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Abstract
With the FLASH2020+ upgrade, one of the beamlines of

the free-electron laser FLASH at DESY will be based on
the Echo-Enabled Harmonic Generation (EEHG) seeding
scheme and provide high-repetition-rate, coherent radiation
down to 4 nm. To reach this wavelength, it is necessary to
imprint intricate structures on the longitudinal phase space
of the electron bunch at a very high harmonic of the seed
laser wavelength, making the scheme potentially vulnera-
ble to beam instabilities. Part of the beamline is a strong
chicane, which is necessary to create the dispersion required
by EEHG. Resulting effects such as Coherent Synchrotron
Radiation (CSR) can be very detrimental for the bunching
process and have to be taken into account already in the
design of the beamline to ensure optimum FEL performance.
We investigate and propose possible mitigation solutions to
such instabilities in the FLASH2020+ parameter range.

INTRODUCTION
In the course of the FLASH2020+ upgrade [1] of the

superconducting free-electron laser (FEL) user facility
FLASH [2–4] in Hamburg, Germany, it is foreseen that
one of the beamlines will be based on the Echo-Enabled
Harmonic Generation (EEHG) seeding scheme [5]. EEHG
provides a defined electron beam density distribution, which
makes the startup process in the FEL not dependent on the
stochastic nature of the shot noise and thus allows for shot-to-
shot reproducibility of fourier limited pulses [6,7]. However,
beam instabilities arising within the EEHG section could
be a limiting factor to achieve the necessary bunching [8].
Intrabeam Scattering (IBS) and Incoherent Synchrotron
Radiation (ISR) have been studied based on analytical for-
mulas [9] for the FLASH2020+ parameter space and result
in no significant reduction of the bunching.

Coherent Synchrotron Radiation (CSR) describes the phe-
nomenon that electrons traveling through a dipole magnet
can emit coherent radiation at wavelengths comparable to the
bunch length. Due to the curved trajectory, the radiation can
take a shortcut, which leads to a tail-head interaction. This
finally results in an energy modulation along the bunch [10].
In the following, the effect of this energy modulation on
the bunching is studied with the general-purpose accelerator
simulation code ELEGANT [11] for EEHG at 4 nm. Two
mitigation solutions, taking into account the duration of the
seed laser and different EEHG working points, are examined.
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THEORY
In the EEHG seeding scheme, the longitudinal phase

space distribution of the electron bunch is manipulated
in a beamline which consists of two undulators, so-called
modulators, and two chicanes, as shown in Fig. 1.

M 1 Q C 1 Q M 2 Q C 2 Q

3.3 m 6.6 m 3.3 m 3.3 m

Figure 1: EEHG beamline used in the simulations with
Modulators (M), Quadrupoles (Q) and Chicanes (C).

In each modulator the electron bunch is modulated in
energy by interacting with a seed laser, decribed by the
energy modulation amplitudes 𝐴1,2 = Δ𝐸1,2/𝜎𝐸, that is
the energy modulation Δ𝐸 produced by the seed laser ex-
pressed as a multiple of the beam energy spread 𝜎𝐸. The
first chicane is used to create multiple energy bands in the
longitudinal phase space and therefore requires a large dis-
persion 𝑅(1)

56 . The second dispersive section, described by
𝑅(2)

56 , compresses the energy modulated bands, creating a
density modulation at the wavelength 𝜆E = 𝜆1/𝑎E. For two
seed lasers operating at the same wavelength 𝜆1 = 𝜆2, the
harmonic number is given by 𝑎E = 𝑛 + 𝑚, where 𝑛 and 𝑚 are
non-zero integers of opposite signs. The degree of bunch-
ing is decribed by the bunching factor |𝑏𝑛,𝑚|. Its maximum
value is approached for 𝐴1 ⪆ 3 and 𝑛 = −1 and it scales
approximately as |𝑏−1,𝑚| ≈ 0.39 ⋅ 𝑚−1/3 for 𝑚 > 4 [12]. For
optimized bunching at a specific harmonic, the ratio of the
dispersions has to be close to 𝑅(1)

56 /𝑅(2)
56 ≈ 𝑎E/|𝑛|. Since

the required strength of the second chicane is inversely pro-
portinal to the energy modulation imposed in the second
modulator, 𝑅(2)

56 ∝ 1/𝐴2, a large 𝐴2 decreases the required
dispersion of both chicanes. This is, however, accompanied
by an increase in energy spread, resulting in a decreased
FEL performance.

CSR STUDY
For this study, a 𝜎𝑧 = 100 µm Gaussian electron beam

with an energy of 𝐸 = 1.35 GeV, an energy spread of
𝜎𝐸 = 150 keV, a peak current of 𝐼p = 500 A and a nor-
malized emittance of 𝜀n = 0.6 mm mrad is used. Both seed
lasers are set to 𝜆1,2 = 300 nm. The chicane and modulator
parameters used for the simulations are shown in Table 1.
Each modulator and chicane is followed by quadrupoles to
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ensure proper matching. The energy modulation amplitudes
are set to 𝐴1 = 3 and 𝐴2 = 5. The corresponding bunch-
ing factor |𝑏| can be calculated analytically and is shown in
Fig. 2 for different chicane configurations. Since maximum
bunching can be achieved for 𝑛 = −1, simulations with the
FEL code GENESIS1.3, v4 [13,14] have been carried out
for this case to optimize the dispersive strengths for power
gain and spectral properties in the radiator beamline. For the
upper bunching peak in Fig. 2 optimum values were found
to be 𝑅(1)

56 = 7.05 mm and 𝑅(2)
56 = 81.25 µm.

Table 1: Simulation Beamline Parameters

Chicanes 1 2 Modulators

length (m) 6.124 2.824 𝜆u (mm) 82.6
𝐿dipole (m) 0.42 0.31 Periods 30
𝐿drift (m) 2.00 0.57 𝐾 9.97

75 80 85 90 95 100 105 110 115

R
(2)
56 (µm)

2

3

4

5

6

7

8

9

10

R
(1

)
56

(m
m

)

n = −1

n = −2

0.000

0.008

0.016

0.024

0.032

0.040

0.048

0.056

0.064

0.072

|b|

Figure 2: Bunching factor of the 75th harmonic of 300 nm
as a function of different dispersive strengths of the first and
second chicane for 𝐴1 = 3 and 𝐴2 = 5.

Method
The working point is adopted to ELEGANT, which makes

use of an 1D CSR model to calculate the energy change
of a line-charge distribution in a dipole magnet [10, 15].
The propagation of the CSR wake through drift spaces and
subsequent elements is also taken into account. For this
study, an infinite duration of the two seed lasers is used to
monitor the bunching along the whole electron bunch.

To calculate the bunching, the electron bunch is subdi-
vided into slices of length 𝐿slice. Within a slice, a phase 𝜑𝑘
is assigned to each of the 𝑛 particles, according to

𝜑𝑘 = 𝑠𝑘 − 𝑠0
𝐿slice

⋅ 2𝜋, (1)

with 𝑠𝑘 being the longitudinal coordinate of the particle
and 𝑠0 being the beginning of the slice. The bunching at a
specific wavelength 𝜆0 is then calculated by

|𝑏| = ∣1𝑛
𝑛

∑
𝑘=1

exp ( − 𝑖 𝜑𝑘
𝐿slice
𝜆0

)∣ . (2)

The bunching is determined at the end of the EEHG section.

Duration of the Second Seed Laser
The induced energy modulation along the bunch due to

CSR in the first chicane can be seen in the top plot of Fig. 3.
While calculating the bunching of the whole electron bunch
at the end of the beamline, the bunching is reduced from
5.9% to 1.3% when incorporating CSR effects.

1349.8
1349.9
1350.0
1350.1
1350.2

〈E
〉(

M
eV

)

〈E〉, CSR off

〈E〉, CSR on

0 100 200 300 400 500 600

s (µm)

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

b
u

n
ch

in
g
|b|

CSR off

CSR on

0.0

0.5

1.0

n
or

m
al

iz
ed

cu
rr

en
tcurrent

Figure 3: Top: Energy averaged over 300 nm along the bunch
without and with incorporated CSR before entering the sec-
ond modulator together with the current profile. Bottom:
Bunching factor at 4.0 nm calculated within slices of 25 µm
length along the bunch without and with incorporated CSR.

To investigate the effect of a second seed laser with a pulse
duration much shorter than the bunch, the slice length within
the bunching is calculated is set to 𝐿slice = 25 µm, which
corresponds to approximately 4 𝜎𝑧 of the second seed laser
(𝜎𝑧 ≈ 6.37 µm) that will be used for FLASH2020+. The
bottom plot of Fig. 3 shows that the bunching at 𝜆E = 4.0 nm
is reduced the most in areas where the CSR induced change
in energy is large. However, there exists also a region near
the center of the bunch with no reduction in bunching.

To better investigate the phenomenon associated to the
bunching reduction, the bunching is calculated not only at
the exact seed laser harmonic 𝜆E but also at wavelengths
close to it. By using Eq. (2) for different wavelengths one can
reconstruct the spectral content of the bunching produced by
the seed at different positions along the bunch, as shown in
Fig. 4. The data show that the bunching reduction reported
in Fig. 3 corresponds to a wavelength shift of the bunching.
This suggests that for a case with a short seed the overall
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Figure 4: Bunching factor at different wavelengths calculated
within slices of 25 µm length along the bunch with CSR.
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Figure 5: (a) 𝑛 = −2 working point for 𝐴2 = 5 to reduce the dispersion of the first chicane. (b) 𝑛 = −1 working point for
𝐴2 = 8 to reduce the dispersion of both the first and the second chicane. Top: Energy averaged over 300 nm along the
bunch without and with incorporated CSR before entering the second modulator together with the current profile. Bottom:
Bunching factor at different wavelengths calculated within slices of 25 µm length along the bunch with CSR incorporated.

bunching will not be reduced, but the emission wavelength
will depend on the timing between the electron beam and
the seed laser and wavelength fluctuations may arise as a
result of the timing jitter. Even though it is expected that the
jitter will be well within the duration of the shown slices, it
would be possible to seed at areas of the bunch with a linear
change in energy to diminish this wavelength dependency.

Different Working Points
Another possibility to mitigate the detrimental effect of

CSR on bunching is to change the EEHG working point. The
required 𝑅(1)

56 of the first chicane reduces by a factor of about
2 when switching to the 𝑛 = −2 configuration. Based on
GENESIS1.3 simulations, the dispersion strengths were set
to 𝑅(1)

56 = 3.27 mm and 𝑅(2)
56 = 82.75 µm, corresponding to

the lower bunching peak in Fig. 2. Consequently the dipoles
of the chicane have to be less strong and the induced energy
modulation due to CSR is less prominent, as can be seen
in Fig. 5a. Concerning the bunching, there is no significant
improvement and because of the overall smaller bunching
the 𝑛 = −2 working point is not a preferable option.

To explore a working point with a reduced dispersive
strength of both the first and second chicane, the energy
modulation amplitude is increased to 𝐴2 = 8. Here too,
an optimum chicane setup was determined by means of
GENESIS1.3 simulations, aiming for the lower 𝑛 = −1
bunching peak in Fig. 6. The resulting dispersive strengths
are 𝑅(1)

56 = 4.033 mm and 𝑅(2)
56 = 47.25 µm. As expected,

Fig. 5b shows that the induced energy modulation is now
slightly more pronounced compared to the previous 𝑛 = −2
case, because of the larger 𝑅(1)

56 . However, there is a clear
improvement concerning wavelength shift of the bunching,
making it possible to also seed larger parts of the bunch
without a significant reduction in bunching. This is a con-
sequence of the smaller dispersion of the second chicane,
which translates the energy slope arising in the first chicane
into a wavelength shift in bunching [16, 17].
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Figure 6: Bunching factor of the 75th harmonic of 300 nm
as a function of different dispersive strengths of the first and
second chicane for 𝐴1 = 3 and 𝐴2 = 8.

CONCLUSION
In the first chicane CSR induces an energy modulation

along the bunch, which finally results in a wavelength shift
of the bunching, depending on the position in the bunch. The
deterioration of the bunching can either be mitigated by seed-
ing only a small part of the bunch by using a short second
seed laser, as it will be the case for FLASH2020+. Another
possibility is to utilize another EEHG working point to re-
duce the required dispersion of the second chicane. This can
be achieved by increasing the energy modulation amplitude
in the second modulator, which is, however, accompanied
by an increase in energy spread.
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