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Abstract

Suppression of microbunching instability (MBI) along
2 high brightness electron beam delivery systems is a pri-
'i, ority for Free Electron lasers (FELs) aiming at very nar-
= row bandwidth. The impact of MBI on FEL spectral bril-
£ liance is aggravated by the growing demand for multi-
% user FEL facilities, which adopt multi-bend switchyard
£ lines traversed by high charge density electron beams.
‘E This study provides practical guidelines to switchyards
£ design largely immune to MBI, by focusing on the FER-
2 MI FEL Spreader line. First, two MBI analytical models
£ [Z. Huang and K.-J- Kim, Phys. Rev. Special Topics -
g Accel. Beams 5, 074401 (2002); R.A. Bosch, K.J.
£ Kleman and J. Wu, Phys. Rev. Special Topics - Accel.
£ Beams 11, 090702 (2008)] are successfully benchmarked
Z along the accelerator. Being the second model flexible
£ enough to describe an arbitrary multi-bend line, and found
it in agreement with particle tracking and experimental
results, it was used to demonstrate that a newly proposed
Spreader optics provides unitary MBI gain while preserv-
ing the electron beam brightness.
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INTRODUCTION

In FEL facilities with multiple undulator lines, the
strength of the microbunching instability (MBI) is rein-
< forced in multi-bend switchyard lines that connect the
§ accelerator to the individual undulator lines [1-5]. Due to
S the presence of several dipole magnets traversed by a high
© charge density beam, those switchyards can dramatically
8 amplify residual density and energy modulations present
S on the electron beam at the exit of the linac. This study
Z examines MBI growth in the accelerator and switchyard,
5 and provides practical guidelines for switchyard optics
m designs that are largely immune to MBI, i.e., with unity
S gain of the instability. We provide a specific solution for
the FERMI FEL [6,7] spreader beam line that can be
easily implemented within the current space and with
existing magnets [8].

MBI in the FERMI linac has been continuously studied
since the early stages of machine design [9-11]. MBI
concerns led to the choice of operating FERMI both with
a so-called laser heater (LH) [12,13], a tool that suppress-
es MBI via energy Landau damping, and in general using
only one active magnetic bunch length compressor [9].
The FERMI laser heater usually improves the FEL spec-
tral brilliance by up to factors 3 or more [13,14]. None-
+ theless, there is experimental evidence [11,15] of both
S enlargement and shot-to-shot variability of the spectral
-£ bandwidth for wavelengths 10 nm or shorter. Provisional-
g ly, this degradation is assigned to effects originating with
£ residual MBI from the linac and to its further amplifica-
£ tion in the spreader.
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This paper aims to elucidate the role of the FERMI
spreader on the MBI development.

MODELS

The reader is sent to [16] the MBI model developed by
Z. Huang and K.-J. Kim (henceforth labeled the “HK-
model”), and based on integral equations for the bunching
factor, i.e., the Fourier transform of the bunch current
density function. The reader is sent to [17] for the MBI
model developed by R. Bosch et al. (henceforth labeled
the “B-model”), and based on matrix formalism. All col-
lective effects are described by frequency-dependent
effective impedances separately calculated for linac
straight sections and chicane dipole bend sections.

The HK- and the B-models have been compared by
adopting a shot-noise driven initial density modulation
that has no corresponding energy modulation. The initial
bunching factor is taken to be:

b, ()= | < m
Lo/

An additional indicator of the MBI strength, used for
the comparison of the two models, is given by the amount
of energy spread accumulated by the end of the beam line.
Assuming that the final energy modulations are entirely
converted into uncorrelated energy spread, the equivalent
uncorrelated energy spread (RMS value) from the MBI
growth is calculated as the integral of the final energy
modulation over all (or user-specified) frequency compo-

nents [18]:
1 [ AE2 (2
Op mr = . \/E J.dﬁ, M;I( ) )

The HK- and the B-model both include originally Co-
herent Synchrotron Radiation (CSR) and Longitudinal
Space Charge (LSC) impedance, energy- and transverse
emittance-induced Landau damping. They were further
revised for the purpose of comparison as follows:

i) the LSC impedance is averaged over the transverse
beam dimensions, which vary along the linac, accord-
ing to the prescriptions in [19,20];

i) the MBI gain is evaluated by keeping the initial bunch-
ing factor, i.c., the low gain regime is retained together
with the high gain contribution [13];

iii) the effect of the LH on the electron beam initial ener-
gy distribution was calculated as in [21], assuming a
laser pulse whose transverse waist size is matched at
the midpoint of the LH undulator to that of the elec-
tron beam;

iv) for a fair comparison of the two models, the B-model
was applied to the FERMI linac by excluding the im-
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pedance contributions of Coherent Edge Radiation
(CER), LSC in the BC1 drift sections, and the geomet-
ric longitudinal impedance of RF structures.

CODES BENCHMARKING

The FERMI linac-plus-spreader beam line is sketched
in Fig.1. The linac is composed of multiple accelerating
structures interleaved by two magnetic bunch compres-
sors (BC1, BC2). BC1 only is active during standard FEL
operation. Each branch of the spreader is a dog-leg made
of two modified double bend achromatic cells (MDBASs),
separated by quadrupole magnets [22]. Since the impact
of MBI on the FEL spectrum is stronger at shorter FEL
wavelengths, only that part of the spreader that feeds the
FEL-2 branch line is considered in the following calcula-
tions and discussion.

Figures 2 and 3 compare the two models’ prediction,
with and without LH. Table 1 compares the final uncorre-
lated energy spread as computed by the quadratic sum of
the initial one and that one induced by MBI (see Eq.2),
for the two LH scenarios illustrated in Figs. 2 and 3.

to FEL

&
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Figure 1: Sketch, not to scale, of the FERMI linac-plus-
spreader FEL-2 beam line. This study applies from the
exit of LO to the spreader end. Only the first magnetic
bunch compressor, BC1, is active and for these calcula-
tions is presumed to give perfect linear compression.
Copyright of APS (2018).

Table 1: Total uncorrelated energy spread (RMS value) at
the end of the FERMI linac (see Figs.2,3). The energy
modulation induced by MBI over the initial wavelength
range 0.5-200 pum is assumed to convert entirely into
uncorrelated energy spread (see Eq.2).

Laser Heater HK-model B-model Unit
Off 331 338 keV
10 keV 102 110 keV

50 100 150 200
o lum]

Figure 2: Comparison of MBI gain (top) and energy mod-
ulation amplitude (bottom) at the end of the FERMI linac
vs. the initial density modulation wavelength. The two
curves correspond to the separate predictions by the HK-
model [16] (dashed line) and the B-model [17] (solid
line). The laser heater is off. Copyright of APS (2018).
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Figure 3: Comparison of MBI gain (top) and energy mod-
ulation amplitude (bottom) at the end of the FERMI linac
vs. the initial density modulation wavelength. The two
curves correspond to the separate predictions by the HK-
model [16] (dashed line) and the B-model [17] (solid
line). The laser heater is off. Copyright of APS (2018).

50

MBI IN THE FERMI LINAC + SPREADER

The development of MBI along the whole FERMI
beam delivery system, now including RF impedances and
CER, is illustrated in Fig.4. The LH intensity is set to the
nominal 10 keV RMS energy spread level. By the end of
the FERMI spreader, the total MBI gain increases by a
factor up to 10 relative to that seen at the end of the linac,
and the energy modulation amplitudes have more than
doubled at shorter wavelengths. The up to 40 keV energy
modulation amplitudes accumulated at the spreader exit
approach the level of the natural beam energy spread in
the absence of instability. Moreover, the MBI modula-
tions lie in the final wavelength range 0.5-5 pm. These
wavelengths are shorter than the FERMI external seed
laser pulse length (approximately 30 um long), and gen-
erally longer than the FEL-2 cooperation length (this is
0.3-0.8 um for FEL output wavelengths in the range 4-10
nm). Thus, one could expect a serious impact of such
modulations on the FEL spectrum in terms of shot-to-shot
spectral variability and generalized bandwidth enlarge-
ment, due to excitation of sidebands on the main seeded
line [11,23,24]. These considerations fully justify serious
efforts to reducing the contribution of the spreader to the
global MBI dynamics, as is done in the next Section.
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Figure 4: Gain (left) and energy modulation amplitude at
the end of the FERMI linac (green) and of the linac-plus-
spreader beam line (black). The laser heater is set at 10
keV RMS energy spread before compression. Copyright
of APS (2018).

NEW SPREADER OPTICS

The study reported in [25,26] suggests that a quasi-
isochronous and achromatic spreader line would see a
much reduced MBI gain. More recently, the simultaneous
requirement of small MBI gain and preservation of the
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E transverse beam emittance in the presence of CSR head-
5 tail instability [27] led to the prescription of a locally-
= . S

Z isochronous beam line whose properties include small
%Variations of Rse, m-betatron phase advance between con-
 secutive dipole magnets, low betatron function and rela-
g tively large alpha-function at the dipoles [28] (all terms
2 correspond to the bending plane).

These prescriptions were incorporated into a new
FERMI FEL-2 spreader design, where the physical
~ length, position and bending angles of the actual beam
% line were retained. The total Rss of the beam line is re-
< duced from its present value of 680 um down to 1 pm by
virtue of the reversed sign of the dispersion function in-
side the two inner dipoles of the spreader branch.

A comparison of the present (or standard) and new lin-
ear optics functions, as well as of the Rss term along the
line, is given in Fig.5. Figure 6 replicates Fig.4 for the
new optics. The new spreader design is substantially
transparent to any incoming modulation induced by MBI
in the linac, since the curves at the linac end (green) and
at the spreader end (black) tend to superimpose, as a con-
sequence of a unity gain through the beam line. It is worth
pointing out that the new design requires only a re-
adjustment of the strengths of the quadrupole magnets
internal to the MDBAs that lies within a range fully com-
patible with the FERMI operation up to 1.5 GeV beam
energy. The present spreader optics preserves the beam
horizontal normalized emittance from the CSR head-tail
instability at 0.1 pm level [22].

itle of t

Figure 5: Linear optics functions along the FERMI
spreader for the present (top) and new optics design.
Copyright of APS (2018).
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Figure 6: Gain (left) and energy modulation amplitude at
the end of the FERMI linac (green) and linac-plus-
spreader beam line (black), for the new spreader optics.
The laser heater is set at 10 keV RMS energy spread be-
fore compression. Copyright of APS (2018).

EXPERIMENTAL RESULTS

The intensity of optical transition radiation (OTR) emit-
ted by the electron beam passing through a 100 pum thick-
Al foil (OTR screen) at the end of the FERMI spreader
was used as an indicator of the MBI gain at optical wave-
lengths (the CCD of the OTR screen system is sensitive to
radiation wavelengths < 3 um), as coherent density modu-
lations should strongly increase the OTR emission. The
inset of Figure 7 shows the reduction of the bunching
factor predicted by the B-model when the new spreader
optics is adopted (solid line), in comparison to the stand-
ard optics (dashed line). The main plot shows the meas-
ured OTR signal integrated over the physical region oc-
cupied by the beam spot at the screen, and averaged over
many shots. The OTR signal is shown as a function of the
LH pulse energy, for the standard (dashed line) and the
new spreader optics (solid line). Control of beam sizes
was accomplished by means of the last 4 quadrupoles of
the spreader line, installed upstream the screen and in a
dispersion-free region. In accordance with the model,
higher pulse energies suppress the instability at longer
wavelengths [13].

The OTR intensity in the presence of the standard
spreader optics shows a large sensitivity to the LH setting.
A coherent OTR emission shows up as large signal inten-
sity for low heating level, and it disappears for LH ener-
gies higher than 1 pJ. On the contrary, the OTR intensity
collected in the presence of the new Spreader optics is
largely insensitive to the LH setting. The OTR signal
value stays at the level of that one collected with the
standard optics and large LH energy, ~4 pJ.

In order to verify the simultaneous suppression of MBI
and preservation of the beam transverse emittance, the
emittances were measured with the quadrupole scan tech-
nique [29] at the end of the spreader. The new spreader
optics, as well as the standard one, preserves the horizon-
tal emittance from CSR head-tail instability.
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Figure 7: OTR intensity measured at the end of the FER-
MI spreader vs. LH pulse energy, for the standard (blue
dashed) and the new optics configuration (red solid).
Error bars are the RMS fluctuation of the OTR signal
over 500 consecutive shots. In the inset: bunching factor
calculated at the end of the linac-plus-spreader beam line
with LH off vs. final (compressed) wavelength of modu-
lation, for the spreader standard (dashed) and new optics
(solid). Copyright of APS (2018).

CONCLUSION

A systematic comparison of two analytical models
[16,17] for MBI growth in the FERMI linac has been
done, including transversally-averaged LSC impedance
and realistic LH effect. The two codes are found in good
quantitative agreement. Given the flexibility of the B-
model introduced in [17] for describing the MBI in an
arbitrary transfer line, we applied it to the actual FERMI
spreader beam line to FEL-2, where the code was addi-
tionally benchmarked with particle tracking runs. This
study revealed a significant contribution of the spreader to
the amplification of residual MBI exiting the linac, even
in the situation where the FERMI laser heater is run at its
nominal intensity. As a result, coherent energy modula-
tions at the level of tens of keV in the final wavelength
range 0.5-5 pm are expected at the undulator entrance.
Due to sideband formation, these modulations are ex-
pected to degrade the FEL spectral brilliance at output
radiation wavelengths shorter than ~10 nm.

A new spreader optics was designed to simultaneously
minimize the spreader MBI gain and preserve the hori-
zontal beam emittance from growth associated with the
CSR head-tail instability. Importantly, the new solution
does not require any physical change in the existing lay-
out and could be readily implemented. Experimental tests
of the new spreader optics confirmed both the negligible
MBI gain as measured by the OTR signal, and the pre-
served beam emittance.
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