseconds. An option
for sub-femtosecond pulses is under study too. The radiation pulse duration
may be controlled by seeding the FEL with a short radiation seed and by
exploiting the non-linear pulse evolution after saturation, which can lead to the
production of pulses shorter than the FEL cooperation length [3]. Other
techniques to generate very short pulses with FELs have been proposed by
Fawley and Zholents [4], by Saldin [5] et al. and other authors [6]. The SPARX
system of undulators will be laid out to permit implementing one of such
schemes of attosecond pulse generation should sufficient demand arise from
users.

Coherent synchrotron radiation (CSR) occurs when synchrotron radiation
emitted from the back of electron pulse can propagate through the vacuum
chamber to overtake and interact strongly with the head of the pulse as the
beam passes through a dipole. For multi-GeV electron beams pulses with a
duration < 1 ps, carrying 1 nC, the emission of CSR when the beam passes
through bending magnets can rapidly create an energy chirp from head to tail
of the beam. It can also increase beam emittance. The design of the beam
spreaders, which direct the full energy SPARX beam to different FEL lines, takes
careful account of the potential.

Timing and synchronization

As discussed above, stroboscopic experiments initiate a time-evolving
process in the sample with another laser or UV/X-ray pulse. To maximize the
useful data collection rate in pump-probe experiments, especially when the
dynamics are to be followed with the highest possible temporal resolution, the
laser pump (or probe) must be synchronized with an accuracy that is (ideally)
an order of magnitude smaller that the duration of the probe pulse. In
principle, data can be taken without active synchronization of the pump and
probe if the arrival time at the sample can be measured with an sufficient
accuracy ~ 10 fs.

Timing and synchronization controls using both time domain and
frequency domain techniques have been demonstrated at the <20 fs level by
groups at MIT and Lawrence Berkeley Laboratory (LBNL) respectively. The
stabilized optical fiber systems such as those developed and tested at LBNL
could be used to measure pulse arrival times when SPARX is operated in a Self-
Amplified Spontaneous Emission (SASE) or self-seeded mode. The SPARX FEL
systems using seed laser pulses will be designed to assure active
synchronization the possibility of auxiliary laser pulses to within <20 fs of the
UV/X-ray pulse.

A large class of experiments such as single pulse imaging and coherent
scattering require no synchronization signal beyond the trigger pulse that
activates the photocathode laser at the front end of the SPARX LINAC.

Pulse repetition rate

The radiofrequency (RF) repetition rate of the SPARX LINAC is limited to
100 Hz. In standard operation conditions a single electron bunch per RF pulse
train is expected.
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From the point of view of the users, the pulse repetition rate would be
ideally limited by the relaxation time of the physical process being studied.
Consequently, rates as high as ~10 MHz are interesting for a large class of
experiments. Such high rates could be provided in a burst mode at SPARX
where higher repetition rates could be achieved by filling a larger number of
bucket in the RF pulse. Practical considerations such as thermal damage or
ablative processes in the sample may preclude even shorts burst of pulses at
relaxation-limited rates; such is, for example, the case for RIXS experiments. In
those experiments that require single pulses so intense as to damage or ablate
the sample, the relevant maximum useful; repetition rate will be governed by
how fast the sample can be replaced or annealed.

4.1.2.3 Polarization

Over specific range of photon energies the SPARX FELs will offer full
control over the choice of the polarization of the radiation. User-controlled
variation from right-handed to left-handed circular polarization is needed for
dichroism spectroscopy and studies of magnetic structures in condensed
matter. The implementation of polarization rotation schemes on specific
undulator beamlines will be the subject of future analysis.

4.1.3 FEL Scaling principles

When an electron bunch with a relativistic factor, y, traverses a periodic
array of dipole magnets (an undulator), the Lorentz force leads to transverse
oscillations of the bunch about the direction of motion causes the beam to emit
narrow band quasi-monochromatic radiation (see Figure 4.1). In the beam
frame the wavelength of the radiation is the backscattered value, 4 /y, of the
Lorentz contracted period, A of the undulator field, B . Transforming to the
laboratory frame, one observes the radiation Doppler upshifted by a factor
2y/(1+92rms), where 6 _is the rms angle by which the electron trajectory is bent in
the undulator.

ManrLhe

Fiald

Permanent Magncts

Figure 4.1: Electron trajectory in the field of a linearly polarised
undulator

By reducing the mean longitudinal velocity of the bunch, the transverse
undulations thereby enhance the rate at which the emitted radiation slips past
the electrons in the bunch. If that rate is such that the radiation slips one
optical wavelength per undulator wavelength, then the electrons will oscillate in
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phase with the field, continually lose energy to the field. The growth of the field
increases the rate of energy loss by the electrons.

As the signal grows, the ponderomotive potential created by the
undulator field and the radiation field, bunches the electrons into thin packets
spaced by the resonant wavelength. The bunched electrons begin to radiate
coherently leading to an exponential growth of the radiation field that co-
propagates through the undulator along with the electron beam. The result is
an exponentially growing radiation field with a power that grows as [7, 8, 9, 10]

P=aPe'" (4-1)

In equation (4-1) P, is the initial signal strength, « is a coupling coefficient
between the signal strength and the dominant mode, and z is the distance
along the undulator. L, is the gain length, that is, the distance for an e-folding
of the radiation intensity.

The resonance condition that links the radiation wavelength, 4, the
undulator wavelength and the energy of electrons beam is

iy = ;;2 (+x2,) (4-2)

where K, :K/\/E:aw for a planar undulator and equals K for a helical

undulator. The numerical value of K can be derived from (4-3). The energy of
the electron beam is ym.c’. The dimensionless vector potential of the undulator
field, a , is set by the maximum magnetic field on axis, B, and the undulator
period, /,. In physical units,

ay = 0.667 hyfem] By/T]. (4-3)

The gain of the FEL and the speed of the bunching process in a cold (zero
emittance) beam with no incoherent energy spread is described by the
universal scaling parameter, p[9, 9, 10];

2/3
a o A 1/3122/3 14/3
— wopTu OCI BW ﬂ“u (4_4)
1%
8mc 4

where w), is the relativistic plasma frequency,

2
= 47, r.c
j2 3

/4

(4-5)
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and a,, is the dimensionless vector potential of the undulator. In equation

(4-5) n, is the electron density and r, is the classical radius of the electron. The
electron density is related to the beam radius r, and the beam current by

I= 7rcenerb2 (4-6)

In a linear undulator the FEL scaling parameter may be expressed as

—_

__ b 2 1277 (4-7)
e iy 2

where X, is the electron beam cross section, / is the e-beam peak current
and I, =ec/r,is the Alfven current. The function f,(&)=J,(&)-J,(&) where

§=K2/4(1+K2/2), is the Bessel factor arising from the average over the
longitudinal fast motion typical of linear undulators.

The e-folding (gain) length, Lg, for the power carried by the
electromagnetic field as computed from the 1-dimensional theory in the cold
beam limit is given by the general expression,

/IW
" 4zpImQ2u) 4-8)

where Im(u) is the solution to the (cubic) eigenvalue equation for the FEL
instability written for the field intensity. In the cold-beam, 1-D limit,
Im(,u):\/g/Z. After ~20 gain lengths (in a distance L) the FEL output signal
saturates at a power, Py, ~ p Pream-

The line width, AA/A, of the output radiation from the SASE process in the
classical regime is the root mean square of the homogeneous and
inhomogeneous broadenings'. The homogeneous width is equal to p and is
related to the temporal spikes that characterize SASE output. Inhomogeneous
broadening arises from errors in the beam energy, undulator field and
undulator wavelength; their contribution to AMA can be found by differentiation
of the resonance condition.

If one desires a temporally coherent pulse, an input seed with a power
level substantially larger than the shot noise must be provided. An estimate of
the shot noise equivalent power is given by [10,11,12]

" Assuming the inhomogeneous broadenings over the uncorrelated current
distribution. Increasing the gain length the local (slice) inhomogeneous
broadenings could paradoxically have the opposite effect.
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8 p Eb
X ~ eam 4_9
noise 5 2/0 ( )

where E,,, =myc’y is the electron beam energy. Experiments based on

frequency up-conversion of the Ti:Sapphire fundamental wavelength in rare gas
atoms have demonstrated the possibility of generating high-order harmonics in
the EUV region of the spectrum [13, 14, 15, 16, 17]. Such sources, providing
sufficient power density to overcome the electron beam shot noise exist up to
photon energies of about 100 eV. The high-order harmonics result from the
strong non-linear polarisation induced in the rare gases atoms, such as Ar, Xe,
Ne and He, by the focused intense electromagnetic field of the "pump" laser.
This method represents a promising technique to seed FEL amplifiers at short
wavelengths [18]. Successful seeding experiments have been recently realized
at SCSS Test Acc [19] and the SPARC test facility will provide important
information on the viability of such a scheme [20]. A detailed analysis of the
seed source characteristics required for SPARX and the expected seeded FEL
performances is given in Sec. 4.5. At photon energies higher than 100 eV the
possibility to improve the longitudinal coherence properties of the radiation is
provided by self seeded/regenerative amplifiers schemes, which are based on
the injection of part of the radiation generated by the FEL or by regenerative
amplifiers.

4.1.3.1 Limitations on the FEL gain

The cold beam limits seems highly idealistic. In realizable electron beams,
three principal effects can act to suppress the bunching process in the FEL with
the consequence that the gain will be reduced [21]. With respect to the FEL
design such effects will increase the gain length from the value given in Eq.
(4-8). The potentially deleterious effects are 1) instantaneous (incoherent)
energy spread in the beam, Ay/y. 2) beam emittance, ¢, i.e. the spread in
electron radial position and angles, and 3) diffraction of the radiation out of the
beam.

Both instantaneous energy spread and beam emittance lead to a spread in
the mean longitudinal velocity <v > of the beam electrons. As <v > increases to
the level that that the Iongltudmal drift of electrons is a Iarge fraction the
radiation wavelength as the beam traverses one gain length as computed from
Eq. (4-8), the gain will be strongly suppressed. Quantitatively, the FEL will be
insensitive to the energy when

Ay

fi=—— <1 (4-10)
y

NEES

The condition on normalized beam emittance, ¢, is a combination of
energy spread and diffraction considerations. Often this condition is stated as
requiring that the phase area of the electron beam should not exceed that of
the diffraction-limited radiation; i.e.,
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fr=—— <1 4-11)

Finally, the non-linear coupling of the radiation field and the beam implies
that the bunching rate (and therefore the gain) will be decreased if the radiation
diffracts out of the electron beam too rapidly. Therefore, Rayleigh range of the
radiation should be greater than the gain length;

fi= o <1 (4-12)

The parameters, f are linked by the resonance condition; [22] has shown
that

y; :fzzf% 4-13)

and have characterised [22] the sensitivity of the FEL gain to the variations
these dimensionless parameters. Figure 4.2 from [22] shows examples of the
gain surface for the case of weak and strong diffraction.

Figure 4.2: Gain surface, Im u, versus scaled emittance and energy
spread for a) small and b) large values of the diffraction parameter, f,

4.1.4 Beam emittance and accelerator parameters

The diffraction and the beam size depend on both the emittance of the
beam and on the strength of the focusing provided by the undulator and
associated quadrupoles. These characteristics are related by the optical
functions (Twiss parameters) of the beam transport The motion of a beam
through a linear focusing channel can be described as the solution of the Hill’s
equation,
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u"+k(s)u=0 (4-14)

where u represents the transverse motion of beam particles and k(s)u is
the magnetic restoring force as a function of the distance along the transport,
s. The solution to the transport equation can be written as a quasi-periodic
function

u(s) = \/£B(s) cos[p(s) — $(0)] (4-15)

Eq.(4-15) connects oscillation of particles in the beam with the beam
emittance and with the beta function, As), which is (21)" times the local
wavelength of the oscillatory motion of the particles. The beta function.
Defining two functions o (s) and y (s) by

o) =L 4B
2 ds
1+ a’(s) (4-16)
Ho)=——2
B(s)
one has equations for the beam envelope and beam divergence,
E(s)=4/g06(s
() =J#5(s) w1

A(s) = +/ey(s)

respectively.

4.1.5 Computational tools

The optimization of the FEL in terms of saturation length is obtained by
using scaling laws of the gain length L, vs. undulator/beam parameters and by
cross comparing the results with those of simulation codes solving the
particles/fields evolution equations. Different scaling functions describing the
gain depression in presence of non-ideal beam parameters are available
[23,24]and have been implemented in order to evaluate the required undulator
length to reach saturation with a given set of beam parameters. The problem
may be reversed, i.e. given the undulator length which may be constrained by
other considerations as those related to costs and space, we may optimize the
undulator characteristics and define the required beam parameters in order to
reach saturation within its length. On the other side, the codes have been used
to validate the scaling laws and to estimate parameters as radiation size,
divergence, spectrum and other quantities which may be only qualitatively
inferred from a theoretical point of view.

4.1.5.71 GENESIS 1.3

GENESIS 1.3 [25] is a time-dependent three-dimensional FEL code. Its
focus is to simulate single-pass free-electron lasers, both FEL amplifiers and
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SASE FELs, although the flexible input can easily be used to extend the capacity
of GENESIS 1.3 to cover FEL oscillators or multistage configuratons.

GENESIS 1.3 has its origin in the steady-state 2D code TDA3D, although
the two codes no longer have much in common except for some naming
conventions. Macro particles represent the electron beam in all dimensions of
the 6D phase space. The differential equations for energy and phase are solved
by a 4th order Runge-Kutta solver, in which the field amplitudes of the
discretized radiation field and electrostatic field are interpolated to the particle
positions. Distinct from the main undulator field, the quadrupole and dipole
fields combine many field sources such as the natural focusing of the
undulator, strong focusing quadrupoles, undulator field errors and corrector
magnets (steering magnets). The radiation field is described in the paraxial
approximation, in which the field is separated into a dominant, fast oscillating
term and an amplitude, which varies slowly in magnitude and phase. The
transverse profile of the field is discretized on a Cartesian grid with uniform
spacing. The Alternating Direction Implicit (ADI) solver guarantees an
unconditionally stable, fast, and memory-efficient method to advance the
radiation field at each integration step. GENESIS 1.3 supports two modes of
calculations: steady-state and time-dependent simulations. Steady-state
simulations are based on the assumption of an infinitely long electron bunch
and a radiation field with no longitudinal variation of any parameter. The
longitudinal description can be reduced to a single wavelength (bucket) with
periodic boundary condition in the ponderomotive phase of the macro
particles.

4.1.5.2 PERSEO

PERSEO [26] is a library of functions devoted to the simulation of FEL
dynamics in the MathCAD environment. Functions for the generation of phase
space variables, for the solution of the pendulum-like FEL equation and for
manipulating the phase space in a number of devices are available. These
functions can be combined in MathCAD worksheets, to model more
complicated situations as time dependent simulations, three-dimensional
simulations, oscillator FEL configurations, optical klystrons, cascaded FELs.

The core of the library consists of a routine that solves the pendulum-like
FEL equations coupled with the field equations. This routine self-consistently
includes the field variables for the higher order harmonics. In an oscillator FEL,
in a seeded FEL, and more generally when the transverse properties of the
radiation may be considered as a constraint of the problem, the coupling
coefficient in the pendulum equation must be corrected by a proper filling
factor. In general when the radiation size is the result of the balance between
diffraction and focusing induced by the gain, as in a single pass FEL, a filling
factor coefficient may be derived from the Xie scaling laws [23] by calculating
the ratio between the Xie factor with and without diffraction effects. PERSEO
and GENESIS have been compared in different situations and despite of the
differents physical assumptions a remarkable agreement has been observed
[27].

4.1.5.3 PROMETEO

PROMETEO is a standalone simulation code with similar characteristics of
PERSEO. It is capable of simulating higher order harmonics and of simulating
FELs in cascaded configurations. It has been used mainly in the preliminary set-
up of the SPARX configurations.
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PROMETEO is a 1D, multiparticle code [28] based on a modified version of
the Prosnitz, Szoke, and Neil formulation of the FEL dynamical equations [29,
30]. The original model has been generalized to include the effect of beam
emittance and the undulator errors. The code is capable of accounting for the
evolution of the fundamental harmonics and for the coherent generation of
higher-order harmonics in SASE or oscillator FELs, including optical klystron
and segmented undulators. It has been used in the preliminary set-up of the
SPARX configurations as well as in the analysis of specific cases of interest for
SPARX.

4.1.5.4 Tools validation

The scaling formulae do not account for a number of effects which are, in
contrast, implicitly included in the models reproduced by the simulations
(segmented wigglers, betatron oscillations and pulse propagation effects).
Therefore, we have selected a set of parameters close to the parameter space
of SPARX and have compared the results of the Xie scaling [23] and the DOP
(Dattoli, Ottaviani, Pagnutti [24]) scaling with the predictions of GENESIS 1.3
and PERSEO, both run in “time dependent” mode. The parameters used in the
simulations are shown in Table 4.1.

Table 4.1: Test case beam parameters

Beam Energy 1.2 GeV

Peak Current 1 kA

Normalized emittance 1 mm mrad

Energy Spread 210

Twiss B 6m

Undulator period 28 mm & 42 mm

K min - max 1.07 - 2.26 (28 mm)

1.30-2.32 (42 mm)

The undulator strength K has been varied consistent with the resonance
condition. Good agreement is found by multiplying the Xie output by the
numerical factor 1.3 and the DOP output by the factor 1.22.

2 Part of the observed difference is related to the definition of saturation, which
is the peak power saturation in the analytical cases and the bunch energy
saturation in time dependent simulations.
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Figure 4.3: Comparison between GENESIS 1.3 and PERSEO simulations with

Xie/DOP analytical models. The analytical models are corrected to account

for the presence of segments between the undulator and are multiplied by

an empirical factor /1.3 for Xie, 1.2 for DOP) to improve the matching with
the simulations.

4.1.6 Options for SPARX FEL architecture

To achieve high power FEL output over a large range of X-ray energies
from 40 eV to 2 keV, we design the family of SPARX undulators to be able to
run in multiple configurations.

The fundamental architectures of the SPARX system are

1) SASE operation: The simplest and most common FEL architecture
is self-amplified spontaneous emission (SASE) in which the
radiation starts from shot noise of the electron beam and
amplifies as the bean passes through the undulator. This process
produces short wavelengths without the requirement of an
external master oscillator source. The SASE output has high peak
power and a high degree of transverse coherence. However, the
temporal coherence of the generated pulses is only partial, and
the intensity fluctuations are important.

2) SASE operation with the option of harmonic up-conversion: If the
SASE amplifier is interrupted when the bunching is maximum - at
roughly 80% of saturation - the bunched beam will contain large
Fourier components of the current at the harmonics of the SASE
fundamental frequency. If this bunched beam is immediately
injected into a radiator (undulator) that is tuned to an harmonic,
the beam will emit strong, coherent synchrotron radiation to that
harmonic.

3) An important option in extending the SASE FEL operation range to
short wavelengths is by minimizing the beam emittance by
reducing the bunch charge. Extremely short radiation pulses with
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5)

sub-fs duration and high peak power may be obtained in these
conditions.

Seeded, single-step High Gain Harmonic Generation (HGHG). An
alternate configuration for a single pass FEL is High Gain
Harmonic Generation (HGHG) [31, 32, 33]. This proven approach
is more compact and can produce radiation with the same
properties of SASE radiation but with fully temporally coherent
pulses and small energy fluctuations [34, 35]. In this
configuration, an external laser source is injected as a seed into a
first undulator where it induces an energy modulation on the
electron beam. This energy modulation is converted into a spatial
density modulation as the electron beam crosses a dispersive
section. Passing then through an other undulator - the radiator -
the microbunched electron beam coherently emits at the nth
harmonic of the laser fundamental frequency. The tuning of the
radiator selects the amplified harmonic. The properties of the
output radiation are determined by the seed laser, which can have
a high degree of temporal coherence. Seeded FEL amplifier
operation in combination with harmonic generation has been
demonstrated experimentally at both mid-infrared and VUV
wavelengths. The advantages of this scheme in the EUV Soft-X-ray
spectral range have still to be proven. A complication of using a
seeded architecture is that the electron beam energy, which sets
the central wavelength of the gain-bandwidth, must be stabilized
to well within the gain bandwidth of the FEL process. That is, the
energy should be stable on a pulse-to-pulse basis to ~p/3.

HHG plus HGHG: As anticipated in the previous section, an
alternate way to reach shorter wavelengths is to use a seed laser
in operating in the VUV domain. Developments in femtosecond
laser technology are making possible new, coherent, short
wavelength sources. One such source, called High-Order
Harmonics Generation (HHG), is based on the interaction between
the laser beam and a gas target. Fraction of a microjoule
energies can be obtained at wavelengths down to 25 nm. The
HHG could be used as seed to inject an undulator, either in the
amplifier or in the HGHG configuration to extend the operating
wavelength of FELs down to sub nm. A critical question is whether
the intensity and phase stability of the HHG harmonics at short
wavelength is sufficient for the FEL output to satisfy the stability
requirements of users. Such questions will be investigated at
SPARC [36] to quantify issues related to the injection of an
external radiation seed in a single pass FEL and the analysis of
the coupling efficiency of the electron and photon beams in terms
of the input parameters [37].

104



SPARX-FEL Technical Design Report

6) Multi-stage HGHG cascade: In the multiple step harmonic cascade
the radiation output from the first radiator is used as a high
power seed to be injected into a downstream modulator-radiator
section. Several aspects related to such scheme will be
investigated in experiments at SPARC [20] and will be considered
in the SPARX layout.

7) Multi-bunch regenerative amplifier either self-seeded or externally
seeded: In EUV FELs driven by bunch trains from a LINAC with
peak currents of ~100 - 200 A and with an emittance in the
range of 1- 2 Tt mm-mrad, a 10 -15 m undulator can produce an
overall gain of 20 -30% even in a four mirror resonator. Such a
multi-pass, self-seeded Regenerative Amplifier FEL (RAFEL) has
been tested at infra-red wavelengths by Nguyen et al. [38] at Los
Alamos. In the RAFEL the initial signal grows from noise and is
amplified by the SASE process. However, unlike a conventional
oscillator, the RAFEL does not store optical energy in the cavity to
be switched out after the system reaches saturation. Instead the
low-Q ring resonator cavity serves to re-inject a small fraction of
the optical power into the undulator as the seed for the next
pass. The Los Alamos experiment, consisting of a simple ring
resonator with two imaging paraboloids and two annular mirrors
had a radiation out-coupling ~50 % of the generated radiation.
This configuration allowed the RAFEL to come to saturation after
few passes through the undulator. The SPARX LINAC is suited for
the generation of train of pulses within the same RF macropulse,
to be delivered to multiple undulator beamlines to simultaneously
serve a larger number of users. As suitable multi-layer mirrors are
available in the EUV, a RAFEL may be consistent with the SPARX
LINAC operation in a multi-bunch mode with a pulse spacing of
several ns. A second injector optimized to deliver longer train of
pulses could be implemented as a second option. This would
allow a substantial increase of the laser repetition rate and would
make particularly interesting the regenerative amplifier scheme.

8) Single Spike operation: An ultra-short beam, with very small
charge, may have very high brightness, and thus may efficiently
drive the SPARX FELs producing ultrashort radiation pulses [39].
We have therefore investigated the creation, through initial
velocity bunching [40] at low energy and subsequent chicane
bunching, of ultra-low-charge (~1 pC) beams of sufficient quality
to support strong FEL gain. These beams can drive the FEL in
single (or few) spike mode; one may therefore obtain SASE
sources with improved coherence X-rays that are both quite stable
and have pulse lengths at or below the femtosecond scale.
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4.1.7 Overall layout and choice of parameters

The SPARX linear accelerator is configured to provide the beam at
energies ranging between 0.96 GeV and 2.64 GeV. A schematic layout of the
accelerator structure is shown in Figure 4.4.

Hard X-ray
SPARC Linac Linac undulator "
injector  1.5GeV  2.4GeV undulator . _Soft X-ray
I — P~ . &~ undulator
————— 1.5 GeV beam i VUV-EUV
—— 2.4 GeV beam undulator

Figure 4.4: Layout of SPARX

A bypass at the first exit, with a nominal energy of 1.5 GeV allows the
extraction of the electron beam into the first undulator beam line. The second
beam exit at the end of the structure provides the beam at full energy (2.4
GeV).

Three undulator beamlines provide photons in the following photon
energy ranges:

1) VUV-EUV beamline (30 eV/40 nm - 124 eV/10 nm)
2) EUV - Soft X-ray beamline (88.5 eV/14 nm - 1000 eV/1.2 nm)
3) X-ray beamline (1000 eV/1.2 nm - 2 keV/0.6 nm)

The large range planned for the soft x-ray beamline is made possible by
allowing the line to be fed with the electron beam coming from either the low
or high energy exits.

The electron beam energy may be varied over the range from 0.96 GeV to
1.5 GeV at the “low” energy exit and over the range from 1.70 GeV -2.64 GeV
at the LINAC exit.

The expected beam parameters depend on the specific conditions of
operation - i.e. energy, charge and pulse duration - which may be varied
according to the specific needs of the users. In the following sections we will
provide more detailed descriptions of the undulator beamlines and the electron
beam parameters required to achieve SASE operation over the three specified
ranges of photon energy.

4.1.7.1 VUV-EUV beamline (40-124 eV)

For the FEL to operate in SASE mode the undulator length must exceed the
saturation length, as described in Sect.4.1.3. The undulator characteristics
such as the period length, number of periods, and the strength K, must be
optimized as function of the target wavelength range of operation. An analysis
of the energy spread induced by the resistive wall wakefield (see sec. 4.3.7)
shows that the inner diameter of the vacuum chamber through the undulator
should not be smaller than 7 mm. For mechanical strength, the wall thickness
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of the beam pipe is 0.5mm. Consequently, the minimum acceptable undulator
gap is 8 mm (8.1mm). The undulator field in a pure permanent magnet planar
undulator in the Halbach configuration (four blocks per period), scales with the
gap opening as

B(4,.g.8,)="2r Sm(zje"p -8 (4-18)
V4 4 A,

Assuming a remnant field of 1.2 T (a reasonable value after shimming and
correction of the undulator poles to achieve the required field quality (see
chapter 1 ), we have plotted in Figure 4.5the K parameter defined in Eq.(4-3)
and the undulator period, vs. the resonant wavelength at the minimum gap of
8.1mm. The plot is computed for a beam energy of 0.96 GeV. An even lower
beam energy could be obtained by reducing the gradient in the LINAC, but
doing so would degrade the beam quality because of the non-optimized
longitudinal phase space balance between the energy chirp required for
longitudinal compression, RF fields and longitudinal wakes (see 4.3.7). The
lowest photon energy of 40eV is obtained with an undulator period of 34mm.

Period - K scaling
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Figure 4.5: Undulator period and strength calculated at the minimum
gap of 8.1 mm at the beam energy of 0.96 GeV vs. the wavelength
matching the resonance condition

In Figure 4.6 the K parameter vs. the undulator gap is shown.
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g (mm)
Figure 4.6: K parameter vs. undulator gap with a period of 34 mm.

As reaching saturation of the FEL output becomes more challenging as the
wavelength decreases, the undulator length has been optimized for the
shortest required wavelength for this beamline. The cold-beam gain length at
10 nm at the nominal beam energy of 1.5 GeV is ~70cm for TkA peak current,
assuming a rms transverse beam size of 50 microns. As previously described,
under non-ideal beam conditions the saturation length depends on the
emittances and energy spread of the electron beam. Based on the modified
Xie/DOP models, in Figure 4.7 we have estimated the saturation length as a
function of the average Twiss parameter in the undulator beamline. The
estimate assumes that the beam has the reference parameters of 1TkA, 1T mm-
mrad transverse emittances, and 2x10* relative energy spread.

40, I
—— Xie scaling

—— DOP scaling

Saturation Length (m)

Twiss beta (m)

Figure 4.7: Saturation length vs. average 8 Twiss parameter
estimated with Xie and DOP (both corrected) scaling relations

At value of p =6m the FEL saturates within ~21 meters of magnetic
length. The beam transport in this case is realized with a FODO lattice
with alternate gradient quadrupoles located between the undulators. The
qguoted value of the Twiss g coefficient is compatible with an undulator
length of 2.2m. A more detailed analysis of the undulator optics
ensuring the correct matching of the beam is given in the paragraph
“Undulator parameters and Undulator optics”. Table 4.2 summarizes the
principal undulator parameters .
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Table 4.2: List of the main VUV undulator parameters
VUV-EUV Undulator parameters

Period (mm) 34
Min. gap (mm) 8.1
K (max-min) 3.275-0.3
Periods/segment 65
# of Segments 11

The contour plot in Figure 4.8 shows dependence of the saturation length
on the beam quality. The plot has been obtained assuming a peak current of
1kA and an average betatron function, f~6 m.
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Figure 4.8: Saturation length normalized to undulator length vs.

energy spread and transverse emittances for a peak current of 1kA at the
wavelength of 10nm/124 eV.

Table 4.3 presents a set of the principal (slice) beam parameters required
for reaching saturation with the specified number of undulator segments.

Table 4.3: VUV FEL beam parameters for 5% undulator length
contingency for reaching saturation

VUV-EUV FEL Beam parameters operating range
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Energy (GeV) 0.96-1.5

Peak Current > 1 kA
Emittances (slice) < 1.1 mm mrad
Energy spread (slice) <310*

The dependence of the saturation length vs. wavelength, assuming a
wavelength variation obtained by gap and energy tuning is shown in Figure 4.9.

25

17.5

Saturation Length (m)
T
1
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10
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Figure 4.9: Saturation length vs. wavelength at different electron
beam energies.

4.1.7.1.1 Undulator parameters and Undulator optics

The VUV-EUV undulator beamline is composed by 11 permanent magnet
undulators in the Halbach configuration, with the parameters listed in Table
4.4,

Table 4.4: VUV-EUV Undulator parameters

Period 3.4 cm
Undulator length 2.278m

No. of Periods 67

Gap (min/max) 8.1 /25 mm
K max 3.275
Remanent field (effective) 1.2T

Blocks per period 4

A detailed description of the undulator design, mechanical tolerances and
field characterization is given in chapter 1. The undulator sections are
separated by empty gaps dedicated to the installation of quadrupoles for the
beam transport, phase correctors for the compensation of the phase advance
between electrons and fields in the longitudinal phase space and for the
installation of diagnostics for both the e-beam and the FEL radiation. The
electron beam transport in the undulator is realized with a FODO lattice, with
alternated gradient quadrupoles. The undulator field introduces an
horizontal/vertical asymmetry. We have sketched a layout of one period of the
lattice in Figure 4.10.
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Figure 4.10: Layout of the undulator FODO lattice

The lattice period L, includes two undulator sections. The quadrupole
design has been based on the idea of minimizing the longitudinal space
occupation in the gap between the undulators and steering correctors are
included in the quadrupoles design as additional coils. A list of the main
parameters of the beam line is summarized in Table 4.5.

Table 4.5: Parameters of the VUV-EUV undulator beam line

Lattice period Lp(m) 5.712
Drift length Lq(m) 0.578
Quadrupole distance from UM (center of Q.) D, (m) 0.204
Beamline Length Ly (m) 31.058

We have considered non-symmetrically centred quadrupoles within the
drifts between the undulators to facilitate the insertion of the diagnostics. We
define the average Twiss f,, parameters in (vertical-y/horizontal plane-x) the

undulator region as

_ 1
Boy=7— [Pz — [ B, (e (4-19)

The matching condition is obtained by imposing the following conditions:

1) the Twiss beta parameters in the horizontal and in vertical
plane, averaged over the undulator U1 and U2 lengths are
equal to the design parameter

By =By (4-20)
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2) the difference between the Twiss beta
parameters in the horizontal and in vertical
plane, averaged over the undulator U1 and U2
is minimized.

1 L, 1 L+L,,+L,
L_ J‘:Bx,y(z)dz _L_ J.ﬂx,y(z)dz = min (4-21)
ul u2 L, +Ly

The matched Twiss parameters at the undulator entrance depend on the
undulator strength K and the e-beam energy. The limitation to the K range of
variation is imposed by the vertical size of the vacuum chamber that will not
allow the gap to be smaller than 8.1mm. For this reason the matching
condition has been calculated at three different K values and at two beam
energies. We have considered the maximum and minimum energy and the
maximum K, an intermediate K value and K=0, i.e. corresponding to the
condition of a pure FODO. The highest Quadrupole Integrated Gradient (QIG) is
found in the pure FODO mode at the highest energy (label F in Table 4.6). The
corresponding Twiss parameters o and B at the undulator entrance are given in
Table 4.6. '

Table 4.6: Characteristics parameters of the undulator beamline, ay.y By
are the transverse twiss parameters, QIG the quadrupole integrated
gradient and K the undulator strength. The undulator period is 34 mm.

Case  Energy K Amm) OIG(T)  ay ) a  Pr(m)
(Ge))
A 3.275  30.64 8'322/' 0.837  7.407 -0.593 4.808
B gf\f 2144 15.89 0.84/-0.99 1315 8259 -0.701 4.175
C : : 1.11/-1.11  1.567  8.687 -0.73  3.847
D 3.275 12.55 1.332/-1.56 1.328  8.281 -0.703 4.159
1.5 1.447/-
E L 28 9.7 4 1.4 8.402 -0.713 4.067
1.735/-
F 173 1572 8.694 -0.73  3.842

In Figure 4.11 the Twiss g in the X and Y plane along the undulator are
plotted for the FODO lattice, in case E of Table 4.5.

112



SPARX-FEL Technical Design Report

Twiss

Beta (m)

boundaries

Z (m)

Figure 4.11: Twiss B in the X and Y plane along the undulator
(coordinate Z) for the FODO lattice case E of Tab.2. The green marks
represent the boundarvies of the magnetic elements in the beamline.

4.1.7.1.2 Preliminary simulations

Assuming the beam parameters in Table 4.3, we have simulated the FEL
behaviour in set of reference cases in the requested wavelength range. As
resulting from the plot in Figure 4.9 the wavelength tuning of this beamline
may be realized with both energy and undulator strength K tuning. Energy
tuning at constant (high) K parameter allows the best efficiency and the
shortest saturation length, but at the same time involves the simultaneous
tuning of several accelerator parameters. Wavelength tuning via undulator
strength on the other side, allows to scan a given wavelength range with the
same beam conditions. The simulations have been done with PERSEO (1D with
correction of diffraction effects) and GENESIS 1.3, (3D, time dependent mode,
no harmonics version). In order to provide figures of the pulse energy and
number of photons we have assumed a Gaussian bunch current distribution
with a charge of 1 nC. Examples with lower charge (200 pC and 50 pC) with the
peak current and all the other parameters as listed in Table 4.3 have been
considered in the highest energy/shortest wavelength case.

The simulation with two codes ensures additional reliability to the results
and provide complementary information. The simulations with PERSEO (black in
the table) do not provide information on the beam size and divergence, while
the simulations in GENESIS (grey italic) do not provide the number of photons
at the third harmonic of the fundamental. All the FEL radiation parameters are
listed at the saturation position and the peak power is an “average power” in a
bunch of Gaussian shape with the pulse energy and r.m.s. duration obtained in
the simulation. For this reason it may differ substantially from the
instantaneous peak power affected by the spiky nature of the SASE FEL source.

In Figure 4.12 the pulse energy evolution vs. the longitudinal coordinate
in the undulator in the TnC/10 nm case (first line in the table) is shown.
Saturation is reached at the end of the beamline, at about 30 m. This
correspond to about 22 m of magnetic length as listed in Table 4.7.

113



SPARX-FEL Technical Design Report

Table 4.7: VUV-EUV beamline main parameters. Simulations done in
GENESIS 1.3 (grey italic) and PERSEO (black). Pulse parameters are
calculated at saturation

Charge Beam Und. Wave- Photon Magnetic Peak Pulse
(nC) Energy K length  Energy Sat.Length® power Energy
(GeV) (nm) (eV) (m) (Gw) (m))
A 1 1.5 2.86 10.04 123.47 21.5 3.4 1.7
B ] 1.5 2.86 10.04 123.47 22.5 2.5 1.4
C 0.2 1.5 2.86 10.04 123.47 21.7 3.4 0.37
D 0.05 1.5 2.86 10.04 123.47 21.4 3.3 0.09
E 1 1.25 2.55 12.08 102.7 20.3 2.9 1.5
F 1 1.25 2.55 12.08 102.7 20.6 2.1 1.0
G 1 1.25 2.86 14.46 85.74 19.2 3.0 1.5
H 1 1.25 3.27 18.03 68.76 18.1 3.0 1.6
/ 1 1.25 3.27 18.03 68.76 18.8 2.4 1.2
J 1 0.96 2.55 20.48 60.55 17.1 2.6 1.4
K 1 0.96 2.86 24.52 50.57 16.4 2.8 1.5
L 1 0.96 3.27 30.57 40.56 15.6 3.2 1.6
M 1 0.96 3.27 30.57 40.56 15.7 1.7 0.8
Bandwidth Duration Phot./pulse Div. Size 3 harmonic
% - rms) (rms - fs) (rms (rms Phot./pulse
urad) um)
A 0.17 200 9x 10" - 3x 10"
B 0.17 220 7 x 10" 22 120 -
C 0.18 40 2x10" - 5x10"
D 0.19 10 4 x10" - 1x10"
E 0.18 200 9x 10" - 3x 10"
F 0.18 195 6 x10" 27 156
G 0.2 200 1x10™ - 4x10"
H 0.2 210 1.4 x 10" - 8 x 10"
/ 0.19 205 1.1 x10™ 33 140 =
J 0.22 210 1.4 x10" - 7 x 10"
K 0.24 210 1.8 x 10" - 1x10"
L 0.25 200 2.5x 10" - 2x10"
M 0.20 180 1.1 x 10" 42 198

The transition from the exponential regime to the saturated regime is
characterized by a sudden increase of the pulse linewidth, a growth of the
pulse length and an increase of the beam size and divergence. In Figure 4.13-

* An arbitrariness in the definition of the saturation position is one of the reasons of the
differences between the GENESIS 1.3/PERSEO results. The saturation length has been
estimated as the length where the pulse energy reaches 1/e of the maximum energy
over the simulation range in z, plus one gain length. This definition is correct if
saturation is effectively reached in the simulation range and reduces the arbitrariness
in the saturation length parameter calculation.
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a,b the pulse structure and spectrum at saturation are shown. The simulation
has been obtained with GENESIS and corresponds to line B of Table 4.7.

E (mJ)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
zeta (m)
Figure 4.12: Radiation pulse energy as a function of the position
along the undulator zeta for a charge of (1 nC).
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Figure 4.13: Temporal (a) and spectral (b) pulse structure at
saturation (at the end of the undulator, 29.75 m). Rms pulselength is ~220
fs and rms bandwidth 0.17 %.

The specific example considered has been obtained with an ideal beam
with a smooth Gaussian shape and with the slice parameters as indicated in
Table 4.3. These parameters constitute the constraint to reach saturation
within the available undulator length at the shortest wavelength foreseen for
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this beamline (10 nm). An accurate modelling of the accelerator/compressor
system which has to ensure the required beam quality is the subject of Sect.
4.3. Finally in section 4.2 the start-to end simulation of the FEL operating with
the beam as resulting from the LINAC will be discussed.

4.1.7.2 The EUV-Soft X-Ray beamline

The photon energy range required from the EUV-Soft X-Ray beamline
spans from 88.5 eV (14 nm) to 1.24 keV (1 nm). Despite the fact that the EUV-
Soft X-ray beamline may be fed with both the high energy and the low energy
electron beams, even exploiting the full beam energy variation available from
SPARX, the simple energy tuning is not sufficient to ensure such a wide
wavelength variation.

As in the previous case, it would be possible to increase the wavelength
tuning range by changing the undulator strength. Figure 4.14 plots the
undulator strength parameter K as a function of the undulator period calculated
ensuring the resonance condition at the shortest wavelength (1nm), with the
maximum available energy of 2.64 GeV (2.4GeV+10%) and at the longest
wavelength, with the minimum beam energy of 0.96 GeV.

2.5 2;8 T T T
l
|
21 ! 7]
|
|
|
l
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l
1 | .
|
|
l
0.5 | -
Resonance @ 1 nm - 2.64 GeV
Resonance @ 14nm - E=0.96GeV
- I I
0
20 30 40 50 60

Undulator period (mm)

Figure 4.14: Undulator strength K vs the undulator period length at
1nm/2.64GeV and at 14nm/0.96GeV

In Figure 4.14 the limiting value of the K parameter assuming , a
resonant field of 1.2 T (as explained in the previous section), occurs at the
minimum gap of 8.1 mm. The minimum undulator period that fulfills the FEL
resonance condition at both sets of wavelength/energy is 28 mm. This value of
the undulator period simultaneously permits FEL resonance at the lowest
wavelength with the minimum beam energy and also maximizes the undulator
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strength at the shortest wavelength. Moreover, this choice matches exactly the
period of the existing SPARC undulators.

Further optimization is possible if one abandons the idea that the
undulator must have the same period over its entire length. We explain this
concept by considering two reference sets of beam parameters at the high and
the low energy exits. The parameters are listed in Table 4.8.

Table 4.8: List of test beam parameters for the low energy (LE) and the
high energy (HE) SPARX beams.

Test beam parameters

Set name Low energy beam (LE) High energy beam (HE)
Beam energy 0.96 GeV - 1.5GeV 1.92 GeV - 2.64 GeV
Peak Current 1 kA 3.3 kA

Energy spread (slice) 310* 210*

Emittances (slice) 1.1 mm mrad 1 mm mrad

Twiss 6 m 10 m

While the (LE) beam parameters are the same as those listed in Table 4.3,
the HE beam parameters represent a very high quality beam that will be
challenging to produce. The (magnetic) saturation length calculated according
to the Xie model with the period of 28 mm, at the wavelength of 1 nm, is L, ~
35m. We assume that this value is the undulator length L, required to satisfy the
condition of lasing over the entire wavelength range. In Figure 4.15 we plot the
ratio of undulator length divided by the saturation length vs. the output
wavelength. Wavelength tuning is obtained by varying the beam energy and
undulator K parameter in the permitted ranges.

| |
1

® ® ® HE beam: 1.92 GeV - 2.64GeV

® ® ® LE beam: 0.96 GeV - 1.5 GeV
1 I

5 10 15

Undulator Length / Saturation Length

Wavelength (nm)

Figure 4.15: L /L, vs. the resonant wavelength in the SPARX EUV-

Soft X-ray spectral range with the HE and the LE beams. (Reference value
for Lu=35 m).
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When the curve drops below the unity, the undulator length is not long
enough for the FEL to reach saturation. By definition, at 1 nm the ratio
L, /L, =1. At shorter wavelengths the ratio may grow by a factor 1.5 with the

HE beam. At the longest wavelength with the LE beam the ratio grows by about
2.2 despite the lower beam quality. Thus in the case of operation at 14 nm, the
undulator is ~2.2 times longer than required. To reduce this inefficiency in
undulator design, we can consider the alternative undulator configuration with
the same overall magnetic length, but composed of two different segments.
The segments are characterized by an undulator period that decreases toward
the end of the structure. The scheme considered is shown in Figure 4.16-B.

A —long — SPARC-like undulator structure
(N (N (NN (N (N (N (N (N [N [N D

e-beam >

B — sections with three different period length

() [ N Y [ [N [N [N [N [ 1

Bl 2.8 cm period
(1 2.2 cm period

Figure 4.16: Comparison of the 16 equal undulator segments scheme
(A) with the multi-period undulator scheme (B)

In both cases we assume a segmented undulator composed of 16
segments of 2.2 m of length each. The only difference between (A) and (B) is
that in the latter the four last undulator segments have a shorter period - 22
mm instead of 28 mm. The saturation length is a function of both the beam
parameters and the undulator parameters. We may impose the condition that
the two different undulators are matched at the same resonant wavelength,
where Eq. (4-2) links the undulator strength to the undulator period. We define
a relative undulator efficiency,

Lsat (ﬂ“O’/’i’u,Z’KZ)
L, (2.4, 1.K,)

77(/10a/1u,1:K19/1u,2:K2>: (4-22)

sat u,l»

that is the ratio between the saturation length with the parameters of
undulator 1 with respect to undulator 2 in Eq. (4-2). This function allows one to
compare quantitatively the effectiveness in reaching saturation at a given
wavelength A,, of an undulator with one set of period and K parameters, with

respect to another. As an example in Figure 4.17 we have calculated the
undulator efficiency as a function of the period length at three resonance
wavelengths for a beam with parameters listed in the first column of Table 4.8
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Undulator efficiency with respect to SPARC-like parameters

2 2.6 32 3.8 44 5

Period Length (cm)

Figure 4.17: Undulator efficiency Eq. (3.1.17) compared to the
SPARC:-like undulator parameters vs. the undulator period length at three
reference wavelengths (0.96 GeV)

All the curves intersect at = 1 when the period is 28 mm, corresponding
to the reference SPARC-like period. At 14 nm (black line) the resonance
condition cannot be satisfied with a period shorter than 28mm; a longer period
leads to a lower efficiency. At the shorter wavelengths, 8nm and 5 nm, a
shorter period leads to a substantially higher undulator efficiency > 1.5 for a
period length of 22 mm at 5nm. Choosing the configuration in Figure 4.16 (B)
which has the same undulator magnetic length as (A), we may still reach
saturation at 1nm while reducing the peak current from 3.3kA to 2.6kA (leaving
the other parameters unchanged - corrected Xie scaling). In Figure 4.18 the
plot as in Figure 4.15 has been reproduced with the high energy beam
parameters (Table 4.8) except for the peak current, set at 2.6 kA .
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Figure 4.18: L, /L, vs. the resonant wavelength in the SPARX EUV-

Soft X-ray spectral range with scheme B of Figure 4.16 and with the HE
and the LE beams. The beam energy and undulator K have been varied to
optimize the saturation length.

Discontinuities in the curves of the same colour represent the
wavelengths at which the short period undulator can no longer be matched to
the resonance condition as the wavelength increases. This fact is fully
compensated by the increasing gain which scales favourably with the
wavelength. The result is a more efficient undulator which can operate over the
same spectral range with relaxed beam parameters.

4.1.7.2.1 Seeding and cascaded configuration at the EUV-
SoftX-Ray beamline

The SPARX FEL is also designed to operate as an amplifier of high-order
harmonics generated in gas. Substantial energy from this type of source is
available in the VUV. Figure 4.19 shows the energy per pulse obtained with the
HHG technique as a function of the wavelength. The peak power can be
estimated by considering that the harmonics are generated with laser pulse
durations of ~50 fs. The dashed line represents the beam shot-noise-associated
energy (multiplied by 10%?), obtained from assuming the same pulse duration
and constant K, period and p. The FEL shot noise power rapidly grows with
decreasing wavelength; hence, an ever higher seed energy is required.

* The numerical factor 10*is the result of an estimate of the losses due to
transport optics to the FEL (x5) the matching with the electron beam (x2) the
frequency matching (x10) and the contrast ratio (x10?). A more detailed
analysis is given in Sect. 4.4
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Figure 4.19: Energy per pulse (typical laser pulse duration 50 fs)
obtained from HHG sources vs. wavelength compared to electron beam
shot noise energy x10° (black dashed line) [41].

Of particular interest is the spectral range in the region of 30nm; this
region corresponds to the 27" harmonic of the Ti:Sa generated in 4r for which
the HHG peak power is much larger than the beam’s shot noise power. An
analysis of the issues related to the HHG source and to the optics to match the
source to the FEL is given in a dedicated section. Implementing an FEL cascade
with harmonic multiplication requires modulating the beam at a long
wavelength and injecting this beam into a radiator resonant with the one of the
higher order harmonics. As was illustrated in Figure 4.14, the resonance in a
SPARC-like undulator (period: 28 mm) cannot be matched at 30 nm even at the
lowest SPARX energy. For this reason, we need an additional larger period
undulator in order to set the fundamental resonant wavelength to the seed
wavelength. A higher order harmonic of this undulator can be matched to the
undulator sequence in Figure 4.16B. Figure 4.20 shows the variation of the
undulator gap and K parameter vs. the beam energy, assuming the same
remnant field and the condition of resonance at 29.63 nm (27" harmonic of the
Ti:Sa) with an undulator period of 40 mm.
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Figure 4.20: undulator gap and the K parameter vs. the beam
energy, assuming the same remnant field (1.2T) and the condition of
resonance at 29.63nm with an undulator period of 4 cm.

With this period length the energy required (~1 to 1.36 GeV) to satisfy
the resonance condition at the desired harmonic with a gap larger than 8 mm,
matches the SPARX LE beam energy range. The gain length at 29.6 nm with the
parameters of the first column of Table 4.8 is almost independent of the beam
energy and is ~60 cm. At this wavelength four undulator modules constitute
2/3 of the saturation length, ensuring an amplification factor up to 10°. When
the FEL is operated in seeded mode, exploiting the improvement in spectral
purity associated with the seed, requires attention to the shape and uniformity
of the e-beam longitudinal phase space. The compression factor implicitly
assumed to reach the peak current in Table 4.8 must be relaxed resulting in a
smaller amplification factor. The detailed investigation of the seeded mode
SPARX operation is presented in a dedicated section. The undulator layout
including the seeding option with HHG is shown in Figure 4.21.
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Figure 4.21: 16 Multi-period undulator scheme (C) including four
sections with a larger period matching the resonance at the 27" harmonic
of the Ti:Sa (29.6 nm).

4.1.7.2.2 SASE with the multi-period segmented undulator
option (C)

The relatively large K of the four undulator modules added to the SPARX
structure allows a wide wavelength tunability. We may therefore expect these
modules to contribute to the saturation length even at shorter wavelengths (in
the range 1-14 nm). Figure 4.22 shows the saturation efficiency vs. wavelength
(Equation (4-22)) calculated by comparing the period of 40 mm and 28 mm at
1.5 GeV, i.e. the full energy of the LE beam. The efficiency is larger than 50%

down to 7 nm.
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Figure 4.22: Efficiency of the 40mm undulator period with respect to
the SPARC-like 28mm vs. operation wavelength at 1.5 GeV.

The additional 4 undulator sections with 2,=40 mm allow a reduction of
the peak current required for saturation at Tnm at the maximum energy (2.64
GeV) to about 1.9 kA. The condition for saturation vs. beam quality is deduced
from the contour plots in Figure 4.23 and Figure 4.24 where the ratio L, /L,
is plotted vs. emittance and energy spread. For the HE beam (2.64 GeV) at 1 nm

we have considered | =2.3 kA, with average B _=10 m (Figure 4.23) and for
the LE beam (1.5 GeVS at 3nm we have —— kA and B_, =6 m (Figure 4.24).
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Figure 4.23: Saturation length normalized to undulator length vs.
energy spread and transverse emittances for a peak current of 2.3kA at
the wavelength of 1Tnm/1240eV (HE beam, 2.64GeV)
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Figure 4.24: Saturation length normalized to undulator length vs.
energy spread and transverse emittances for a peak current of 1kA at the
wavelength of 3nm/413eV (LE beam, 1.5GeV)

In Figure 4.25 we have represented the behaviour of the saturation length
normalized to the undulator length in the 2.64 GeV/1 nm case (as in Figure
4.24) with peak current and emittances as independent variables. The slice
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energy spread considered is 2*10*. The red mark (A) corresponds to the set of
beam parameters listed in Table 4.9 (HE beam). The red dashed line identifies
the condition where saturation is reached at the end of the undulator. The
working set of parameters along this line are equivalent in terms of gain length
and saturation efficiency and may be considered in the working point
optimization of the accelerator system. Operation at low charge indeed allows
to reach a substantially smaller beam emittance at expense of a lower peak
current. The set of parameters labelled with A, B anc C indicated in Figure 4.25
and listed in Table 4.9 will be considered as possible options in the beam
dynamics optimization. In Figure 4.26 the analogous of Figure 4.25 for the LE
beam (1.5 GeV) at 3nm is represented.

ool 011 02l D.3f. 041 0351 046 0.7 0.a ne 1 1.1
‘mittance (mm nirad)

Figure 4.25: Saturation length normalized to undulator length vs. peak
current and transverse emittances at the wavelength of 1 nm/1240 eV (HE
beam, 2.64 GeV, energy spread 2x10*). The marks A, B, C correspond to
the three sets of parameters listed in Table 4.9, cases HE A, HE B, HE C.

125



SPARX-FEL Technical Design Report

0.a0a

0474 D.606

TSN ) B

0.6l 0.s

041 . 1 12 14
T;mltlancc {mn1 mrad)

Figure 4.26: Saturation length normalized to undulator length vs.
peak current and transverse emittances at the wavelength of 3 nm/413
eV (LE beam, 1.5 GeV, energy spread 3 x10*)

Table 4.9: Reference beam parameters for the EUV soft X-ray SPARX
beamline (slice).

Reference beam parameters
Low energy beam High energy beam

Set name LE-A LE-B LE-C HE-A HE-B HE-C
Beam energy (GeV) 0.96 - 1.5 1.92 - 2.64
Peak Current (kA) >1 >0.6 >04 >2.3 >1.0 >0.3
Energy spread (slice) <3 x10* <2 x10*
Emitt. (slice, mm-mrad) <1.1 <0.7 <0.4 <] <0.5 <0.1
Twiss B (m) ~6 ~10

In Figure 4.27 we have recalculated the ratio L,L,, versus the resonant
wavelength is SPARX-Soft X ray spectral range with the high energy and low
energy beam parameters (listed in Table 4.9) using the undulator structure C of
Figure 4.21.
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vs. the resonant wavelength in the SPARX EUV-Soft X-

ray spectral range with the HE-A and the LE-A beams

The more stringent condition on the beam parameters is the one related to the

operation at the shortest wavelength in each energy range. When

the

inequalities in Table 4.9 are fulfilled, the entire wavelength range is covered by
the combined tuning of the undulator gap and beam energy.

4.1.7.2.3 Undulator parameters and undulator optics

The EUV-Soft-Xray undulator beamline is composed by three undulator
sequences with different period lengths. The undulators are all variable gap

permanent

magnet undulators

parameters listed in Table 4.10.

in the Halbach configuration,

with the

Table 4.10: EUV-Soft X-ray Undulators parameters

UM1 - Undulator sequence (4 segments)

Period

Undulator length

No. of Periods

Gap (min/max)

K max

Remanent field (effective)
Blocks per period

4 cm
2.278 m

55

8.1 /25 mm
3.27

1.21T

4

127



SPARX-FEL Technical Design Report

UM?2 - Undulator sequence (12 segments)

Period 2.8cm
Undulator length 2.156m

No. of Periods 77

Gap (min/max) 8.1 /25 mm
K max 2.3
Remanent field (effective) 1.21T
Blocks per period 4

UM3 - Undulator sequence (4 segments)

Period 2.2cm
Undulator length 2.20m

No. of Periods 100

Gap (min/max) 6.1 /25 mm
K max 1.9
Remanent field (effective) 1.21T
Blocks per period 4

A detailed description of the undulator design, mechanical tolerances and
field characterization is given in chapter 1. The undulator sections are
separated by empty gaps dedicated to the installation of quadrupoles for the
beam transport, phase correctors for the compensation of the phase advance
between electrons and fields in the longitudinal phase space and for the
installation of diagnostics for both the e-beam and the FEL radiation. As in the
VUV-EUV beamline, the electron beam transport in each of the undulator
sequences is realized with a FODO lattice, with alternated gradient quadrupoles
as sketched in Figure 4.28. At the transition between the different undulator
sequences (UM1 to UM2 and UM2 to UM3) the FODO parameters have to be
adapted to match the beam to the next undulator sequence. As shown in Figure
4.28, four quadrupoles at the transition are sufficient to match four
independent Twiss parameters from UM1 to UM2.

! 1
| 1
: i 1} 1K il : I qHl 1k 1
U1 I ut ;I| Ut | U1 ;|; U2 zI; U2 z|| U2 ;|; U2 l
¢ I i i 1K i 4 i i 45 }
| i

Q1 Q2 Q3. Q4

[ 1st sequence of undulatorS‘N

T iti d |
[ 2nd sequence of undulators ransition quadrupoles

Figure 4.28: Layout of the undulator FODO lattice in a transition from
UMT1 to UM2 (analogous to the transition from UM2 to UM3)

A list of the main parameters of the beam line with the notation defined in
Figure 4.28 is summarized in Table 4.11.
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Table 4.11: Parameters of the EUV/Soft-X undulator beam line
UM1 - Undulator sequence (4 segments)

Lattice period Lp (m) 5.712
Drift length Lq(m) 0.6
Quadrupole distance from UM (center of Q.) D, (m) 0.12
Beamline Length Lg (m) 11.2

UM2 - Undulator sequence (12 segments)

Lattice period Lp(m) 5.712
Drift length Lq(m) 0.588
Quadrupole distance from UM (center of Q.) D, (m) 0.112
Beamline Length Lg(m) 32.928

UM3 - Undulator sequence (4 segments)

Lattice period Lp (m) 5.712
Drift length Lg(m) 0.594
Quadrupole distance from UM (center of Q.) D, (m) 0.11
Beamline Length Lg(m) 10.582

Each undulator sequence is matched to ensure the desired average Twiss
beta parameter. We have considered non-symmetrically centred quadrupoles
within the drifts between the undulators to facilitate the insertion of
diagnostics/other magnetic elements. The lattice period is composed by two
undulator sections and the average Twiss S, parameter is defined according to
Eq.(4-19). Three different matching conditions for the three different periodic
undulator sequences are obtained by imposing the same conditions defined in
dedicated section, i.e. that the Twiss beta parameters in the horizontal and in
vertical plane, averaged over the undulator lengths are equal to the design
parameter

Vi — d
r _ (4-23)
ﬂx,y UM?2 - ﬁd

Y Um3 = ﬁd

The quadrupole settings of the transitions between the undulator
sequences UM1—-UM2 (and UM2—-UM3) are obtained by imposing that the
transfer matrix from position A to position B in Figure 4.42 transforms the
beam Twiss parameters matched for the UM1 (or UM2) lattice in the beam
Twiss parameters matched for the UM2 (UM3) lattice, i.e.
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ax ax

Be| _ P

o, | ~Tw(0102.03.04) (4-24)
Y)p '8 Y4

A small detuning of the Q7-Q4 quadrupoles with respect to their nominal
gradient is generally sufficient to ensure the matching between contiguous
undulator segments. As in the VUV-EUV beamline case previously analysed, the
matched Twiss parameters depend on the undulator strength K and the e-beam
energy. The limitation to the K range of variation is imposed by the vertical size
of the vacuum chamber that will not allow the gap to be smaller than 8.1Tmm
(6.1mm in the last undulator sequence). For this reason the matching condition
has been calculated at three different K values and at two beam energies. We
have considered the maximum and minimum energy and the two values of K
plus the special case of K=0, i.e. the condition of a pure FODO. The highest
Quadrupole Integrated Gradient (QIG) is found in the pure FODO mode at the
highest energy. The corresponding QIG for the three sections and Twiss
parameters a and B at the first undulator entrance are given in Table 4.12.

In Figure 4.29 the Twiss g in the X and Y plane along the undulator are
plotted for the FODO lattice, with the parameters labelled (K) in Table 4.12.

The matching condition in the three undulator sections is only slightly
modified by the different period/undulator parameters and a small tuning of
the quadrupoles is sufficient to ensure proper matching in the transition from
one undulator sequence to another.
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Table 4.12: Characteristics parameters of the undulator beamline
optics

Case Energy A(mm) oy Px(m) ay  By(m)
(GeV)

Twiss parameters at injection

A 14 -0.67 4.07 130 832

B 0.96 12 -0.68 4.04 136 8.38

C - -0.72 392 1.53 8.60

D 8 -0.69 400 1.41 845

E 1.2 5 -0.71 395 149 8.55

F - -0.72 392 152 8.60

G 35 -0.71 394 149 856

H 1.5 3 -0.72 394 151 857

I - -0.72 392 152 8.60

J 2 -0.80 8.04 120 12.22

K 2.4 1.2 -0.81 800 1.24 12.29

L - -0.82 798 1.25 12.30

I Undulator séquence 2" Undulator séquence 3" Undulator séquence

<Pyy(m)> K QIG (T) <By(m)> K QIG (T) <By(m)> K QIG (T)
A 6 1.715 1.05/-0.98 6 2.249 0.87/-0.64 6 - 1.11/-1.11
B 6 1.495 1.06/-1.01 6 2.013 0.93/-0.74 6 - 1.11/-1.11
C 6 - 1.1/-1.1 6 - 1.1/-1.1 6 - 1.11/-1.11
D 6 1.553 1.34/-1.3 6 2.074 1.24/-1.08 6 - 1.38/-1.38
E 6 0.87 1.37/-1.35 6 1.393  1.32/-1.25 6 1.736  1.23/-1.04
F 6 - 1.38/-1.38 6 - 1.38/-1.38 6 - 1.38/-1.38
G 6 1.008 1.71/-1.7 6 1.519 1.67/-1.60 6 1.866 1.59/-1.42
H 6 0.765 1.72/-1.71 6 1.301 1.68/1.63 6 1.643 1.62/-1.49
| 6 - 1.72/-1.72 6 - 1.72/-1.72 6 - 1.73/-1.73
J 10 1.58/-1.56 10 1.48/-1.40 10 - 1.62/-1.62
K 10 1.61/-1.60 10 1.56/-1.53 10 1.48/-1.39
L 10 - 1.62/-1.62 10 - 1.62/-1.62 10 - 1.62/-1.62
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Figure 4.29: Twiss B in the X and Y plane along the undulator for the
FODO lattice in Table 4.12 (K), first undulator section. The green marks
represent the boundaries of the magnetic elements in the beamline.
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Figure 4.30: Twiss B in the X and Y plane along the undulator for the
FODO lattice in Table 4.12 (K), second undulator section.
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Figure 4.31: Twiss B in the X and Y plane along the undulator for the
FODO lattice in Table 4.12 (K), third undulator section
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4.1.7.2.4 Preliminary simulations

Extensive simulations of the FEL dynamics in the three undulators
sequences have been done with GENESIS 1.3 and PERSEO. With the same
consideration drawn in Sect. 4.1.7.1.2 previously treated, the wavelength
tuning may be obtained by both varying the undulator gap and the beam
energy. An additional possibility is offered by the layout based on the three
different undulators. The third undulator sequence may be indeed tuned at one
of the harmonics of the preceding sections in order to enhance the harmonic
emission. This is effective when saturation is reached at the end of the UM2
sequence. In Table 4.13 and Table 4.14 the simulations results with the HE and
LE beam parameters respectively, are listed. The simulations have been
obtained by assuming a Gaussian current distribution with the beam
parameters listed in Table 4.9 (LE-A and HE-A) corresponding to a 1nC e-bunch
charge. Examples at lower charge have been studied with GENESIS 1.3 only at
the shortest wavelength (3nm in the LE beam case and Tnm in the HE beam
case). The listed saturation length corresponds to the magnetic saturation
length, i.e., without including the gap between the undulators. The saturation
position has been estimated with the same method as explained in Sect.
4.1.7.2.4. The peak power has been estimated as the average power in a
gaussian pulse with the same pulse length and energy as listed in the table.
The peak power associated to characteristic spikes of SASE is significantly
higher than the average power calculated with this definition.
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Table 4.13: List of the main FEL parameters fro the Soft-X-ray
beamline in the range 90/400 eV. Simulations done with PERSEO (black,
LE-A beam - 1nC) and GENESIS 1.3 (gray/italic LE-A beam - 1nC, 0.05nC).

Q E - . Y Ph. En. S.Len.® P P. En.
(nC) (GeV) ' : : (nm) (eV) (m) (Gw) (mJ)
A 1 1.5 0.77 1.305 1.648 3 412.02 41 1.7 1.2
B 1 1.5 0.77 1.305 1.648 3 412.02 39.3 5 0.56
C 0.05 1.5 0.77 1.305 1.648 3 412.02 36 3.4 0.056
D 1 1.5 1.008 1.519 0.862* 3.5 354.22 34.8 2.3 1.0
E 1 1.5 1.205 1.712 1.067* 4 309.48 30.8 2.4 1.1
F 1 1.5 1.52 2.039 0.783* 5 247.8 26.9 2.6 1.3
G 1 1.25 1.261 1.77 - 6 206.65 26.8 2.2 1.3
H 1 1.25 1.67 2.2 8 154.92 22.9 2.5 1.3
| 1 0.96 1.237 1.744 - 10 123.96 22.4 2.0 1.2
J 1 0.96 1.495 2.012 12 103.33 20.7 2.0 1.2
K 1 0.96 1.715 2.25 14 88.56 19.6 2.2 1.2
A/l/ﬂ, ) st(fs) #Phots Div. (rms Size (rms h #Phot. (h) Aﬂ//l
urad) um) (3h,%)
A 0.09 170 1.8x10" - 3 1x10" 0.08
B 0.13 200 8.5x10" 23 150
C 0.17 30 8.5x10" 21 140
D 0.09 180 1.8x10" - 2% 1 x 10" 0.21
E 0.11 190 2.2x10" - 2% 4 x10" 0.25
F 0.13 200 3.3x10" - 3* 2x 10" 0.22
G 0.14 200 3.3x10" - 3 5x10" 0.11
H 0.16 210 5x10' - 3 1 x 10" 0.14
| 0.17 215 5.7x10" - 3 1 x10" 0.15
J 0.18 220 7.1x10' - 3 2x 10" 0.17
K 0.2 230 8.8x10" - 3 3.5x10" 0.2

> The third undulator sequence resonance may be tuned to enhance the harmonic

emission when saturation is reached before the end of the second undulator sequence.

In this examples the h harmonic has been considered and the specific cases are
indicated with an asterisk in the h and K. column.

® The magnetic saturation length is indicated. When the saturation length is shorter

than the undulator length an improvement of FEL performances may be obtained by
tapering the remaining undulator sections. This is not accounted in the
" Peak power calculated as the “average power” in a bunch of Gaussian shape with the
pulse energy and r.m.s. duration obtained in the simulation.
8 Photons per pulse
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Table 4.14: List of the main FEL parameters for the Soft-X-ray
beamline in the range 350/1240 eV (HE-A beam - 1 nC)

Q E K K K Y Ph. En. S.Len.'” P’ P. En.
(nC) (GeV) ! : ’ (hm)  (eV) (m) Gw) (mJj)
A 1 2.64 0.81 1.34 1.682 1 1246 42.8 4.8 1.8
B 1 2.4 0.81 1.34 1.682 1.2 1030 42.8 6 1.8
C 1 2.4 1.15 1.657 1.01(*) 1.5 1030 33.4 3.3 1.3
D 1 2.4 1.553 2.074 - 2 619.9 28.2 8.5 4.1
E 1 1.92 1.237 1.744 = 2.5 495.8 27.3 7 3.4
F 1 1.92 1.495 2.012 - 3 413.0 25.2 7.8 4.1
G 1 1.92 1.715 2.25 = 3.5 354.24 24.0 7.9 4.1
A2 ot Div. (rms Size (rms #Phot. AA/A
#Phot." h
(%) (fs) urad) um) (h) (3h,%)
A 0.07 150 9x10'" - - 3 3 x10° 0.07
B 0.09 200 2x10" - - 3 4 x10'" 0.08
C 0.09 175 2.5x10" - - 2(%) 2x10" 0.27
D 0.11 180 4x10" - - 3 5 x10'" 0.1
E 0.12 190 4x10" 3 6x10'" 0.1
F 0.18 200 6 x10" 3 1 x10" 0.12
G 0.14 200 7.2x10" 3 2 x10" 0.12

Figure 4.32 illustrates the energy growth vs the distance z along the
undulator calculated with GENESIS 1.3 (1 nC - second line of Table 4.13.
Saturation is reached in 50 meters (effective length) at 0.56 mJ. Figure 4.33
shows the power profile vs. the bunch coordinate and the radiation spectrum.
at saturation.

® The third undulator sequence resonance may be tuned to enhance the harmonic
emission when saturation is reached before the end of the second undulator sequence.
In this examples the h harmonic has been considered and the specific cases are
indicated with an asterisk in the K, column and in the harmonic order column (h)

' The magnetic saturation length is indicated. When the saturation length is shorter
than the undulator length an improvement of FEL performances may be obtained by
tapering the remaining undulator sections. This is not accounted in the

"' Peak power calculated as the “average power” in a bunch of Gaussian shape with the
pulse energy and r.m.s. duration obtained in the simulation.

'2 Photons per pulse
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Figure 4.32: Average energy in the radiation pulse vs. undulator
length at 3 nm wavelength (1 nC).
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Figure 4.33: Temporal (top) and spectral (bottom) structure for 3 nm
radiation from UM2 at saturation (50 m).
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The plot in Figure 4.34 shows the evolution of the laser power vs the e-
bunch coordinate s (horizontal) and the undulator position z (vertical). The plot
is relevant to the low charge case (charge 50 pC, beam parameters as in Table
4.9, LE-B beam). The power is normalized at each z in order to allow the
observation of the SASE spikes formation occurring mainly in the first undulator
module, the exponential power growth in the intermediate undulator sequence
and the saturation, reached in the last undulator sequence. The electron bunch
length considered allows a drastic reduction of the number of spikes with
respect to the 1nC case plotted in Figure 4.33, but is not sufficiently short to
ensure the selection of a single spike. At saturation the pulse length is
approximately 17fs (5 ym). In Figure 4.35 the power profile and the spectrum
are shown at saturation (45 m).
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Figure 4.34: Normalized power level curves in the (s,z) plane for the
ideal case at 50 pC, 3 nm
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Figure 4.35: Temporal (top) and spectral (bottom) structure for 3nm
radiation from UM2 at saturation (~45 m)

4.1.7.3 The Hard X-Ray Undulator beamline

This beamline is designed to cover the hard X-ray photon energy range at
SPARX with a maximum photon energy of 2keV (0.62nm). The production of
hard X-ray photons using conventional undulator technology, in which the
remnant magnetic field is ~1.2-1.3T, requires relatively long period lengths to
yield a sufficiently large K parameter. This choice implies a relatively high beam
energy and a long undulator structure. The HE beam nominal energy is 2.4GeV
(with an upper limit of 2.64 Gev due to RF constraints). The requirement on the
spectral range suggests the following different strategies with respect to the
beamlines discussed so far.

1) The undulator must be optimized for the shortest wavelength;

wavelength tunability must be realized by tuning the beam
energyand not by tuning the undulator strength.
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2) The undulator must be in vacuum, to maximize the undulator
field vs. gap.
3) High field technology must be implemented to maximize the

remnant field. As it will be explained in chapter 1, alternatives
exist to enhance the peak field on axis in a periodic undulator
structure. Examples are provided by hybrid structures or cryo-
cooled undulators in which the low temperature permits an
increase of the remnant field thereby allowing a reduction of the
undulator period while keeping the undulator strength at a
reasonable value. For a detailed study of magnetic undulator
technology see chapter 1.
The physical gap of the undulator coincides with the aperture used to
estimate the longitudinal wake function. The analysis of the wake fields in
Sect. 4.3.7 shows that the energy spread induced by the energy wake in a
square vacuum chamber with vertical aperture of 5 mm leads to an
induced (correlated), energy spread per unit length dE/dz=15 keV/m (at 1
nC). This value leads to a total correlated energy spread of 400 keV in an
undulator beamline with an overall length of ~30 m. In terms of relative
energy spread, at 2 GeV (HE beam), this corresponds to the limit indicated
in the “Slice energy spread” in Table 4.9. At this point, the correlated
energy spread induced by the wake in the undulator poses a constraint
on the saturation length that must be verified during the
optimization procedure. In Figure 4.36 we have calculated the
undulator period 1, and K parameter for a gap of 5 mm vs the
operating wavelength at the nominal HE beam energy (2.4 GeV). The
remnant field is 1.45 T, which is well within the capabilities of these
new materials.

Period - K scaling

17.714

16.429

15.143

K parameter

13.857

Undulator period (mm)

12.571

11.286

0.2 0.4 0.6 0.8 1 12 1.4

Wavelength (nm)

Figure 4.36: Period (continuous-red) and strength K (dashed-blue) vs.
wavelength operation with a gap of 5mm and remnant field of 1.45T

At 0.62 nm (2 keV) we have 1,=15 mm and K=1.283. A shorter period
would require a higher K parameter which could be obtained with a
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smaller gap (or a larger remnant field) only. A longer period would
require a lower K and would lead to an increased saturation length.
Following the same procedure of the previous sections, we have
calculated the (magnetic) saturation length vs. the beam parameters at
the shortest wavelength. In Figure 4.37 we have calculated the saturation
length vs. energy spread and emittances at 0.62nm with 7,.4=2.3kA.
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Figure 4.37: Saturation length vs. emittances and energy spread at
0.62nm for 2.3kA peak current (B, _=10m).

The (magnetic) saturation length with the beam parameters in Table 4.9
(HE beam) is about 33-34m. At this wavelength the saturation length is
quite sensitive to the beam emittance, and a saturation length below 30m
can be obtained with a normalized transverse emittance (slice) lower than
0.8mm-mrad. An energy spread of the order of 10* is comparable to the
correlated energy spread induced by the longitudinal wake (~300keV). The
local (slice) energy spread due to the wake is significantly smaller and its
effect should still be negligible over this undulator length.

In Figure 4.38 we have calculated the saturation length vs. the resonant
wavelength in the HE energy range (2.64GeV- 1.96GeV) using the
parameters in Table 4.9 (red line). The blue line has been obtained with
0.8 mm mrad of normalized slice emittance. In the latter case, with an
undulator of 30m, saturation is even achieved at 0.512 nm (2.42keV) at
2.64 GeV.
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Figure 4.38: Saturation length vs. resonant wavelength with the beam
parameters of Table 4.9 (HE beam) except for the normalized transverse
emittances which are 0.8mm-mrad (blue line) and 1.0 mm-mrad (red line).

In Figure 4.38 we illustrate the behavior of the saturation length vs. beam
current and transverse emittances (at 0.62 nm, 2.4 GeV with average Twiss
B=10m).

The three beam parameters set HE-A, HE-B and HE-C have been marked
with red dots. The dashed line represents the undulator length corresponding
to an undulator composed by 14 modules of 180 periods each. Saturation is
reached at the shortest wavelength of 0.62nm in all the three cases considered.
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Figure 4.39: Saturation length vs.peak current and beam emittances (at
0.62 nm, 2.4 GeV with average Twiss =10m).

4.1.7.3.1 Undulator parameters and undulator optics

The beamline is composed by 11 undulator sections, with the parameters
listed in Table 4.17

Table 4.15: X-ray undulator beamline

Period 1.5 cm
Undulator length 2.7 m
No. of Periods 180
Gap 5 mm
K 1.283
Remanent field (effective) 1.45T

The electron beam transport in the undulator is realized with a FODO
lattice, with alternated gradient quadrupoles, with the difference from the
previously analysed cases that the undulator is a fixed gap device where the
focusing properties depend only on the beam energy. We have sketched a
layout of one lattice period in Figure 4.40, where the relevant parameters are
defined.
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Figure 4.40: Layout of the undulator FODO lattice

The lattice period L extends to two undulator sections. A list of the main
parameters of the beam line is summarized in Table 4.16.

Table 4.16: Parameters of the X-ray undulator beamline

Lattice period L (m) 6.6
Drift length L,(m) 0.6
Quadrupole distance from UM (center of Q.) D (m) 0.12
Beamline Length L (m) 45.6

As in the previous cases we have considered non-symmetrically centred
quadrupoles within the drifts between the undulators to facilitate the insertion
of the diagnostics. The average Twiss B parameters in (vertical-y/horizontal
plane-x) is defined in Eq. (4-19). The matching condition is obtained by
imposing that the Twiss beta parameters in the horizontal and in vertical plane,
averaged over the undulator Ul and U2 lengths are equal to the design

parameter ('Bx’y:ﬂd), minimizing the difference between the Twiss beta
parameters in the horizontal and in vertical plane (see eq. (4-20)) . In Figure

4.41 the saturation length vs. the average Twiss <'B> parameter is shown. The

<ﬂ> optimizing the gain length is about 6 - 8m but a larger value of <'B>
reduces the sensitivity to transverse alignments and is not particularly
detrimental in terms of the gain length increase.

144



SPARX-FEL Technical Design Report

T I I
Saturation Length (m) - 2.40 GeV

Saturation Length (m) - 2.64 GeV

Saturation length (m)

20
0

Twiss beta (m)

Figure 4.41: Saturation length vs. Twiss () with the HE-A beam
parameters at 2.4GeV and 2.64 GeV

The matched Twiss parameters at the undulator entrance depend on the
e-beam energy and on the desired average pB. The corresponding Twiss
parameters o and B at the undulator entrance at the beam energy of 2.64 GeV,
2.4 GeV and 1.92 GeV are given in Table 4.17 for g, =10m and S, =6m.

Table 4.17: Characteristics parameters of the undulator beamline

Ener B> A B
Case N IG (T, 7 m
?(}I/eV) m  m UC D < m % B
0.905/-
A 1.92 10 0.97 1.079 1.02 12.04 -0.71 8.17
B 2.4 10 0.62 1.323/- 1.13 12.28 -0.75 7.96
1.461
1.517/-
C 2.64 10 0.51 1.642 1.17 12.35 -0.76 7.92
D 1.92 6 0.97 2.03/-2.19 1.62 8.99 -0.71 3.62
E 2.4 6 0.62 2.66/-2.79 1.67 9.08 -0.72  3.54
F 2.64 6 0.51 2.96/-3.08 1.69 9.1 -0.72 3.5

In Fig.(below) the Twiss g in the X and Y plane along the undulator are
plotted for the FODO lattice, in case F of Table 4.17.
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boundaries

Figure 4.42: Twiss B in the X and Y plane along the undulator for the FODO
lattice case F of Table 4.17. The green marks represent the boundaries of
the magnetic elements in the beamline.

4.1.7.3.2 Preliminary simulations

As in the previously analysed cases, simulations of the FEL performances
have been done with GENESIS 1.3 and PERSEO. This undulator is characterized
by the operation at fixed gap, with a strength parameter K=1.283. The
wavelength tuning is obtained by varying the beam energy. The simulation
results are listed in Table 4.18 (below) . The simulations have been done
assuming a Gaussian electron beam with the parameters in Table 4.9. (HE-A
column).

Table 4.18: List of the main FEL parameters for the X-ray beamline in
the range 1.28/2.42 keV. Simulations done with PERSEO (black, HE-A beam
- 1nC) and GENESIS 1.3 (gray/italic LE-A beam - 1nC).

('?C) E(GeV) ) (nm) P('I'(:/')’ S.Len. (m) P" (GW) F;' mEJ')'
A ] 2.64 0.512 2.42 39.8 4 0.7
B 1 2.4 0.62 2.00 34.8 4.1 0.8
C 1 2.4 0.62 2.00 39.8 0.8 0.12
D 1 2.2 0.738 1.68 31.4 4.1 0.86
E 1 2.0 0.893 1.39 27.7 4.1 0.84
F 1 1.92 0.968 1.28 26.9 4 0.87

' Peak power calculated as the “average power” in a bunch of Gaussian shape with the
pulse energy and r.m.s. duration obtained in the simulation.
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Div.

Size

AA/A st #Phot. AA/A
// (fs) #Phot.'* (rms (rms (3:; 3h/°/
(00) ,urad) ﬂm) ( 10)
A 0.053 70 1.8x10" - 8 x 108 0.05
B 0.055 77 2.5x10" - 1x10° 0.05
C 0.09 3.7x10" 17 120 -
D 0.062 83 3.2x10" - 2.x10° 0.05
E 0.063 82 3.7x10" - 2.2x10° 0.05
F 0.069 86 4.2x10" - 2.9x10° 0.05
10°
10™
107
107
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£
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10°
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Figure 4.43: Average energy in the radiation pulse as a function of the

position along the undulator

* Photons per pulse
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Figure 4.44: Temporal (top) and spectral (bottom) structure for 0.62 nm
radiation at the end of undulator, close to saturation.

4.1.8 Conclusion

In this section we have presented an overview of the basic calculations
which lead to the definition of the general parameters of the three undulator
beamlines. A set of electron beam parameters fulfilling the requirements for
FEL saturation with the given undulators beamline have been also discussed.
The problem of matching optics and transport of the electron beam through
the undulator has been analysed and preliminary simulations of the FEL
performances in the various cases has been presented.

In the next sections the analysis will be focused on the problem of
generating an electron beam with the required characteristics. The possibility
of operating the FEL in different conditions of peak current/transverse
emittances, which has been analysed in this section will be exploited to study
different working points of the accelerator device, which may be optimized to
produce a large number of photons in the high charge mode, or a short pulse
in low charge mode. These two operation modes are indeed characterized by
complementary optimization parameters in terms of peak current/normalized
(slice) emittance.

The calculations presented in this section have provided the basic set of
electron beam/undulator parameters ensuring operation of the three beamlines
in the required wavelength ranges. In section 4.3.10 the beam parameters
obtained from simulations will be implemented in full start to end calculations
of the FEL radiation properties. Summary tables can be found in chapter 2
(Table 2.1 and Table 2.2).
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4.1.9 Spontaneous Undulator Radiation

As any undulator, the SASE FEL one will also emit a spontaneous radiation
spectrum.

Though the brilliance and spectral flux of the spontaneous emission are
several orders of magnitude smaller than those of the stimulated emission,
they however can be competitive with those of third generation light sources.
Furthermore, the fact that the angular distribution spectrum is nearly a
continuum, extending to higher energies, up to tens of keV for SPARX
beamlines, might be advantageous.

For a planar undulator, the on-axis spectrum consists of the peaks of the
odd harmonics, whose numbers and energy depends on the electron beam
energy and the magnetic gap.

Detailed calculations of the average and peak properties of the undulator
spontaneous radiation have been performed for the three undulator beamlines,
i.e. VUV-EUV, EUV-Soft X-ray and Hard X-ray (cfr. Figure 4.4) and fully described
in the document dedicated to the SPARX scientific case.

The RF repetition rate of the SPARX linac is limited to 100 Hz. In standard

operation conditions a single electron bunch per RF pulse train is expected.

Table 4.19, Table 4.20 and Table 4.21 summarize both machine
parameters and the calculated photon beam characteristics for the three cases
considered.

Table 4.19: VUV-EUV beamline - UM1.

Machine Energy [GeV] 1.5

design Current [nA] 100

Charge [nC/bunch] 1

&, [mm-mrad] 1

Bunch FWHM ¢ [ps] 0.517

# of bunches/s = f., [Hz] 100

Insertion Undulator L [m] 24.31

device A [em] 3.4

# of periods N, 65*11

By [m] 6

K@ A =10 nm) 2.86

It harmonic energy [eV] 123.721

Beamline & o’ (FWHM) [urad] 53

optics o, (FWHM) [um] 141

DC Ave. flux F [ph/s/0.1%BW] 9.6 10°

experiments Ave. brilliance B 1.310™
[ph/s/mm?/mrad?/0.1%BW]

Pulsed Photons/bunch 9.6 107

experiments Peak flux [ph/s/0.1%BW] 1.9 10%

Peak brilliance B 2.2 10*

[ph/s/mm?/mrad®/0.1%BW]

149



SPARX-FEL Technical Design Report

To show the potential of an undulator at every energy, it is worthwhile to
introduce the so-called tuning curves, which trace out how the peaks of the
harmonics move as the K value changes.

For the UM1 undulator, the tuning curves which show how the average
brilliance varies with the photon energy (i.e., with the K parameter) are
displayed in Figure 4.45 (straight lines). The starred points plotted on the
curves represent the values of the average brilliance obtained with K fixed at
2.86 corresponding to a fundamental wavelength of 10 nm and its 3 and 5%
harmonics, respectively.

1st Harmonic
3rd Harmonic
5th Harmonic
* 1st Harmonic for K=2.86

1015_ .
3 UM1 Tuning Curves

g 0 | * 3rd Harmonic for K=2.86
Q 10 -k\\ 5th Harmonic for K=2.86
X E ~
8o
C N_o 1
28 107,
m E ]
(0] NE
§E ]
© 4 1074
> 5 E
< 2 ]
Qo
o
5
_ ']011 T T T T T T T T T T T 1
0 500 1000 1500 2000 2500 3000

E,, [eV]

Figure 4.45: Tuning curves for UM1. The black star represents the average
brilliance of the UM1 tuned with the fundamental wavelength at 10 nm,
corresponding to 123.7 eV photon energy. The red and green stars depict
its 3" and 5" harmonic, whose energy is 371.2 eV and 618.6 eV,
respectively.

The peak flux of the spontaneous radiation at 10 nm has been compared
with the one from SASE emission at the same wavelength. The SASE line in
Figure 4.46 is superimposed on a base of spontaneous emission showing how
the spontaneous radiation properties are several orders of magnitude smaller
than the laser values.

It is worthwhile to note that the EUV - Soft X-ray beamline (UM2) consists
of three undulator magnets with different period: the long period (4 cm)
undulator, the SPARC-like undulator (A, =2.8 cm) and the short period (2.2 cm)
undulator. For the spontaneous undulator radiation studies, each undulator,
considered separately, is tuned with the fundamental wavelength at 3 nm.
Table 4.20 summarizes photons characteristics for this wavelength and
electron beam parameters common to the three sections.
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Figure 4.46: On-axis peak flux of the spontaneous VUV-EUV undulator
radiation for the first three harmonics compared to the on-axis peak flux
of the SASE emission at the fundamental wavelength, i.e. 10 nm.

Table 4.20: EUV - Soft X-ray, UM2.

Machine Energy [GeV] 1.5
design Current [nA] 100
Charge [nC/bunch] 1
X,y [mm-mrad] 1
Bunch FWHM t [ps] 0.517
# of bunches/s 2 . [Hz] 100
Insertion Undulator L [m] 8.8 25.2 8.8
device Ay [em] 4.0 2.8 2.2
# of periods N, 55*4  75*12 100*4
Bx,y [m] 6
K(@ Ay =3 nm) 0.76 1.3 1.63
15t harmonic energy [eV] 415.3
Beaml?ne &  o'x y(FWHM) [urad] 49 35 49
OIRIES ox, y(FWHM) [um] 110 118 111
DC Ave. flux Fp [ph/s/0.1%BW] 1.210° 910° 4.6 10°
experiments Ave. brilliance B 3.3 410" 1.210"
[ph/s/mmZ2/mrad2,/0.1%BW] 107
Pulsed Photons/bunch 1.210° 9107 46107
experiments Peak flux [ph/s/0.1%BW] 2.4 1.7 8.910"
'IOI9 'I 020
Peak brilliance B 5.5 7 10% 2 10*
[ph/s/mmZ2/mrad2/0.1%BW] 10%
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Figure 4.48 shows the tuning curves for the average brilliance of the
SPARC-like undulator magnet only.

UM2 (SPARC-like undulator) Tuning Curves

10" 3 _
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Figure 4.47: UM2 Tuning curves: the SPARC-like undulator magnet is tuned
at 3 nm.

Table 4.21 summarizes electron and photon beam parameters concerning
the hard X-Ray beamline.

Table 4.21: Hard X-ray beamline, UM3.

Machine Energy [GeV] 2.4
design Current [nA] 100
Charge [nC/bunch]
X,y [mm-mrad] 1
Bunch FWHM t [ps] 0.2
# of bunches/s = f,.,[Hz] 100
Insertion Undulator L [m] 37.8
device Ay [em] 1.5
# of periods Ny, 180*14
Bx,y [m] 6
K@ Ay=0.62 nm) 1.28
15t harmonic energy [keV] 2
Beamline & optics a’xly(FWHM) [urad] 25
DC Ave. flux Fp [ph/s/0.1%BW] 2.510™
experiments Ave. brilliance B 3.810"
[ph/s/mm2/mrad2,/0.1%BW]
Pulsed Photons/bunch 2.5 108
experiments Peak flux [ph/s/0.1%BW] 1.2 107
Peak brilliance B 1.7 10%

[ph/s/mmZ2/mrad2/0.1%BW]
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Figure 4.48: Tuning curves for the hard X-ray beamline. With the K
parameter fixed at 1.28 the fundamental wavelength is 0.62 nm (2 keV)
and the 3rd and 5th harmonic are 2A (6 keV) and 1.2 A (10 keV),
respectively.

Figure 4.48 shows the average brilliance for the hard X-Ray beamline as a
function of the photon energy and highlights the potential of this undulator.
The tuning curve for the 5™ harmonic of 0.62 nm (1.2 A, corresponding to 10
keV) extends up to 16 keV indeed. The values of the average brilliance
corresponding to the first three odd harmonics for K fixed at 1.28 are plotted
on the straight line curves with the star symbols.

From the point of view of the users, repetition rates as high as ~10 MHz
are interesting for a large class of experiments. Such high rates could be
provided in a burst mode at SPARX where higher repetition rates could be
achieved by filling a larger number of bucket in the RF pulse.

At this regard, we studied the properties of the spontaneous undulator
radiation in the case of multi-bunch operation for the high energy hard X-ray
beamline. We considered a train of electron bunches, each bunch having a 200
fs pulse width and repetition rate of 10 MHz. Machine parameters and the
calculated photon beam properties are presented in Table 4.22.

Table 4.22: Hard X-ray beamline, multi-bunch operation.

Machine Energy [GeV] 2.4

design Current [A] 0.01
Charge [nC/bunch] 1
X,y [mm-mrad] 1
Pulse train length [ns] 390
Macro-pulse Rep. Rate f [Hz] 100
Bunch Rep. Rate fo [MHz] 10
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Figure 4.49 shows the average brilliance from spontaneous undulator
radiation in the hard X-ray beamline when SPARX is operated in the standard
single bunch mode (black curve) compared to the multi-bunch operation (red
curve). It is clear that due to the higher average beam current (10 mA instead of
100 nA), the average photon beam parameters are enhanced with respect to
the single bunch case by several orders of magnitude.
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Figure 4.49: Hard X-ray beamline The average brilliance for the single
bunch operation is compared to the multi-bunch one. The tuning curve of
the 1< harmonic only is depicted.
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4.2 Photo-Injector

4.2.1 Introduction

The SPARX photoinjector is based on the SPARC facility [42] now in phase
of commissioning at INFN laboratories at Frascati. It is mainly devoted to FEL
SASE-seeding experiments in the visible light, but is intended also to be used
as a test prototype of the SPARX photoinjector.

The layout is shown in Figure 4.50: it consists of a 1.6 cell RF gun
(BNL/SLAC/UCLA type) including a Copper photocathode with an emittance
compensating solenoid followed by three 3-meters long SLAC-type travelling
wave sections operating at 2856 MHz. The first two accelerating sections are
embedded in a solenoid; each solenoid is composed of 13 coils with the first
coil and the other twelve coils in groups of three independently supplied.

Figure 4.50: Photoinjector layout

The main operating parameters of the SPARX photoinjector are
summarized in Table 4.23.

Table 4.23: Main photoinjector parameters

Parameter Value

Gun electric field amplitude 120 MV/m
Gun electric field operation phase 32°

Output gun beam energy 5.6 MeV
Amplitude of electric field in the traveling wave sections 23.5 MV/m
Magnetic field in the emittance compensating solenoid 2.72 kgauss
Total photoinjector length 12 m

The maximum flexibility is required in order to provide different beams
for the FEL operation to satisfy the needs of the FEL users. At this aim different
working points have been identified spanning a range of charge between 50 pC
and 1 nC.

The experimental observation of the so called “double minimum
oscillation” [43] in the first phase of SPARC commissioning confirmed for the
working point at 1nC in the SPARX photoinjector the same choice done for
SPARC. It consists in placing the LINAC in the position where the local
maximum of the emittance oscillation occours and then matching properly the
beam with the accelerating structures according to the “invariant envelope”
condition [44]. This working point was originally proposed in the context of the
LCLS Project [45] and later has been adopted also by X-FEL collaboration at
DESY [46].
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Starting from the parameters of the working point at 1 nC,, the
transverse and longitudinal rms sizes of the beam for lower values of charge
are scaled with the power 1/3 of the charge. In this way the conditions of
injection (gun electric field amplitude and phase and the emittance
compensating solenoid strength) are the same for all the working points and
what is changed passing from one working point to another is only the
focusing on the accelerating structures and the RF phase of the structures.

As to the RF compression or “velocity bunching” technique [47], it consists
in compressing the beam by injecting it in the first RF structure with a phase
near to the zero accelerating phase: the beam slips back up to the acceleration
phase undergoing a quarter of synchrotron oscillation and is compressed. The
emittance growth occurring during the compression can be taken under control
by a proper shaping of the magnetic field of the focusing solenoids embedding
the accelerating structures. The simulations show that compression factors
larger than three require an accurate tuning of the coils composing the
solenoids embedding the structures.

The beam dynamics for each working point has been extensively studied
and optimized by using the PARMELA (LANL version) code according to the
above design criteria. In the simulations a number of particles of 50K has been
used in phase of optimization after increased to 200K to be used with a good
statistics in the start-to-end simulations. A cylindrical symmetry has been
assumed with a number of mesh intervals equal to 20 in radial direction and
200 in longitudinal direction. For the working point with the maximum RF
compression an optimization genetic algorithm combined with ASTRA code has
been also tested [48]. As to the thermal emittance a typical value of 0.6 mm-
mrad/mm of an hard edge beam radius has been considered in all simulations.

4.2.2 High charge working point (1 nC)

This working point, based on a 1 nC beam, is splitted in three operation
modes depending on the use or not of the RF compression. The input and
output beam parameters are listed in Table 4.24 and Table 4.25.

Table 4.24: Input beam parameters

Parameter Value

Charge, Q 1 nC

RMS transverse size, 550 um

Temporal structure Flat top, FWHM=10 ps, rise time=1 ps
Thermal emittance 0.66 mm-mrad

Table 4.25: Output beam parameters
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Moderate High RF
No RF
Parameter . RF compress
compression : )
compression ion
Charge (nC) 1 1 1
Energy (MeV) 216.7 163 148.6
RMS bunch length (um) 904 280 108
RMS normalized emittance 0.98 1.19 1.6
(mm-mrad)
E(Z%:;rrelated energy spread 0.15 1.037 0.737
Peak current (A) 94 309 800
RMS size, ny(pm) 270 162 163
Twiss parameters, o ,B -1.28, 31.6 -0.71, 7.1 -0.6,5

For the three operation modes Figure 4.51 shows the computed
behaviour of the rms emittance and transverse and longitudinal envelopes
along the photoinjector. It can be observed that the emittance increases with
the compression, but the growth is always limited and kept under control.
Figure 4.52 shows the expected longitudinal phase space at 12 m from the
cathode: in the operation mode without RF compression the phases on the
three booster sections have been set in order to minimize the output energy
spread, whilst in the other two operation modes the phase of the first section
has been moved toward the zero phase in order to compress the bunch.
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Figure 4.51: Evolution of normalized transverse emittance, transverse
envelope and longitudinal envelope from the cathode to the injector exit
for the high charge working point: (a) no RF compression (b) moderate RF
compression (c) high RF compression
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Figure 4.52: Longitudinal phase space at the injector exit for the high

charge working point: (a) no RF compression (b) moderate RF compression

(c) high RF compression

The operation mode with moderate compression (¢(Tw1)~-85°) foresees the use
of the high charge beam in a hybrid RF-magnetic compression scheme: a RF
compression factor of 3 has been chosen because for larger values the
deteriorating of the longitudinal emittance induced by the uncompensated non-
linearities due to the space charge (third order non linearity) and to the effect
of RF curvature (fourth order non linearity) prevents an effective use of the
magnetic compression. The operation mode with high RF compression (o(Tw1)~-
89.5°) uses a compression factor around 7: for this high value a high current
spike is produced that can be used for lasing at high energy without any
further magnetic compression. Of course this high compression factor requires
an accurate shaping of the magnetic field expecially in the first TW section,
where the RF compression occours: an increase of the magnetic field (Figure
4.53) with the bunch current is required in order to control the projected
emittance that at 12 m from a cathode is limited to 1.6 mm-mrad. A spike with
a very high normalized brightness (2 10" A/(m-rad)?) can be produced in such
way (Figure 4.54). This result has been obtained by an interplay between a
manual optimization based on PARMELA aimed to move the minimum number
of parameters and different solutions found by an optimization genetic
algorithm [48] interfaced with ASTRA.
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Figure 4.53: High RF compression-high charge working point: (a) on-
axis magnetic field of the solenoids embedding the first 2 TW sections (b)
Brightness along the bunch (the bunch head is on the left)
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4.2.3 Low charge working point (200 pC)

This working point uses a 0.2 nC beam and is splitted in two operation
modes with and without RF compression to be used respectively in a scheme
with full magnetic compression and in an hybrid RF-magnetic compression
scheme. As it can be seen in tables 3.2.4 and 3.2.5 the peak current that is
only is only 32 A without RF compression can be raised to 96 A by using the RF
compression with a lower emittance respect to the 1nC working point with the
same peak current.

Table 4.26: Input beam parameters

Parameter Value
Charge, Q 0.2 nC
RMS transverse size, ¢ 300 um
Temporal structure Flat top, FWHM=6 psec, rise time=1 psec
Thermal emittance 0.36 mm-mrad
Table 4.27
Parameter No With
RF compression RF compression
Charge (nC) 0.2 0.2
Energy (MeV) 216.94 161.96
RMS bunch length (um) 539 182
RMS normalized emittance 0.53 0.62
(mm-mrad)
Correlated energy spread (%) 0.056 0.6
Peak current (A) 32 96
RMS size, ny(um) 209 158
Twiss parameters, o B, -1,35.5 -1.3,12.7

In addition to the reduced level of emittance in the photoinjector the use
of a low charge level is expected to give more stable performances with
negligible resistive wakefields, greatly reduced CSR effects and no transverse
wakefield diluition in the LINAC [49].

Figure 4.54 compares the two operation modes of this low-charge
working point respect to the evolution in the photoinjector of envelopes and
transverse emittance. The longitudinal phase spaces are compared in Figure
4.59: as for the high charge working point the RF compression factor has been
chosen in order to get a longitudinal phase space that is enough linear and
suitable for the following magnetic compression.
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Figure 4.54: Evolution of normalized transverse emittance, transverse
envelope and longitudinal envelope from the cathode to the injector exit
for the low charge working point: (a) no RF compression (b) RF
compression on
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Figure 4.55: Longitudinal phase space at the injector exit for the low
charge working point: (a) no RF compression (b) RF compression on

4.2.4 Short pulse working point (50 pc)

This working point has been selected for the FEL applications requiring a
very short pulse with a RMS length around 5 um. This goal can be achieved by
using an hybrid compression scheme based on the use of the RF compression
in the photoinjector producing a short bunch with a rms length of about 50 um
and then applying a further compression of about a factor ten in the magnetic
compressors. The input and output beam parameters are reported in Table
4.28 and Table 4.29: the charge of 50 pC is compatible with the SPARX
diagnostics.

Figure 4.56 shows the evolution of the rms emittance and transverse and
longitudinal envelopes along the photoinjector. The longitudinal phase space is
shown in the plots of Figure 4.57: the scale on the left plot is the same used for
the others working points putting in evidence the shortness of the pulse in
comparison with the other working points.
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Table 4.28: Input beam parameters

Parameter Value

Charge, Q 0.05 nC

RMS transverse size, ¢ 180 um
Temporal structure Gaussian, o =1 ps
Thermal emittance 0.22 mm-mrad

Table 4.29: Output beam parameters

Parameter With
RF compression
Charge (nC) 0.05
Energy (MeV) 161.3
RMS bunch length (um) 45
RMS normalized emittance (mm-mrad) 0.47
Correlated energy spread (%) 0.235
Peak current (A) 96
RMS size, ny(um) 126
Twiss parameters, o ,B -0.77,10.7

: : Exn(mm-mrad) |
25 o Ty === Xrms(mm) T
—— Zrms(mm)
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N i ; |
N P &ttt
0 200 400 600 800 1000 1200

Distance from the cathode (cm)

Figure 4.56: Evolution of normalized transverse emittance, transverse
envelope and longitudinal envelope from the cathode to the injector exit
for the short pulse working point
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Figure 4.57: Longitudinal phase space at the injector exit for the short
pulse working point on two different scales: the left scale is the same used
for the other working points.

4.2.5 Sensitivity to RF compressor phase jitter

In the previous paragraphs it is shown that the largest part of the SPARX
photoinjector operation modes employs the technique of the RF compression.
So a study of sensitivity of beam parameters to the RF compressor phase jitter
has been done. The analysis shows that the most sensitive beam characteristic
to this parameter is the RMS bunch length. The plot in Figure 4.58 of the
percentage variation of the RMS bunch length versus the RF compressor phase
error indicates that, as it is expected, rising the compression requires a better
phase stability and that in order to limit the rms bunch length variation below
10% a phase stability of 0.25 RF degrees is required.

—e— High charge+moderate

RF compression
—&— Short pulse

—a— High charge + high RF
compression

025 05 05 1 1.25

\

Dsigmaz/sigmaz(%)

A0
x =V

deltafi(deg)

Figure 4.58: Percentage variation of the rms bunch length vs RF
compvressor phase error.
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4.3 Accelerator

4.3.1 Overview

The SPARX accelerator is meant to be realized in two phases providing a
radiation wavelength in the following ranges: A~40+10 nm, A~15+3 nm,
A~4+1.2 nm, A~1.2+0.6 nm at different electron beam energies around 1GeV,
1.2 GeVv, 1. 5 GeV 2.4 GeV. To reach SASE saturation in reasonable length
undulators a peak current | L ~152.5 kA is needed for lower and higher energies
respectively. The required final beam energy spread is 0.1% in each case and
the machine is designed to operate at a repetition rate of 100 Hz. The main
parameter list is reported in Table 4.30 and a schematic drawing of the
accelerator is shown in Figure 4.59 where the nominal beam energy, rms bunch
length 6 and rms energy spread c; are indicated.

Table 4.30: Electron beam general parameter list

Energy (GeV) E 1+1.5 2.4

Peak current (kA) ka 1 2.5

Normalized transverse emittance slice (um) € 1 1

Correlated energy spread %) o5 0.1 0.1

Radiation wavelength (nm) A 40+3 3+0.6
4.3.2 Layout

The SPARX accelerator is composed of five S-band LINAC sections
(f =2.856 GHz, E_= 23.5MV/m), one short X-band section (f =11.424 GHz), and
six separate bending sections (three compressor chicanes and three “doglegs”).
The first LINAC LINAC-0 (LO) is composed of three 3m long accelerating
sections: it belongs to the SPARC photoinjector system previously described. A
diagnostic section follows in the transport line prior LINAC-1 providing energy
and beam emittance diagnostic. A laser heater chicane is also included
upstream to rise the uncorrelated beam energy spread [50]. The following
LINAC-1 includes three accelerating sections, operating at ® = -18+-28° and
rises the beam energy up to ~ 350 MeV before the first magnetic compressor
BC-1; a short X-band section is also provided to linearize the beam longitudinal
phase space before the bunch compression [51]. The BC-1 magnetic chicane,
with R_~ 61mm, should bring the peak current from 100 to 350+400 A. The
BC-1 magnets are foreseen to be switched off when the beam current from the
photoinjector is | > 300A, i.e. when the velocity bunching technique [52] is
adopted in the photomjector system and the magnetic compression occurs in
BC-2-3 only. The RF-compression technique is presently under test at the SPARC
photoinjector facility at LNF [53], and from this point of view SPARX will be the
first FEL facility to operate with the hybrid (RF plus magnetic chicane)
compression scheme.
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Figure 4.59: SPARX acceleration and compression schematic layout. Two
beam delivering energies are foreseen with two doglegs DL1-2 having no
effect on the bunch length; the compressors BC1-2-3 are four-dipole
chicanes, the on crest acceleration is defined at ®rf=0.

The LINAC-2 is composed of three accelerating sections operating at ®_ =
-18+-28°, it brings the beam energy up to 500 MeV and the projected energy
spread up to o5 ~ 0.7 %. The BC-2 magnetic chicane with an R _~ 22 mm
compresses the bunch length up to a peak current of 1 kA and the LINAC-3
(fifteen sections) increases the beam energy up to 1.5 MeV, while compensating
the projected beam energy spread down to 05~0.1%. The DL1-2 doglegs are a
four-six dipole bypass beamline with R_=0 that extracts the 1.5 GeV beam and
deliver it to the entrance of the low-medium energy undulators Ul and U2
respectively. A diagnostic section DG-1 is provided downstream the LINAC-3 for
the complete electron beam characterization.
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Figure 4.60: Twiss Parameters for the 1.5GeV and DL1-U1 channel.
Here only BC2 is switched ON.
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Figure 4.61: Twiss Parameters for the 2.4GeV and DL2-U3 channel.
Here only BC3 is switched ON

With an off-phase of ® = -28° the LINAC 3 injects an energy chirped 1.5
GeV beam in the BC-3 s-shaped magnetic chicane, R_~ 30 mm, that performs
the final compression on the electron beam rising the bunch currentup to | ~
2.5 kA. Then the LINAC-4 (fifteen sections) accelerates the electrons up to 2.4
GeV and the high energy DL-2 dogleg delivers the beam to the medium-high
energy undulator.

In Figure 4.60 and Figure 4.61 the Twiss parameters are reported for the
1.5-2.4 GeV LINAC from the photoinjector exit down to the undulators
entrance.

4.3.3 LINACLI1-L4

The four LINAC sections L1-L4 are based on the S-band (f =2856 MHz,
L=3m) accelerating structures. The maximum accelerating gradient is
E_=23.5MV/m. The L1 LINAC is composed by three RF structures and starts the
bunch compression process accelerating off crest the beam from 150 MeV up
to 350 MeV, generating the required linear energy-z correlation to compress
the TO0A beam in BC1, with a final energy spread of 1.1 %. In the same way the
L2 LINAC accelerates off crest the beam up to 500 MeV reaching an energy
spread of about 0.7 % for the second compression stage taking place in BC2.
When the BC1 chicane is switched off both the L1-L2 LINACs operate off crest at
the same phase to reach the required correlated energy spread before BC2. The
L3 LINAC is composed by fifteen structures and can accelerate the beam up to
1.5 GeV. The L1 LINAC provides a quadrupole between each of the three
sections. For the L2-L3-L4 LINAC a 6 m quadrupole spacing has been chosen in
order to place quadrupole and beam steering pairs after each pair of RF
structures, in a 80 cm drift. The 70.2° betatron phase advance per cell has
been considered in order to smoothly vary the beam envelope through the
accelerating sections easing the beta’s matching upstream and downstream the
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magnetic compressors. Nevertheless optimization of this preliminary adopted
lattice is in progress to minimize element misalignment effectiveness on the
emittance dilution. In Figure 4.62 the Twiss parameters are reported along the
L4 LINAC. For the 2.4 GeV beam the BC2 chicane is turned off and the
compression is operated in BC3 only. The L3 LINAC is operated off crest to
reach a correlated energy spread of ~ 0.7 % before the BC3 compression, then
the L4 accelerates the beam at 2.4 GeV. Upstream the BC1 compressor chicane
a X-band short section is located to counteract the second-order term in the
beam longitudinal phase space distribution. In Table 4.31 the beam parameters
for the four LINAC sections and the X-band structures are reported for the 2.4
GeV SPARX beam.

Table 4.31: Beam parameters of the four S-band LINAC sections plus the X
band (case for Q=1nC, E=2.4 GeV, with BC1 and BC2 OFF)

Beam Parameter unit LI X1 L2 L3 L4
Initial energy GevV 0.163 0.347 0.321 0.508 1.433
Final energy GeV 0.347 0.321 0.508 1.433 2.416
Active linac length m 9.00 0.60 9.00 15.00 15.00
RF phase (crest at 0) deg -28.5 180.0 -28.2 -28.2 22

Initial rms energy spread % 1.06 0.81 0.89 0.78 0.66
final rms energy spread % 0.86 0.89 0.78 0.66 0.25
rms bunch length mm 0.244 0.244 0.244 0.244 0.049

Beside the beam transport in the LINAC through a FODO lattice another
scheme has been recently approached for beams propagating in transition
regime, i.e. from space charge to emittance dominated dynamics [54], as it is
the case for the SPARX beam from the exit of the magnetic compressors up to
the final delivery energy. In this regime the electron beam can be properly
matched to the LINAC accelerating sections under invariant envelope
conditions, and it has been shown in the reference that an equilibrium between
RF focusing forces and space charge emittance defocusing forces can be
obtained without external focusing along the LINAC (no quadrupoles needed),
thus reducing alignment problems and mitigating emittance dilutions due to
misalignments and beam parameter jitters.
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Figure 4.62: Twiss Parameters for the L4 LINAC

4.3.4 Wake function, impedance, wake potential, loss factor and energy
spread

When a charge g, travels inside a vacuum chamber or, more in general,
in a machine device, it produces electromagnetic fields that act on the other
charges of the same bunch modifying their energy and their trajectory. The
energy variation of a test charge due to the electromagnetic forces of g, is
obtained by integrating the longitudinal Lorenz forces along the whole
structure, while the integration of the transverse ones gives rise to a deflecting
momentum.

The longitudinal W”(Z) and transverse W,(2) wake functions are defined
respectively as the energy variation and the deflecting momentum divided by
the test charge and q,.

In order to study the effects of the wake fields on the beam dynamics, it
is convenient to define also the coupling impedance. The longitudinal and
transverse coupling impedances are the Fourier transforms of the
corresponding wake functions:

Z(0)= 1 Iw“(z)e_’w/"dz
C
- (4-25)
Z, (@) =—= [w ()¢ dz
c —0

By the knowledge of the coupling impedance, it is possible to obtain,
with the inverse Fourier transform, the wake function. In the longitudinal case,
for example, we have

1 0 iwz/c 2 T
w(2) = o IZH(a))e””" dw = ;I Re[ZH(a))]cos(a)z/c)da) (4-26)
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In the case of the longitudinal beam dynamics, the wake potential, that
depends on the longitudinal bunch distribution A(z), and it is defined as

,(2) = O, [ w(2)A(z+2)dz (4-27)

allows to derive easily the loss factor and the energy spread induced by
the wake fields, respectively

k= [W,(2)Az)dz (4-28)

p (4-29)
o, = \/ j W2(2)A(z)dz — k]

The wake potential can also be written in terms of the coupling
impedance as

W,(2)=0, ~— [ Z(@)Aw)e" “do (4-30)
2r 7
so that the loss factor becomes

k=0, Zc—” J.Z\\(w)ﬁz(@)da) =0, %I Re[ZH(a))]lz(a))da) (4-31)

0

From the above equations it is clear that when the wake fields are
generated by two different effects (superposition principle), also the
corresponding loss factors can be summed up, but not the energy spread. It is
however possible to sum quadratically the energy spread generated by two
uncorrelated effects.

4.3.5 Longitudinal beam dynamics

The particles of the input beam from the SPARC photoinjector have been
tracked through the SPARX accelerator in order to optimize the working point
robustness and flexibility. Three codes have been used for this purpose: Litrack
[55], for the longitudinal beam dynamics analysis, Elegant [56] for particle
tracking with wake fields in the accelerating structures and 1-D CSR effect
approximation in the chicanes, and CSRtrack plus TStep [57,58] for accurate 3-
D CSR effect computation including space charge contribution. With the Litrack
code the first assessment of the accelerator is performed, tuning the RF-phase
of the LINAC sections, the X-band accelerating field, the momentum
compaction of the magnetic chicanes, in order to minimize the sensitivity of
the channel to phase errors, charge fluctuations and so on. As an example in
Figure 4.63 the Litrack longitudinal tracking starting from the SPARC input
beam is shown up to E=2.4 GeV and ka ~ 2.5 kA; this case refers to 1nC charge
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beam and hybrid compression scheme: velocity bunching in the photoinjector
plus magnetic chicane in the LINAC.
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Figure 4.63: Longitudinal tracking and analysis of the 2.4 GeV
channel from the SPARC beam compressed with the velocity bunching
technique : | =300A, 0,=280u, Q=1nC.

4.3.6 LINAC cavities wake fields

When the bunch’s length o is much smaller than the beam pipe radius a,
o<<a, methods of diffraction theory [59] are used to calculate the impedance at
high frequencies, w>>c/a, where c is the speed of light. The model supposes
each structure as a pill box cavity, whose geometric dimensions are: a the
beam pipe radius, b the cavity radius and g its length (see Figure 4.64). When a
bunch reaches the edge of the cavity, the electromagnetic field is just the one

169



SPARX-FEL Technical Design Report

that would occur when a plane wave passes trough a hole; with this hypothesis
it is possible to use the classical diffraction theory of optics to calculate the
fields.

According to it, the longitudinal and transverse wakes fields are

respectively:
Zic |g
(s 2o (
)= | s

23/22 c
Wi(s)= 70@-

2 3
wTa

(4-32)

where Z is the characteristic impedance and s the longitudinal
coordinate inside the bunch, being s=0 the bunch’s head.

Egs.(4-32) are the fields produced by a point charge on a test charge at a
distance s: they represent Green functions. One can calculate the longitudinal
and transverse wake potential of an arbitrary distribution by making the
convolution of the bunch distribution with the Green functions.

For a uniformly charged cylinder, we can obtain the wake potential and
finally the wake fields [60]:

" q 2 S
E(s)=1 = |2
i () Lﬁﬁzaeoﬁ

5512 3/2 (4-33)

where g is the bunch’s charge, L its length and x is the bunch transverse
displacement from the nominal axis.

«—9

A

b L
Figure 4.64: cavity ai v gap

For a collection of cavities, Equation (4-33) can’t be used anymore
because the wake fields, along the cavities, do not sum in phase and the result
would be a high overestimation of the effects. An asymptotic wake field, for a
periodic collection of cavities of period p, obtained numerically at SLAC [61]
and then fitted to a simple function, is used instead. Such wake field is thus
valid after a certain number of cavities given by:

a2
Now = 2a
2g(c+—)
4

crit

(4-34)
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The Green functions are:

Zc 575,
Wo(s) = =S eV

(4-35)
Wi(s)= ai CS2 l:l —(1 + iJe_\/mi|
7Za

S

Eqgs. (4-35) are valid when s/p<0.15, 0.34<a/p<0.69 and 0.54<g/p<0.89.
Such constraints are fulfilled for the SLAC cavities to be used in SPARX where
a=11.6 mm g=29.2 mm and p=35.0 mm. Furthermore the value of Ncrit is of
the order of a few units, so that we can use Egs. (4-35) for the whole
accelerating structure.

Following the same procedure of a single cavity one can obtain [62] the
longitudinal and transverse wake potential from the Green functions and thus
the wake fields for a uniform charge distribution:

" (s)= 22,¢54 {1 em[l + iﬂ
ma’L Sy
) 2
Efm(s,x) _ 4ZOszq‘x |:_ 6 +i+ 2em[3 + 3\/:+_]j|
a L S2 S2 S2

In this case the displacement x is, as for the single cavity, the offset at
the position s.

For a Gaussian bunch distribution, it is possible to obtain the wake
potentials by the numerical integration of the convolution of eqs. (4-35) with
the distribution function.

With an rms bunch length of .28 mm and a charge of 1 nC, the
longitudinal wake fields induce in a single accelerating section of either L1 and
L2 an energy spread of about 140 MeV, while in the L3 LINAC, since the bunch
length is about 0.1 mm, the induced energy spread becomes about 170 MeV.
These results agree with those obtained with Elegant and are fully compatible
with the project parameters.

In the transverse case, the wake fields in resonance with betatron
oscillations cause an increase of the oscillation amplitude that can produce a
head tail instability called beam break-up.

The transverse wake potential of a Gaussian bunch is represented in
Figure 4.65.

(4-36)

171



SPARX-FEL Technical Design Report

1ax 104 T T T
L2x1m4§ . é
L0x1m4§ ]
&0x1d3§
60x1d3;

W (V/C/m)

4.0x 108 |
2.0x 108 ¢

Figure 4.65: Transverse wake potential of a LINAC cavity.

The differential equation governing the motion of a bunch in presence of
the transverse wake potential can be solved under particular conditions [63].

A first order solution is found through a perturbation approach if the
beam break-up effect is not too strong. In such a case, it is sufficient to
consider the maximum transverse wake potential inside the bunch
(conservative assumption), that, from the figure, has been chosen equal to 10
V/Cm. With the perturbation method, by using the WKB theory, under the only
assumption of moderate s-dependence of y(s), k (s) and y(s)k (s)?, the first order
solution to the equation of motion is:

sm

xl(s,z) _ ezN kﬂo% J‘
X(O) 2E Lstr k ( 0 k

ﬁ dSJZ.W z' Z)/I(Z )dz' (4-37)

If we consider 1 nC of bunch charge with an initial energy of 150 MeV and 18
m of LINAC, we end up with a transverse relative displacement of 0.3, a very
small effect that can be considered negligible.

Homdyn simulations give analogous results, as shown in Figure 4.66.
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Figure 4.66: Homdyn transverse beam slice displacements x due to
the geometric wake fields of 18 m long LINAC cavities at 150 MeV.
Horizontal axis is the longitudinal position with reference to the center of
the bunch Z..

4.3.7 Resistive wall

The resistive wall wake fields are caused by the finite conductivity of the
chamber walls. Wake fields, as well as coupling impedances, can be obtained
for a circular beam pipe and for parallel plates, that represents an
approximation of a rectangular vacuum chamber. Expressions are derived
either for a simple frequency independent conductivity and in the more general
case of a dependence of the kind

O-CO
l-ioTt
with o, the zero frequency conductivity and t the relaxation time. These
quantities for the aluminum are respectively o= 4.22x10" Q'm" and © = 8x10"°
s, while for copper they are = 6.45x10" Q'm"' and 1 = 2.7x10" s.

o.(w)=

For a circular beam pipe of radius b the longitudinal wake function per
meter is written as

4Z.c| 1 V2 S x?exp(-x’z/s,)
wi(z) = 71702{5 exp(—z/so)cos(\/gz/so) — 7] S o 07 dx

) 1/3
SO:[Zb j
GCZO

If s, is very small compared to the bunch length, the wake function can be
simplified by using the asymptotic expression:

0
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i (2) = _L(S?]

472_3/2b2
The coupling impedance per meter is
Z(w) = Zy

27[19(/1(0))0 —i;)bj
w C

with

2@) = (2212 14 sgnlo)

For parallel plates, the wake function can be derived from the coupling
impedance

-1

Z(w) = —° T{Z(Z)))c cosh®(bx) — cosh(bx) s1nh(bx)} (4-38)

with b the half gap.

These wake fields cause energy loss and correlated energy spread in the
bunch. They exist in the LINAC cavities, in the transfer lines, and in the
undulator sections.

For what concern the LINAC cavities, as it can be seen in Figure 4.67,

these wakes can be considered as a small perturbation of the geometric wake
fields and therefore they are negligible.

\ RF Sections

-0,5 A

0

RW#RF \
-1,5

-2

-4 -3 -2 -1 0 1 2 3 4

Figure 4.67: Comparison between geometric RF and resistive wall wake
fields.

In the transfer lines, since the beam pipe radius is quite large (20 mm),
the induced energy spread and the loss factors are small: for 50 m of beam
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pipe, they both varies between 80 and 100 keV depending on the bunch
distribution (Gaussian or rectangular with rms bunch length of 70 pm), that
means a relative energy spread of about 5x10° - 6.3x10* at 1.5 GeV. In the
calculations we have considered aluminum vacuum chamber and 1 nC of bunch
charge. If the rms bunch length increases up to 110 pm, the above numbers

halve the values since the energy spread for a Gaussian bunch is approximately

. -3/2
proportional to o ".

For what concerns the undulators, the vacuum pipe in the VUV and the
EUV Soft X-ray beamline has a vertical inner aperture of 7 mm. The impedence
in equation (4-38) in the case of Aluminum and for a bunch of maximum
charge 1 nC leads to an induced energy-spread ozw < 10 keV/m. A total relative
correlated energy spread <3 10* is expected from the wakes in the 55 m of the
long EUV Soft X-ray beamline and 31 m of the VUV-EUV beamline for the LE
beam (1.5 GeV). In the vacuum chamber in the hard X-ray beamline has a
vertical aperture of 5 mm. The energy spread induced by the wake is in this
case orw <13 keV/m and the relative correlated energy spread at the end of the
45m of the high energy undultor beamline is 2.3 10-4

This values are comparable to the incorrelated energy spread assumed in
Table 4.9 and may be considered acceptable.

4.3.8 X-band linearization

One short X-band RF section (fzgr=11.424 GHz) is foreseen in the SPARX
layout to linearize the compression by removing the quadratic energy-time
bunch correlation generated in the LINAC structures before the magnetic bunch
compressors. It operates at 180° before BC1 magnetic chicanes [16] at a
relatively low gradient, ~33+45 MV/m, and decelerate the beam of ~20+27 MeV.
A more linear correlation allows the bunch to be compressed to a much smaller
length than in the case without the X-band section, without heavily affecting
the longitudinal bunch current profile, i.e. without giving rise to sharp temporal
spikes that may drive unwanted collective effects such as Coherent Synchrotron
Radiation (CSR) and longitudinal wakefields in the undulators. Furthermore the
level of the final compression is also made much less sensitive to the bunch
arrival time errors (timing jitter).

The magnetic compressor chicane transforms the energy deviation AE/E,
to a path-length deviation [27] and it is used to compress the energy chirped
bunch:

z=2zy+ Rss(AE/Eo)"' TSG6(AE/EO )2’ (4-39)

Where the momentum compaction (R of a chicane made up of
rectangular magnets with small bending angle and for ultra-relativistic
electrons can be written as:

o

R. =
56 85

2
~ _249;(& = j (4-40)
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and where 5:AE/E0, 0, is the bending angle, Lz the bending magnet length,

AL the drift length between the magnets and bunch head at z <0 . The second-
order momentum compaction (T._) of a rectangular-bend chicane (no

quadrupole magnets) is Tss = =3/2Rs;. The relative energy deviation after a
LINAC S-band accelerating section and an X-band structure can be written at the
second order as:

AE/ ( eVyk, sm(psj 0+(—er cosgoZZ;er cosgoxJ ~az, + bz (4-41)
0

substituting (4-41) into (4-39) we can write:
= (1+aRy )z, + (PRy, +a’ Ty )22 (4-42)
To linearize the transformation the second term must be set to zero:
bRy +a’Ty, =0 (4-43)

with the IV harmonic RF section this second order term in the
compression can be cancelled applying (4-41) for @, = J—r”(er 2O):

3
be-p @ =y (4-44)
R56 2
—eVykicospy +eV, Ty [ —eVik,sing, (4-45)
2E, R E,

The second order effect is to be compensated so the RF phase of the
harmonic section should be chosen at decelerating crest.

In Figure 4.68 the severe effect on the longitudinal bunch distribution of a
compression scheme without X-band correction is shown for the BC1 SPARX
chicane.
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Figure 4.68: Energy profile, (left), longitudinal phase space (center),
and temporal profile (right), after L1 SPARX LINAC, prior to BC1
compressor, X-band switched ON (figure above) -OFF (figure below). Bunch
head at z<0,

4.3.9 Transverse beam dynamics

4.3.9.1 Bunch Compressor system (inside CSR)

The high value of the bunch peak current necessary for the SASE
experiment requires the bunch length compression taking place in magnetic
chicanes with the proper energy dependence of the particles’ path length:

Az = Ry GE |/ E,, (4-46)

where the momentum compaction R for a chicane made up of
rectangular bending magnets is expressed in equation (4-40), where the
symbol definitions are those expressed in Table 4.28 and the approximation is
valid for ultra relativistic particles and small bending angles. The second order
momentum compaction T_,_ of a rectangular bending magnet chicane with no

quadrupoles is Ts = —3/2 Ry [62, 64].
For very short bunches the coherent synchrotron radiation can

significantly worsen the transverse emittance by generating energy spread in
the dipoles.
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In our study we will consider the case of the steady state radiation of an
ultra relativistic particle in a long magnet, and we neglect the screening effects
of conducting walls [64, 65]. In such a case, the CSR wake fields is

2 1
wi(z) = 4z, R?” (32 ) for z>0 (4-47)

with R the magnet bending radius and w (2) = 0 for z < 0. It is important
to observe that, unlike the other wake fields, this radiation wake field is
localized in front of the generating charge. In the above equation we have
neglected the transient effects occurring at the entrance and at the exit of the
magnet.

The coupling CSR impedance is

L T(2/3) Yo )" ]
2(0)=2, 355 (\/§+{ ‘ Rj (4-48)

For a rms bunch length o, dipole length L, bend radius R (=L /8) and N
particles per bunch, from the above equations we can obtain the CSR-induced
energy rms relative energy spread per dipole for a Gaussian bunch under
steady state conditions is [65]:

Nr. L
o, ~022—<38
5 j/Rz/3O'4/3

z

(4-49)

where r_is the classical electron radius and y is the Lorentz energy factor.
The above formula is valid for a dipole magnet where the radiation shielding of
the conducting vacuum chamber is not significant, namely for a full vertical
vacuum chamber height h satisfying:

h>> (zoNR) = h (4-50)

c

Since the bunch length is reduced through the chicane the local energy
spread induced at each dipole increases especially at last one.

Emittance increase is due to the longitudinal CSR in the dispersion region
of the bunch compressor. The energy variation induced by the CSR on a particle
is transformed at the exit of a magnet in a deflection angle [66] and, as second
order effect, in a transverse displacement. The rms horizontal emittance after a
single chicane can be written as:
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do , do
Ax:be!dva(s)gds, Ax" = I Rzé(s)gds

& = 5}|p(av?)+ 2alaear) + (1+.a*far') [l ("))~ (axar)’ o)

= gl +2Le, A+ As” > (g, + As), ¢ >1

bends

where the R (s) and R, (s) are the transfer matrix elements from point s to
the last dipole end, a and B8 are the nominal Twiss parameters at the end of the
chicane and ¢, and ¢ are the initial and final rms horizontal emittance. The
second moments Ax and Ax” are ensemble averages over the entire bunch and ¢
is the Courant-Snyder invariant. In the ideal unshielded, steady state conditions

<M2><M'2>z<mm'>2and the relative emittance growth for the last bend of a

single chicane, using the previous equations and a constant Gaussian bunch
length o in the last magnet is:

“~ N
&y 36 yep

4
O-Z

2 5 5 5 2/3
g +(022) l"eN (|6| LBJ [LB(1+0(2)+9ﬂ2+60(ﬁLB] (4_52)

where 5N(E 75o)is the initial normalized (invariant) emittance. This is
nevertheless an underestimation of the emittance growth since it does not
introduce radiation effects in the chicane nor the time domain treatment
including field transients at the entrance and at the exit of the bends, its
relevance lies in the focusing of the main parameters involved in this effect.
More complete calculation of the CSR effect has been carried on trough the
three magnetic compressors BC1-3 with the help of codes like Elegant and
CSRtrack [56, 57]. The last is a 3D full-field treatment including x-z correlations
in the beam at high dispersion points, the space charge forces, longitudinal
and transverse forces. The results of the simulations for the three considered
input cases from photoinjector are reported in the following chapters

4.3.9.2 irst Bunch Compressor BC1

The first bunch compressor BC1 is a magnetic chicane designed to
compress the bunch length from T mm down to 200-300 pum. The four dipole
lattice has been chosen because it adds no net beamline angle or offset,
generates no chromaticity or high order dispersion (with rectangular bends)
since it contains no quadrupole magnets, and the R__ tuning is achieved with a
single power supply [62]. To counteract the space charge effects the energy has
been chosen around E=350 MeV. The transverse emittance dilution due to the
CSR (Coherent Synchrotron Radiation) effect has been minimized keeping the
bending angle below 8 degrees and providing a total length of about 5 m. In
Table 4.32 the BC1 parameter list is reported, while in Figure 4.69 the Twiss
parameters are shown. It has to be pointed out that the one-stage compression
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scheme has also been explored, i.e. compressing the beam only in BC2 from
900 to 90 pm, but it turns out so far that it is not possible without unbearably
diluting the beam transverse emittance, in agreement with the adopted

schemes for LCLS and FLASH [62,67].
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Figure 4.69: Twiss parameters for BC1 compressor chicane.

Table 4.32: Parameter list for the first bunch compressor BC1

Parameter Symbol Unit Value
Beam Energy E Gev  0.35
Initial rms bunch length ozj mm 0.9

Finale rms bunch length ozf mm  0.24
Rms total incoming energy spread a5 % 0.98
RMS uncorrelated relative energy spread osu 10-5 1.1

Momentum compaction R56 mm -61°
Second order momentum compaction T566 mm 92

Total chicane length Ltotal m 5.02
Length of each dipole magnet LB m 0.38
Length of drift between 15t and last two dipoles AL m 1.50
Length of drift between center two dipoles AlLc m 0.50
Bend angle of each dipole 6B/ deg 7.77
Maximum dispersion nmax! m 0.26
Projected CSR emittance dilution As_/[e % 30

4.3.9.3 Second Bunch Compressor BC2

The second bunch compressor BC2 is again a four-dipole magnetic
chicane that compresses the bunch length from 200+300 pm down to 70+100
pm, namely raising the average peak current up to |~ 1+1.2 kA. The chicane

y Bunch head at z< 0,
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parameters have been chosen in order to minimize the CSR contribution to the
transverse emittance dilution here more severe than in the BC1 case. The
momentum compaction is R_~ 22 mm for the considered case. In Table 4.33
the BC2 chicane parameters are reported, while in Figure 4.70 the Twiss
parameters are shown.

\
60 —= = =0 5
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Figure 4.70: Twiss parameters for BC2 compressor chicane.

Table 4.33: Twiss parameters for the second bunch compressor BC2

Parameter Symbol Unit Value
Beam Energy E GeV 0.53
Initial rms bunch length Ozj mm 0.24
Finale rms bunch length ozf mm 0.110
Rms total incoming energy spread ay % 0.60
RMS uncorrelated relative energy spread odu 10-5 0.5
Momentum compaction R56 mm -22.2°
Second order momentum compaction T566 mm 33.3
Total chicane length Ltotal m 15.18
Length of each dipole magnet LB m 0.38
Length of drift between 15t and last two AL m 6.84
dipoles

Length of drift between center two AlLc m 0.58
dipoles

Bend angle of each dipole 6B/ deg 2.30
Maximum dispersion nmax! m 0.29
Projected CSR emittance dilution Ae [e. % 24

181



SPARX-FEL Technical Design Report

Table 4.34:Parameter list for the third bunch compressor BC3

Parameter Symbol Unit Value
Beam Energy E GeV 1.44
Initial rms bunch length Ozj mm 0.242
Finale rms bunch length ozf mm  0.049
Rms total incoming energy spread o5 % 0.66
RMS uncorrelated relative energy spread osu 105 0.2
Momentum compaction R56 mm -30.1°
Second order momentum compaction T566 mm  45.3
Total chicane length Ltotal m 21.12
Length of each dipole magnet LB m 0.38
Length of drift between 15t and last two AL m 4.8
dipoles

Length of drift between center two dipoles Alc m 10.0
Bend angle of first and fourth dipole 6B/ deg 2.22
Bend angle of second and third dipole 6B/ deg 4.4
Maximum dispersion Inmax! m 0.19
Projected CSR emittance dilution Ae_ /¢, % 16

4.3.9.4 Third Bunch Compressor BC3

The third bunch compressor BC3 is a four-dipole magnetic chicane s-
shaped in such a way to compensate the transverse emittance dilution due to
the CSR effect [68,69]. The bunch length is reduced here down to 50+60 pm
and the peak current reaches the value |~ 2+2.5 kA. In Table 4.34 the BC3
chicane parameters are reported, while in Figure 4.71 the Twiss parameters are
shown.

4.3.10 Particle tracking 1D

The particles of the input beam from the SPARC photoinjector have been
tracked through the SPARX accelerator in order to optimize the working point
robustness and flexibility. Five codes have been used for this purpose: Litrack
[55], for the longitudinal beam dynamics analysis as reported before, Elegant
[56] for particle tracking with wake fields in the accelerating structures and 1-D
CSR effect approximation in the chicanes, CSRtrack and TStep [57,58] for
accurate 3-D CSR effect computation including space charge contribution. The
reference case for tracking is the 1nC charge, with velocity bunching applied at
photoinjector, namely compressing the beam only in BC2 or BC3 magnetic
compressors for 1.5 and 2.4 GeV extractions respectively. In Figure 4.72 the
beam rms size and bunch length are reported as obtained with Elegant
(Np=200 k) for the 1.5 GeV case at the exit of the DL1 dogleg. The 2.4 GeV
case is illustrated in Figure 4.73; in Figure 4.74 and Figure 4.75 the slice
analysis is shown for the two energy beams.
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Figure 4.71: Twiss parameters for BC3 compressor chicane.
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Different input cases have been studied varying the final energy around

the central value or the input beam charge and in Table 4.35 the results are
reported.

Table 4.35: Sparx output beam parameters in the energy range of 1-

2.4 GeV. The final rms bunch length o, the horizontal normalized
emittance & , the energy spread o5 and the peak current |, are reported
together with the three compressor bending angles

Energy o € O » Os I, 0, 0, 0
final slice slice
(GeV)  (um) (prad) (%)  (prad) (%) (kA)  (m  (m (m
rad) rad) rad)
1nC RFc 1.5- 2.4 GeV central
0.96 107 1.8 0.20 0.9 0.01 1.50 O 40.5
0
1.20 110 1.6 0.15 0.9 <0.02 1.40 O 40.5
0
1.56 110 1.5 0.11 0.9 0.01 140 O 40.5
0
2.40 50 1.5 0.25 0.9 0.03 250 O 0 38.7
0
50pC RFc 1.5 GeV central
1.5 13 0.6 0.04 0.5 0.03 0.6 0 41.8
0

It is worthwhile to notice that in each output case the horizontal

normalized slice emittance is kept below the 1 mm-mrad value, and that the
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slice energy spread lies around the 0.01+0.02 % in the beam brightness region
of interest.
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Figure 4.72: Longitudinal output beam features at the dogleg exit at
1.5 GeV; input beam: SPARC with velocity bunching I~300A. From the left:
energy spread, energy and current distribution.

rMms=0.255 7% E,=2.4 GeV rms=0.0493 mm
R e e ; ; ; ; ; ; ‘ ;
1.0 - 1.0 3.0
0.8 é 0.8 2.5
I o8 2.0
8 04l =— ¥ o4 2
oF = W =15
~N = ~ &
g o2 = — g 02 —
= 1.0
0.0 — 0.0
- 0‘5
02| —/—— -0.2
: 0.0 “ ‘
-0.4 L L L L L L L -0.4 L L L L L L L L
0 1000 2000 3000 4000 500D 600D ~0.05 0.00 0.05 0.10 ~0.05 0.00 0.05 0.10
N z (mm) z (mm)

Figure 4.73: Longitudinal output beam features at the dogleg exit at
2.4 GeV; input beam: SPARC with velocity bunching 1~300A. From the left:
energy spread, energy and current distribution.
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Figure 4.74: Output beam features at the dogleg exit at 1.5 GeV;
input beam: SPARC with velocity bunching I~300A. Top left: transverse
phase space, Top right: particle distribution in phase and energy. Bottom
left: slice analysis of energy spread, current and transverse emittance,
Bottom right: beam brightness and energy spread.
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Figure 4.75: Output beam features at the dogleg exit at 2.4 GeV; input
beam: SPARC with velocity bunching 1~300A. Top left: transverse phase
space, Top right: particle distribution in phase and energy. Bottom left:

slice analysis of energy spread, current and transverse emittance, Bottom
right: beam brightness and energy spread.

4.3.11 Particle tracking 3D-1D comparison

Starting from the exit of the injector the SPARX accelerator has been
optimized by using the ELEGANT code [56] that is able to track the particles
with longitudinal and transverse wakes in the accelerating structures and 1-D
CSR effects approximations in the chicanes, but doesn’t take into account the
effect of space charge, usually assumed negligible above the energy of 150
MeV due to the 1/y? space charge suppression factor. Nevertheless especially
when a hybrid RF-magnetic compressor scheme is employed space charge
effects together with CSR in the magnetic compressors can affect the beam
quality also in the high energy part. In order to evaluate accurately these
collective effects other two codes have been used CSRTRACK [56] and TStep
[58], both able to handle space charge and CSR affects using different models.
The capabilities and limitations of the three codes are summarized in Table
4.36.
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Table 4.36: Simulation codes employed in the SPARX accelerator

design
Code Space CSR Longitudinal Transverse
charge wakes in the wakes in the
accelerating accelerating
structures structures
ELEGANT No Yes Yes Yes
(1D model)
TSTEP Yes Yes Yes No
(3D) (1D model)
CSRTRACK Yes Yes No No
(3D) (3D model)

TStep code is the last evolution of the LANL version of PARMELA code with
a much improved space charge 3D calculation characterized by the use of the
shifted integrated Green function method according to the description of ref.
[70], that allows to reduce the sensitivity to the very large aspect ratios
assumed by the beam at high energy in the rest frame where the space charge
fields calculation is done according to the “static approximation” on a Cartesian
grid. Besides space charge effects TStep includes longitudinal wake functions in
the accelerating structures and for the CSR uses the same approximation
employed in ELEGANT based on the Saldin 1-D model [71].

A more accurate evaluation of the CSR in the beam dynamics is done by
CSRTRACK code that works with three main tracking algorithms: (1) a fast one-
dimensional projection method, (2) a more accurate 3D calculation based on a
sub-bunch test with a Green’s function method and (3) a point-to-point (p-p)
algorithm keeping into account all the retarded potentials. The CSRTRACK
simulations for the SPARX accelerator used the 3D method, that is hundred
times faster then the point-to-point (p-p) algorithm and, by using a convolution
[72] to reduce the 3D integration of retarded source (spherical Gaussian sub-
bunch) to a 1D integral, is able to manage ten times more macro particles than
the p-p algorithm.

Being the accelerating structures not implemented in CSRTRACK this code
has been used only in the compressor chicanes and in the drifts immediately
following the magnets, using as input the particles coordinates computed by
TStep in the rest of the accelerator.

The simulations reported in this paragraph refer to the high charge
working point (1 nC) with RF compression occurring in the photoinjector and
have been based for all the three codes on 50K macro-particle beam. The RF-
compressed 300 A beam has been transported up to the exit of BC2, where the
magnetic compression is done before the final acceleration to a maximum
energy of 1.5 GeV foreseen for the first part of SPARX.

The results of TStep computations in Figure 4.76a show that CSR in the
laser-heater magnets give an emittance growth in the horizontal plane and that
emittance oscillations due to residual space charge effects are visible up to an
energy around 400 MeV inside LINAC-2. The further increase of emittance up to
1.6 mm-mrad in the 8 m drift between LINAC2 and BC2 is not due to space
charge but to a chromatic effect (particles with different energies receive
different kicks in the quadrupole) in the strong horizontal focusing of a
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quadrupole placed at z~64 m (this effect is not taken into account by
ELEGANT), as it can be seen in the plot of Figure 4.76b where the comparison
between space charge on and off in this region shows that an increase of
emittance up to 1.6 mm-mrad is present also in absence of space charge
effects. An adjustment of the optics in this drift space with a reduction of this
quadrupole strength can avoid this additional emittance growth.
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Figure 4.76: TStep beam transport from the injector exit up to BC2

entrance: (a) evolution of beam transverse emittance and energy vs z (b)

beam envelopes and emittance evolution vs z in the drift between LINAC-2
and BC2 with space charge on and off.

Figure 4.77 compares the behavior of the horizontal emittance in BC2 as
computed in the ELEGANT design with the results obtained with CSRTRACK
with and without CSR effects. CSRTRACK computation started from the particle
coordinates computed by TStep taking into account the evolution of the beam
(including space charge effects) in the whole previous part of the accelerator,
whilst ELEGANT starts from the coordinates at the injector output. CSRTRACK
with CSR effect included and gives at the output of BC2 an emittance of 2.1
mm-mrad instead of the ELEGANT value of 1.5 mm-mrad.
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Figure 4.77: Horizontal emittance behavior in the BC2 region:
comparison between CSRTRACK results with SC+CSR on and ELEGANT

The analysis of the emittance behavior along the LINAC performed with
the different codes described above points out the relevance of the space
charge effect contribution to the beam dynamics: this is due to the fact that
trough all the SPARX LINAC the beam experiences a continuous transition
between the space charge to the emittance dominated regime. Nevertheless the
differences in the horizontal emittance values, as coming from the simulation
results, do not seem so severe to affect the performance of the SPARX FEL. A
further optimization is in progress looking also at the slice emittance evolution
through the LINAC channel.

4.3.12 Microbunching instability

Longitudinal space charge (LCS) in the LINAC structures causes an energy
modulation that is converted in longitudinal modulation in the magnetic
compressor. Due to the CSR effect, this longitudinal modulation is amplified
and can cause the microbunching instability. The effect of the microbunching
has been evaluated either by the linear theory [73] or by the use of a Vlasov
solver in 2D phase space [74]. By considering a LINAC from 150 to 540 MeV
where the LSC acts and then the BC2 compressor, with a transverse beam size
of 0.4 mm and an emittance of 10°® mm mrad, the linear theory predicts a gain
of a given initial wavelength modulation as reported in Figure 4.78.
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Figure 4.78: Modulation gain in BC2 compressor due to CSR and LCS
effects.

To counteract this effect, i.e. to rise the value of the uncorrelated energy
spread a small laser heater chicane is foreseen upstream the L1 LINAC (Ex150
MeV) [50]. In Table 4.37 the parameter list is reported for a laser heather
chicane suitable to be inserted before LINAC 1 and presently under study. The
study on the instability effectiveness and on the beam “heating” optimization is
in progress exploring also other remedy possibilities.

Table 4.37: Laser heater chicane parameter list

Parameter Symbol Unit Value
Beam Energy E GeV 0.15
Total chicane length Ltotal m 1.90
Length of each dipole magnet LB m 0.10
Length of drift between 15t and last two AL m 0.15
dipoles

Length of drift between center two ALc m 0.80
dipoles

Bend angle of each dipole 6B/ deg 6
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4.4 Transfer Lines

4.4.1 Introduction

In this section we give a short description of the design guidelines for
the beam transfer lines which transport the beam from the LINAC to the
undulators.

Two different energies are foreseen for SPARX operation, and three
undulator lines will be fitted in the same hall.

The low energy beam at 1.5 GeV is extracted from the LINAC with an
almost isochronous dogleg towards a long transfer line which runs parallel to
the high energy part of the LINAC and which splits into two branches injecting
the beam into two undulators, named hereafter U1 and U2.

The last part of the LINAC further compresses and accelerates the beam
to higher energy (2.4 GeV). The transfer line which extracts this beam is again
divided into two different branches injecting in the undulator U2 and in the
third undulator U3.

All the lines are therefore displaced from the LINAC main axes in order to
protect the undulators from potential beam halo and dark currents.
Furthermore, this arrangement allows to add more accelerating structures, in a
further construction phase, to increase the beam energy.

Figure 4.79 shows a schematic layout of the transport lines.
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Figure 4.79: Schematic layout of the whole transport line complex. The
transverse element dimension are not to scale.

Requirements for the beam transport are essentially the same for the
low and the high energy lines.

The transport lines should keep the bunch length and peak current
unchanged, that is, they should be nearly isochronous. The path length
deviation ds, for electrons moving on a curved trajectory, can be expressed in
linear approximation by:
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ds = Ry — (4-53)

where RSG:In(s)/pds is the first order momentum transfer matrix

element relating position and energy spread, depends on the bending radius
p of the dipole magnets and the (first order) dispersion function 7.

To be isochronous, the beam transport lines should have a small or
vanishing Rg5g; Chasman-Green [75] type cells are used in order to have very

little path length energy dependence. Each period of the Chasman-Green
lattice contains focusing quadrupoles magnets symmetrically located between
a pair of identical dipoles. The horizontal dispersion function reaches a
maximum in the center of each cell and it reverses sign in half of the bends.

The use of a double bend achromat lattice allows to generate minimal
emittance dilution due to synchrotron radiation too. The FEL process requires
high brilliance electron beams with an extremely high peak current, high
electron density with a small energy spread and a low transverse emittance.
However in the bends of the doglegs, the extremely short bunches emit
synchrotron radiation which superimposes coherently with the already emitted
synchrotron radiation when the radiation wavelength exceeds the electron
bunch length. An infra-red radiation field is so built up in the dipole magnets,
travelling faster than the electrons: this radiation overtakes the previous
bunch and can so interact with the electrons and generate a position
dependent momentum modulation. In a 1-dimensional approximation we
have:

d v S
Lot [w, (s —5)A(s")ds' (4-54)
dS s—pp® 124
2 0 1
w,, (s—s") = (4-55)

- (3,02)1/3 g(s—s')m

where p is the magnet bending angle, ¢ is the passed angle, w_ the

CSR wake function and A(s) the longitudinal charge density. The CSR induced

momentum modulation in the dispersive section changes instantaneously the

reference trajectory of the electron beam and the electrons start to perform

betatron oscillations equivalent to an increase in the single particle emittance.
The resulting CSR induced emittance growth can be estimated from:

de(s) ., = H(s)dp(s)/ p)., (4-56)
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As,, = [H(s)(dp(s)/ p)., ds (4-57)

H(s) = y(s)n(s)” +2a(s)n(s)n'(s) + B(s)n'(s)® (4-58)

where o, f, y are the Twiss parameters.

To avoid strong CSR induced emittance dilutions in the SPARX transfer
lines only weak dipole magnets have been used, with a maximum bending
angle of 1.4°, and the dogleg optics have been designed to keep the
dispersion and the beta function in the magnets as small as possible.

The CSR effects along the lines have been studied with the simulation
code ELEGANT, which takes into account the effects within the 1-D model
introduced above.

All the lines end with a flexible beta-matching section for the undulator-
input.

All dipoles are C type and all have the same magnetic length.

There are three types of quadrupoles, depending on the space
constraints. Where there are no interferences among the lines the quadrupoles
have a simple design, as shown in paragraph 5.4. For those quadrupoles
placed in the zones where two beam lines are nearer than 10 cm the two lines
will be fitted inside the poles, which will be slightly separated, while when the
distance is larger than 10 cm thin and long magnets will be used. For the
optical design up to now all quadrupoles are considered equivalent, with a
magnetic length of 30 cm.

4.4.2 Low energy transfer lines

The low energy line (DL1) transport the 1.5 GeV beam from the LINAC
to the Undulators UT and U2.

4.4.2.1 Dogleg and FODO line

The first part of the line is a double-bend dog-leg which displaces it
about 95 cm horizontally from the main LINAC axis (see Figure 4.80).

It is then followed by a straight section, about 100m long, composed by
two matching sections at both ends and a central FODO lattice. Figure 4.80
shows the detail of the layout, while Figure 4.81 a and b show the betatron
and the dispersion function respectively. The small bending angle of each
dipole (24.5 mrad) and the lattice optics produce an R,, of only -0.146 mm.

The effect of the second order momentum compaction T, is even less. It can

be seen in the figure that the horizontal betatron function in all dipoles is
small. One triplet before and one after ensure the matching with the LINAC
and the FODO respectively.
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Figure 4.80: Schematic layout of the low energy dogleg with the
initial part of the FODO line.
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Figure 4.81: Betatron functions (a) and Dispersion function (b) in the

low-energy dogleg.

4.4.2.2 DLI-UI and DL1-U2

After the FODO line a matching section precedes a double bend
achromat which takes the beam to the undulator Ul. When the achromat is
switched off the beam goes straight to the undulator U2. Matching sections
are in front of each undulator entrance. The matching section of U2 is shared
by the low and high energy beams. Figure 4.82 shows a schematic layout, and
the last part of the line coming from the high energy part is also shown.

The global first order momentum compaction is about -0.171 mm for
the DL1-U1, with a second order momentum compaction of -0.024 m.

The dispersion and beta functions along the low energy lines are shown in
Figure 4.83 and Figure 4.84 for the DL1-U1 and the DL1-U2.

194



SPARX-FEL Technical Design Report

-0.5 T \\\\D\drz T T
I [ ] 1 HHJZH g o2 U2
A I LN I AR 1
s FODO H\H
51 DL1 U1 H b
~U1
2 | | | | | | |
-20 -10 0 10 20 30 40 50
Z(m)
Figure 4.82: Schematic layout of the low energy lines DL1-U1 and
DL1-U2.
e R
) L 1L S R RIS
50. Win32 version 8.51/15 18/07/08 12.18.43 0.20 Win32 version 8.51/15 18/07/08 12.18.43
51 B By ors ] D. D
40. :
351 0.10 -
30. 0.05
’é\ 25. 0.0 1 M Avq\i
R ?g “‘ -0.05 4
@ 1 -0.10
5. -0.15
0.0 -0.20
0.0 0.0  20. 40. 60. 80. 100. 120. 140. 160.
s(m)
S (m) S (m)
a) b)
Figure 4.83: Optical functions of DL1-1from the LINAC to the
undulator U1.
Bltlgllt 11 1 1]
LI e e e e e e MR 1T 1 T T 1T 1
DLI-U2 DLI-U2
50, Win32 version 8.51/15 18/07/08 12.21.28 0.20 Win32 version 8.51/15 18/07/08 12.21.28
45. 015 ] D. D
jg' DQ' 0.10
50: R - 0.05
= 251 /é\ 0.0 M
é 20. “\ ~  .005
15. 4
Q o Iy O o]
5 -0.15 4
0.0 -0.20 v T T v T v v
0.0 160. 0.0 20. 40. 60. 80. 100. 120. 140. 160.
S (m)
a) b)

Figure 4.84: Optical functions of DLI1-2 from the LINAC to the
undulator U2.

In Figure 4.85 the RMS normalized horizontal emittance along the low
energy line is shown. The CSR induced horizontal emittance dilution, computed
with ELEGANT, is negligible.
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Figure 4.85: Normalized horizontal emittance along low energy line
DL1-U1 (a) and DL1-U2 (b). The point s=0 is the end of the LINAC.
The main DL1 parameters are summarized in Table 4.38:
Table 4.38: DL1 parameters

Parameter Symbol Unit Value
Beam energy E GeV 1.5
DL1 total horizontal deflection Ax m 0.95
DL1-U1 total horizontal deflection 0, deg 2
(sum of six bends)
DL1-U1 total horizontal deflection Ax m 1.79
DL1-U2 total horizontal deflection 0, deg 0
(sum of four bends)
DL1-U2 total horizontal deflection Ax m 0.95
RMS bunch length . mm 0.11
RMS energy spread DL1-U1 o % 1.110°
RMS energy spread DL1-U2 o % 1103
DL1-U1 Rgg R mm -0.171
DL1-U2 R5g R mm -0.146
DL1-U1 second order T5g6 Tyee m -0.024
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DL1-U2 second order T5g6

Length of each dipole magnet

DL1-U1 total length

DL1-U2 total length

Bend angle for each of first four DLI-

U1 dipoles

Bend angle for each of last two DL1-U1
dipoles

Bend angle of each DL1-U2 dipole
Maximum DL1-U1 dispersion
Maximum DL1-U2 dispersion

DL1-1  projected CSR emittance
dilution

DL1-2 projected CSR emittance
dilution

Total number of quadrupoles in DL1-
U1 plus DL1-U2

Maximum integrated normalized
gradient
Average integrated normalized
gradient

Ty m -0.021
L m 0.375
L m 153.86
L m 145.99
|93| deg 1.4
|93| deg 1
|93| deg 1.4
|,7max m 0.147
|,7max m 0.147
Ae,, e, % 0
Ae,, /g, % 0

38
kLl m 0.948
kL.l m 0.307

4.4.3 High energy transfer lines

The high energy beam transport line extracts the beam at 2.4 GeV and
leads it to undulator U2 and U3. The line is splitted in two branches: the DL2-
U3 goes to undulator U3 with a single achromat, while the DL2-U2 transports
the beam to the undulator 2 matching section, shared with the low energy line.
Figure 4.86 shows a schematic layout of the lines, and the interference with the

low energy ones.
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Figure 4.86: Schematic layout of the high energy lines DL2-U2 and

DL2-U3.

4.4.3.1 DL2-U2 and DL2-U3

The DL2-U3 gives the beam an angle of 1° with respect with the main
axis. A 29 m long lattice leads then the beam to undulator U3 with the required
beta and alpha functions. The first bending magnet of the DL2-U3 achromat is
shared with the high energy line to U2, that leads the beam to the central
undulator matching section with a double bend achromat lattice.

A triplet before the first dipole ensures the matching with the LINAC in the
two cases.

The global first order R5g is about -0.007 mm for the DL2-U3, and -
0.074 mm for the DL2-U2 with a second order T5gg of -0.0013 m and -0.0047
m respectively.

The dispersion and beta functions along the high energy lines are shown
in Figure 4.87 and Figure 4.88 for the DL2-U2 and the DL2-U3, while Figure
4.89 shows the horizontal normalized emittance along the two lines computed
by ELEGANT.
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Figure 4.87: Optical functions along high energy line DL2-U2.
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Figure 4.89: Normalized horizontal emittance along high energy line DL2-

U2 (a) and DL2-U3 (b). The point s=0 is the end of the LINAC.

The main DL2 parameters are summarized in

Table 4.39:
Table 4.39: DL2 parameters

Parameter Symbol Unit Value
Beam energy E GeV 2.4
DL2-U2 total horizontal deflection (sum of two 0, deg 2
bends)
DL2-U2 total horizontal deflection Ax m 0.95
DL2-U3 total horizontal deflection (sum of two ¢, deg 1
bends)
DL2-U3 total horizontal deflection Ax 0.7
RMS bunch length o mm 0.049
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RMS energy spread DL2-U2 o % 2.46 10°
RMS energy spread DL2-U3 o % 2.48 103
DL2-U2 Rs6 Ry, mm -0.074
DL2-U3 Rgg Ry, mm -0.007
DL2-U2 second order T5g6 Tye m -0.0047
DL2-U3 second order T5g6 Ty m -0.0013
Length of each dipole magnet L m 0.375
DL2-U2 total length L m 47.8
DL2-U3 total length L m 56.4
Bend angle of each DL2-U2 dipole |93| deg 1

Bend angle of each DL2-U3 dipole |93| deg 0.5
Maximum DL2-U2 dispersion |77max m 0.04
Maximum DL2-U3 dispersion |,7max m 0.04
DL2-U2 projected CSR emittance dilution Ae,, e, % 3.4
DL2-U3 projected CSR emittance dilution Ae, g, % 1.6
Total number of quadrupoles in DL2-U2 plus - - 29
DL2-U3

Maximum integrated normalized gradient |k1*Lmag| m-' 0.78
Average integrated normalized gradient Ik]*Lmagl m 0.37

4.5 Seed sources based on high-order harmonic generation
in gas

High-Order Harmonic Generation (HHG) in gases is one of the most
promising methods for generating ultrashort pulses of coherent radiation in
the XUV (30-300 eV) - soft X (300-3000 eV) region of the spectrum, to seed
short wavelength Free Electron Lasers. High-Order harmonics (HH) result from
the strong, non-linear optical response induced in the target (for instance a
noble gas) by the focused intense electromagnetic field of an ultra-short,
intense "pump" laser pulse. The process can be understood in terms of the
three-step semi-classical model [76, 77] illustrated in Figure 4.67.
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Figure 4.90: Three-step semi-classical model: a) initial state of the gas
atom at zero field, V. : Coulomb potential, I, : ionization potential; b)
electron tunneling induced by the laser electric field; c) electron
acceleration back to the parent ion and gain of kinetic energy E¢; d)
radiative recombination and emission of a XUV burst.
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Figure 4.91: High-Order Harmonics spectrum in Neon.

As the external electromagnetic field strength is comparable to the atomic
Coulomb field, the atom ionizes by tunnelling of electrons. The ejected
electrons, far from the core, are then accelerated in the external laser field and
gain a kinetic energy EC. Those which are driven back close to the core can
either be scattered or can recombine to the ground state emitting a burst of
XUV photons every half-optical cycle. Correspondingly, the harmonic spectrum
(see Figure 4.91) includes the odd harmonics of the fundamental laser
frequency. The characteristic distribution of intensities is almost constant with
harmonic order in the "plateau” region where, depending on the generating
gas, the conversion efficiency varies in the range 10-4-10-7. For higher orders,
the conversion efficiency decreases rapidly in the "cut-off" region. The upper
spectral limit is given by the so-called “cut-off [aw”, E..op= hVeworr = Ip + 3.17 Up,
where I is the gas ionization potential and Uy oc1/12pump is the ponderomotive
potential (/ the focused intensity, 4,.,, the wavelength of the pump). According
to the three-step model and the cut-off law, the higher the ionization potential
of the gas target (thus the higher the laser intensity which can be applied
without ionizing the atom), the higher is the cut-off energy. Moreover, for the
same gas target and laser intensity, longer pump wavelengths correspond
larger cut-off extensions.

High-Order harmonics of an ultrashort laser pulse show high temporal
[78] and spatial [79] coherence and are characterized by a time duration
shorter than that of the driving source. Single XUV pulses with 130 attosecond
duration have been recently produced and measured by exploiting a
polarization gating technique [80]. At a longer temporal scale, XUV pulses with
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durations ranging from 8 to 13 femtoseconds have been generated by spectral
selection of a single harmonic with a suitable time-compensated
monochromator [81].

Unfortunately, HH sources are inherently inefficient; among all the
electron trajectories starting from the atom at ionization time, few of them
collide back with the parent ion and emit radiation. For this reason,
exploitating HHG for FEL seeding requires powerful laser sources and suitable
techniques to boost the XUV emission to the required peak powers. Among the
numerous techniques proposed for the optimization of HH yield [82], one can
cite the coupling of the drive laser beam to corrugated capillaries [83], the use
of two-colour laser pulses [84], the use of mixed gases as target [85], the
spatial [86] and temporal [87] optimization of the drive laser by suitable optical
shapers, and the interference of counter-propagating laser pulses in the
gaseous target [88].

At the moment, the largest HH energies have been achieved by exploiting
the loose focusing of a powerful drive laser in a static gas cell [89].:

e 1) pulses have been generated at the 15" harmonic (54 nm) in
xenon using 15-mJ, 35 fs laser pulses from a Ti:Sapphire source at
800 nm [90];

e 0.3y pulses have been generated at the 27" harmonic (29.6 nm) in
argon using almost the same laser pulses [91];

e 25n) pulses have been generated at the 59" harmonic (13.5 nm) in
neon using 50-mJ, 30 fs pulses from a Ti:Sapphire laser with
wavefront correction of the drive beam [92].

Thus the loose focusing technique appears to be a natural candidate for
XUV seeding in SPARX.

4.5.1 Scaling laws for efficient High-Order Harmonic Generation.

To achieve the required peak power for XUV seeding, the HHG process
must be properly optimized. The main parameters governing the harmonic
generation that must be optimized can be outlined as follows:

i) Drive laser source and operating wavelength (pump.

Although not yet completely addressed in the literature, the dependence
of harmonic yield on the laser wavelength (pump appears to scale as (-5.5pump
at constant laser intensity and target ionization potential [93]. Thus, with
respect to wavelengths in the plateau region, shorter (pump seems more
suitable for larger XUV yield. In contrast, the cut-off law states that longer
(pump allows extending the spectral cut-off; thus a compromise between the
two requirements must be chosen. Ti:Sapphire sources (working at 800 nm)
provide a good compromise between spectral HH extension and yield.

It is worth noting that a new class of laser sources, based on parametric
processes pumped by Ti:Sapphire lasers in nonlinear crystals, have recently
emerged. Such sources show large tunability and flexibility and are already
suitable for HHG [94], though limited at the moment to the millijoule energy
level. Indeed, scaling parametric sources to tens of millijoules and more, as
required by HHG in loose focusing, needs completely different approaches such
as the Optical Parametric Chirped Pulse Amplification (OPCPA) technique. That
goal is demanding, but is already in the development stage [95]. At the
moment, Ti:Sapphire lasers are the more reliable, mature, and stable sources
suitable for the FEL seeding application.
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i) Gas target.

The XUV emission strongly depends on the nature of the target: as a
general rule, the lower the atomic ionization potential, the higher is the
polarizability of the target and the emission yield of harmonics. Nevertheless,
large ionization rates should be avoided. Therefore, one must compromise
between maximum ionization and harmonic yield. According to references [83-
92], Xenon and Krypton are good choices for HHG in the 50-80 nm region;
Argon is the best candidate for XUV emission in the 25-50 nm spectral band,
and Ne should be considered for wavelengths between 10 and 25 nm.

iii) Coherence length L,

HHG is a coherent generation process; thus the XUV field amplitudes (not
the emitted intensities) emerging from different regions of the laser-excited
medium add up along the propagation direction. Maximizing the seed peak
power requires constructive interference among all these contributions. The
coherence length L is the distance beyond which the XUV contributions no
longer interfere constructlvely For this reason, L , must be of the same order
of magnitude as the length of the generating medlum L .. When this condition
is satisfied and the absorptlon is negligible, the number of emitted XUV
photons scales as SL__?p?, where S is the laser beam spot area and p is the gas
pressure [96]. The coherence length depends strongly on the laser beam profile
and intensity, the focusing geometry, the target nature and ionization level,
and the laser wavelength.

Harmonic yield cannot be improved by arbitrarily increasing the product
L. p. Indeed in such case the coherence length decreases [96] and the
absorptlon of the medium increases. The increase of HH energy can instead be
obtained by increasing the laser beam spot area S. Since the laser peak
intensity must be kept at an optimal level, this scaling must be achieved by an
increase of the laser pulse energy.

iv) lonization level and laser pulse duration.

In general, L is maximized when a low ionization level (lower than 5%) is
present in the target; ionization must also be minimized to reduce the medium
depletion, which lowers the efficiency of the drive laser pulse. For a constant
peak laser intensity and a fixed target, a lower ionization level is achieved for
shorter laser pulse durations [97].

The low ionization condition cannot be satisfied, even in gases like Neon
or Helium, when very high harmonics (namely, for XUV emission below 10 nm)
must be generated, since higher laser intensities are required (see the
aforementioned cut-off law). For this reason, suitable techniques for phase
matching improvement must be applied for efficient very-high-order harmonic
generation [82,83,88].

v) Absorption length L

As XUV radiation is absorbed by the generating medium, the HH yield
does not benefit from a medium length L longer than a few times the
absorption length L ; beyond such a value, the yield saturates [96,98]. For a
gas target with a pressure of 1 torr, L (in the XUV spectral region) is of the
order of few centimetres.
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4.5.2 Generation and transport of the seeding radiation

4.5.2.1 Design of the seeding source.

The parameters governing high-order harmonic generation (HHG) must be
properly chosen to provide simultaneously a good XUV emission yield, a small
divergence, and a smooth XUV beam profile to be delivered to the FEL.

This optimization should be performed experimentally, since it is strongly
sensitive to the laser beam profile, temporal pulse duration, central
wavelength, pulse energy and focusing conditions.

While a preliminary optimization can be performed numerically, the
computational load required for a full numerical simulation [99,100,101] is
huge and precludes a complete numerical optimization of the XUV output
across the all the spatial, spectral and temporal domains for medium lengths
longer than few millimetres. A partial pre-optimization can be performed in the
spatial domain, determining the optimal phase matching conditions and
treating the XUV emission as a continuous-wave generation process [102]. The
results of such simulations must be considered only as guidelines for the
experimental optimization.

As previously mentioned, the generation of high-order harmonics in a gas
cell is the most convenient technique for FEL seeding: it provides larger XUV
intensity and a more stable XUV energy level with respect to gas jets since it
avoids target density fluctuations. It is also more reliable in comparison with
the XUV generation in straight or corrugated capillaries, since it is less sensitive
to misalignment of the laser beam. For these reasons, the HHG FEL seeder will
consist of a static gas cell (length L,.,) containing the gas target at pressure p,
in which the drive laser beam propagates through small apertures. The cell
input is located downstream of the laser focus (where the intensity beam radius
is w, at 1/¢°), at a distance zmpu from the focal point. This choice allows one to
select only the portion of XUV emission well collimated along the propagation
direction.

The SPARX design will be limited to a seeder operating at about 30 nm;
the following guidelines will be considered:

a) drive laser wavelength: 4,,,, = 800 nm (Ti:Sapphire source);

b) gas target and pressure: Argon, p < 10 torr [96];

b) laser pulse duration at full with half maximum of intensity (gaussian
envelope): 7, =35 fs;

¢) gaussian laser beam profile;

d) maximum laser intensity on target I, : corresponding to a maximum
ionization level n = 4% in the target [96];

e) minimum laser intensity on target: 7,,, > I, , where I, is the cut-off
intensity for the chosen seed harmonic. This condition imposes inside the gas
target a laser intensity that always exceeds the minimum value required for the
seed generation;

f) laser focusing: focal lengths /< 8 m (for practical reasons).

Table 4.40 shows a set of parameters, corresponding to a laser pulse

energy E = 7m] focused by a lens with / = 5 m focal length, assuming an initial
beam diameter D = ] cm at 1/¢° of the intensity profile:

Table 4.40: Laser parameters for XUV FEL seeding at 29.63 nm.
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I I I Cut- A, HH p w, L., z_.
off

W/cm’ W/enm? W/cm* nm nm torv -um cm cm

1.810" 1.510* 1.410* 24 29.6 27th 0.1 250 6 6

These conditions correspond to a coherence length L., ~ 3 ¢cm and an
absorption length, L., >> L,...

Through numerical simulations these parameters were optimized in the
spatial domain, to achieve the smallest XUV beam divergence and a smooth
intensity profile. The resulting harmonic field profile 4,7) was determined
according to the relation [102]:

A 2] 170, 2) explitr,2) exp [%bd] 2

where g = 27 is the harmonic order, m = 5 accounts for the laser intensity
dependence of the nonlinear dipole emission [102]. @z is the phase
mismatch accumulated along the propagation direction, owing to the
dispersion of neutral atoms and plasma, the focusing geometry and the
intrinsic nonlinear dipole phase [102].

Figure 4.92 (left panel) shows the calculated intensity profile of the XUV
beam at the 27*" harmonic (29.63 nm); at the output of the gas cell the XUV
beam diameter is about 100 um at FWHM of the intensity profile; the far field
divergence (shown in the right panel) is lower than 0.7 mrad FWHM.
Experimental results reported in the literature are in agreement with the
simulated beam diameter and divergence [96].
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Figure 4.92: Calculated XUV beam profile (left) and divergence (right)
at 29.63 nm at the output of the Argon cell.

The parameters reported in Table 4.40 are only as a starting point for an
experimental optimization of the XUV emission as a function of laser energy
and focusing condition as well as of the gas pressure.

4.5.2.2 Beamline for conditioning and transport of the seeding

The radiation generated by the seeding source will be delivered to the
Free Electron Laser through a suitable beamline that has to perform the
following tasks:

- Separation of the IR pump beam from the XUV beam
- Possible monochromatization of the seeding beam
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- Alignment of the seeding beam with the undulator sections
- Focusing of the seeding beam
In the following, the tasks will be analyzed separately.

a) Separation of the IR pump beam from the XUV beam

As the high-energy IR pump beam co-propagates with the generated XUV
radiation and may damage the XUV optics of the beamline or disturb the
experiment, it must be blocked by a suitable beam separator before being
focused. The main requirements for the separation system are: high damage
threshold, high attenuation of the pump pulse, and high throughput in the XUV
spectral region.

A simple method to separate the IR laser beam from the XUV radiation is
to use a thin metal foil which is opaque to the visible and IR and partially
transparent in the XUV: such a filter typically consists of a foil with thickness of
few hundred nanometers deposited on an electroformed nickel mesh [103].
The most commonly used materials are aluminum, zirconium and palladium.
The filter transmits XUV radiation (the typical transmission is ~0.5) and
attenuates the visible and near-IR radiation by a factor 10°-107. However, the
damage threshold for a 150-nm-thick Al filter is about 40 mJ/cm? for a 5-ns
laser pulse (i.e. 8-10° W/cm?). Therefore, this method can be applied only for
low-intensity pulses.

High-throughput, high-damage-threshold beam separation has recently
been demonstrated by using two plane plates set at the Brewster angle with
respect to the pump wavelength [104,105]. The XUV light is reflected toward
the experiment, while the IR pump pulse, that is linearly polarized, is
attenuated. For radiation at wavelengths longer than 30 nm generated by a
Ti:Sapphire laser system centred at 800 nm, silicon plates at 75" are used with
a transmission of about 0.5 in the XUV and attenuation of the IR beam of 10+
[102]. For wavelengths in the 10-30 nm region, the beam separator is realized
by two silicon plates coated by a 10-nm-thick niobium nitride film and operated
at 78, with a transmission exceeding 0.4 in the 13-18 nm region and an
attenuation of 102 [105]. The beam splitters have been proved to have a
damage threshold of at least 0.8 TW/cm? for a 30-fs pump pulse. The two-plate
design is simple to align, can be operated over a broad spectral region with
high throughput, and does not alter the phase of the XUV pulse. Unfortunately
it has been applied only for wavelengths longer than 10 nm. In fact, applying
the same design to the 3-10 nm region requires operating the optics at a
significantly higher incidence angle (=84°-87°) to guarantee high throughput. At
present, no material has been suitable for operation at such extreme incidence
angles with almost zero reflectivity in the near-IR for linearly polarized light.

A method that can be applied for radiation below 10 nm is the use of two
plane gratings at grazing incidence in a compensated configuration [106]. The
first grating acts as the beam separator: it diffracts the XUV light into the first
order while reflects the visible and near-IR light into the zero order. The zero-
order light can then be stopped after the grating by a suitable light trap. The
diffracted light impinges on a second grating that is operated in a compensated
configuration respect to the first: it compensates both the spectral dispersion
given by the first grating and the temporal broadening that the XUV ultrashort
pulse undergoes after the diffraction in the first grating. The system can be
designed for any wavelength in the 3-10 nm XUV region. Since the gratings are
operated at extreme grazing incidence, the area of the optical surface that is
illuminated by the fundamental laser pulse is quite large. Consequently there is
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no risk of damage to the optical surface even in the case of very powerful laser
sources. It can be shown that the group delay given by such a system is not
constant for broad band XUV pulses. Therefore the output pulse is broadened
in time from few to several femtoseconds. This makes such a system suitable
as beam separator at wavelengths below 10 nm for femtosecond pulses.

We will limit the spectral range of operation of the beamline to
wavelengths longer than 10 nm using silicon or niobium-nitride-coated plates
as beam separator. The separator will absorb most of the energy of the drive
laser while it will reflect the XUV radiation. The separator will be placed at a
distance from the XUV generation point far enough to limit the power density
on the optical surfaces and avoid the risk of damage them. A suitable distance
is in the 2-4 m range.

Since the divergence of the XUV radiation is significantly reduced, as
compared with that of the drive laser, due to phase matching, a small circular
aperture will be placed in front of the beam separator to stop the portion of the
laser IR radiation with high divergence before the silicon mirror.

b) Focusing mirror

The XUV beam must be focused on the undulator section to co-propagate
with the electron beam. The size of the XUV focus is expected to be of the
order of 200 um with a divergence as small as possible to propagate almost
collimated for a long distance within the undulator. This condition is obtained
through a proper magnification of the seeding beam.

Assume a source with 100 um FWHM size and 0.4 mrad FWHM divergence.
The focusing section could introduce a magnification of a factor 2. This
increases the effective size to 200 um FWHM, and correspondingly decreases
the divergence to 0.2 mrad FWHM. The ideal focusing surface would be an
ellipsoid, but the focusing requirements are so relaxed and the beam
divergence so low that a simple grazing-incidence toroidal mirror can be used.
The mirror is placed after the beam separator and has a sufficiently long exit
arm to leave space for the accommodation of the aligning section.

Assume the toroidal mirror is placed 4 m from the source. For a
magnification of 2, the exit arm is at 8 m. The radii of such a mirror used at an
incident angle of 88  are 153 m (tangential) and 0.19 m (sagittal). The
reflecting area is 50 mm (tangential) x 2 mm (sagittal).

¢) Alignment section

The seeding beam must be precisely aligned with the electron beam
within the undulator sections. Considering a spot size on the HH focus within
the undulator of ~200 pm and a superposition length of ~4 m to ensure a
proper interaction between electrons and photons, the required precision is
better than ~0.05 mrad. This precision implies the remote control of alignment
in both the spatial directions. The control is performed in each of the two
directions through two plane mirrors at grazing incidence, for a total of four
reflections. The first mirror of the alignment section is rotated around an axis
passing through the mirror center and perpendicular to the plane of incidence.
The second mirror is rotated and is also translated along a linear axis laying on
the plane of incidence and parallel to the mirror surface.
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The rotation of the second mirror changes the direction of the beam, the
simultaneous rotation of both mirrors plus translation of the second mirror
changes the position of the source point as seen from the undulators.

Since the input of the focusing mirror has to be kept constant in space,
the alignment section is placed after the focusing section.

d) Coatings of optics

The reflectivity of some standard coatings at grazing incidence in the 10-
40 nm region are shown in Figure 4.93. Obviously, the higher the incident
angle, the higher the reflectivity. Since the total number of reflections is five,
i.e., the toroidal focusing mirror and four plane mirrors for the fine alignment
in the two spatial directions, the selection of the proper coating has a
fundamental role in maximizing the total efficiency. For example, to increase
the single reflectivity from 0.85 to 0.90 increases the total efficiency from 0.44

to 0.60.
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Figure 4.93: Reflectivity of Au and C at grazing incidence in the 20-40 nm
region.

The reflectivity of some standard coatings in the 20-40 nm region is
shown in Figure 4.93. If carbon-coated mirrors at 88" are used, the efficiency of
the five grazing-incidence reflections is about 0.77. The total efficiency of the
beamline, which includes also the beam separator with a single silicon plate, is
about 0.50 at 30 nm.

e) Polarization

The polarization of the FEL beam is changed by the different values of
reflectivity R, and R, in the s and p planes. This is true for any reflection on an
optical surface. As the grazing angles used for the mirrors, R, and R, differ by
less than 0.5%, the influence on the beam polarization is negligible.

f) Monochromatization

The intrinsic bandwidth of the harmonics generated around 30 nm is few
percent. One could request to seed the FEL with a narrower spectral pulse, at
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the expense of a lower photon flux of the seeding beam and a longer pulse
duration due to spectral clipping.

A grating monochromator is used to increase the spectral purity of the
source. Beyond the altering the pulse duration due to the clipping of its
bandwidth, the major mechanism that alters the pulse duration is the
difference in the lengths of the optical paths of the rays diffracted by different
grating grooves. In fact, a single grating inevitably stretches of the ultrafast
pulse due to diffraction: the total difference in the optical paths of the rays
diffracted by N grooves illuminated by radiation at wavelength A is NmA, where
m is the diffracted order. This effect is negligible for picosecond or longer
pulses, but is dramatic for femtosecond pulses. The monochromator has to be
designed to give an instrumental temporal broadening that is comparable to
the intrinsic Fourier limit.

One can design grating monochromators that do not alter the temporal
duration of an ultrafast pulse by using at least two gratings in a subtractive
configuration to compensate for the dispersion [107]. In such a configuration,
the second grating compensates for the time and spectral spread introduced by
the first one. Such a configuration has already been demonstrated to be
effective in the spectral selection of pulses as short as 8 fs [81]. The drawback
of the time-delay compensated monochromator is the complexity of the design
and the lower throughput with respect to an equivalent single-grating
monochromator.

In the case of the seeding signal, the intensity of the harmonics must be
preserved as much as possible. Therefore a single-grating uncompensated
design will be adopted. For a spectral resolution in the few-thousand range the
parameters of the monochromator (i.e. grating groove density, incident angle,
geometry) will be selected so that the number of illuminated grooves is as close
as possible to the required spectral resolution. For the case of 1000 illuminated
grooves, the corresponding instrumental broadening is 100 fs at 30 nm.

The optical design (either concave mirror and plane grating or spherical
grating) will be defined once the characteristics of the source and the tuning
interval have been defined. The monochromator will be inserted before the
focusing mirror.

g) Photon output

An energy of 0.02 pJ/pulse at 29.6 nm is a reasonable initial target
value for the output of the FEL seeder, using argon as generating
medium. The chosen seed wavelength corresponds to the 27" harmonic of
a Ti:Sapphire laser emission. The target energy is well within the present
experimental capabilities in the generation of high-intensity harmonics [91], as
more than 10 times larger energies have been demonstrated at 30 nm.

The duration of the single harmonic pulse is estimated to be about half
the laser pulse duration [81]. Assuming a temporal duration of the drive laser
pulse of ~35 fs, a conservative estimate of the seeding XUV pulse duration is
20 fs, corresponding to an initial peak power of about 1 MW.

The total transmission of the beamline is estimated to be 0.5, which
includes the beam separator and the mirrors (without monochromator). The
resulting peak intensity at the undulator input will be 500 kW, which is high
enough to seed the FEL process.

The situation is different in case of monochromatization of the seed, since
the total efficiency of the beamline decreases to about 0.2. Moreover, assuming
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a seed monochromatization with a spectral resolution A/AAL of 1000, one can
predict a reduction of the photon flux of about 20 times. The pulse focused at
the output of the beamline would be longer than the original pulse due to the
spectral clipping and to the grating response. A temporal duration of the order
of 100 fs can be assumed, which corresponds to a further ten-fold decrease of
the peak power. Thus, the initial peak power at the output of the seeder would
be reduced by a factor 500 at the undulator input.

Assuming an initial seed energy of 0.3 pJ/pulse at 29.6 nm (that is the
highest energy reached up to now at that wavelength [15]) and an initial pulse
duration of 20 fs, the resulting peak power at the undulator input would be
about 30 kW.

4.5.3 CHARACTERIZATION OF THE SEEDING BEAM
The seeding beam has to be characterized in terms of:

- Spectrum
- Intensity
- Divergence

- Source size

4.5.3.1 Spectral characterization

The XUV beam will be spectrally monitored by a XUV flat-field
spectrometer equipped with a spherical grating with variable groove-spacing
[108]. The grating gives an almost flat spectrum in the 10-40 nm region by an
appropriate choice of the variation of the grove density. The spectrum is
acquired by a MCP intensifier with phosphor screen optically coupled to a low-
noise cooled CCD camera [109]. The MCP is completely solar blind, so any IR
radiation from the generation beam entering the spectrometer detector will not
disturb the acquisition. In addition, the MCP gain can be adjusted to increase
the dynamic range of the detector. The response of the spectrometer will be
calibrated within the spectral region of operation.

The spectrometer will be connected to the beamline for the transport of
the seeding beam through a lateral flange. A plane mirror which can be
inserted in the optical path will deflect the beam toward the entrance slit.

4.5.3.2 XUV intensity measurement

The absolute intensity of the XUV beam will be measured by a calibrated
XUV photodiode. The diode will give the integral number of photons within the
spectrum, then the response of the spectrometer will give the number of
photons per harmonic.

4.5.3.3 XUV beam divergence

In addition to the acquisition of the spectrum, the spectrometer will also
provide a measure of the divergence as a function of the harmonic order. In
fact, the spectrometer is astigmatic, i.e. the radiation is focused only in the
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spectral dispersion plane. The size of the image on the plane perpendicular to
this is proportional to the divergence of the beam, once the distance between
the source and the detector is known [110].

4.5.3.4 XUV source size

The size of the source will be measured by mounting a 2D detector (that
could be the same detector used for the spectrometer) on the focal plane of a
grazing incidence toroidal mirror which creates an image of the high-order
harmonic source in a 1:1 configuration. The measurement is sufficiently
accurate since the pixel size of the detector is in the 20-25 um range and the
size of the source is expected to be in the 50-100 um range.

4.6 Appendix: C-band option for the SPARX LINAC

In this section it is described a possible designs of a high frequency
LINAC based on C-band technology and a hybrid solution using both a S-band
and C-band technology, able to produce beams with brightness as high as 10"
A/m? directly from the injector.

As a reference design the S-band (2856 MHz) SPARC photo-injector has
been chosen.In its ideal configuration the beam consists in a uniform charge
distribution inside a cylinder of length L and radius R. It’s parameters (charge
Q, beam sizes R and L, peak RF field £ and solenoid field B) have been scaled
to its second (C-band) harmonic frequencies (5.712 GHz) [111] according to the
following wavelength scaling laws [112]:

O < A R, L oc Ay, Ex /1RF717 Bo ﬂ“RFq
As discussed in [2] both the space charge and RF contributions to the
total rms emittance scale with 7,, in addition since the thermal emittance

contribution scale with the beam radius a similar scaling can be expected also
for &, 2,,. Hence operation at shorter wavelength results a very convenient

choice also for the beam brightness: B, « 1;;.

Table 4.41: Original and scaled parameters

Freq. Q [nC] R L Emk B
[GHz] [mm]  [ps] MV/m]  [T]
2.856 1 1 10 120 0.275
5.712 0.5 0.5 5 240 0.55

A direct application of the previous scaling laws leads to the set of new
parameters, reported in table I. In addition, to fulfil the scaling approach, also
the solenoid length has to be scaled with 1,, from the original 20 cm long

solenoid for the S-band gun design to 10 cm for the C-band case, see Figure
4.94,
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Figure 4.94: Gun RF fields (upper plot) and solenoid fields (lower plot) for
the original S-band gun design (red line) and the C-band design (blue line).

The scaled parameters result to be close to the state of the art for a C-
band gun option. A beam dynamics study has been performed with the
HOMDYN code. The beam chosen is 3.68 ps long with a radius of 0.4 mm and a
charge of 200 pC. The assumed thermal emittance is 0.6 mm mrad for a
copper cathode.

Figure 4.95 shows the SPARX LINAC layout with the C-band option: a C
band photo-injector with 240MV/m peaxk field, followed by the scaled
solenoid, provides a first compensation to the emittance growth. The injector is
followed by a C-band accelerating structure operating at 40 MV/m accelerating
field, in the RF compression (velocity bunching) configuration, that drives the
beam up to 138 MeV with a current of 200 A. Solenoids around the accelerating
structures are foreseen to keep under control the emittance oscillations.

The beam is then accelerated in LINAC 1 up to 548 MeV,; it is injected in
the RF structures following the invariant envelope condition to damp emittance
oscillations and it is transported out of crest to gain at the end of LINAC 1 an
energy spread of 0.4%. In this way the downstream magnetic compressor
(R, ;=15 mm) compresses the beam to a 0.04 mm length. Finally the last LINAC
(LINAC2) drives the beam up to 1.5 GeV energy with a final current of 455 A.
The energy spread is reduced to 0.1% by driving the beam out of crest and
taking advantage of the wake fields induced along the structures. The length of
the linear accelerators is about 35 m.
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Figure 4.95: Schematic layout of a Sparc C-band photo-injector and C-band
LINAC to 1.5 GeV.

The following Figure 4.96 shows the emittance and rms spot size of the
beam along the whole accelerator. The solenoids around the three sections
have been turned on to compensate the emittance growth with the following
values: 0.160 T, 0.120 T and 0.120 T respectively. An emittance of about 0.43
mm mrad has been obtained giving a B, of about 5 10" A/m?.
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1.2 T T T I I
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Bz [T] |
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Figure 4.96: Emittance, rms spot size and the solenoid fields along the
accelerators up to 1.2 GeV.

Figure 4.97 represents the current, the rms length and the energy
spread of the beam as a function of horizontal coordinate z.
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Figure 4.97: From the left hand side: current, rms length, energy spread

versus Z.

An hybrid solution with S- band and C-band technology has been studied
as well. The beam chosen is 5.67 ps long with a radius of 0.64 mm and a
charge of 200 pC. The assumed thermal emittance is 0.6 mm mrad for a
copper cathode.
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Figure 4.98: Schematic layout of the Sparc S-band photo-injector and C-
band LINAC to 1.2 GeV.

In Figure 4.98 an S-band photo-injector, exactly the same as the one
foreseen in SPARC, operating at 120 MV/m, together with the gun solenoid,
compensate the emittance growth. The beam is then injected in the S-band
accelerating structures operating at 25 MV/m, driving the beam to an energy of
171 MeV. The bunch is compressed with the velocity bunching technique and
then injected in the following C-band accelerating structures (LINAC 1) up to
490 MeV. As in the previous case the beam is driven along LINAC 1 out of
phase to fulfil the following magnetic compressor requirements: the energy
spread gained is 0.3% thus allowing the magnetic compressor (R_=15 mm) to
compress the beam to 0.04 mm length. The last accelerating structure (LINAC2)
in the C-band configuration drives the beam to a current of 417 A and to an
energy of 1.2 GeV. The energy spread previously induced is compensated to
0.1% at the end of LINAC 2.

In this case the whole linear accelerators are 45 m long.

The following Figure 6 shows the emittance and rms spot size of the
beam along the whole accelerator. The solenoids around the three sections
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have been turned on also in the hybrid solution to compensate the emittance
growth. An emittance of about 0.56 mm mrad has been obtained giving a B,
of about 2.6 10" A/m>.

S-C band
1,4 ! ! ! I I
: : : sigma_x_[rmm]
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' : : : sigma_x_[mm]
enx_[um]

Z [m]

Figure 4.99: Emittance, rms spot size and the solenoid fields along the
accelerators up to 1.2 GeV.

Figure 4.100 shows the current, the rms length and the energy spread of
the beam as a function of horizontal coordinate z.
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Figure 4.100: From the left hand side: current, rms length, energy spread
versus z.

In Table 4.42 are reported for comparison the RF parameters for the S
and C guns. As one can see the required peak power from RF source are within
the state of the art C-band klystron development.

215



SPARX-FEL Technical Design Report

Table 4.42: S-band and C-band RF parameters

v [GhZz] 2.856 5.712
R, [MQ/m] 46 65
Q 15335 10843
E .. [MV/m] 120 240
P [MW] 10 14
P at 10 Hz [kW/m] 4.7

1 [us] 4 1.4
L, [mm] 86 43
R [mm] 12 6
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5 LINEAR ACCELERATOR

5.1 PRE-INJECTOR

The SPARX electron bunches are generated by the 150 MeV pre-injector
which consists of a 1.6 cells cavity RF Gun, followed by three accelerating
structures. The system operates at the frequency of 2.856 MHz that is the same
frequency of the SPARC photo-injector test facility already built and
commissioned at LNF. The RF Gun is equipped with a photocathode, located in
the high-field region of cavity and illuminated by 10 psec short laser beams at
the repetition rate of 100 Hz.

5.1.1 RF-GUN

The peak electron beam brightness is a crucial requirement, one which
in order to meet the demands of average FEL flux should also be achieved at
high repetition rate. To this end, a 1.6 cell RF Gun with a 100 Hz repetition
rate, working in S-band, has been studied and designed while balancing
optimization of the RF parameters and the beam dynamics requirements. The
RF design has been carried out using the 2D and 3D modelling codes
SUPERFISH [1] and HFSS [2] respectively.

Electromagnetic field higher multipole components inside the gun have
been shown [3] to contribute to beam emittance growth, resulting in beam
brightness decrease and concomitant degradation of FEL performance. The
dipole field component is completely eliminated by using a dual feed system of
external coupling to the waveguide, while a “race track” geometry is exploited
in order to strongly decrease the quadrupole mode. The minimization of the
quadrupole transverse magnetic field components, which couple most strongly
to the beam dynamics, has been considered as the figure of merit in the design
optimization process.

This race-track geometry is naturally suited to the external coupling
employed in the gun, which differs from that used, e.g., on the SPARC injector.
This external coupling optimization, which must be set also considering the
possibility of beam loading derived power losses, has been performed, with the
proper coupling coefficient simulated in HFSS. Further, couplers represent
critical area for both RF heating and related thermal stress and breakdown
problems, since they are the region where surface RF magnetic fields reach
their maximum value in the structure. Thus the RF dissipation, along with the
narrowness of the copper in the vicinity, causes large temperature rise [3,4].
The irises themselves are areas where the surface electric field is locally
intense. Thus, in order to mitigate possible breakdown, a thorough study of the
iris shape choice on the electric field has been carried out. Additionally, the
cell-to-cell iris thickness and radius has been chosen to achieve a high enough
value of frequency difference between the two gun coupled resonant (0 and Tr)
modes.

With this design in hand, a transient analysis of the RF gun response has
also been carried out, allowing a comparison of the simulated fill-time with
theoretical prediction. Similarly the RF model of the gun is employed in the
code PARMELA to allow preliminary beam dynamics simulations. Finally, and
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most critically for the purpose of understanding the maximum repetition rate
of the gun itself, thermal and stress analysis of the cavity are carried out by
using the code ePhysics [5]. We have studied several geometries, for cooling
channels, including a novel channel shape that is allowed only using advanced
conformal fabrication techniques. These techniques, typified by using Direct
Metal Free Form Fabrication (DMF?), are seen to yield qualitatively and
quantitatively superior cooling efficiency. In addition to cooling channels, we
have also taken into account the need to make the structure more mechanically
robust, so that thermal stresses that still result after optimization of the
cooling are managed as well as possible. This analysis approach, taken in
tandem with a perturbative calculation of the cavity response in the presence of
thermo-mechanical deformations, allows us to predict the adequacy of this RF,
thermal and mechanical design for repetition rates well in excess of the peak
foreseen in the context of SPARX, 100 Hz.

5.1.1.1 RF Project

The RF Gun consists of one full cell and a half cell. The electromagnetic
field inside the structure is excited by a dual RF feed power that flows into the
full cell through two identical holes, 180°- opposite to each other. The 3D
model is shown in Figure 5.1. This type of feed causes the dipole field
component to vanish. Moreover, a “race track” geometry has been designed in
order to minimize the quadrupole component of the field (results are discussed
in paragraph 4). Higher order modes may be considered negligible. As shown
in Figure 5.1, the coupling geometry chosen is a “z-coupling” design in order to
reduce the temperature rise at the power-coupling ports (see paragraph 3). The
numeric code used for the simulations is HFSS (High Frequency Structures
Simulator).

Input RF

paower
\\“"A

L~ Full Cell
-

Half Cell

Inpat RF /

prower

Figure 5.1: 3-D HFSS model of the Gun.

The geometric dimensions of the RF Gun are presented in Figure 5.2, with
a close-up of the rounded coupling window. In Figure 5.3, the main parameters
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of the RF Gun are shown together with plots of the amplitude and phase of the
axial electric field of the 1T-mode resonant at 2.856 GHz with a quality factor
(Qop) value of about 13500. The two mode separation (0 and Tr-mode) is
approximately 15 MHz. The value of the coupling coefficient B =1.17 is due to
“beam loading” considerations (see paragraph 2). At the cathode position, the
electric field peak is nearly 120 MV/m for 10MW input RF power.

5] 12 44 mm
Rh H2.19 mm

It 19.05 mm
h 31 4916 mm
1108 52 486 mm
W 12,308 mm
Lg 134 mim

I 72,14 mm
Liube 150 mm

Coupling window

r=1.523mm
h=3mm
wi2 =6.154dmm

Figure 5.2: (above) a quarter of the RF Gun with all the
geometric dimensions; (below) the coupling window.

223



SPARX-FEL Technical Design Report

E "= (MV/m) ,  Phase (rad)
& h : . s T T T T T T

140

] 2 II1- L] [} % 12 144
2 (cm) z(cm)

Input R.F power

4 e |2.ase GHz
AF=F ., ||5 MHz
B ||.|'.r

o |I3-5ll
- Ji 149
bunch T 630 tom
E ek Ilzlrlrl'r'.-'mazprmmv.'

Half cell Full czll

Figure 5.3: above, amplitude and phase profiles of the electric field along

the accelerating axis;below, table of the Gun electromagnetic parameters
of interest.

By plotting the electric field on all the surfaces of the Gun using the 2D-
code SUPERFISH, as shown in figure Figure 5.4a, it is evident that the irises
(with radius named “ag”) represent critical areas (in particular the one
connecting the half and the full cell), where the E-field,

Rh r Rf Rh > (Rf
Yy s b |
— _Tag_.... ~lac = lag= =—
=Xl B = 5 s F 3 =R — T
120 120 | ]
=100 = 100 . i
= B0 = so iH e e
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2056 2 a4 6 8 10 4z 14 20 —d =2 a & & 70 42 T4
z [cm) =z {em)
a) b)

Figure 5.4: Peak surface E-field along the Gun boundarvies
with a) circular irises and b) elliptical irises.

with a peak of 130MV/m, has a value bigger than that on the cathode. In
S-band structures, the upper limit to consider for avoiding breakdowns is about
150 MV/m. In order to reduce the surface electric field, elliptical irises have
been used instead of circular. In figure Figure 5.4b, irises have elliptical shapes
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(a=0.8 cm, b=1.1cm). Peak surface E-field is nearly 10% lower than the previous
case and the frequency difference between the two Gun resonant modes
increases from 14 MHz to 20 MHz. Nevertheless, in this new configuration, the
average electric field increases, but the most important parameter for the
structure is the maximum value of the field.

Another geometric parameter that contributes to the mode separation is
the radius of the cell-to-cell iris. In Figure 5.5, the same configuration as in
Figure 5.4b with ag=1.585cm is shown. It can be seen that the peak E-field
decreases slightly and the mode separation is nearly 26 MHz.

Y n

a
B Bf =
o] lo
Tag |ac

140 ! : |
120 = i j
100 %
E 80 sw2 T
= 6o ; i
w 40l . § 8 F i . T - |
* 20 5‘.
0 .
2059 A& @& 10 12 14
Zz (cm)
Figure 5.5: Peak surface E-field along the Gun boundaries with elliptical

irises.

Since the use of elliptical irises as well as the change of the irises
thickness and radius cause a variation of the resonance frequency of the
structure, the half cell and full cell radia have been modified in order to keep
the mode resonant at 2.856 GHz. In Table 5.1, the three cases explained above
are listed, with particular stress of the peak electric field values and mode
separations

alcm) b(cm) t=2a ag(cm) ac(cm Rh(cm) RF(cm)  Espeak(iris) Af (0-1r)

(cm) )
0.9525 0.9525 1.905 1.485 1.485 4.219 42665 130 MV/m 14 MHz
0.8 1.1 1.6 1.485 1.485 4.2135 4.253 120 MV/m 20 MHz
0.8 1.1 1.6 1.585 1.485 4.239 4.269 117 MV/m 26 MHz

Table 5.1: Peak surface electric field on the iris between the two cells,
for different geometric parameters, and the correspondent frequency
separation between the two Gun resonant modes.
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5.1.1.2 Coupling and Beam Loading

The two waveguide-to-coupler-cell iris dimensions are chosen in order to
achieve the value of the coupling coefficient B set by potential beam loading
considerations, in which one may allow operation at an average extracted beam
power, near RF flat-top, of 1.4 MW (average current of 286 mA, or 1 nC every
10 RF periods). By comparing the power lost to beam acceleration and that
dissipated in the cavity wall, an estimate of the external coupling coefficient is
[6] B= 1.17. The parameters of the 2.856 GHz high power RF system feeding
the gun and the relevant beam parameters are listed in Table 5.2.

Table 5.2: Klystron and electron beam parameters.

1. (pulse length) 3 us

fRF (repetition rate) 100 Hz
T..(pulse period) 10 ms
DC, (z./T.) (RF duty factor) 3*10*

P (Peak power) 10 MW
f, (beam frequency) 286 MHz
Q, (beam charge) 1 nC

|, (beam current) 286 mA

5.1.1.3 RF Pulsed Heating

It is critical to minimize the RF heating of the metal surfaces in the gun in
order to allow 100 Hz or higher operation. The limiting sector of the structure
is apparently found at the edges of the power-coupling ports. In order to keep
the temperature rise below 60°, rounded coupling iris shapes have been used.
Moreover, the use of a Z-coupling geometry simplifies fabrication and reduces
pulsed heating since edges are only along one dimension (see Figure 5.1 and
Figure 5.2), and the narrow copper regions found in ®-coupling are avoided.
The rounding radius of the Z-coupling iris is 1.5mm. In order to quantify the
temperature rise, a useful formula [3,4] is employed:

AT = |H |2’\/ 2%

5-1
oo\ mp'c k -1

where 7 is the pulse length, o is the electrical conductivity, & is the skin
depth, p' is the density, cg is the specific heat and k is the thermal conductivity
of the metal. In present case, the value of HJ/ is obtained by plotting the H field,
provided by simulations, on all the surfaces of the RF Gun: the critical areas are
the coupling windows, where the magnetic field reaches a peak equal to Hmax
= 3.9*105A/m for an input RF power of 10 MW. This field value causes a
temperature gradient of about 56°, close to the threshold of 60°, that is
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considered the upper limit. Problems arise if the power is much higher than 10
MW.

5.1.1.4 Magnetic Quadrupole Component

The asymmetry of the gun geometry results in a modification of the field
distribution inside. In particular, the field component the most sensitive to this
asymmetry is the azimuthal one of the magnetic field H(r,¢). Therefore a
thorough study has been performed in order to quantify how much the H-field
deviates from the monopole behaviour. The resulting deviation is minimized by
using a “race track” geometry.

Only the quadrupole component of the magnetic field has been studied,
considering higher order components negligible, and a quarter of the whole
structure has been simulated, since HFSS allows to exploit the symmetric
distribution of the field inside the Gun. In Figure 5.6, a cross section of the full
cell is shown and the field is calculated along circumferences (from 0° to 90)
with different radia R and for different values of the offset D, by which the two
cell arcs are drifted apart.

90°

Figure 5.6:Cross-section of the full cell: D is the offset
and R is the radius of axis concentric circumferences.

The field H(r,¢#) is a 2r-periodic function of 4. It is also real and even, and
thus it can be expanded as a Fourier series of cosine functions:

H(r,p)= Z:O:Hn (r)cos(ng) (5-2)

where the terms H, representing the magnetic field components, are
equal to
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H,(r)= % ;f H(r,p)cos(np)d¢ (5-3)

For differing values of n, we obtain all of the components of the magnetic
field: H, is the monopole, H, the dipole, and H, the quadrupole component,

respectively. As noted above, since H(r,¢) is an even function also in the
interval O<¢<n, one directly obtains H,=0, (dipole component of the field) that is
eliminated because of the dual feed symmetry. If the mesh density in the
region very near the axis of the gun is small, then it is very difficult to obtain
an accurate H(r, ¢) profile. In order to overcome this problem, three values of r
(10,13,17 mm) have been chosen and a fit has been made to obtain H, near the
axis (r=0mm). The quadrupole component of the magnetic field, by linear
interpolation, is shown in Figure 5.7 for different values of D (0,1,2,3mm). It is
clear that the optimum for the value of the offset D is approximately 2 mm,
where tends towards vanishing.
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Figure 5.7: Magnetic quadrupole component for four values of the
offset D (0,1,2,3mm).

5.1.1.5 Transient Analysis

A transient analysis has been performed on the gun response to the RF
pulse generated from the klystron. For this study, we have chosen a total pulse
length is 4 us, with (linear) rise and fall times both equal to 0.3 us. In Figure
5.8, the envelope of the RF voltage pulse (in red) and the envelope of the cavity
response (in blue) are plotted. The fill time agrees well with its theoretical
value, and is nearly T = 700 ns.
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Figure 5.8: envelope of the pulse (in red) and envelope
of the cavity response (in blue)

5.1.1.6 Preliminary results

Preliminary beam dynamics simulations using the code PARMELA have
been performed. The 2D electromagnetic field distribution given as input to
PARMELA is exported from SUPERFISH. The RF gun is examined without a
solenoid around it to provide beam size control and emittance compensation.
Considering the beam parameters listed in Table 5.2 (beam charge Q=1 nC,
average beam current <I>=O.286 A) and a flat-top bunch, the average energy

gain of the electrons at the end of the RF gun is about 5.5 MeV with an energy
spread equal to 0.25%.

Figure 5.9: Average beam energy gain along the axis (red)
and its derivative with respect to the position z (blue).

In Figure 5.9, we plot of the evolution of the electron beam energy gain (in
red) along the z axis, from the cathode position to the exit of the gun. In the
same plot, the blue line represents the energy gain derivative with respect to
the position: it is evident that it is proportional to the axial electric field, as
expected. Simulations of the precise behavior of the beam’s emittance
evolution, including both solenoid focusing, and post-acceleration in a
travelling wave LINAC, are now underway. As this design does not deviate in RF
acceleration and focusing (and anticipated solenoid design) from previous
UCLA and LCLS designs, we do not anticipate that any degradation of the
performance of the so-called Ferrario working point, in which <1 mm-mrad
transverse emittance may be obtained.
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5.1.1.7 Thermal Analysis

The thermal analysis of the 100 Hz RF Gun has been carried out by using
ePhysics2. A quarter-section of the structure, with standard cooling channels, is
shown in Figure 5.10, above. Note that mechanisms for frequency tuning of
each cell are also displayed. To provide cooling, there are six axisymmetric
channels and four around the coupling iris region. The circular cross-section
diameter is 6 mm in this fairly standard geometry (which might have a
rectangular cross-section to be machinable). In order to keep the peak
temperature below a certain value, the location of the channels must be
optimized. This optimization is achieved by simulating the surface power loss
(proportional to H?) effects. The average power inside the gun is 3 kW,
considering the power source parameters in Table 5.2 for a 100 Hz repetition
rate.

The calculation of the (RF dissipated) heat flux inside and outside the RF
gun is performed by assuming two different thermal boundary conditions,
corresponding to the two different heat transport mechanisms operating on the
copper structure:

1. Free (natural) convection on the copper outer walls, with a room

temperature of 24 °C;

2. Forced convection on the channels walls, considering an input water

temperature of 24 °C flowing with a velocity of 4 m/sec.

Cooling
channels

(-

== }

S tuners

Figure 5.10: Above, section view of the RF gun with cooling channels;
below, temperature profile on the inner walls of the RF gun.

The temperature profile on the inner cavity walls for a dissipated average
power of about 3 kW is plotted in Figure 5.10, below. The hottest spot of about
53 °C is at the coupling window, as expected due to the high surface magnetic
field.
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In order to illustrate what improvements can be obtained by using the
novel DMF process, we show channel cross-sections that are star-shaped in
Figure 5.11. This type of channels, which may not be fabricated using standard
machining, acts to the increase the heat transfer between water and copper, by
both increasing the transfer surface, and by potentially provoking higher
turbulence in the water flow. In choosing the flow rate in the simulations, we
have balanced this enhanced thermal efficiency with the prospect of mechanical
degradation of the channels due to the enhanced turbulence. The star-shaped
cross section allows to the cavity wall temperatures to be kept significantly
lower than case with cylindrical channels, by 15 °C (see Figure 5.12).
Coclingchanncls
Fluid:water

Copper

Tuncrs L/—”*

Figure 5.11: RF Gun with star-shaped cooling channels.

Cylindrical channels Star-shaped channels

75°C 60 °C

Figure 5.12: Temperature distribution on the cavity inner walls.

It is possible to consider, with such novel fabrication approaches, great
improvements in the overall repetition rate. We further optimize the cooling by
using a snake-like channel near the coupling irises, as shown in Figure 5.13. In
this case, the peak temperature is diminished to 50 ‘C. Thus, considering the
same overall temperature increase, this result immediately yields the possibility
of a 170 Hz repetition rate. If we further consider a lower peak accelerating
field (than 120 MV/m) operation, we deduce that, using our somewhat
conservative design criteria, one may achieve ~245 Hz operation. With further
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refinements in the cooling channel design, as well as the mechanical
robustness of the structure as a whole, one may anticipate significant further
improvements, as discussed below.

Two different configurations for the cooling channel

Figure 5.13: Above, sketch of the cooling channels inside the RF gun
walls; below, the temperature distribution on the cavity inner cavity walls.

5.1.1.8 Stress Analysis

The stress analysis for the structure, considering the case more standard
cylindrical channels as well as that with the star-shaped channels has been also
performed by using ePhysics2. Due to the temperature increase of the copper
and the presence of the cooling channels, the entire structure undergoes a
mechanical deformation, which results in detuning of the RF resonance. In the
first case, for an average input power of 3 kW and considering the cathode
plate and the waveguide sides fixed, and zero deflection where external clamps
are present, a peak displacement of about 32 pm is located at the coupling
window and on the sides of the full cell. The deformed structure is shown in
Figure 5.14.

By using the Slater perturbation theory, which relates the lost or gained
volume and the relative electric and magnetic energy densities to the overall
frequency shift of the mode in question, we deduce a detuning in the standard
case nearly +350 kHz. This is relatively small, corresponding to a change in
nominal operating cooling water temperature of approximately 8° C, which is
only ~60% of the maximum allotted LCLS gun temperature change from the no-
RF to full power operation condition. Thus, using the LCLS design philosophy
as a guideline, one may also consider augmenting the average power by
approximately 1.62. This implies that the repetition rate envelope that we may
infer rises to ~400 Hz. We note that the total frequency shift condition obtained
from this analysis is also is sufficient to guarantee
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Figure 5.14: Displacement amplitude with vector representation,
standard case.

that, particularly given the forgiving nature of the high cell-to-cell
coupling, the full-to-0.6 cell field balance is not notably changed by thermo-
mechanical structure distortions.

Figure 5.15: Displacement amplitude,
with vector representation, star-shaped channel.

In the second case, for an average input power of 5 kW and also
considering the cathode plate and the waveguide sides fixed and zero
deflection where clamps are present, the peak displacement is similar (see
Figure 5.15). Thus, concerning mechanical deformation, star-shaped channels
allow to use higher RF drive power. We are continuing the study of this
structure, as well as the cooling channel with the snake-like shape, to further
optimize its performance.

5.1.1.9 Outlook
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The design of the RF gun for SPARX has many intersecting elements: RF
field optimization and symmetrization, beam dynamics, RF heating (pulsed and
average), and thermo-mechanical distortion, and RF performance in the
presence of distortions. This study we have reported here presents a first pass
at addressing all of these design constraints together, with extremely
promising results. In the future one may further refine the overall RF design by
choosing an even larger radius of curvature for the waveguide coupling iris port
structure, to mitigate RF heating. This would also serve to ease the cooling and
the mechanical distortion problems in the neighborhood of the iris.

One may also mitigate the overall power dissipated in the RF gun by using
a larger coupling 3, and by using a larger RF drive power. The gun may be filled
much more quickly in this way, as discussed by Schmerge [7], resulting in a
prospective drop of a factor of 3 in duty cycle, and therefore average RF power.
By changing the RF phase and driving the gun out of phase, one might also
empty the gun more quickly, diminishing the average power even further.
Without considering the details of this final point, we can thus point to a path
to operating the RF gun at over 1 kHz.

While this is not strictly needed for the present generation of RF guns for
FELs such as SPARX, it would provide a critical component of an optimized
inverse Compton scattering source, which naturally may be operated at ~1 kHz,
due to the increasing availability of appropriate laser technology.

We can see that the DMF? approach can provide wide flexibility in cooling
channel design and fabrication, which has already allowed us to consider 1 kHz
RF gun operation. With such innovations as star-shaped cross-sections, and
arbitrary channel paths, one can design the cooling system even more
aggressively. In this regard, we note that the density of water channels in our
preliminary design here is smaller than in many previous attempts at high
average power RF gun designs. Thus the tool of conformal, shaped cooling
channels has yet to be fully exploited. This task remains for the next step in
planned work.

5.1.2 Photocathodes

The requirement of short response time of the cathode with respect to the
laser beam for the generation of the photoelectrons limits in the case of SPARX
photoinjector the choice of the cathode materials to metals that usually present
response time of the order of few tens of fs [8].

This choice is also justified because metals usually do not require
operating vacuum levels lower than 10° mbar and can withstand high electric
fields gradient at the cathode surface [8].

Moreover, the uniformity of emission characteristics of these materials
has been proven to be adequate to the requirements of the SPARX injector [9,
10].

Based on the results since now obtained worldwide in different
laboratories, the most promising candidates metals that can be used as sources
for electron beam in SPARX are copper, magnesium and yttrium.

One of the parameters that is critical for the final choice and operation of
the photocathode is represented by the Quantum Efficiency (QE) at the drive
laser wavelength. The QE of these metals has been measured under similar
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condition under UV laser irradiation at 266 nm and resulting in values of about
2.5x10°, 1x103 and 3x10* respectively for Cu, Mgand Y [11, 12, 13].

5.1.2.1 Candidate materials for photocathodes

5.1.2.1.1 Copper

Copper is the metal that mostly has been used for long time as source for
photoelectron in RF-gun. The choice of using this metal is principally based on
the fact that a photocathode based on this metal is in principle easy to be
prepared. Cu is used to build the backflange of the RF-gun half-cell cavity as in
the case of SPARC photoinjector [14]. Moreover, the chemical reactivity of the
Cu with residual gases is quite low and thus the stability of emission properties
of Cu photocathode should be preserved at the operational vacuum level of
SPARX RF-gun (10° mbar). Such type of cathode was successfully operated
during the commissioning of SPARC photoinjector. At the high electric field
gradient of 120 MV/m the Schottky effect and the in situ laser cleaning
treatment of the Cu cathode surface allowed to obtain QE value of about 10*
with uniformity of emission of about 20% with irradiation at 266 nm [10].

5.1.2.1.2 Magnesium

The main advantage of photocathodes based on magnesium with respect
to those based on copper lies with the higher QE that they offer. In particular
recent results showed that QE as higher than 102 can be obtained in low DC
electric field with photons at 266 nm [2].

In order to develop a reliable photocathode based on Mg an intense R&D
program has been carried out within the framework of SPARC and EUROFEL
projects. The main aspects that have been investigated covered a wide range of
activities: the realization of the photocathode material, the improvements on
the in situ surface laser cleaning technique to remove oxidised or polluted
layers, the test of the cathode in high gradient RF-fields [10, 15].

While some experiments were carried out using sputtered Mg film [16] or
friction welded bulk disk [17] onto the Cu back-flange of the RF-gun a new
approach based on the deposition of pure Mg film by laser ablation technique
showed promising results [10]. Moreover preliminary test of photocathode
based on Mg films grown by pulsed laser ablation have been successfully
performed in a real RF-gun at PEGASUS laboratories [15]. With respect to Cu,
Mg showed stronger reactivity with respect to the chemical species contained in
residual gases even at UHV conditions. The surface reactivity of Magnesium
may lead to short term instability of the QE because the chemisorption of
chemical species on the metallic surface may originate variations on the work
function and thus on the QE of the photocathode [18].

5.1.2.1.3 Yttrium
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While copper and magnesium have been extensively studied a few
research activities were devoted to study the photoemission properties of
yttrium and to explore the feasibility of a photocathode based on this metal.
Few data have been since now reported in literature. The QE at 266 nm was
measured to be about 3x10* and the work function value is about 3 eV [13,
16]. While the QE is remarkably higher than that of Cu at the same wavelength,
the low value of its work function makes this material very interesting because
the extraction of photoelectron may be achieved even with photons at 400 nm.
This wavelength correspond in fact to the 2™ harmonic of a Ti:Sa laser. The
opportunity to use the 2" harmonic instead of the 3™ presents obvious
advantages in terms of the final energy deliverable to the cathode even after
spatio-temporal manipulation. Unfortunately at the present the knowledge on
the emission properties of Yttrium is limited and only in a future, with a
dedicated R&D activities, is reasonable to imagine the use of this material as
photocathode in the SPARX RF-gun.

5.1.2.2 Laser energy requirements in operational conditions

Assuming the values of the cathode and laser parameters reported in
Table 5.3 it is possible to evaluate the laser energy necessary for the
generation of 1nC electron bunches with a launch phase of about 30 degree
[17]. The simulated charges extracted vs. the relative phase between laser
pulse and RF electric field are reported in Figure 5.16 for Cu, Mg and Y
respectively.

Table 5.3: Parameters used to perform phase scan simulation.

Metal Copper Magnesium Yttrium
Work function [eV] 4.5 3.6 3.1

Yij 2 2 2

QE 2.5x10° 1x103 3x10*
Laser wavelength [nm] 266 266 266
Laser spot radius [mm] 1 1 1

Laser pulse FWHM [ps] 10 10 10
Laser pulse energy [pJ] 140 0.5 0.9
Electric field [MV/m] 120 120 120
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Figure 5.16: Phase scan simulation for Cu, Mg and Y cathodes.

5.1.2.3 Influence of cathode material on dark current

Due to high electric field gradient that is achievable in normal conducting
RF-guns similar to that one that is foresee to be used in SPARX photoinjector,
an accurate evaluation of the dark current expected with respect to different
cathode materials has been performed. A mathematical model that takes in
account the Density of States of different metals allowed the evaluation of the
tunneling of electrons trough the potential barrier and consequently the
evaluation of the field emitted charge expected from the cathode (Figure 5.17).
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Figure 5.17: Fowler-Nordheim plot of the dark charge expected in
SPARX from the central part of the cathode encircled by a circle having a
radius of 5 mm for Cu and Mg cathode.

Making use of the field enhancement factor deduced from Fowler-
Nordheim plot obtained from SPARC experimental data reported in Figure 5.18,
the evaluation of the ratio of the dark charge expected to be emitted from Mg
with respect to the one expected to come from Cu cathode has been performed
and is reported in Figure 5.19.
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Figure 5.18: Fowler-Nordheim plot of the dark current measured with
SPARC RF-gun. The field enhancement factor has been evaluated to be in
range between 60 and 80.
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Figure 5.19: Ratio of the dark charge expected from Mg and Cu
cathode as a function of the electric field.

From the data reported in Figure 5.19, it is evident that the use of an Mg
cathode should not be detrimental from the point o view of the dark current
levels. Assuming field enhancement factors similar to those obtained with
SPARC RF-gun (between 60 and 80) the local field should range between 5 and
10 GV/m. In this region the field emitted charge of Mg cathode evaluated by
our model should be less than that emitted by Cu cathode. Nevertheless such
evaluation should be confirmed by dedicated measures with real cathodes in
high electric field because the strong influence of the field enhancement factor
that is originated from the geometrical microstructure of the cathode surface.

5.1.3 Laser system

Here we report the technical design of the laser system proposed for the
SPARX photo-injector with all the ancillary elements used to manipulate,
characterize and control the output performances. A dedicated R&D have been
devoted for the design of the photoinjector drive laser system. In fact the lasers
for high brightness electron applications must exhibit special performances:
the low photoemission efficiency for robust photocathodes requires high UV
pulse energy; the emittance compensation process and therefore the
maximization of the beam brightness is achieved with uniform temporal and
spatial energy distribution. Very low amplitude and time jitters from pulse to
pulse and pointing stability are challenging demands for repeatable SASE-Fel
performances.

Moreover, the emitted pulses have to be synchronized with the SPARX
master oscillator to extract electrons at the exact phase of the RF wave. Other
laser systems will be used at the SPARX FEL machine for the seeded FEL, for
electron and photon diagnostic and finally for a variety of possible pump and
probe experiments. All these lasers are required to be synchronous within very
tight tolerance. The timing and the synchronization of the lasers will be
discussed in another chapter.
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5.1.3.1 Definition of the SPARX laser performances

The SPARX LINAC is required to produce a single 1nC electron bunch, high
current and a normalized emittance of < 2 mm-mrad. Other working points
associated at lower bunch charge are also foreseen. For reduced charge, the
laser pulse length and the transverse dimension has to scaled as Q' to keep
invariant the space charge forces. To reduce the charge it is possible to use a
variable attenuator in proximity of the gun table. The pulse length could be
continuously varied using a UV stretching system and the transverse dimension
can adjusted using a three lenses telescope.

The performances of X-Ray SASE-FEL are critically dependent on the beam
peak brightness delivered at the undulator entrance. So the laser pulses have to
be tailored to minimize the beam emittance and, at the same time, have
enough power to produce relative high current bunches.

The laser system for SPARX is required to deliver excess of 150 pJ energy
per pulse at a wavelength of 266 nm to the photocathode at a repetition rate
up to 100 Hz. This energy requirement comes out from the typical quantum
efficiency of copper photocathode.

As said before, the emittance compensation scheme requires that the
laser pulse must show uniform transverse and longitudinal profile in order to
compensate the non-linear space charge field with an proper magnetic
focusing. The temporal and spatial flat top laser energy distribution on cathode
has been demonstrated to reduce the emittance [19,20]. We foresee to change
the pulse length on a range between 2 to 10 ps to explore different machine
working points.

In order to define in details the operational performances required
to the laser system a parametric beam dynamic study has been carried
out [21] within the definition of the beam dynamic for the SPARC
photoinjector. The first 150 MeV of the SPARX accelerator are directly
derived from the SPARC design and most of the considerations for the
beam dynamic and laser specification can be extrapolated here. The
effect of amplitude variation determines a proportional variation of the
emitted charge and can change the optimal beam matching. The time
jitter can influence the emittance compensation and the time of fly for
the electron beam. Elliptical or asymmetric laser spot distribution are
deleterious since not cylindrical space charge forces cannot be perfectly
compensated. Finally the effect of the temporal non uniformity and
pulse’s steepness has been also simulated [21]. In the following table are
summarized the laser specifications at the cathode derived by beam
dynamic simulation and practical consideration.
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Table 5.4: Laser requirements on cathode.

PHOTOCATHODE LASER SPECIFICATIONS

Central wavelength

260-267 [nm]

Bandwidth in the UV 1.5-2 [nm]
Pulse lenght FWHM 2-12 [ps]
Pulse energy 150 [u]
Repetition rate >100 [Hz]
RMS energy jitter < 1.5% [rms]
Laser pulse rise time (10-90%) <1 [ps]
Laser pulse longitudinal ripples <20% ptp
Transverse intensity profile Top hat
Time jitter respect to a ref oscillator < 0.3 [ps] rms
Spot dimension sigma rms 0.2-0.5 mm
Centroid pointing stability <50 ym
Spot ellipticity (1-x/y) <5% rms

The temporal pulse shaping and the energy required can be
obtained only from large bandwidth (or short pulses) and high damage
threshold laser. Commercial Ti:Sa lasers associated with custom system
are the natural candidate for fulfill most SPARX specifications. The
wavelength is obtained through third harmonic generation (THG) in a
non-linear medium. To have low jitter and good stability, the use of
diode pumped solid state lasers (DPSSL) is recommended to excite the
Ti:Sa stages as well as to ensure a controlled laser environment. Variable
pulse length and transverse top hat profile can be achieved with
dedicated optical system downstream the laser. Energy level requested
demands for amplified laser system, and high efficiency in THG and
successive manipulation. Finally a transport over more than 10 meters
must preserve the laser pulse characteristic to the cathode.

5.1.3.2 Laser system description

5.1.3.2.1 Oscillator and synchronization unit

The laser system we propone for SPARX photoinjector is a commercial
frequency tripled Ti:Sa laser. The active medium, Ti:Sa crystal, is able to
produce a bandwidth large enough to perform the time pulse shaping, and can
produce the high energy required in SPARX application without optical damage
and significant non-linear effect. The Ti:Sa (Ti:AlLLO,) crystal has the optical
absorption peak between 490 and 540 nm. The relative short fluorescence
lifetime (< 3 ps) requires the medium is pumped by another laser system
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operating in Q-switch mode, increasing the complexity of the laser layout. The
emitted wavelength can be tuned on a large fluorescence band but the most
efficient wavelengths are between 780 and 800 nm.
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Figure 5.20: Laser conceptual layout

The proposed layout for SPARX (Figure 5.20) laser consists of an
intracavity frequency-doubled CW 5 W diode pumped Nd:YVO, to stimulate the
Ti:Sa oscillator. Inside oscillator, mode-locking regime is generated by a passive
Kerr lens nonlinear process inside the Ti:Sa crystal, in a solid state ultra-stable
fashion [22, 23]. A GVD (Group Velocity Dispersion) compensation scheme
inside the cavity balances the time enlargement of pulses due to positive
dispersion inside optical elements and air. The oscillator output provides a
train of very short pulses (130 fs) at 89,25 MHz repetition rate (1/32 of RF
accelerating field) with an energy of 10 nJ and central wavelength 800 nm;
transverse pattern is a TEM_ mode. Repetition rate of laser pulses in
modelocking regime is only dependent on the length of the cavity through the
relation f=c/2L, (L is equal to 1.68 m).

A run-time synchronization between laser and RF master clock is made by
controlling the optical cavity length: if the oscillator pulse train is in fact
synchronized, the successive amplification stage and frequency conversion can
introduce an overall delay, but will not affect repetition rate and in the ideal
case will not produce a time jitter. Control of cavity length can be made
through different resolution actuator used to move an end cavity mirror. The
active feedback is driven by the phase error of the oscillator pulse respect to
the SPARX master oscillator, for more details see the time and synchronization
chapter.
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5.1.3.2.2 Chirped pulse amplification

The amplification stage is made in a Chirped Pulse Amplification (CPA)
topology, as conventional Ti:SA amplification of such short pulses would
provide too high power, capable of damaging optical components or produce
strong distortion on the output properties [24, 25].

In CPA, the pulse is stretched through a positive dispersion line to
decrease its peak power; after that, the pulse can be safely amplified, and then
it is compressed again to the original length through a negative dispersion line.
Both pulse stretcher and compressor are in general implemented using all-
reflective gratings and optics to avoid further dispersion introduced by
refractive elements [25].

The amplification Ti:SA active medium is pumped by the second harmonic
of a Nd:YAG or a Nd:YLF laser at 532 nm with pulse duration ranging from 10
to 100 ns. The diode pumped solid state laser (DPSSL) are preferable diode
pumped for not high power system. The diode pump laser assures the required
amplitude jitter stability (<1%), the transverse mode purity and the repetition
rate required for the SPARX photoinjector. The diode pump system can be
implemented by CW diode pump Q-switch system or pulse diode. The first
solution assure less energy jitter (<1% rms) and better thermal stability, instead
the second due to higher energy output can be used to reduce the number of
stages. The present limitation to the maximum energy per pulse can be
produced using such a system has been demonstrated to be 20 mJ using 7 W
regenerative pump plus 2 DPSSL of 45 W for the successive multipass [26]. The
DPSSL can potentially guarantee also the SPARX repetition rate upgrade to 1
kHz.

After the pulse is stretched up to hundred of picoseconds it goes inside a
regenerative pre-amplifier (RGA). Here only some pulses are selected inside the
89.25 MHz train from the laser oscillator to be amplified and obtaining
repetition frequency up to 100 Hz. Despite the fonal frequency the repetition
rate for the pumps is fixed and usually is 1 kHz for the regen DPSSL.

Pockels cells provide the picking of the right pulse to be amplified to get
to final repetition rate, and extraction of the pulses after a proper number of
round trips for the needed amplification. Out of the RGA pulses energy up to
2.5mJ can be achieved. The energy can be increased with one or two multipass
successive stages. One multipass would deliver a maximum energy of 10 mJ
and a second multipass between 15 mJ and 20 mJ for DPSSL. After the amplifier
the pulses are compressed again to transform limited duration through the
grating-based compressor stage.

The result is a very high power so that it is necessary to operate up-
conversion as soon as possible, to avoid undesirable nonlinear effects in the
pulse free propagation. For SPARX purpose the energy specified at the amplifier
exit is 20 mJ.

When the seed pulse enters the amplifiers, Pockels cells and different
pumps must be synchronized for the right pulse picking and to deliver
maximum gain inside the amplifiers through the correct pump time arrival for
more details see the Time and Synchronization section.

5.1.3.2.3 Third harmonic generation

At the output of the amplifier the IR pulses go to a third harmonic
generator, where UV pulses with an energy of up to are produced. The up-
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conversion is required to generate photon with energy larger than the
photoemission work function of the metal cathode. The third harmonic
generator is characterized by two type | beta barium borate (BBO) crystals of
0.5 and 0.3 mm used to produce first the second harmonic signal and then the
third harmonic signal by frequency sum.

The harmonic process efficiency depends proportionally to the input pulse
power density and is proportional to the non-linear crystal length [22]. The
overall efficiency expected for the SPARX specification is 20%, due to aging
processes occurs in the non linear crystal a more conservative value can be
assumed (15-18 %). Amplitude jitter are slightly enhanced due to the non-linear
behavior of the harmonic generation process, anyway a still acceptable 2% rms
amplitude fluctuation can be estimated. The harmonic generation can be
achieved with no perfect transform limited pulse in order to generate enough
UV pulse stretcher for time pulse shaping purpose. In the reference [27] the
theoretical and experimental characterization of the spectral distortion in the
harmonic generation has been reported. Figure 5.21 reports the measurement
and the simulated second and third harmonic spectra as function of the linear
chirp applied to the IR input pulse.
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Figure 5.21: From left to right: measured (solid curve) and simulated
(dashed curve) IR, BLUE, and UV spectra. Starting from a transform-limited
pulse, the input pulse length has been increased through a DAZZLER
programmable quadratic phase. The acousto-optical filter applies also an
amplitude modulation in order to achieve an amplified square spectrum.

5.1.3.3 Time pulse shaping

For optimum driving a photocathode of a S-band RF cavity, such as the
SPARX photoinjector, one desires ideally a relatively high energy (> 100 pJ) UV
laser pulse 2 to 10 picoseconds long, with a flat top temporal profile having
fast (~ 1ps) rise and fall times. The current techniques to manipulate the bell
shape laser pulse employ devices that work in the IR, in general before the
amplification. This set up requires the pulse shapers are able to compensate
the unavoidable distortions caused by the amplification and the harmonic
conversion. To perform this pre-compensation it is in general advisable to work
with programmable shapers. Two most widespread techniques are here
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presented: one is based on a programmable dispersive acousto-optic
modulator (the DAZZLER) [28] while the other is based on a liquid crystal mask
spatial light modulator (LCM-SLM) placed in a 4-f optical setup [29]. The limited
rise time achieved with IR pulse shaper can be improved using two stages pulse
shaper scheme, where the programmable shaper is associated to a 4f stretcher
in the UV [30]. This device allows to freely change the pulse length, without
variation in the peak power and the efficiency of the THG, and to impose a
amplitude or phase modulation to the UV pulse spectrum.

Recently, a UV DAZZLER has been proposed and will be briefly described
with the foreseen performance and the present limitation [31]. So far we
described pulse shaper working in the spectral domain, it is also possible to
obtain the uniform intensity profile, directly in the time domain, stacking
several short pulse replica properly delayed [32,33].

The principle of laser pulse shaping operated in the spectral domain is
based on the amplitude and phase modulation of the spectral components. The
field of a light pulse has, in the time and frequency domains, respectively, the
expressions:

E(t) _ /I(t) eifb(t)e—ia)ot E(a)) _ /7((0_ wo)eiis(w—wo) (5-4)

The pulse shaping manipulation is a linear filtering process. In the time
domain the filter action of the shaper is represented by an impulsive response
function h(t); in the spectral domain the filter action is represented by the

Fourier transform H(w) of h(t). The output electric field E_ (t) is the convolution
of the input E_(© and the response function h(t):Eom(f)=h(t)®Em(f). In the
frequency domain we can write: £, (0)= H(0)-E, (o).

In general H(w) is a complex function that can be decomposed as an
amplitude and phase terms: H(a)): T(a))ei"’(“’). Appropriate T(w) and phase ®(w)
modulation can lead to any kind of output signal compatible with the original
spectral width. When the input and output fields are given and it is possible to
introduce both amplitude and phase modulation the solution of the problem is
unique. This solution can be computed by using those particular functions T(w)
and ®(w) that make the Fourier transform of the input equal into the Fourier-
transformed output. Nevertheless, in order to obtain the target pulse, it is

possible to introduce only an appropriate phase function modulation; in this
case there are multiple solutions to the problem [34].

5.1.3.3.1 IR acousto-optic programmable dispersive filter: the
DAZZLER

The “DAZZLER”, an “Acousto Optic Programmable Dispersive Filter”
(AOPDF) is a system designed by FASTLITE to manipulate the spectral phase
and amplitude of ultrafast laser pulses [28]. A RF signal within 40 to 50 MHz
excites a piezo transducer which generates an acoustic wave inside an bi-
refrangent acousto-optic TeO, crystal. The acoustic wave propagates along the
crystal spatially reproducing the RF signal. Being the optical wave velocity much
greater than the acoustic wave velocity, the input optical pulse propagates as
trough a fixed dielectric grating inside the crystal. The two linear optical modes
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of the crystal can be efficiently coupled by an acousto-optic interaction when
the phase matching condition, energy and momentum conservation, between
the acoustic wave and the two optical modes are satisfied. The coupling
assures a partial energy transfer from the input and the output optical mode.
The two modes emerge out of the crystal at different angle and the part of the
optical pulse interacted with the acoustic grating can be easily separated from
the un-diffracted one, and then it can be amplified. The efficiency of the
interaction for an optical wavelength depends on the amplitude of the
corresponding acoustic frequency. By controlling the amplitude of the acoustic
spectrum it is then possible to perform an amplitude modulation of the optical
frequencies.

Figure 5.22: Dazzler crystal set up.

Sending a frequency RF chirped signal in different position z along the
crystal there will correspond different acoustic frequencies. Since locally, for a
given z, there is just one spatial frequency in the acoustic grating, only the
optical frequency that satisfies the phase matching condition, can be diffracted
in that position z. In this way it is possible to diffract different frequencies at
different depths. Due to the TeO, birefringence two wavelengths experience
diverse propagation time and are subjected to different phase modulation.

The high resolution Dazzler is composed by a 2.5 cm acoustic material. It
has a resolution of 0.3 nm and work over a bandwidth of 200 nm around 800
nm. The maximum programmable chirp it can apply produce a laser pulse up
to 6 ps.
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Figure 5.23: cross-correlation trace of the UV flat top pulse obtained
with the DAZZLER pulse shaper.

Due to the damage threshold (maximum peak power is TMW/mm?) the
DAZZLER is mounted at the oscillator’s exit prior to send the beam into the
amplifier where the energy losses. Adopting this layout the relative high
insertion losses of the acoustic filter, up to the 50%, are easily recovered by the
amplification.

The Dazzler is able to produce the desired pulse form in the IR [35], but
the distortions induced by the amplification and the third harmonic conversion,
especially for high efficiency THG, worsen the rise time. The best rise time
measured, as shown in the Figure 5.23, give rise time of 2.5+3 ps [27]. A
possible strategy to achieve the desired flat top profile was to produce a square
UV spectrum at the UV stretcher. The pulse expander introduce a linear chirp
and therefore a direct correlation between spectral and temporal intensity.

5.1.3.3.2 Liquid crystal based spatial light modulator

The mask is an array of pixels interleaved with small gaps (Figure 5.24).
Commercial masks, for instance Jenoptick model SLM-S 640/12, have the
following features: the dimensions of the pixels and gaps are, respectively, 97
and 3 pym wide, and the number of pixels is 640.

Figure 5.24: Picture of the Jenoptick SLM-S 640/12 and, on the right,
the sketch of the liquid crystal array.
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By changing the voltage applied to a single pixel it is possible to change
the refraction index for that particular pixel. In this way, it is introduced a
wanted phase shift in the radiation travelling through the pixels. The pulse
shaping with the LCM-SLM is carried out introducing a proper spectral phase in
order to obtain the wanted pulse intensity in the time domain.

To introduce the proper phase on the pulse it is necessary to propagate
the different pulse wavelengths trough the individual pixels of the array. This is
possible by using an optical layout called 4f which is sketched in Figure 5.25.

f

G2

Figure 5.25: 4f optical setup. The diffraction grating G1 is used in
order to apply a linear angular dispersion onto the input wavelengths. L1
is used to focus the spectral component at the Fourier plane where the
mask is placed. The second lens and the output grating are positioned in a
symmetric position and are used to recombine the wavelengths at the exit.

The optical system is composed by two anti-parallel identical gratings and
two focusing lenses with focal length f. The optical elements are placed as
reported in the figure. The wavelengths are dispersed by the first grating, and
then the first lens collimates the laser frequencies. The second lens and the last
diffractive optics are used to recombine the wavelengths with no residual
spatial chirp and without temporal dispersion. The mask is located at the
Fourier plane of the system where the spectral components of the pulse are
linearly dispersed and focused. The overall energy losses are comparable with
the DAZZLER ones.

The phase function introduced by the mask and which is simulated is
changed by modifying the coefficient of the following polynomial function

o)=a-(0-a) fl0-0) +37-(0-0) +. (55

“ ”

The first order coefficient “a” of the polynomial function brings a time
shift of the pulse without changing its shape, the second order “B” induces a
linear dispersion effect stretching or compressing the pulse and “y” introduces
a right or left asymmetry on the pulse shape. For our purposes the first four

term of the polynomial function are sufficient.

For the liquid crystal mask, the phase function modulation can be quickly
introduced and it is possible to see in real time the changes of the UV
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spectrum. This characteristic makes this device suitable to be integrated with
an adaptive algorithm.

A critical point of LCM-SLM is the alignment of the system. In fact, it is not
easy to perfectly align the 4f configuration in order remove any undesired
effects such as spatial chirp and beam divergence of the output beam. This
consideration is true especially when the optical setup is realized in small
room. The residual spatial chirp out of the 4f system is particularly deleterious
since the output pulse seeds the regenerative laser amplifier. This stage is
characterized by its own cavity’s spatial and longitudinal modes. So, to avoid
undesirable amplitude modulation of the amplified IR pulses, it is absolutely
necessary that all the spectral components of the pulse coming out the 4f be
well matched with the spatial modes of the RGA cavity. It is then clear that a
diagnostic device for the IR before and after the RGA is mandatory to correctly
align the 4f apparatus, the output spectrum is very sensitive to even small
misalignment of the seed beam and suggests for a real time control.

A comparison between the two techniques shows that the acousto-optic
solution performs a continuous frequency modulation, and is able to allocate a
bandwidth one order of magnitude larger than the capability of liquid crystals
technique [36]. The alignment of acousto-optic crystal is less critical than liquid
crystal mask. Both the types of shaper can be driven dynamically by measuring
the pulse profile after the amplifier to pre-compensate gain and conversion
distortions.

As reported in the Figure 5.25 and Figure 5.26 the resulted pulse shape
achieved with the two techniques, appear to be comparable.

| —m—cross-correlation |

1.0 -
\/
- /1 o
HIY %
2 oo, 1 \I I/L
E 0.4-‘ i/l \I
N \
b \
004 LE B e
o & 6 4 2 0 2z 4 8 8 10
time (ps)

Figure 5.26: cross-correlation trace of the UV flat top pulse obtained
with the LCM-SLM shaper.

5.1.3.3.3 UV stretcher for ps rise time
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The measured pulses, and the simulations show limitations on the
minimum rise time that can be obtained. As shown in Figure 5.23 and Figure
5.26, the rise time is about 2.5 ps, and the ripple is within 20 % ptp. In fact,
due to the finite bandwidth of the non-linear crystals, the steepness of the rise
and fall time of the resulting flat-top pulses cannot be pre-compensated by the
DAZZLER. The correspondence between spectral and temporal pulse profiles
experimentally observed [27], suggests that to improve the rise time the
spectral tail has to be sharply clipped. For this purpose the UV stretcher can be
modified including the possibility to clip the spectrum [37].

After the third harmonic generation the beam can be sent through a
specially built optical system in order to shape the longitudinal pulse profile.
Basically it is a particular version of the classical 4f optical scheme with two
anti-parallel gratings and two lenses of focal distance f respectively separated
by a distance f Figure 5.27 [30]. In fact on the lens focal plane there is full
correlation between wavelength and transverse position. This allows any
desired amplitude or phase modulation on the spectrum simply placing a filter
or mask at this plane. Moreover the shift h of the second grating introduces a
chirp on the outgoing beam and therefore it can be used to continuously
change the output pulse duration on several ps. As shown in Figure 5.27 after
the second pass the fraction of the beam reflected by the grating is focalized
by a positive lens onto the plane of a CCD camera. In this way a high-resolution
(r 0.05 nm) spectrometer is integrated in the shaping system [37].
Summarizing, the functions of the described optical system are: i) introduction
of a frequency chirp in order to change the pulse length; ii) introduction of a
amplitude modulation on the spectrum by placing a mask at the Fourier plane;
iii) single shot measurement of the spectrum of the output pulse. Here we
focus on the ability of the system to reduce the pulse rise time

ccd
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Figure 5.27: Schematics of the UV pulse shaper. The CCD and the lens on
the beam reflect reflected composed an high resolution spectrometer.

In Figure 5.28, in the upper plot, it is reported how the simulated
improvement on the rise time when the spectrum is clipped as shown in the
corresponding lower curves. Starting from the black spectrum we remove the
tails increasing the steepness of the curve. As shown in the time profile the rise
time can be reduced down to 1.2 ps (green curve). At this point sharper cut in
the spectrum induce larger ripples but don’t improve anymore the rise time
due to the given bandwidth.
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Figure 5.28: Effect of the clip of the spectral tails. In the lower plot
are reported different spectra obtained by increasing the steepness of the
spectra and the correspondent time intensity profile.

Also experimentally a net improvement on the rise time has been
observed. In Figure 5.29 the cross-correlation measurement on the pulse
produced clipping the tails of the spectrum with the described apparatus. The
pulse length is about 10 ps FWHM and the rise time is about 1.8 ps. The cross-
correlation has been measured using a relatively long IR gate pulse of about
0.6 ps FWHM. The long pulse induces a smoothing in the pulse reconstruction
and produces an overestimation on the rise time. According to our calculation
the achieved rise time is 1.5 ps. The black curve is obtained when one
simulates the real output profile and then calculates the cross correlation with
the IR pulse we used. As shown in the figure, there is a excellent agreement
between simulation and measurement.
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Figure 5.29: Simulate and measured pulse profile when the UV
stretcher is used to reduce the rise time.

Numerical simulations [30] indicate that to further reduce the rise time it
is important to increase the spectral width of the UV pulse, Figure 5.30. This
require a dedicated design for the harmonic conversion stage and the
amplification.
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Figure 5.30: Simulated rise time as a function of spectral bandwidth after
the cut of the spectral tails.
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5.1.3.3.4 UV DAZZLER

Recently an UV version for the DAZZLER with operation range between 400
and 250 nm has been proposed [31]. The filter demonstrated a resolution of
0.05 nm. The acousto optics crystal adopted is, in this case, KDP. The two
photons absorption for this crystal limits the maximum energy transmitted by
the filter. This paragraph is focused to two typical working points for the SPARX
machine. We report results of simulations aiming to attain the nominal SPARX
charge CASE 1 (1nC) and lower charge regime CASE 2 (250 pC) keeping
constant the density of the electron beam. The design considerations and
simulation reported in the following has been produced in collaboration with
FASTLITE [38]. The UV DAZZLER can be operated in single or double passes
using a fold mirror to retro-reflect the output beam. In the second case the
dynamic range of the filter is doubled and the output pulse length can be the
doubled respect to the single pass case (in the order of 3 psec).

The simulation design is based on the following considerations:
1) Adding external GVD is necessary because of the limited pulse shaping
capacity of the DAZZLER and to reduce the power density in the

DAZZLER.
2) Two photon absorption in the DAZZLER vyields a transmission coefficient
of the form:
=t (5-6)
Ry

where k=2.5 cm?/GW for a 5 cm long crystal, and | is the input intensity
on the DAZZLER.

Intense two photons absorption has a pulse shaping effect, both
spectrally and spatially. The output pulse is squarer than the input pulse.
A simulation program which incorporates the following features have
been developed:

a) Phase shaping using even order polynomials in order to generate a
symmetric shape output

b) Amplitude shaping with super-gaussian shapes

¢) One or two passes through DAZZLER set up

d) Additional external linear chirp to simulate an external stretching

e) Input signal with super-gaussian spectrum

f) Spectral modification due to two photon absorption

g) Output energy computation including two photon absorption,
DAZZLER diffraction efficiency and spectral clipping by the DAZZLER.

The used beam area is 0.3 cm? (4x8 mm), which is the absolute maximum
achievable with the present FASTLITE device. The characteristics according to
the SPARX working points aimed at the specifications listed in the Table 5.5.

Table 5.5: Laser requirements on cathode. Characteristic of
the UV laser pulse foreseen for the SPARX photocathode laser
system.
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Case 1 (1 nC)

Case 2 (250 pC)

Pulse lengh
Rise time
Central wavelength
Bandwidth
Input pulse length*

Input energy

Energy output required

Spot diameter input

Spot diameter @

cathode

10 ps
1 ps
266 nm
1.4-2 nm
>1 ps
<1.5mj
> 150 pJ
Adjustable

2 mm

6.3 ps
0.6
266 nm
1.4-2 nm
>1 ps
<1.5m]j
> 40
Adjustable

1.2 mm

In general, we have found that:

1. Case 1(1nC) is not achievable in two passes, because of the strongly
reduced DAZZLER efficiency in this setup.
2. Case 1 in one pass and case 2 in two passes are only marginally

achievable.

3. Case 2 is achievable in one pass.

The main disadvantage of the one pass scheme, is the absence of
compensation of the walk-off'>. This is of the order of 1.3 mm, whereas the
beam width would be of order 8 mm. The following Table 5.6 gives some
characteristics of solutions found in simulation.

Table 5.6: Simulated parameters for the UV DAZZLER. Case 1 refers
to the high charge working point and case 2 to the 250 pC per bunch.

Rise

Two

Case Pass Extern Duration time E out Cut Diffract pho- Global
(ps) (ps) (vs) (mJ)) (%) (%) tons (%)
(%)
2 2 1.64 6.38 0.61 0.029 94 26.01 7.91 1.93
2 1 4.16 6.29 0.52 0.126 97 34.00 25.47 8.40
1 2 5.43 10.01 0.72 0.04 92 15.21 19.06 2.67
1 1 7.58 10.01 0.64 0.167 94 32.00 37.01 11.13

> Spatial walk off in a birefringent medium, such as the UV DAZZLER, is the angular
drift associated to two polarizations, that in our case correnspond to the input and the
diffracted beam. If the diffracted and undiffracted beams are retroreflected after the
second pass in the Dazzler they overlap again.
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All simulations are done with a pure Gaussian spectrum input signal of 1.5
mJ with 1.4 nm width at 266 nm. The extern column gives the amount of
stretch required prior to the DAZZLER (at half maximum amplitude). The pre-
stretching can be achieved with a standard UV stretcher or with a dispersive
glass. The duration of the exit pulse is computed with the criterion “above 90%
of maximum”. The last columns give indication of the throughput of different
processes reducing efficiency: Cut is the energy reduction by the spectral
intensity shaping. Diffract is the effect of DAZZLER diffraction efficiency. Two
photons is the energy loss induced by two photons absorption.

In Red, the value that is clearly out of specifications is reported, making
Case 1 not achievable using two passes setup. In blue the values close to the
specifications are shown: these results have been achieved only through
compromise.

The resulting time shapes for these simulations are reported in the
following 4 figures (Figure 5.31 to Figure 5.34). They are not ideally flat top,
mainly due to the limited time shaping capacity of the DAZZLER and the
necessity to add significant stretching externally. They could be made
somewhat better by introducing more flexibility in the spectral amplitude
programming of the DAZZLER (currently limited to super-gaussian in the
simulation).
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Figure 5.31: Low charge case pulse shape achieved
through 2 passes in the DAZZLER (vertical axis: normalized intensity,
horizontal axis: time in ps).
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Figure 5.32: Low charge case pulse shape achieved through 1 pass in the
DAZZLER (vertical axis: normalized intensity, horizontal axis: time in ps)
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Figure 5.33: High charge case pulse shape achieved
through 2 pass in the DAZZLER (vertical axis: normalized intensity,
horizontal axis: time in ps).
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Figure 5.34: High charge case pulse shape achieved through 1 pass in the
DAZZLER (vertical axis: normalized intensity, horizontal axis: time in ps)

5.1.3.3.5 Pulse staking

The temporal shaping of the photocathode pulses can be achieved directly
in the UV by a temporal shaper called UV Stacker. The concept is to split a UV
pulse into two replicas in orthogonal polarization states, provide different
temporal delay times and combine (stack) them into a single longer output
pulse with a variable polarization state over its temporal evolution. By iterating
this procedure one can generate a temporal splitting of the original pulse into
many more pulses by pairs while keeping the beam path identical.

The delay lines have been originally proposed using Michelson
interferometer. This solution implies a complex and troublesome spatial beam
combination scheme especially when the target pulse is required to be shaped
with high resolution. The use of a bi-refringent glass such as MgF, or CaF, for
differential delay is more promising solution to realize entirely collinearly
stable pulse shaper.
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Figure 5.35: Simulated pulse obtained with pulse stacking of 0.5 ps
short pulses.

A variable number of crystals up to 16 pairs of pulse replicas stacked
together allows to change the output pulse length, dividing by a factor two (for
instance it is possible to have duration of 10 ps, 5 ps, 2.5 ps and so on, as
shown in Figure 5.35). The pulses separation and the adjustment the peak-to-
peak (ptp) variations can be in principle done using a wedges crystals and
therefore a different delay. Additionally the rotation of the crystals allows
amplitude control of each pairs of pulses, and also of the s-polarized relatively
to the p-polarized pulses in the UV stack to ensure the best flatness top-hat UV
pulse. The temporal profile foreseen at the photocathode is characterized by a
ripple on the plateau <20% ptp variations. The transmission of the proposed UV
Stacker can be estimated to be >90% if antireflection coating are used for the
stacked glasses. The transverse profile and the energy stability is determined
by the incoming pulse.

The pulse staking scheme will not work so well with much shorter initial
UV pulse because of the following reasons:

a) many more pairs of pulses will need to be stacked together (128 pairs
of replicas for sub-200 fs long initial UV pulse) increasing the amount of optical
components placed in the beam path and reducing the UV Stacker overall
transmission.

b) not negligible deterioration of the UV beam profile after passing the
much greater number of optical material components in the UV Stacker due to
filamentation process.

The pulse stacker scheme has the advantage of very low insertion losses
compared with the other pulse manipulation techniques. The limitation derives
from the poor flexibility in term of pulse length and shape achievable.

5.1.3.4 Spatial pulse shaping and imaging system to the cathode

5.1.3.4.1 Homogenizer system: aspheric lenses telescope

The spatial mode generated naturally by the laser systems are in general
Gaussian or bell shaped. The use of an aperture and the successive imaging
transport to the cathode is associated to unavoidable energy losses and is
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useful only when a super-gaussian input is provided in the UV. Therefore a
dedicated optical system is required for changing the transverse intensity
profile. The beam profile can be static or programmable. The static beam
shaper has a fixed transfer function that produces the desired pulse when a
well defined input is present. When the input mode diverges for the optimal
shape, the output is not anymore flat top. The final consideration is that only
the a collimated beam where the flat top intensity is kept over relative long
distance (1-2 meters) can be transported over the several meter transfer line
and imagined on the cathode.

A static beam shaper that demonstrated the ability to convert a Gaussian
input in a flat top one is based on a proper designed aspheric lenses telescope
[39]. The use of Galilean design, thus there is no intermediate focusing of a
beam, is very useful to avoid non-linear effect due to high intensity reached at
the focus of a Newtonian telescope. The principle of operation is described as
follows: the first lens is used to defocus the central part of the beam and focus
the outer tails, the second lens is used to collimate the beam and produce a
plane output wave. The telescope length can be varied to change the focal
length of the static shaper.

To simulate the effect of the aspheric lenses telescope on a input,
Gaussian beams have been simulated using Zemax optical design code [40].
The input and the output transverse distribution are reported in the Figure
5.36.
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Figure 5.36: Zemax simulation of the aspheric beam homogeneizer.

The ideal output deviate from the flat top shape also for misalignment of
the telescope. In fact a transverse displacement of +1 mm is specified or
angular tilt of 0.5° introduce a asymmetric shape in the output flat top. This
consideration means a proper 4 axis mount has to be adopted for the telescope
alignment.
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5.1.3.4.2 Homogenizer system: deformable mirror

Piezoelectric deformable mirror is a more complex, but more powerful
solution, can also be used for beam profile variation. Due to its programmable
nature, a myriad of beam forms can be selected, in addition optimization loop
can be run to improve the beam shape on the photocathode to maximize
electron yield. The deformable mirror can be realized with metal or dielectric
coating. The fused silica piezoelectric deformable mirror have the advantage of
high-reflection dielectric coating with R>99% for optimum shaper transmission.
A wave-front sensor is advisable for constantly measuring the output of the
spatial shaper and use it as a feedback to the deformable mirror optimization
software. This software will simulate the spatial shape on the target 15-20
meters away and will feed this simulation as a feedback to the deformable
mirror optimization algorithm. This simulation will be regularly calibrated by a
test CCD camera, which will need to be placed at the position of the photo-
cathode target in the time of installation and later on when required for
maintenance.

The deformable mirror introduces a phase only transmission function by
varying the surface position over a few wavelengths. Using the Fresnel
propagator and assuming a cylindrical coordinate system, it has been possible
to study the effect of polynomial phase transfer function after a arbitrary
propagation [41]. Figure 5.37 reports the calculated input and the output beam
profile when a optimizing phase function is applied.
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Figure 5.37: Radial distribution of the input and output pulse. The phase-
only transfer function has been found using a optimization procedure.
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5.1.3.4.3 Imaging and transport system

A dedicated design of the transfer line from the exit of the laser system to
the cathode has to be realized. In fact the required performances on the
cathode need a compensation of the pointing instability over more than ten
meter propagation. It will be used an evacuated beam pipe to the gun for
preservation of the spatial and temporal pulse’s profile.

The transport to the cathode has to assure a stable beam and the faithful
reconstruction of the laser spot at the object plane. The optical transfer line is
foreseen to transport the beam from a laser room to a table positioned as close
as possible to the gun with an optical path of about 12 meters. A top view of
the laser and the transfer line to the cathode are shown in the Figure 5.38. The
object plane is located at the exit of the transverse beam shape in the laser
room. To reconstruct at the cathode the exact transverse distribution from the
object plane, we will adopt a Fourier relay optic scheme. This layout allows also
to significantly reduce the pointing stability at the cathode.

This scheme foresees two focusing lenses L and L, with focal f, and
f,, the first lens is mounted at distance f from the object and L, is at
f,+f, from the first optic, the Fourier relay forms the image on a plane at
distance f, behind L. The transfer line will also carry out proper
demagnification with a variable zoom to match the electrons density
required for optimal beam manipulation for several working points.

Pumps power
supplies and
chillers

Laser clean room

pumps
Laser room

D uu optical table

amplifier

Radiation
shielding

4 500mm

GLun table

1,500mm

diagnostics

1.500mm

1,800mm 1.000mm
250mm ™

Figure 5.38: Layout of the photocathode laser room and the transport to
the cathode (top view).

The magnification of the Fourier relay optic is the ratio f/f,. In the SPARX
case the demagnification will be % and the focals are f=6 m and f=1.5 m.
Figure 5.39 depicts the layout of the transfer line: L, is installed on the radiation
shielding and the second lens on the gun optical table. After the first lens the
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laser is focalized and to avoid high power density in air and consequent
distortions it is advisable to keep the transfer-line in low vacuum (103 mbar) or
in nitrogen overpressure.

A three lenses telescope can be used to continuously change the
dimension of the beam, typical design allow the magnification from 0.5 to 2,
without varying the natural divergence of the beam before the optical
transport.
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Figure 5.39: Layout of the photocathode laser transport
to the cathode (side view).

Figure 5.38 shows the laser room as dedicated environment for the best
operating conditions of the laser. In fact, to improve the time and the energy
stability of the system it is useful to control the temperature of the
environment. We plan to build a dedicated 10* class clean laser room with
temperature stabilization at =1 °C. The Thermal stability of +1°C is a typical
value required for laser environment for reliable and drift-free operation.
Furthermore it is important to limit with designed air shielding and enclosures,
the turbulences introduced by the temperature stabilization system. The
removal from the laser room of chillers, power supplies and or potential
sources of heating will help to reduce the speed of the conditioning system.

Figure 5.40 depicts the main optical elements that will be installed close
to the photocathode. The laser beam exit from the evacuated pipe and is
steered by a series of dielectric mirrors. The motorized mirrors are driven by
the signal derived by a quadrant photodiode. The detector is divided in 4
independent sectors, and the output signals allow to reconstruct the relative
position of the beam respect to the center of the detector. Two wedge beam
splitters will be used to send a fraction of the beam to the on-line diagnostics
necessary to continuously monitor the properties of the laser at the cathode.
The time of arrival photodiode is used to measure the time jitter between the
laser and the RF field. The energy photodiode is a calibrated detector used to
measure the pulse-to-pulse energy. Finally a CCD camera is positioned at the
virtual cathode, a particular symmetric plane respect to the cathode, to record
the transverse beam impinging on the photocathode. Finally a remotely
controlled variable attenuator is used to control the energy on the cathode and
on the virtual cathode.
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Figure 5.40: Gun table optical layout.

5.1.3.4.4 Diagnostic and feedback control

The monitoring of the laser system’s performance and active control
feedbacks are a prerequisite for optimal laser’s operation. Here we report the
measurements and controls that we intend to perform on the most important
laser pulses’ characteristics.

5.1.3.4.4.1 Time and spectral pulse profile

To measure the flat top time profile on the scale of few ps a streak camera
can be used. This diagnostic tool allows the direct reconstruction of the
temporal intensity from infrared to ultraviolet. Typically the streak camera has
1 ps of resolution, but recently for expensive streak cameras the resolution has
been improved, reducing it to ~0.2 ps. Optical cross-correlation and auto-
correlation techniques can be used for resolution below 100 fs. The correlation
signal is obtained by mixing two collinear and delayed replicas in a non-linear
material to produce the sum or difference frequency [42]. The cross-correlation
allows the signal reconstruction by mathematics calculation if the reference
beam is enough short in multishot acquisition. For instance it is possible to
cross-correlate the amplified IR pulse which is characterized by duration less
than 0.5 ps and the UV signal after the pulse shaper. Also the streak camera
resolution can be increased using a short reference pulse. In fact it is possible
to send at the streak camera two synchronous pulses, a short IR pulse for
reference and a the picosends UV pulse to be measured. The IR reference can
be used to overlap multiple acquisition for statistic reconstruction of the UV
pulse. The use of pulse reference requires a single shot autocorrelator to
determine the IR pulse duration.
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When the spectral phase is known, the measurement of the spectral
intensity leads also single shot information on the time profile. In the case that
large stretching is applied to the UV pulse, the spectrum corresponds directly
to the time intensity [30]. Commercial compact spectrometer allows the
monitoring of the spectral components before and after the amplification and
in the UV. For a high resolution spectral reconstruction it is possible to built a
dedicated spectrometer based on a high density grating and a CCD camera.

5.1.3.4.4.2 Spatial profile

For the diagnostic of the spatial characteristics CCD at different positions
are useful tools. Special care we have to devote to the measurements of the
center’s position, of the transverse profile and spot’s diameter jitter at the
cathode’s conjugate plane. Commercial CCD without the usual UV-protective
windows can be used for the UV pulse. The best resolution of the spatial
measurements is related to the pixel dimensions. Commercial CCDs have an
active area up to 10 mm and pixel dimensions of 6-10 pm. A CCD camera with
a demagnification system is necessary also to measure the beam transverse
distribution after the transverse pulse shaper system.

5.1.3.4.4.3 Beam position measurements and feedback

A transverse feedback, to maintain the laser spot in a fixed position after
commissioning optimization, is mandatory. As explained before two quadrants
photodiode (formed by four photodetector sectors) is useful or fast control of
the beam centroid position at the gun table. After alignment, the horizontal
and vertical difference signals from the quadrants can drive feedback loop that
will drive the mechnical actuators of selected mirrors, as shown in Figure 5.40,
in order to correct unwanted displacements. A quadrant photodiode can be
used also on the laser room table to produce repeatable laser beam direction.

5.1.3.4.4.4 Energy diagnostic

To satisfy the energy requirement on the cathode it is mandatory to
control the pulse energy in different points of the laser system and the transfer
line. The pulse’s energy can be measured with piroelectric joulemeter or
calibrated photodiode on a fraction of the laser beam reflected by a beam
splitter. Joulemeter and photodiode are available from infrared to ultraviolet
and shows a linear response up to two orders of magnitude. The pulse energy
will be monitored at the exit of the amplifier, after the third harmonic
generator and close to the virtual cathode. To change the pulse’s energy on the
cathode a proper variable filter can be inserted in the optical line.

5.1.3.4.4.5 Phase noise measurement

Phase error of the laser pulse arrival time with respect the RF field on
cathode must be corrected to maintain the best performance of the
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photoinjector. The time jitter is due to the optical path variation in the laser
oscillator length, and can be compensated at sub-ps level with active control of
the cavity length. In the laser amplifier and in the transfer line a slow drift can
be caused by temperature variations. The relative phase error measurement
must be performed close to the gun by mixing the RF field signal coming from
a gun probe with a pseudo-sinusoidal signal created passing the fast
photodiode signal in RF cavity tuned at % of the master frequency [43]. With
the mixing signal the laser pulse arrival time can monitored and eventually
corrected by acting on the gun phase shifter. An indirect measurement of the
laser pulse jitter with respect to the RF system is also possible adopting a
resonant cavity on the beam line after the gun or using a electro-optical
sampling.

5.2 LINAC DESIGN

The heart of the SPARX complex is the S-band (2.856 GHz) electron linear
accelerator (LINAC) with the nominal design energy of 2.4 GeV, operating at the
average accelerating gradient of 23.5 MV/m. It utilizes the normal-conducting
radio frequency (RF) technology, which is in operation successfully in numerous
High Energy Physics and Synchrotron Light Source Laboratories worldwide.

The choice of the normal-conducting RF comes mostly with the long
experience of the LNF accelerator division in operating S-band room-
temperature LINACs. Moreover, the choice of an S-band, instead of a C or even
an X-band LINAC, derives furthermore from considerations about cost and
industrial availability, as reported in detail in the next paragraph 5.2.7.

5.2.1 LINAC Layout

The 1.5 GeV section of the SPARX RF system consists of 9 RF stations, 7
for the main LINAC and two for the pre-injector. Further 7 RF stations must be
added to achieve the nominal design full energy of 2.4 GeV. The RF stations
provide RF pulses of 50 MW/peak and 0.8 psec width to each of 3 accelerating
sections. The average accelerating field gradient of 23.5 MV/m is therefore
possible in travelling wave (TW), constant gradient (CG), 21t/3, 3 m long, S-
band accelerating structures, usually known as SLAC-type sections [44]. The
energy gain per power station is about 215 MeV. To ease the maintenance and
reduce the spare units, it is proposed to use 60 MW peak klystrons for all the
stations including that for the RF gun and two RF deflectors, used for beam
diagnostics (see par. 5.6), although these devices require less power. An extra
S-band 60 MW power station feeds the RF deflector for the 2.4 GeV beam. The
RF layout of the accelerator SPARX is schematically shown in Figure 5.41:
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The choice of feeding 3 accelerating sections with one single source is not
common in linear accelerators. Nevertheless, it minimizes the number of the RF
power stations and allows to operate the LINAC at rather high field gradient as
well. Pulse compressor systems (SLED) enable to increase the klystron RF pulse
power by about a factor 3.5 and reduce the pulse duration from 4 to 1 psec, to
match the accelerating sections filling time. It is proposed to use the energy
compressor developed at KEK [45] with dual-side wall coupling which reduces
the electric field at the iris-edges of the cylinder cavities and, as a result, allows
to operate the SLED at higher peak power with lower discharge rate. The SLED
system is not used for the RF gun power station as the gun filling time is 2.5
psec. As reported with more details in the above paragraph 5.1.1, the RF gun
will be equipped with two symmetric RF inputs to compensate for the distortion
of the accelerating field in the first cavity-cell. An option to use the SLED for
feeding the gun is foreseen. This solution would permit, with higher peak
power, to reach the flat-top field in a shorter time, reducing the average gun RF
power but requires to use a more powerful and, therefore, more expensive
circulator or isolator to protect the klystron against the reflected RF gun power.

One X-band TW section, installed before the bunch compressor BCI,
linearizes the beam longitudinal phase space. The energy gain provided by the
X-band structure is of the order of 25 MV/m. The system makes use of high
power 11.424 GHz station, described in the paragraph 5.2.4.

5.2.2 Accelerating Structures

The electron beam is generated in the laser-driven photocathode 1.6-cell
standing-wave (SW) RF cavity and accelerated to 150 MeV. In order to operate in
the decelerating mode, three accelerating sections will be used instead of 2.

The accelerating structures of the SPARX LINAC are travelling wave (TW),
constant gradient (CG), 211/3, 3 m . long, 2.856 GHz units. They are made of a
series of 86 RF copper cells, joint with a brazing process performed in high
temperature, under vacuum furnaces. The cells are coupled by means of on-
axis circular irises with decreasing diameter, from input-to-output, to achieve
the constant-gradient feature. The RF power is transferred to the accelerating
section through a rectangular slot coupled to the first cell. The power not
dissipated in the structure (about 1/3") is coupled-out from the last RF cell and
dissipated on external load.

To meet the severe emittance requirements for the injector, the single-
feed couplers of the pre-injector accelerating structures will be replaced by a
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dual-feed design [46] to minimize the multipole field effects generated by the
asymmetric feeding, which induces transverse kicks along the bunch, causing
beam emittance degradation.

The industrial companies, which can develop the accelerating structures,
are only a few in the world. The fabrication is a complex task that requires
specialized know-how, availability of very advanced equipment and facilities,
top-level organization.

The maximum achievable accelerating gradient is the most important
parameters of such devices. The SPARX project operates at an average gradient
of 23.5 MV/m that is a medium level accelerating field. Nevertheless, it requires
the use of selected materials, precise machining, high-quality brazing process,
surface treatments and cleaning, ultra-pure water rinsing, careful vacuum and
RF low power tests. The

Figure 5.42 shows an S-band accelerating structure utilized in the Frascati
SPARC injector while being installed on the beam-line. The Table 5.7 gives the
main parameters of the sections.

Figure 5.42: S-band accelerating structure

In order to maintain the structure tuned to the 2T/3 mode, that
guarantees the necessary cumulative energy gain for the beam particles, the
accelerating sections are kept at very constant temperature (AT = £ 0.1°C) by
means of regulated cooling water systems.
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Table 5.7: Technical specifications of the accelerating sections

Frequency 2.856 GHz

Type TW, CG
Structure Disk-loaded

Mode of operation 211/3

Phase velocity velocity of light in vacuum
Period 3.499 cm
Number of cells 86 (including couplers)
Attenuation constant 0.57 nepers

Normalized group velocity
Shunt impedance

No load energy (50 MW input)
Bandwidth (VSWR < 1.2)
Phase shift per cell

Filling time

Q of structure

In/Out VSWR

0.0202 to 0.0065 (V_/C)
53 to 60 MQ/m
70 MeV (theoretical)
> 4 MHz
120°
0.85 pusec
13400 (approx)
<1.1

5.2.3 RF Power Sources.

The RF power sources for SPARX consist of 60 MW peak S-band klystrons.
Three manufacturers, Thales (F), CPI (US) and Toshiba (JP), develop klystrons
which meet the requirements of the SPARX LINAC.

A set of klystron parameters is given in Table 5.7. RF power sources of
comparable specifications are being used in other accelerator laboratories. The
pulse repetition rate of 100 Hz would not be a problem since already, at SLAC,
S-band klystrons operate at 120 Hz. Each klystron, equipped with beam
focusing coils, will be supplied by a High Voltage (HV) Modulator and installed
in the upper tunnel of the LINAC.

Table 5.8: SPARX klystron main specifications

Frequency 2.856 GHz
RF Pulse Duration 4 usec
Repetition Rate 100 pps
Cathode Voltage 350 + 370 kV
Beam Current 400 - 420 A
HV Pulse Duration 6 ysec

RF Peak Power 60 MW

Basically, a HV Modulator consists of an HV charging unit, a Line-Type
Pulse Forming Network (PFN) and a 1/n HV pulse transformer, immersed in a
tank filled with insulating oil. The system, schematically shown in Figure 5.43,
generates almost rectangular HV pulses, applied to the klystron cathode, after
the PFN discharge that occurs when the HV switch, that can be a thyratron or a
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solid state device, is operated by a trigger signal. The nominal HV pulse
duration is 6 psec FWHM with rise and fall time, determined by the PFN
parameters, respectively of 0.5 and 1 psec.

HV charging PFN
unit W\I-W-\I' - | %
. -
HV switch Pulse klystron
1:n
Transformer

Figure 5.43: Schematic layout of a Pulsed Power Modulator

Recently it is proposed to replace the line-type PFN with a series of solid-
state switching boards. The goal is to make compact the modulator size and
lower the primary voltages but the long term reliability of this solid state
solution is still to be proved. The HV Modulators for scientific applications are
very special systems produced by a few specialized industries. The main
features are the very high voltage of the modulator pulse needed to drive the
klystron and some tight requirements regarding amplitude and pulse-to-pulse
phase stability.

Table 5.9 gives the parameters for a SPARX modulator.

Table 5.9: SPARX klystron main specifications HV Pulsed Modulator

parameters
Modulator Pulse Voltage transformer primary 25 kV
Pulse transformer secondary voltage/klystron gun 370 kV
Pulse transformer secondary current/klystron gun 420 A
Pulse transformer ratio 1/15
High voltage pulse duration (FWHM) 6 psec
High voltage rise/fall time (0 to 90%) 0.5 /1 usec
Pulse flatness during flat-top +0.1%
Pulse to pulse Voltage fluctuation +0.3%
Pulse repetition rate <100 Hz

5.2.3 RF Power distribution

The layout of the standard RF power station proposed for SPARX is
depicted in Figure 5.44. The 60 MW klystron sources feeds, through the KEK-
type energy compressor, 3 SLAC-type accelerating structures (with dual
symmetric feeding for the pre-injector). To divide equally the RF power among

3 units, a 4.8 dB directional coupler is used to draw 1/3" of the full power for
feeding the first section. A 3 dB directional coupler split to half the remaining
power to the following sections.
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Figure 5.44: Layout of the SPARX RF Power Station

About 50 MW peak are available to each accelerating structure after the
energy compressor. Such a power level produces an average accelerating
gradient of 23.5 MV/m that means an energy gain of about 215 MeV per RF
station.

The Figure 5.45 shows the layout of the 150 MeV pre-injector. The first
klystron RF pulse, by means of shunt or series-tee, is divided in 2 equal
amounts. The RF pulses are then re-combined with an hybrid-junction or a
magic-tee. The use of an hybrid-junction (HJ) to split the RF power, like those
used in SLED devices, allows to change freely the gun input power level without
dissipating RF power in dummy loads as those employed in waveguide
attenuators. This is accomplished by varying the phase of one input HJ signal
with a 180" waveguide phase-shifter. The second output port of the hybrid unit
supplies the 1.5 GeV RF deflector (RFD-2) that is a travelling-wave unit and
therefore a circulator is not required to protect the klystron-1 from reflected
power. The 1.5 GeV RFD-2 is supplied with a 130 m. long rectangular WR280
waveguide. The power loss in WR284 waveguides at 2.856 GHz is about
2dB/100m so that, to feed 12 MW to the RFD, a power of about 22 MW must be
drawn from the hybrid-junction second port. By adjusting the phase of the
input HJ port, it is possible to switch off the deflector when not in use.
Complete power dividers are manufactured by the RF industry too (see sketch
in Figure 5.46) and provide continuously variable division of input power from
insertion loss to -30dB. The RF power may be split between the output ports in
any desired ratio. One of the outputs of the power divider may be equipped
with a phase shifter to provide two outputs that are continuously variable in
both power and relative phase up to 360 degrees. However, hybrid devices
have usually an isolation not much greater than 30 dB.
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Figure 5.46: Sketch of a variable S-band power-divider

Therefore, a residual deflecting RF power > 6 kW will be available at the
RFD-2 input port. It can perform negatively on the beam parameters and must
be additionally damped to a few watts with a variable waveguide attenuator
sited before the RFD-2. If this were not enough, the use of a dedicated station
for the deflector must be foreseen.

A power circulator protects the klystron#1 against the power reflected by
the RF gun, that is a SW cavity. Moreover, one-tenth of the gun power is drawn
with a 10 dB coupler to feed the first RF deflector RFD-1. The second 60 MW
klystron, through the pulse compressor (SLED), feeds three accelerating
structures.

The 60 MW RF station configuration is repeated, according to the Figure
5.2.1.2, for 7 units up to > 1.5 GeV and for further 7 stations up to > 2.4 GeV.

A network of rectangular WR284 copper waveguides distributes the RF
power to the SLED’s and to the accelerating structures. The waveguides are
pumped down to 10® mbar with a distributed pumping system and are
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connected to the accelerating structures through ceramic windows to protect
the beam line vacuum.

Precise RF phasing of the LINAC will be achieved by means of motorized
waveguide-phase-shifters positioned before 2 sections over 3 of a power
station, being the third one regulated at low RF level. The RF power at the most
significant locations of the power distribution network are monitored by means
of waveguide 60 dB directional couplers. The main points to be monitored are
the klystron outputs and the input/output ports of the accelerating structures.

5.2.4 IV HARMONIC SYSTEM

One X-band RF section (f =11.424 GHz) is foreseen in the SPARX layout to
linearize the compression by removing the quadratic energy-time bunch
correlation generated in the LINAC structures before the magnetic bunch
compressors [47]. It operates at 180° before BC1 and BC2 magnetic chicanes
[48] at a relatively low gradient, ~ 33+45 MV/m, and decelerates the beam of ~
20+27 MeV. A more linear correlation allows the bunch to be compressed to a
much smaller length than in the case without the X-band section, without
heavily affecting the longitudinal bunch current profile, i.e. without giving rise
to sharp temporal spikes that may drive unwanted collective effects such as
Coherent Synchrotron Radiation (CSR) and longitudinal wakefields in the
undulators. Furthermore the level of the final compression is also made much
less sensitive to the bunch arrival time errors (timing jitter).

The magnetic compressor chicane transforms the energy deviation
AE/E, to a path-length deviation [47] and it is used to compress the energy

chirped bunch:
2=z +R56(AE/EO)+T566(AE/EO)2’ (5-7)

Where the momentum compaction (R of a chicane made up of
rectangular magnets with small bending angle and for ultra-relativistic
electrons can be written as:

_

R
%= 58

~-20; (AL + %LB} (5-8)

and where §=AE/E,, 6,is the bending angle, L, the bending magnet

length, AL the drift length between the magnets and bunch head at z< 0. The
second-order momentum compaction (T..) of a rectangular-bend chicane (no
quadrupole magnets) is T, ~—3/2R,,. The relative energy deviation after a

LINAC s-band accelerating section and a X-band structure can be written at the
second order as:

AE/ ( eVyk sing, j o+[_er COS(pzsbjer cosgox] ~a20+b20 (5-9)
0
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substituting (5-9) in (5-7) we can write:

z= (1 +aRy )Zo + (bRss +a2TS66 )Zg (5-10)
To linearize the transformation the second term must be set to zero:
bR56+a2T566 =0 (5-11)

with the IV harmonic RF section this second order term in the
compression can be cancelled applying (5-11) for ¢_= iﬂ(eVX 20):

b=- a - ~—a", -
R, ) (5-12)

or

—eVOkS2 COS(po+er :_T566 (—eVok‘g Sinqpoj (5_,3)

2E, Ry E,

The second order effect is to be compensated so the RF phase of the
harmonic section should be chosen at decelerating crest.

In the Figure 5.47 and Figure 5.48 the severe effect on the longitudinal
bunch distribution of a compression scheme without x-band correction is
shown for the BC1 SPARX chicane; in figures Figure 5.49 through Figure 5.51

the same final bunch compression case with the X-band applied can be
compared.
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Figure 5.47: Energy profile, (left), longitudinal phase space (center), and
temporal profile (right), after L1 SPARX LINAC, prior to BC1 compressor, X-
band switched OFF (bunch head at z<0).
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Figure 5.48: After BC1 compressor with x-band RF switched OFF.

The sharp current spike is evident at the bunch head.
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Figure 5.49: Phase space after L1 LINAC prior to X-band RF
section.
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Figure 5.50: Phase space before BCI1 but after X-band RF switched on

at 20 MV.
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Figure 5.51: Phase Space after BCI1 chicane, with X-band RF ON. The
compressed temporal distribution at right is nearly the same as the initial
profile of Fig. 3.

5.2.4.1 X-band power source and structure

One X-band RF section working at 11.424 GHz (i.e. the 4™ harmonic of the
LINAC frequency), is foreseen in the SPARX layout.
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Figure 5.52: Schematic of two LINAC segments followed by harmonic RF
and compressor chicane. The bunch is compressed from an initial o, rms
length to a final length o, with initial energy E; and final energy E, (bunch

head at left: z<0).

A decelerating field in the X-band structure will be achieved by operating
at —180° off the RF crest. To provide this decelerating field, the structure needs
to operate at a gradient of 45 MV/m, that is a decelerating voltage of 27 MV.
The beam will then be decelerated from 277 MeV down to 250 MeV before
entering the first bunch compressor chicane BC1. Table 5.10 shows the X-band
RF system requirements to achieve the required deceleration for SPARX.
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Table 5.10: SPARX X-band RF requirements

Parameter Value Units
Structure Length 0.6 m
Structure Voltage 27 MV
Structure Gradient 45 MV/m
RF phase -180 deg
RF power at the structure 20 to 40 MW
Repetition Rate 100 Hz
RF Pulse Length 0.4 VES

5.2.4.2 Preliminary cavity design

Preliminary studies on the 60 cm long TW Constant Impedance structure
have been made. The operational frequency is 11.424 GHz and the cell-to-cell
phase variation is 2z/3. This choice has been guided by many years of
experience devoted at SLAC and KEK in the development of X-band RF
components. The device consists of 66 RF cells coupled through on-axis irises
with dual-side input-output coupling cells to match the structure with the X-
band rectangular waveguides and compensate for the transverse kick caused
by single couplings [49].

5.2.4.2.1 Single period consideration

With the HFSS simulation code we have estimated the RF parameter
sensitivities at the geometry variations and the possibility to reach the needed
voltage within the RF breakdown limit of such structure on the basis of the
SLAC studies [50]. The irises thickness has been fixed to 2 mm and the period
length to 8.75 mm. From the sensitivities analysis the iris aperture radius is the
parameter most sensitive. We have choose to varying the iris radius from 3 mm
to 5 mm, consequently the single cell radius must be varied to tune the single
period at the operating frequency. A sketch of single period with the electric
field magnitude normalized to the equivalent axis gradient of the TM_ -like
mode is visible in Figure 5.53.

Table 5.11
Dimentions Value [mm]
P 8.75
r 3 x4
r 10.393 +11.163
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Figure 5.53: A quarter of single period with geometry dimensions.

The longitudinal series impedance per unit length, the attenuation
constant (due to copper losses), the group velocity and the filling time of the
entire 66+2 cells structures at different iris radius values are reported in Figure
5.54. A strong variation in efficiency and filling time is evident from the
diagrams. Structures with small irises are more efficient but have longer filling
times and more losses, furthermore, smaller irises lead to more intense
wakefields. Greater efficiency geometries involve a careful study of the effects
of the wakefields.
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Figure 5.54: RF parameters at different iris aperture radius.

The power required to reach 27 MV accelerating voltage on crest in an
area of 0.6 m at different iris radius is depicted in Figure 5.55. By choosing a
radius equal to 3.6 mm requests deceleration of the SPARX beam can be met
using a power not exceeding 20 MW, much less of 50 MW available power at

the klystron output already tested at SLAC and KEK.
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Figure 5.55: Required power at the cavity input port.

After choosing the right geometry, the average accelerating voltage is
obtained at different input power for a given total length or at different
structure length for a given input power. With a 3.6 mm iris radius, the
following curves are given in Figure 5.56.
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Figure 5.56: Accelerating voltage vs available power and section
length.

The maximum surface electric field normalized to on axis equivalent
accelerating field has been calculated and reported in Figure 5.57. The
maximum surface field is approximately constant and 2.5 times the equivalent
on axis field for all iris dimensions.

Maximum surface E field
scaled to equivalent E ,on axis
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|
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Figure 5.57: Normalized maximum surface electric field vs iris
radius.

5.2.4.2.2 Coupler cell consideration

An example of a multi-cell TW accelerating structure with the input and
output dual-side coupler cells is sketched in Figure 5.58. The dual feed
coupling was chosen to minimize the transverse electric component of the field
on axis due to azimuthal coupler asymmetries.
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Figure 5.58: (Left) A quarter of coupling cell having rounded
window edges; (Right) An example of multi-cell TW structure.

The coupler radius and window aperture must be dimensioned to match
the input power to the correct cell-to-cell phase variation (120°). Preliminary
coupler cell simulations with coupler windows without mating edges but with
rounded connections show that is possible to limit the maximum surface
electric field below the maximum field of the rest of the cavity, by increasing
the curvature radius of the coupler window edges. The maximum input power
is limited by the maximum surface field already analyzed in Figure 5.57.
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Figure 5.59: X-band TW sections manufactured and power tested
at SLAC (left) and KEK (right)

5.2.4.3 X-band power sources

The X-band RF power source for SPARX is a 50 MW peak klystron. Two
manufacturers, SLAC and Toshiba (JP) can develop klystrons [51,52,53] which
meet the requirements of the SPARX LINAC. The X-band klystron development
program at KEK was originally designed for 80 MW peak power at 400ns pulse
length. The main parameters of the klystron needed for SPARX are given in
Table 5.12.

Table 5.12: Specifications of X-band klystron for SPARX

Frequency 11.424 GHz
RF Pulse Duration 0.4 psec
Repetition Rate 100 pps
Cathode Voltage 460 kv
Beam Current 237 A
Gain 53 dB
RF Peak Power 50 MW

To date, 13 XL-4 X-band klystrons (shown in Figure 5.60) have been
manufactured at SLAC in the frame of the NLC/JLC collaboration. Their
successful operation up to 50 MW RF power, at repetition rates of 60 Hz and
pulse length of 1.5 pys make it a good candidate for SPARX. Upgrading these
sources to 100 Hz rep. rate, needed for SPARX, does not seem a difficult task.
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Figure 5.60: The XL-4-X klystron developed at SLAC

5.2.5 S-C-X-BAND SYSTEMS COMPARISON

The normal conducting accelerator at S-band frequency is still commonly
used because of its well established technology and lower development cost.
The main features of the SPARX LINAC based upon the S-band technology are
described in previous paragraphs.

Most challenging accelerator based on the normal conducting technology
are C-band (twice of S-band frequency) and X-band accelerator systems (four
times the S-band frequency).

5.2.5.1 C-band LINACs

The C-band (5712-MHz) is used in the main accelerator of the Japanese X-
ray free electron laser (X-FEL) facility, SPring-8 [54].

The C-band Spring-8 LINAC complex consists of two choke-mode
accelerating structures, an RF pulse compressor, a 50-MW klystron, and a 110-
MW compact modulator power supply.

These units have been operated in the SCSS (SPring-8 Compact SASE
Source) 250-MeV accelerator. After RF conditioning, the achieved accelerating
gradient is 35 MV/m.

The accelerating structures (1.8 m long) are quasi-CG sections composed
of 91 RF cells. They operate in the 31r/4 traveling wave mode. The average
shunt impedance is 54 MQ/m while the attenuation parameter and the illing
time are respectively 0.53 and 300 nsec. The choke mode design eliminates the
wakefield generated by the beam in multi-bunch operation. The frequency is
finally adjusted by a very efficient feedback system control of the cooling water
temperature. The fabrication of the C-band accelerating units has been made
by Mitsubishi Heavy Industries.
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Figure 5.61: Layout of the S-pring8 C-band LINAC, Japan

The RF pulse compressor system consists of one pair of high-Q cavities
and one 3-dB coupler. Considering the average in 300-nsec filling time, the
power gain is about 3 in conservative operation, when spike peak of output
pulse are suppressed.

The klystrons, manufactured by Toshiba, provide 50 MW output power
and their reliability has been proved after a rather long operation.

The schematic layout of the S-Pring8 C-band LINAC is shown in Figure
5.61.

5.2.5.2 X-band LINACs

The X-band (11.424 GHz) was originally developed for main accelerator
technology in the e+e- linear collider joint project NLC/JLC. The interest on X-
band LINACs is today growing again because of the decision to adopt this
technology for the CTF3/CLIC project at CERN.

In the mid-1990’s, accelerator groups of SLAC and KEK begin started R&D
on X-band RF technology. Significant advances in pulsed HV and RF power
generation, high gradient acceleration and wakefield suppression have been
made until now.

The accelerating structures considered for the NLC/JLC are conventional
traveling wave sections. The cell dimensions are about one-fourth of those of S-
band LINACs. The phase shift per cell was at first 21/3, but in the present
design it is set at 511/6. The accelerating gradient is roughly constant over the
structure length. Each RF unit includes one pulsed modulator which drives two
klystrons of 75 MW peak power each and 1.6 ps pulse witdh at 120 or 150 Hz.
The klystrons feed an RF compression system that generates higher peak
power (by about three times) in shorter (four times) pulses to match the
accelerator structure requirements.
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Figure 5.62: Scheme of the X-band LINAC developed for
the JLC/NLC linear collider projects.

The resulting 400 ns, 475 MW pulses feed eight, 0.6 m accelerator
structures, producing 65 MV/m unloaded gradient in each structure as shown
in Figure 5.62.

5.2.5.3 Summary and conclusions.

The following comparison Table 5.13 summarizes the most significant
parameters for the 3 LINAC technologies described above. The comparison is
for 1 GeV module. Special microwave power components and accessories have
been developed and tested at very high gradients both for C and X-band. These
components are mainly klystrons, SLEDs, hybrid-junctions, directional couplers,
accelerating structures. RF guns are not yet available at C and X bands.

C and X-band devices are, in general, not commonly available by the RF
industry, but mainly offered by the original manufacturers, that are KEK or
Mitsubishi, Toshiba and SLAC.
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Table 5.13: Specifications of X-band klystron for SPARX Comparison
of S-C-X band parameters for 1GeV module.

Band S C X
Frequency [GHZz] 2.8 5.7 11.4
Accelerating gradient [MV/m] 20 32 65
Number of klystrons 8 8 6
Kly peak power [MW] 60 50 75
Pulse compression ratio 3 3.5 3
Rep rate [HZ] 100 60 100
Kly pulse length [us] 4.5 2.5 1.6
RF pulse length at LINAC [us] 1.2 0.5 0.4
Section length [m] 3 1.8 0.6
Number of sections 16 16 24
Active length [m] 48 30 14.4

5.2.6 Low-level RF controls and feedbacks

The SPARX low-level RF system is a complex analog/digital/computer

control system aimed to:

Generate the proper RF pulses to drive the RF power plants, both in the S
and X bands;

Acquire and monitor signals sampled in many different selected
locations in the RF waveguide network or directly in the high-power RF
devices;

Generate proper control signals, either manually (console settings) or
automatically (feedback loops), to se required levels and phases of the
RF fields in individual RF devices or groups of them. This part of the job
can be also considered as a Timing and Synchronization task;

Gather interlock signals coming from various machine sub-systems (RF,
vacuum, safety, ...) to switch-off the RF under dangerous or improper
conditions;

Communicate with the machine central control system for operator
interface and for information exchange. Actually, the control of the
SPARX low-level RF system will be conceived and designed as a fully
integrated part of the machine central computer control system.

From a logistic point of view the low-level RF system consists of an

assembly of parallel units, each dedicated to the control of a single RF power
station. A schematics of a typical SPARX RF power station equipped with its low-
level control is shown in Figure 5.63. The scheme of each unit is very similar to
the whole SPARC low-level RF control.
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Figure 5.63: Schematics of the RF power station control system

A more detailed sketch of the RF drive pulse generator board is reported
in Figure 5.64.

A CW RF reference tone extracted from the optical reference, transported
to the RF station through a glass-fibre stabilized link, is the input of the analog
RF chain generating the driving pulse for the power station. This low-level
control section allows to set the phase and the level of the station, receive the
main RF trigger and the phase inversion trigger from the Timing system to
generate the proper RF pulse to feed a SLED equipped station, receives a
sample of the klystron forward power to implement intra-pulse amplitude and
phase feedback loops to correct wideband station noise.

Trigger Pulse +
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to Klystron
driver
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Sl A
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I
Station
Phase | Station
! i | Level from Klystron
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monitor I, monifor
signals l v Signals

Figure 5.64: RF pulse generator board scheme

The RF pulse generated by the described analog driving line is sent to an
RF pre-amplifier (a solid state driver for S-band plants, a TWT amplifier for the
X-band plant) and from there to the klystron input. From the klystron output
window the RF power is distributed to the various devices through a waveguide
network incorporating the pulse compression section (SLED cavities, only in the
S-band plants). Signals are sampled by directional couplers and RF probes in
the vicinity or directly inside the high power RF devices, transported by low
attenuation, temperature compensated coaxial cables. and collected by a main
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demodulation station to monitor the field levels and the phase of the RF within
the pulses. To extract the required information the signals are base-band
converted by 1&Q mixers and/or diode peak detectors, as schematically shown
in figure 5.2.7.3. The 1&Q components of the signals allow an amplitude
independent, 4-quadrant phase demodulation. In order to increase the signal-
to-noise ratio in the demodulation process it is convenient to exploit the large
peak voltages of the sampled signals (> 1 W typically) by using high level
mixers (for instance level +27 dBm, as in the SPARC case). However, this
implies the presence of an additional RF amplification stage to generate all the
required LO reference signals at the specified level.

Peak detectors are used for phase independent RF level measurements.
They are also used for level monitoring of all the RF signals that require only
amplitude demodulations, such as RF reflected power at the input and output
ports of the TW accelerating sections. Referring to the Figure 5.65, each RF
signal entering the demodulation station is connected to an I&Q mixers and/or
to a peak detectors, and produces from 1 to 3 base-band signals. Therefore,
being N and M the number of RF signals and LO copies entering the board, and
P the number of base-band signals produced, we always have M <N <P. A
quite detailed evaluation on the type of demodulation needed by the signals
sampled in a standard SPARX RF power station is reported in the Table 5.14. In
this case the numbers of signals are N=16, M=9, P=33.
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Figure 5.65: Scheme of amplitude/phase detection system of the RF
signals

Table 5.14
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Signal channels Fit type
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287



SPARX-FEL Technical Design Report

The resulting devices needed for single standard demodulation station are
listed in Table 5.15.

Table 5.15
Devices Number ADC channels
I&Q mixers 9 18
Diodes 11 11
Baseband 4 4

signals

Total: 33

5.3 Electron Beam Diagnostics

5.3.1 Introduction

The SPARX-FEL performances are strictly related to the electron beam
characteristics, so all the parameters of electron bunch have to be very
precisely measured and controlled all along the accelerator and undulator
sections.

The saturation length of the SASE FEL process is inversely proportional to
the peak current and brightness of the electron beam, therefore electron
bunches of high charge, short duration and small transverse sizes and energy
spread are requested.

In this chapter the diagnostic tools are presented together with
procedures used to perform the measurements on the electron bunches.

The normalized emittance produced in the injector is of the order of 10°
mrad and it will be preserved all along the accelerating structures, the bunch
compressors, the transfer lines and the undulators sections. High resolution
beam profile monitors are placed in strategic positions to measure transverse
beam sizes and emittances and are described in paragraph 5.3.3-5.3.5.

Another important characteristic of the electron beam produced in the
accelerator is the very short bunch length; time resolved experiments using
tens of femtoseconds bunch duration will be feasible in the FEL lines. The
bunch length is measured with different methods: depending on the bunch
length region, the visible or near UV light produced in the dipole, the
synchrotron radiation, or in special screens, Optical Transition Radiation (OTR)
is collected and measured by using a streak camera. A second method is the
measure of the high frequency spectral component extracted via a waveguide
inserted in the vacuum chamber; the electron bunch field is transferred in an
outside lab and he amplitude of filtered frequencies are measured with a
spectrum analyzer.

An alternative method is the use of an RF deflector that “streaks” directly
the electron bunch on a screen and measuring the transverse size the bunch
length is obtained. The combination of this device with the spectrometer line,
composed by a dipole magnet and an OTR screen permits to measure the
longitudinal phase space: on the scren is simultaneously projected the energy
spread along the bunch length.
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Slice emittance is also measured by using the RF deflector and OTR
analyzing the transverse slice of streaked bunch (see paragraph 5.3.8.3).

The electron beam must pass at the center of the accelerating structure
and e magnetic elements to maintain the emittance and to avoid undesirable
dynamic effects. Precise alignment of the beam is performed by using beam
position monitors to detect the position of the beam and steering magnets to
correct the transverse misalignment

The beam trajectory has to be measured and controlled with a resolution
of 10 um along the accelerator and transfer lines and 2-3 um in the undulator
sections. Two different beam position monitor will be employed according the
resolution requested: in the accelerator the strip line monitors, composed by 4
electrodes 13 cm long, are used. (see paragraph 5.3.9).

Table 5.16: Electron beam parameters

Energy [MeV] 6 2400
Charge [pC] 10 1000
oX,cy [um] 10 1000
oz [ps] 0.1 10
AE/E [%] 1 0.01
enx, eny [urad] 1 1

¢ slice [urad] 1 1

Aq [pC] 1 100
Phase stability [fs] 10 10

5.3.2 Emittance diagnostic

Several diagnostic techniques will be used being mainly state of the art,
plus few new developing tool to cross check the results.

The transverse projected emittance is one of the fundamental parameter
to measure. The control of the beam emittance and the prevention of its
dilutions are mandatory in the high brilliance light source. The longitudinal
phase space contains also valuable information about the all the process of the
emittance compensation, the acceleration and the space charge effects.

There will be three principal positions for these measurements: at low
energy (5 MeV) just after the gun, at 150 MeV just after the first accelerating
modules and the laser heater, the other at 1.5 GeV at the end of the LINAC.
Further measurements can be also done in several other positions after both
bunch compressors.

5.3.3 Electron beam diagnostic @ 6 MeV

The low energy beam is space charge dominated. In this regime the usual
way to measure the emittance is to use a mask placed in the beam trajectory
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We plan to measure the beam emittance and the phase space in both
horizontal and vertical planes making use of a double system of horizontal and
vertical slit masks made of 2 mm thick tungsten. The slit mask must stop, or
strongly degrade, the intercepted fractions of the beam. By selecting an array
of beamlets by means of an intercepting multislit mask or alternatively by
creating one beamlet using a single slit moving transversely over the beam
spot, we can divide the space charge dominated incoming beam into emittance-
dominated beamlets drifting up to an intercepting screen. Assuming a linear
screen response, the intensity of the beamlets spot on the screen is directly
proportional to the number of particles in the beamlets hitting the screen. The
emittance can be measured estimating the beamlets size [54]. Each mask (see
Figure 5.66) consists of a slit array (7 slits, 50 um wide spaced by 500 um, 2
mm thick) and two single slits, 50 and 100 zm wide.

7x50 pm__

e

Figure 5.66: Slit mask composed of 7 slits of 50 um width spaced by
500 mm, one slit of 100 um width and one slit of 50 um width

The slits will be manufactured by electrochemical etching, which provides,
in comparison with mechanical machining, higher precision and improved
smoothness of the slit edges. Each individual slit can be machined as a
component of 0.5 mm height and later assembled into the frame. We have
already used this system for the SPARC low energy measurements [55]. This
configuration allows changes of the geometry of the slit mask simply by
reshuffling the single components. The multi-slit mask can be used for single
shot measurements, when the beam size is large enough for an adequate beam
sampling by the slit array. Alternatively, a single slit can be moved across the
beam spot in a multi shot measurement. In this case the range of transverse
sampling can be freely chosen by adjusting the step between the different
positions of the slit. The beamlets emerging from the slit mask can be
measured by means of a downstream Ce:YAG radiator. The radiation emitted in
the forward direction from the Ce:YAG crystal is collected by a 45 degrees
mirror downstream the radiator, on the same screen holder. We observe the
back side of the transparent crystal radiator, thus minimizing the degradation
of the spatial resolution due of the optics field depth. The small thickness of
the crystal (100 um) prevents appreciable blurring effects due to the crystal
bulk emission, as well as significant multiple scattering.
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Figure 5.67: Sketch of the measurement geometry. A space charge
dominated beam becomes a emittance dominated beamlets after the mask
and drift to a fluorescent screen.

The 1D slit technique has several advantages respect to the pepper pot:
the data analysis is simpler, the mask is easier to machine and the detail that
can be measured on the beam are smaller because it is possible to arrange the
steps between the slit positions.

The results produced by the analysis of the beamlets are samples of the
beam phase space. These samples can be used to reconstruct, by interpolation,
the phase space of the entire beam (see Figure 5.68), the accuracy depending
on the number of the collected samples.
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Figure 5.68: Reconstructed SPARC beam phase space from a slits
measurements

The beam size, and in this case the beamlets size also, will be measured
by intercepting screens, metallic for the production of the OTR, or scintillator.
Stepper motor will be used to allocate several screens in one actuator. In the
Figure 5.69 the drawing of such actuator with a YAG screen on the bottom part.
The crystal will be normal respect to the beam direction with a 45 degrees
mirror on the back.
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Figure 5.69: Actuator drawing with a YAG crystal mounted with a 45
degrees mirror

The use such geometry allows to look in the back side of the crystal
without any problem regarding the depth of field.

The radiation coming from the screens in the beam line and leaving
through vacuum windows will be collect by optical systems. The 2D image,
single shot, contains valuable information of the incoming beam, such shape,
centroid and rms beam size. TV lenses are wide used for light collection, giving
a simple, robust and flexible solution.

Digital CCD camera with at least 12 bit depth will be used for signal
digitalization. Lead shield screen will also prevent the damage of the CCD due
to X-Ray exposure. These cameras will be connected by Firewire interfaces with
the control system industrial PC all around the LINAC, using the same system
that we have realized for FLASH at DESY [56] and that is working in stable and
reliable mode from several years.

Both lenses that CCD will be motorized to change the magnification and
gives the maximum flexibility in order to measure beams with different sizes.

5.3.4 Electron beam diagnostic @ 150MeV

The transfer line between the first LINAC section and the second one has
been designed to fulfill the acceleration matching conditions. On the other
hand this is a perfect zone to make a first complete diagnosis of the photo-
injector beam properties.

The electron beam energy will be around 150 MeV at this point. The line
layout has been studied to have the possibility of exploring different charge
ranges. Furthermore it gives the possibility of either measuring the transverse
emittances in the operating conditions with the “four screen method” (FS11,
FS12, FS13, FS14), or carry on a deeper beam characterization. The quad scan
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technique [57] can be used to retrieve information on the transverse brightness
or can be coupled with the streaking of the RF deflector to measure the slice
emittance (Figure 5.70). The presence of a deflecting cavity followed by a
dispersive section, allows the beam time and energy structure to be measured
at the same time (longitudinal trace space picture) or separately (time structure,
mean energy and energy spread).
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Figure 5.70: 150MeV Transfer line layout.
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Figure 5.71: beta function along the transfer line in the operating
conditions.

The first triplet of quadrupoles (QS11, QS1_1, QS12) on the line is
dedicated to the matching between the TWISS parameters at LINAC exit and the
“laser heater” device entrance. They can not be changed indeed to perform
measurements on the beam, unless the chicane is bypassed. A change in the
matching conditions between the laser and the electrons in the chicane could
lead to dramatic changes of beam properties, far from operating conditions.
The choice in designing the line has been that of maintain this triplet fixed
during measurements.

The second triplet is designed to diagnose the beam properties. The
FS13 target cross has been used to simulate the measurements of projected
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