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Abstract

The Linac Coherent Light Source (LCLS) is originally
designed and commissioned with two bunch compressors
(BC1 and BC2) to achieve the desired bunch length and peak
current prior to the undulator line. The dispersive proper-
ties of bunch compressors enhance the growth of electron
beam micro-bunching, so BC1 and BC2 provide important
tuning parameters to suppress micro-bunching instability
(MBI). Given the less stringent peak current requirement
for soft x-ray operation, we explore new bunch compressor
configurations to reduce undesired micro-bunching. New
configurations include using BC1 or BC2 only, and different
compression distributions between the two bunch compres-
sors. We have developed a simplified theoretical model to
characterize the micro-bunching gain under various bunch
compressor configurations. Meanwhile, we require reason-
able longitudinal phase space and beam current to ensure the
applicability of the new schemes. We have experimentally
tested the feasibility of the new configurations and obtained
promising preliminary data that indicate better MBI suppres-
sion for soft x-ray operation.

INTRODUCTION

In an X-ray free electron laser (XFEL), an initial small
amount of density modulation on the electron beam induces
energy modulation. When the electrons go through a disper-
sive section, such as a bunch compressor (BC), this energy
modulation converts to density modulation that is signifi-
cantly larger than the initial density modulation, which is
called micro-bunching instability (MBI). MBI is undesired
because the wavelength (micron scale) is orders of magni-
tude longer than the intended X-ray radiation wavelength
(nanometer or angstrom scale), and MBI results in increased
slice energy spread. The laser heater at LCLS was installed
to increase the initial uncorrelated energy spread in the elec-
tron beam in order to suppress MBI and lower electron beam
final energy spread [1, 2]. The most effective Landau Damp-
ing of MBI occurs when the laser heater induces a Gaussian
energy spread in the electrons, but the shape of the energy
spread is subject to the the transverse shape of the heater
laser and its transverse size relative to the electron beam
size. Previous experiments have shown that for soft x-ray
operation, MBI suppression becomes less effective as peak
current increases [3]. Another consequence of MBI is the
spectrum pedestals seen experimentally in soft x-ray self-
seeding [4, 5], where the long-wavelength micro-bunching
structure in the electron beam broadens the self-seeding
spectrum bandwidth. Therefore, there is strong motivation
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to improve MBI suppression. As described above, MBI is
enhanced through dispersive sections, which implies possi-
ble new bunch compressor configurations that can further
suppress MBI in addition to the laser heater. In this paper,
we present a simplified theoretical model to characterize
the micro-bunching gain, based on which we select useful
BC configurations by tuning BC1 and BC2 parameters. To-
gether with LiTrack simulations we describe a few feasible
BC configurations that we have progressed through various
experiments. Finally we demonstrate preliminary experi-
mental results that show promising potential of one of the
new configurations.

MBI GAIN CALCULATION

One way to characterize micro-bunching is to calculate the
bunching factor growth through out the linac. The bunching
factor is defined as the Fourier transform of current fluc-
tuations. The MBI gain is defined as the bunching factor
by (kf)
bo (ko)
single MBI stage as [1]
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where [ is the initial peak current, kg is the initial bunch-
ing wavenumber, Rsg¢ is the chicane longitudinal dispersion,
L is the accelerator length, Zy = 377 Q is the free space
impedance, and I4 = 17KkA is the Alfven current. In the
limit k% < 1, we have
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growth, G = | | We can express the gain through a

Z(k) ~

1+2In L) )
rbk

where 7}, is the radius of the electron beam transverse cross
section of a uniform beam, which we take to be 300 um
for following calculations. The total MBI gain should be
integrated throughout LCLS linac machine, including all
dispersion stages and accelerators. Note that even though
the complete form of the gain curve is lengthy, it carries the
same exponential decay factor as in Eq. 1. The details of
the derivation will be presented elsewhere. This gain curve
specifically depends on the following parameters: initial
bunching wavenumber, compression factors, Rs¢, and beam
energies at BC1 and BC2 respectively.

NEW BC CONFIGURATIONS

The nominal schematic for soft x-ray operation of LCLS
is displayed in Fig. 1. Normally BC1 compresses the beam
by a factor of 8, and BC2 by a factor of 4, to achieve final
peak current on the order of 1 kA - 2kA.
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Figure 1: Diagram of LCLS schematic. For dispersive regions, the Rsg is given in mm. Figure taken from [3].

Dispersive sections are the major contributor to MBI,
therefore the most intuitive solution to suppressing MBI is
to use fewer dispersive sections [6]. Beam energy is lower
at BC1 than at BC2, giving a higher relative energy spread
at BC1 that damps the bunching factor exponentially (Eq. 1).
In this scheme, we switch off BC2 and only use BC1 to reach
full compression to 1kA final peak current, and leave L2
and L3 to do most acceleration to achieve 4 GeV final beam
energy. Due to the long length of linac acceleration, this
scheme has a severe practical problem where we have to use
close to —90° L3 phase to cancel the energy chirp induced
throughout the linac structure wakefield in order to reach
a flat final phase space. The high chirp on L3 is subject
to phase jitter in the machine, and therefore significantly
increases energy jitter of the electron beam.

The other option is to use BC2 only. However, BC2 energy
has to be lowered significantly in order to increase relative
energy spread which goes into the exponential term in Eq. 1.
This also creates operational challenge since the BC2 chicane
is originally designed for much higher energy particles and
sending beam through the chicane at a much lower energy
becomes difficult operationally.

As it turns out from the gain calculation, it is still possi-
ble to use BC2 to complete most of the compression while
leaving BC1 Rsg as in the nominal setup. In this configura-
tion, we need a smaller chirp before BC1 and a lower energy
at BC2 to 700MeV to achieve sufficient MBI suppression.
LiTrack [7] simulation further ensures the feasibility of this
scheme, showing a relatively flat phase space prior to un-
dulator entrance. One disadvantage of this scheme is the
apparent double-horn structure in the current profile (lower
left plot in Fig. 2). Eventually we arrive at a satisfactory
solution where we lower BC1 Rsg to reduce the double-horn
structure in the current profile (lower right plot in Fig. 2)
while keeping other parameters the same. All relevant pa-
rameters are tabulated in Table 1. Note that final peak current
can be adjusted experimentally by varying L2 phase. L3
phase is placed at 0° to reduce energy jitter. The gain curve
for the four configurations described above as compared to
the regular soft x-ray set up is shown in Fig. 3.

EXPERIMENTAL RESULTS

We have obtained preliminary experimental data that show
promising potential for feasibility and MBI suppression. The
phase spaces are shown in Fig. 4. The “new” configuration
refers to the setup with parameters in Table 1. The advantage
of the new configuration is most apparently shown in the
lower laser heater energy cases. From the phase space, one
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Figure 2: LiTrack simulation for longitudinal phase space
and current profile prior to undulator entrance. The left col-
umn is BC1=45.5 mm, and the right column is BC1=35 mm.
Other parameters are listed in Table 1.
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Figure 3: Gain curves as a function of final bunching wave-
length for the four different configurations described in the
text.

can see the micro-bunching in the new configurations shifts
to longer wavelength modulation compared to the nominal
setup. The detailed MBI bunching factor analysis follows
the procedure described in [3], and the bunching factor is
plotted in Fig. 5. The fact that the bunching factor ampli-
tude decreases as the final peak current increases for the
new configuration is also supported by the theoretical gain
calculation.

Slice energy spread (SES) is another important parameter
for evaluating the quality of the beam. The analysis is still
work in progress and will be presented elsewhere.

CONCLUSIONS

In this paper, we have discussed the motivation of new
bunch compressor configurations in order to improve micro-
bunching instability suppression in addition to the use of
laser heater. The gain calculation gives a theoretical start
point to search for new configurations, and LiTrack simula-
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Figure 4: Example phase space from experiments. The left column is the nominal soft x-ray setup. The middle and the
right column show phase space of new configurations at two different final peak currents. From top to bottom, laser heater

energy increases. Bunch head is on the left in all plots.
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Figure 5: Bunching factor as a function of final bunching wavenumber.

Table 1: New BC Configuration Parameters

variable value
L1X amplitude 18MV
L1X phase -170°
L1S phase —-15°
BCl1 energy 220 MeV
BC1 current 90 A
BC1 R56 35 mm
L2 phase —60° (to achieve 2kA)
BC2 energy 700 MeV
BC2 Rsg 35mm

tion serves as a guideline to ensure reasonable longitudinal
phase space. We have also presented preliminary experimen-
tal results that show improved micro-bunching instability
suppression, and we have demonstrated the feasibility of
running LCLS with the brand new bunch compressor con-
figuration. The prospect is to develop a more sophisticated
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theoretical model to characterize the micro-bunching gain
and explore potential other configurations [8]. Eventually
we plan to apply the new configuration to experiments such
as soft x-ray self-seeding to study its effect in suppressing
the spectrum pedestal.
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