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Study report on a compact 6GeV
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injection in storage rings and FEL applications

1 Introduction

In this deliverable we report the study results for a 6 GeV accelerator defined in the framework of Task 4.4 useful
as injector for high brightness soft Free Electron Laser X-ray and for storage rings (namely the top-up injection). The
machine layout foresees a 6 GeV linac equipped with an RF photogun for driving the FEL by means of a high-brightness
electron beam and a thermionic gun for the top-up injection scheme into the storage ring. A similar injection scheme
has been adopted also for SuperKEK-B and MAX-1V and is proposed for FCC-ee, even if in this case the two sources, RF
photo and thermionic gun, are meant to share the same booster linac provided the injection of the second beam, for
example the hight brigthness one, coming from a parallel Photoinjector operating with the emittance compensation
scheme, at the energy of around 120 MeV, where a sufficient electron beam rigidity is granted. Since the study of the
thermionic gun and top-up linac operation has already been completed and previously reported, the scheme of the
6 GeV FEL radiation source is here described based on the C-band technology option, that allows the reduction of
the overall length of the Linac, as designed for Task 4.4 driven by a high brightness 250 pC electron beam with a final
energy of 6 GeV.

2 S-band linac as injector for the storage ring

The first option of the full S-band injector for the storage ring was based on an RF thermionic gun followed by 86
Standing Wave Biperiodical Accelerating Structures (BAS) [1, 2]. The description of the S-band injector useful for the
storage ring is not object of this report since it is well documented in literature [3]. This type of linac can produce 250
mA electron beam with the features reported in Table 1. In order to reduce the overall length of the accelerator an
upgrade to higher frequencies was foreseen based on INFN expertise in designing and producing C-band SW and TW
accelerating structures up to 2 m length, and a Linac based on C-band technology is discussed and described in the
following sections.

Table 1: Electron beam parameters at the exit of the S-band top-up injector

E 6.0 GeV
€x,y 15 nm-mrad
Bunch length 25-34 ps
Energy spread 0.20-0.35 %
Current transmission coefficient 46.5 %

3 C-band linac for FEL applications

The C-band linac for the FEL applications relies on a Standing Wave RF photogun followed by a Traveling Wave RF linac
to boost the beam energy. The beamline is designed to produce high brightness beams to produce fel radiation with
wavelength in the nm scale. In details, the nominal working point of the machine foresees a 250 pC beam with 6 GeV
energy, up to 5 kA peak current, less than 0.6 mm-mrad slice emittance and less than 2 MeV slice energy spread.

The linac is based on the combination of an high brightness photoinjector and an high gradient booster linac. The
photoinjector, where the beam explores the collective effects at very low energy, is set to maximise the transverse
beam quality. The high-gradient booster linac allows for few GeV electron beams in a relatively small footprint accel-
erator, preserving the transverse beam quality and improving the ultimate 6D beam quality thanks to the insertion of
two magnetic longitudinal compressors. A laser heater is also inserted to mitigate the microbunching instability that
arises because of high longitudinal compression factors. The linac layout is reported in Figure 2.

The proposed C-band photo-injector, designed and simulated at Frascati National Laboratory (LNF), is the result of a
long design study carried out in the framework of the CompactLight [4-6], EUPRAXIA@SPARC_LAB [7, 8] and IFAST
projects [9]. It consists of a 2.6 cell standing wave (SW) gun, equipped with an emittance compensation solenoid,
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Figure 1: Layout of the 6 GeV C-band linac.
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Figure 2: The C-band photo-injector layout, designed and simulated at Frascati National Laboratory (LNF). It consists of a 2.6 cell
standing wave gun, with an emittance compensation solenoid, followed by four travelling wave accelerating structures. The TW
accelerating structures are two meter long and can be powered up to 31 MV/m (at 100 Hz repetition rate); the first one is surrounded
by a solenoid.

followed by four travelling wave (TW) accelerating structures. The C-band TW accelerating structures are two meter
long and can be powered up to 31 MV/m (at 100 Hz repetition rate); the first one is surrounded by a solenoid. A
detailed description is reported in [10]

The C-band technology has been chosen for the photoinjector being a good compromise between the S and the X-
band technology. It enables higher available peak field in the gun region, that results in beam brightness, and higher
accelerating gradient in the TW accelerating structures if compared to the S-band technology; in the meanwhile it
allows larger flexibility as regards the electron beam charge and length if compared to the X-band solution. In addition
it should ensure a reliable operation at up to 1 kHz repetition rate.

The C-band linac design is inspired by the Swiss FEL machine layout as described in the conceptual design report [11].
It consists in three TW main linac to boost the beam energy, a laser heater at 150 MeV, two X-band 90 cm long
accelerating structures to linearize the beam longitudinal phase space and two magnetic chicane to longitudinally
compress the beam down to 3 um.

4 Beam dynamics Studies

The beam dynamics has been studied by means of simulations with the ASTRA code [12] in the photoinjector at
very low energy (space charge dominated regime) and with the Elegant code [13] along the booster linac (emittance-
dominated regime).

4.1 The photoinjector

The photoinjector is set according to the invariant envelope theory [14] to enable the transverse emittance compensa-
tion, while the photo-cathode laser pulse at the cathode shows a cigar shape, i.e. flat-top longitudinal profile of 8.5 ps
and uniform transverse distribution of about 0.177 mm, so to reduce the emittance degradation due to the transverse
space charge forces before the beam becomes ultra-relativistic. The photoinjector is then set on-crest to obtain as
much as possible low transverse emittance at the downstream booster entrance. Results of simulations are reported

This project has received funding from the European Union‘s Horizon 2020

research and innovation programme under grant agreement No. 871072. Page 2 of




eurizon

European network
for developing new horizons for RIs

C-band linac for FEL applications

in Figures 3, 4 and Table

5 3 ‘ 15 22

& —_ ‘ —_

E 2 £ 11\ E

E || .g. ; E- 2

g; 1] < 0.5 \ QN

N : s 0 R —— — 1.8
0 200 400 600 0 200 400 600 0

z [cm] z [cm]
150 1

<E> [MeV]
=
o o
\
SE/E [%]
=
(4,

0 200 400 600 0 200 400 600
z [em] z [cm]

Figure 3: Evolution of RMS beam parameters along the photoinjector
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Figure 4: Electron beam phase space (top) and slice analysis (bottom) at the photoinjector exit

Table 2: Electron beam parameters at the photoinjector exit (250 pC)

4.2 The booster linac

E 0.122 GeV
€na,y 0.28 | mm-mrad
Bunch length 670 ©m
Energy spread | 0.34 %
Peak current 35 A

The booster linac has been simulated with the Elegant code considering longitudinal space charge, Coherent Syn-
crotron radiation (CSR) and wakefields. It is operated off-crest to set the desired energy spread at chicane entrances,
respectively 1 % and 0.4%, in the first two linac sections and to minimize the final beam energy spread at the last
one. By means of matching quadrupoles and steering magnets the beam is carried at the FEL entrance and properly
matched at the laser heater location and at the two magnetic chicanes entrance to avoid the emittance dilution due
to the CSR. Whitin this machine the beam is boosted in energy and longitudinally compressed to obtain a 5kA peak
current, less than 0.6 mm-mrad slice emittance and less than 2 MeV slice energy spread (<0.04%).

The Twiss parameters and the emittance behaviour along the linac are reported in Figures 5,

Results of simulations are reported in Figures 7,

and Table 3. The Figure 7 reports the beam phase space and the

slice analysis for the beam at the exit of the 6 GeV linac with the leaser heater switched-on; the Figures 7 reports the
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Figure 6: Transverse emittance along the C-band booster linac

effect of the laser heater that reduces the microbunching instability enabling a satisfying power value for the emitted
fel radiation as discussed in the following.
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Figure 7: Beam phase space (top) and slice analysis (bottom) for the beam at the exit of the 6 GeV linac with the leaser heater
switched-on.
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Figure 8: Longitudinal phase space analysis at 6 GeV with the laser heater switched off (top) and on (bottom).

Table 3: Electron beam parameters at the photoinjector exit (250 pC)

E 6.08 GeV
€na,y 0.62x0.26 | mm-mrad
Bunch length 4.3 um
Energy spread 0.027 %
Peak current 5 kA

5 The FEL radiation
5.1 The Undulator

In a first step, the FEL performance in the wavelength range from 1nm to 25nm is estimated by means of the ana-
Iytical Ming Xie formalism [15] under consideration of a planar undulator. Here, also technical constraints regarding
the maximum attainable magnetic field at a given undulator period length are taken into account on the example
of a Nd-Fe-B hybrid Fe undulator with 8mm gap. Analysis shows that an undulator period length of 13cm offers a
good compromise between gain length and saturation power, ranging from Lg=3.1m, Psat=70GW at 1nm to Lg=1.4m,
Psat=110GW at 25nm, see Figure

The FEL beamline lattice used for simulations with the FEL code Genesis 1.3 [14], v4 consists of 2.08 m long undulator
segments (16 periods), with 0.42 m of space between each segment for beamline elements such as quadrupoles or
diagnostics. The segment length is in the order of one power gain length to enable simple numerical tapering studies.
Even though saturation is expected around 70m of beamline for the shortest FEL radiation wavelength of 1nm, a
total of 50 undulator segments are used in the simulations to investigate the possibilities of post-saturation tapering
(adjustment of the undulator magnetic field to compensate for the electron energy loss along the FEL undulator
beamline).

5.2 Simulation results

The start-to-end simulations make use of a laser heated electron beam distribution to avoid detrimental effects due
to the microbunching instability. The key beam parameters of the electron beam coming from the Linac and injected
in the undulator are shown in the Figure 10, where energy, energy spread, current and transverse emittance are
reported as function opf the longitudinal coordinate along the bunch (bunch tail at s=0).

The performance of the FEL driven by this beam is illustrated in the Figures 11-14 where, for the selected wavelength,s
peak power and pulse energy evolution of the radiation are reported along the undulator position (above), together
with the power spectrum and the normalized intensity of the pulse (below); no undulator tapering is applied here.
For each case, 25 shots with different electron shot noise are simulated.
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Figure 9: Undulator gain length and saturation power as function of the undulator period for 1-4-10-25 nm radiation wavelength

(from right above in clockwise direction).
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Figure 10: Slice analysis of the energy, energy spread, current and transverse emittance of the electron beam as coming form the
tracking trough the C-band Linac.

The obtained results can be summarized as follows: The undulator tapering has been also considered for the 4nm
case, to maximize the FEL power output. The results shown in 15indicate an increase in power and pulse energy by

a factor of 2, and suggest a similar increase for the other presented wavelengths, although not forgetting tha ideal
beam distribution taken into account.
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Figure 11: Peak power and pulse energy evolution of the 1 nm radiation vs the undulator position (above)
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Figure 12: Peak power and pulse energy evolution of the 4 nm radiation vs the undulator position (above). Power spectrum and
normalized intensity of the pulse (below).

Table 4: Undulator performance at the selected radiation wavelengths, without tapering

Wavelength (nm) | Saturation Power (GWW) | Undulator length (m)
1 70 70
4 100 52
10 100 47
25 100 42
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Figure 13: Peak power and pulse energy evolution of the 10 nm radiation vs the undulator position (above). Power spectrum and
normalized intensity of the pulse (below).
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Figure 14: Peak power and pulse energy evolution of the 25 nm radiation vs the undulator position (above). Power spectrum and
normalized intensity of the pulse (below).

6 Concluding & remarks

The Eurizon collaboration has finalized a proposal for a 6 GeV injector useful for top-up injection in a 6 GeV Syn-
chrotron Ring and for driving a high brightness soft X-ray Free Electron Laser. Two electron beam sources have been
studied such as RF thermionic gun for the injection into the storage ring and RF photogun for the injection into the
FEL. Since the study of the thermionic gun and S-band top-up linac has already been completed and previously re-
ported, a 6 GeV FEL radiation source is here presented for Task 4.4, driven by a high brightness 250 pC electron beam
with a final energy of 6 GeV. For the FEL source a Linac plus undulator system has been designed based on the C-band
Technology, according to the INFN and EU-Xfel consolidated experience, the results of the beam dynamics studies are
described by means of start to end simulations for the nominal case. The 250 pC electron beam has been tracked
from the photocathode generation down the Linac exit, resulting in a 5 kA electron bunch with final energy of 6 GeV,
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Figure 15: Tapered undulator case: the peak power and pulse energy evolution for the 4nm wavelength show a factor 2 increase
with the respect of the untapered case.

energy spread o5 ~ 0.03% and ¢,, ~ 0.6 mm mrad for the transverse emittance in both planes. A 13 cm period
has been chosen for the undulator based on analytical considerations, and simulations have been performed at four
different wavelengths to check the flexibility of the undulator design, that results in a mean peak power energy of
100 GW for the wavelengths such as A\, = 4, 10, 25 nm, with an overall length of ~ 50 m, while to reach A\, = 1 nm
a longer setup is needed.
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