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Abstract beam and resonantly modulates the energy of a short slice
The FERMI at ELETTRA project at Sincotrone Tri- of the electron bunch. To accomplish this, the laser seed is

este involves two FEL's, each based upon the principle &mch shorter than the electron bunch. Immediately down-

seeded harmonic generation and using the existing ELE%I_ream, a chromatic dlsperswe section converts the energy

TRA injection linac at 1.2 GeV beam energy. Scheduled tBnoduIatlon into strong spatial microbunching, with each

be completed in 2008, FEL-1 will operate in 40 — 100 n microbunch having a large harmonic content. The elec-

i fron beam then enters a second undulator (the “radiator”)
wavelength range and will involve one stage of harmonic . : o
Whose strength is set to induce resonant, coherent emission

up-conversion. The second undulator line, FEL-2, will be—,[a harmonic of the seed wavelengfn with n typicall
gin operation two years later in the 10 — 40 nm wavelengﬂ'a]l " ntypically

range and use two harmonic stages operating as a casca ethe range 3-6. FEL-1 s a single stage device (see Fig.
9 9 P 9 |ail , while FEL-2 is a two stage device whose second stage

The FEL design assumes continuous wavelength tunabil L ; :
over the full wavelength range, and polarization tunapilit _. odulatpr uses radiation ”0'".” the first stage radiator. The
’ final radiators of each FEL will be of APPLE type for full

of the output radiation including vertical or horizontadi - . ) .
) N . . olarization control, while the modulators will be linearl
ear as well as helical polarization. The design considers fdg;olarized

cusing properties and segmentation of realizable unduglat In the LGHG approach, the combination of high in-

and available input seed lasers. We review the studies that . . . -
. : BUt seed power and dispersive sections produces sufficient
have led to our current design. We present results of simU-

lations usingGENES Sand GINGER simulation codes in- rinlgroL—bugc; ggto)p;Lﬁ;rfgﬁzzg yv;?l'? gssl?]l:::ﬁorli"&tr_
cluding studies of various shot-to-shot fluctuations and urfeﬁt”s gn?anec;]lj;nemission In the case of FEIEI—Z 2 tem-
dulator errors. Findings for the expected output radiation P : X ) . -
L oral delay chicane is placed following the radiator of the

terms of the power, transverse and longitudinal coheren?e g . .
are reported Irst stage. This is used to shift the FEL light onto an un-

‘ used part of the electron bunch in the “fresh-bunch” seed-
ing approach[5], so that the electrons’ instantaneouggner

INTRODUCTION spread has not been increased by upstream FEL interac-

FERMI@Elettra[1] will be a new source of extremelyt'on' we are aIS_O examining an alternative w_hole bunch
bright photon beams in the UV to soft x-ray regimeapproach in which the entire electron beam is modulated

constructed next to the existing third generation Synzzmd radiates in successive undulators. This alternatige do

chrotron light source ELETTRA. FERMI will employ not require a delay chicane or second modulator but likely
the present ELETTRA linac (partially upgraded for I:El_requires somewhat longer total undulator lengths to reach
operation) and a completely new photo-injector of thd€ Same output power levels.

SLAC/BNL/UCLA-type [2], resulting in a high quality Wg first discuss hoyv varjous limitations and self-
electron beam with energy 1.2GeV, charge~ 0.3 — consistent accelerator simulations [2, 6] have led to our cu

1.0nC, current~ 400 — 800A, slice emittancesy < rent LGHG design. We then present results of numerical,
15 mn,1-mrad, and slice rms enérgy spread00 keV. Two time-steady simulations with th8ENES'S and GINGER

separate undulator chains will individually cover the out€0des including the output sensitivity to various shot-to-
put wavelength ranges of 100 to 40 nm (FEL-1) and 4§hot input parameter fluctuations and the effects of trans-
to 10 nm (FEL-2), respectively, providing radiation that/€rse offsetand ilt errors.

is continuously tuneable in wavelength and polarization.

The FEL's are based on the principle of seeded harmonic DESIGN CONSIDERATIONS

eneration[3] with the longitudinal coherence propenies . . .
g [3] g brop To achieve maximum stability we have elected to keep

the radiation output following that of the input seed laser. the elect fixed whil hievi lenath t
Our present design relies upon a Low-Gain-Harmonic- € electron energy Tixed while achieving wavelengin tun-

Generation (LGHG) approach, whose layout is shown iﬁb'“_ty b)_/ varying the_ rms un_dulator _strength“ This
Fig. 1[4]. First, a coherent input signal from a convengho'ce simplifies the linac design but introduces complex-

tional UV laser ¢40nm < Ao < 300nm) enters an un- ity into the undulator design. To determine the optimum

dulator (the “modulator”) simultaneously with the electro un_dulator parameters, we have set the minimuymo t.)e
unity at the shortest wavelength of each FEL to obtain rea-

* giovanni.deninno@elettra. trieste. it sonable performance, and the minimum pole-to-pole gap to
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Figure 1: Layout of undulator beamlines for FEL-1 and FEL-2.

be 11 mm, which determines the maximum field strengthlation studies. For the nominal input laser seed power
achievable for APPLE undulators in vertical polarizationof 100 MW, the resulting energy modulation of roughly
This determines the maximuma, and longest resonant 1.4 MeV is well suited for downstream harmonic gener-
wavelength possible. With these constraints, we have settion. The FEL-1 and first stage FEL-2 radiator segments
tled upon undulator periods of 65 mm for the FEL-1 radiwill have 36 active periods (2.34-m segment length) and
ator and for both the first-stage radiator and second sta@ié4-m break lengths. Although the FEL-1 radiator must
modulators of FEL-2. For the FEL-2 second stage radiatdbe capable of variable polarization, the first stage FEL-2
we have chosen a period of 50 mm. radiator is likely to have fixed linear polarization. For the
Due to both mechanical strength and diagnostic asecond stage FEL-2 radiator, we have adopted 48-active-
cess considerations, each radiator will be segmented. Tperiod sections (2.4-m segment length) separated by 1.0-m
breaks between segments will be1 m in length to ac- breaks.
comodate beam diagnostics, a focusing quadrupole, dipole
corrector magnets, and a longitudinal phase corrector. The  FE[ -1 OUTPUT PERFORMANCE
only exception occurs between the two stages of FEL-2,
where a 1.82-m break length permits more extensive diag- Studies of FEL-1 were undertaken with particular em-
nostics and the temporal delay chicane necessary for thbasis on output radiation at 100, 60, and 40 nm from seed
fresh bunch approach. wavelengths of 300, 240, and 240 nm respectively. These
An alternating-gradient quadrupole lattice with a sinstudies were performed with linearly polarized undulators
glet in each break between undulator sections providd¥e adopted electron beam parameters of 1.2 GeV, 800 A,
the dominant electron beam focusing. Preliminary studsy = 1.5 mm-mrad, and rmsg = 200 keV. The evolution
ies have shown that an average beta function of approxif power and bunching with distance as calculateby-
mately 10 m yields good FEL performance. Smaller bet&ER andGENES Sare shown in Figs. 2 and 3. Undulators
functions can slightly improve the output power but at thevith horizontal polarization have been assumed through-
expense of mode quality, especially in FEL-1; below 6 nout. Agreement between the two codes is good, especially
the increasing angular spread within the electron beam dat small z, although there is a noticeable discrepancy at
grades the performance. In order to avoid extreme varitargerz for the 60-nm case. Saturation occurs earliest in
tions in the beta function (keeping the maximum and miniat the longest wavelengths. At 100 nm, the output power
mum beta function within a factor of 2) as well as to accobarely grows after three 2.34-m undulator sections. At 60
modate different configurations without encountering resoxm, the output power reaches a maximum after four sec-
nances, we have chosen a typical distance of 3.4 m betweigons, and at 40 nm the maximum occurs after five sec-
quadrupoles and thus 2.4 m of active length per undulattions. In the studies below, each wavelength case is sim-
segment. The quadrupoles are assumed to be 0.20 muilated only through enough radiator segments to reach sat-
length which corresponds to typical gradients of 5 T/m ouration, as if the gap in any downstream undulator segment
less. The quadrupole strengths must be adjustable in avas completely open. For example, the 100-nm case uses
der to compensate for changes in the (relatively weak) utihree active undulator sections.
dulator focusing as the polarization and/or resonant wave- One of the key considerations in the sensitivity studies is
lengths are changed. the dependence of output power upon jitter in the electron
The FEL-1 and FEL-2 first stage modulators are a spéeam energy. In Fig. 4, the power normalized to its peak
cial case because they need only to be resonant with tl@lue is shown as a function of the electron energy offset.
laser input seed and thus cover a relatively narrow resd@he shortest wavelengths exhibit the narrowest acceptance
nant wavelength range (nominally 240 — 300 nm). An exin energy; at 40 nm, a relative energy deviatior2df x
isting 160-mm period, linearly-polarized undulator hayin 102 is sufficient to reduce the output power by half.
3.04 m of active length may be available to the FERMI The effect of misalignment of the electron beam has also
project and we have adopted these parameters for our sibeen considered. In Fig. 5, the variation of output power
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Figure 2: Plot of power vs. z for FEL-1 at 100, 60, and 40Figure 4: Plot of power reduction due to variation in elec-

nm wavelengths. Comparison 61NGER and GENESI'S tron beam energy for FEL-1 at 100, 60, and 40-nm wave-
simulation results. lengths. Data are froBENES Ssimulations.
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undulator is shown. The tilt is normalized to units of length

by multiplying by 10 m, which is the average beta functionFigure 6: Plot ofA/? as a function of initial displacement
This yields the typical displacement which results from gleft) and tilt (right), for FEL-1 at 100, 60, and 40-nm wave-
given tilt. It is clear that the FEL is much more sensitive tdengths. Tilts are normalized to the beta function. Data are
an initial offset in the modulating undulator than to an inifrom GENES Ssimulations.

tial tilt. Reducing the physical overlap of the electrontnea

with the laser seed is the most important effect of electron

beam offsets. In Fig. 6, the variation in mode quality as FEL-2 OUTPUT PERFORMANCE
measured by th&/? parameter, is shown for the same elec-
tron beam offsets. Heréd/? = 27r¢0,ums/lambda, where
lambda is the radiation wavelengtit, ., is the rms angle
of the radiation, ana is the rms radius of the apparent
waist of the radiation. The mode quality analysis subtrac

out any misalignments of the output radiation field, which | foll db ingl dulati dulator bef
are comparable to the misalignments of the electron beaﬁh'ca.ne’ oflowed by a single modulaling undutator betore
tering the final set of radiating undulators. The 40-nm fi-

Shorter wavelengths are more sensitive to offsets becaygec'ng ! . :
of the small divergence angles of the output radiation. nal radiation was seeded by 80-nm light from the first stage

using a 240-nm laser seed, and the 20 and 10-nm outputs
In Table 1, the sensitivity of output power and phase tased 40-nm light from the first stage also starting from a
relative variations in energy, current, energy spread, ar&ft0-nm laser seed. The electron beam parameters are the
emittance are shown. The values fr@&BENESSsimula- same as in FEL-1. The evolution of power and bunching
tions at nominal parameters are given, as well as first andth distance as calculated I3y NGER andGENES Sare
second derivates with respect to each parameter. shown in Figs. 7 and 8. There is good agreement between

Studies of FEL-2 were undertaken at wavelengths of 40,
20, and 10 nm. The first stage of FEL-2 is much like FEL-

1, except only two radiating undulator segments are used,
nd they do not need to be APPLE-type undulators. Before

e second stage, the beam passes through a temporal delay



Table 1: Sensitivity of output power and phase to electraanbgtter for FEL-1 at 100, 60, and 40-nm wavelengths.
Results from nominal parameters are given, as well as sfiad¢@nd second derivatives with respect to electron beam

parameters.
100 nm 60 nm 40 nm
= P (GW) ® (rad) P (GW) ® (rad) P (GW) ® (rad)
f 4.03 -2.04 3.12 1.01 2.50 2.69
~vdf /dy -92.4 -3840 24.4 -5440 150 -7210
2 ale/dv2 —45%x10° —1.1x10° | =5.0x 10° —0.7x10° | —=6.7 x 10° —1.1 x 10°
Idf/dIi 7.35 2.37 5.08 2.34 4.07 2.39
I2d%f/dI? -0.68 -1.00 -3.20 0.99 -3.48 -1.32
o df /do, -1.14 -0.51 -0.61 -0.92 -0.40 -1.20
O',QY d2f/dcr,2y -1.04 -0.20 -1.92 0.62 -2.04 -3.00
edf /de -2.08 -0.83 -1.18 -0.80 -0.97 -0.86
€2 ale/de2 2.44 5.80 -3.76 5.54 -6.68 5.12
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Figure 7: Plot of power vs. z for FEL-2 at 40, 20, and 10fjgyre 9: Plot of power reduction due to variation in elec-

nm wavelengths. Comparison GiINGER and GENES S

simulation results.
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Figure 8: Plot of bunching vs. z for FEL-2 at 40, 20, and
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tron beam energy for FEL-2 at 40, 20, and 10-nm wave-
lengths. Data are frolBENES Ssimulations.
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FEL-1, the acceptance in electron beam energy continues
to decrease as the wavelength is decreased; at 10 nm, a rel-
ative energy deviation dfx 10~2 is sufficient to reduce the
output power by half. In fact, the energy acceptance for the
40-nm cases in both FEL-1 and FEL-2 are nearly identical.
This suggests that there is no additional sensitivity ta-ele
tron energy introduced by going through multiple stages;
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however, the 10-nm case does exhibit a strong sensitivity
to energy jitter and chirp coming from the linac.
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