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Abstract
Short pulse, low emittance electron beams are necessary

to drive bright FEL X-rays, for this reason it is important
to preserve and limit emittance growth. The strong bunch
compression required to achieve the short bunches, can lead
to coherent synchrotron radiation (CSR)-induced emittance
growth, and while there are some methods of CSR cancel-
lation, these methods may be less effective when the CSR
kicks are distorted. In an attempt to understand why CSR
kicks become distorted, we compare the CSR kicks calcu-
lated using the whole beam parameters to the CSR kicks
calculated using the longitudinally sliced beam parameters,
when propagated to the end of the bunch compressor. We
find that CSR kicks can become distorted when calculated
with non-uniform slice beam parameters. While slice beam
parameters that are uniform along the centre of the bunch,
do not result in distorted CSR kicks.

INTRODUCTION
Free-electron lasers are a fourth generation light source

which aim to provide bright, coherent light over a wide range
of wavelengths [1]. The demand for research using FELs
is driving demand for shorter pulse, brighter FEL X-rays.
As such it is necessary for high quality electron bunches
driving the FELs, which have small emittance and short
bunch lengths.

Bunch compressors are used to compress the bunch lon-
gitudinally, however this can lead to unwanted collective
effects such as coherent synchrotron radiation (CSR) [2–7]
and microbunching instability (MBI) [8]. CSR causes kicks
in the horizontal coordinates, which increases the projected
emittance (as in Fig. 1). This projected emittance growth
can be managed using CSR cancellation techniques, how-
ever these methods may be less effective if the CSR kicks
become distorted [9]. In this paper we explore how CSR
kicks could be distorted by considering how the slice Twiss
parameters vary.

MAX-IV
MAX-IV facility located in Lund, Sweden, hosts 1.5 GeV

and 3 GeV electron storage rings and the short pulse facility
(SPF), all driven by the same linear accelerator. The labora-
tory provides a wide range of spectroscopy techniques for
industry and research. In this study we focus on the existing
∗ sgadixon@liverpool.ac.uk

Figure 1: Horizontal slice offset leading to increased pro-
jected emittance [10].

short pulse facility (SPF) [11] and soft X-ray laser (SXL)
[12], which is in the conceptual design phase [13]. The
layout of the MAX-IV linac is shown in Fig. 2.

COHERENT SYNCHROTRON RADIATION
Synchrotron radiation is emitted by relativistic electrons

when the bunch goes through a dipole. The electron bunch
will radiate coherently when the bunch length is shorter than
the radiation emitted and the following inequality is satisfied,

𝜆 ≥ 2𝜋𝜎𝑧 , (1)

where 𝜎𝑧 is the bunch length and 𝜆 is the wavelength of
synchrotron radiation.

Coherent synchrotron radiation leads to a redistribution
of energy in the bunch due to some electrons reabsorbing
emitted radiation. This effect can be approximated by the 1-
D CSR wake as, excluding entrance and exit transient effects
[14–17]. The 1-D CSR wake is defined as

𝑑𝐸

𝑐𝑑𝑡
=

−2𝑒2

4𝜋𝜖0 (3𝜌2)1/3

∫ 𝑧̃

𝑧̃−𝑠𝐿

𝑑𝑓

𝑑𝑧

(
1

𝑧 − 𝑧

)1/3
𝑑𝑧, (2)

where 𝜖0 is the permittivity of free space, 𝜌 is the bending
radius of the dipole, 𝑑 𝑓

𝑑𝑧
is differential of the linear charge

density, 𝑧 is the position within the bunch, and 𝑠𝐿 is the
slippage length.

CSR leads to projected emittance growth by causing longi-
tudinal slices of the beam to become offset in the horizontal
coordinates (see Fig. 1) [2–7]. The projected emittance
growth can be mitigated by using CSR cancellation tech-
niques, such as CSR kick matching [5, 18, 19] and optical
balance [2, 3, 18–20].

Point-Kick Model
The point-kick model is an analytical method of evaluat-

ing the CSR kick from a dipole, by approximating the CSR
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Figure 2: Layout of the MAX-IV linac. Including the beamlines to the short-pulse facility (SP02/FemtoMAX) and the soft
X-ray laser (SP03) [13].

kick as single kick which occurs at the centre of the dipole
[18]. The point-kick matrix 𝑿𝑘 is given as

𝑿𝑘 =

(
𝑥𝑘
𝑥′
𝑘

)
=

(
𝜌4/3𝑘 [𝜃 cos(𝜃/2) − 2 sin(𝜃/2)]

sin(𝜃/2) [2𝛿 + 𝜌1/3𝜃𝑘]

)
, (3)

where the 𝑥𝑘 and 𝑥′
𝑘

represent the change in horizontal posi-
tion and momentum due to the CSR kick. 𝜃 and 𝜌 are the
bend angle and bend radius of the dipole, respectively, 𝛿
is the momentum deviation at the centre of the dipole and
𝑘 = 𝑑𝐸

𝑐𝑑𝑡

𝜌2/3

𝐸0
.

This model can be used to approximate the overall CSR
kick from multiple dipoles [18], such as in a bunch com-
pressor. This is done by evaluating the CSR kicks (𝑥𝑘 , 𝑥′𝑘)
at the centre of a dipole, then these kicks are propagated to
the centre of the following dipole using the 2-D horizontal
transfer matrix [18, 21, 22]. The kicks are evaluated for the
second dipole and the two kicks are summed. The summed
kick can then be propagated to the region where you are eval-
uating the overall CSR kick, such as at the end of a bunch
compressor or achromat. In the case of the second bunch
compressor (BC2) in SPF and SXL, the overall kick from
8 dipoles was evaluated at the end of the bunch compressor.

The horizontal transfer matrix used to propagate the CSR
kicks depends on beam properties such as the Twiss pa-
rameters (𝛽𝑥 and 𝛼𝑥) and the phase advance (𝜓𝑥) [21, 22].
However, when a chirped bunch is passed through multipole
magnets within a dispersive region, the bunch undergoes
focusing dependant on longitudinal position 𝑧. As such,
the slice beam parameters (slice 𝛽𝑥 , slice 𝛼𝑥 and slice 𝜓𝑥)
may become non-uniform along the bunch. When the CSR
kicks are propagated with the slice parameters they can also
become distorted [9].

DISTORTED COHERENT SYNCHROTRON
RADIATION KICKS

In the point-kick model of CSR, the CSR kicks are trans-
ported by the 2-D horizontal transfer matrix. When the
whole beam Twiss parameters and phase advance are used

to calculate the CSR kicks, we will refer to the CSR kicks
as ‘typical’. However, when the slice Twiss parameters and
slice phase advance are used to calculate the CSR kicks, we
will be refer to the CSR kicks as ‘distorted’ or ‘atypical’.

The overall typical and distorted CSR kicks have been
calculated for bunch compressor 2 in the SPF and SXL lines
in the MAX-IV linac, as in Fig. 2. Elegant [23] simulations
of the bunch compressors were performed using 2, 000, 000
macro-particles. The simulations allowed us to calculate the
whole beam and slice Twiss parameters, and whole beam
and slice phase advance to be used in the calculation of the
CSR kicks.

Short Pulse Facility
The short pulse facility uses a 100 pC electron beam for

FemtoMAX. At the entrance of BC2 the electron beam has
an energy of 3 GeV. The horizontal and vertical 𝛽-functions,
and horizontal dispersion through BC2 are shown in Fig. 3.
The first-, second- and third-order longitudinal dispersion
of 𝑅56 = 26 mm, 𝑇566 = 42 mm and 𝑈5666 = 49 mm, respec-
tively.

Figure 3: 𝛽-functions (solid lines) and horizontal dispersion
(dashed lines) through SPF bunch compressor 2.

The slice beam parameters for dipole 5 and 6 in BC2
of SPF are shown in Fig. 4. This figure shows the slice
parameters at the centre of dipoles 5 and 6 that are non-
uniform along the centre of the bunch. Similar behaviour is
seen in the other dipoles (not shown in this paper).
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Figure 4: Slice beam parameters for BC2 of SPF. Slice 𝛽𝑥 in
dipole 5 and dipole 6 (left), and slice phase advance between
dipole 5 and 6 (right).

The overall typical and distorted CSR kicks for BC2 of
SPF are shown in Fig. 5.

Figure 5: The overall typical (blue) and distorted (red) CSR
kick in 𝑥 (left) and 𝑥′ (right) as a function of longitudinal
position z, at the end of SPF BC2.

From Fig. 5 we see that the CSR kicks calculated with the
slice parameters are distorted in shape and size compared to
those calculated with the whole beam parameters. The root
mean square (RMS) of the typical CSR kick is Δ𝑥𝑅𝑀𝑆 =
1.40 µm and Δ𝑥′

𝑅𝑀𝑆
= 1.82 µrad at 𝑧 = −0.07 pm. The RMS

of the distorted CSR kick is Δ𝑥𝑅𝑀𝑆 = 3.63 µm and Δ𝑥′
𝑅𝑀𝑆

= 4.51 µrad at 𝑧 = −0.07 pm.

Soft X-ray Laser
The soft X-ray laser will use a 10 pC electron beam to

drive MAX-IV’s proposed FEL. At the entrance of BC2
the electron beam has an energy of 3 GeV. The horizontal
and vertical 𝛽-functions, and horizontal dispersion through
BC2 are shown in Fig. 6. The first-, second- and third-order
longitudinal dispersion of 𝑅56 = 26 mm, 𝑇566 = −86 mm and
𝑈5666 = 87 cm, respectively.

Figure 6: 𝛽-functions (solid lines) and horizontal dispersion
(dashed lines) through SXL bunch compressor 2.

The slice beam parameters for dipole 5 and 6 in BC2
of SXL are shown in Fig. 7. This figure shows the slice
parameters at the centre of dipoles 5 and 6 that are close to
uniform along the centre of the bunch, and similar behaviour
is seen in the other dipoles (not shown in this paper).

Figure 7: Slice beam parameters for BC2 of SXL. Slice
𝛽𝑥 in dipole 5 and dipole 6 (left), and slice phase advance
between dipole 5 and 6 (right).

The overall typical and distorted CSR kicks for BC2 of
SXL are shown in Fig. 8.

Figure 8: The overall typical (blue) and distorted (red) CSR
kick in 𝑥 (left) and 𝑥′ (right) as a function of longitudinal
position z, at the end of SXL BC2.

From Fig. 8 we see that the CSR kicks calculated with the
slice parameters are not distorted in shape or size compared
to those calculated with the whole beam parameters. This
is because the slice beam parameters are close to uniform
along the centre of the bunch. The typical RMS kick is
Δ𝑥𝑅𝑀𝑆 = 0.82 µm and Δ𝑥′

𝑅𝑀𝑆
= 3.24 µrad at 𝑧 = −0.01 pm.

The distorted RMS kick is Δ𝑥𝑅𝑀𝑆 = 0.86 µm and Δ𝑥′
𝑅𝑀𝑆

=
3.20 µrad at 𝑧 = −0.01 pm.

CONCLUSION
Using the point-kick model of CSR, we find that CSR

kicks become distorted in shape and size for SPF BC2 when
the kicks are calculated with the slice parameters as opposed
to the whole beam parameters. This indicates that CSR
cancellation techniques could be less effective at limiting
projected emittance growth. Further work is necessary to
determine the degree to which distorted CSR kicks limit
CSR cancellation techniques. The distortion seen in the
CSR kicks for BC2 of SPF is a result of the slice beam
parameters being non-uniform along the centre of the bunch,
whereas the slice beam parameters for BC2 of SXL are close
to uniform along the centre of the bunch leading to CSR
kicks which were not distorted.
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