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Abstract

In order to improve the temporal coherence of the ra-
diation generated by the Free-electron LASer in Hamburg
(FLASH), a two-stage seeding scheme is presently under
construction [1]. It consists of two undulator stages sepa-
rated by a magnetic chicane and a monochromator. In this
report the performance of the self-seeded FEL is studied in
simulations. An emphasis is placed on the tolerances of the
most critical components and parameters.

INTRODUCTION

The basic setup of the self-seeding option [1, 2] is il-
lustrated in Fig.1. It consists of two undulator stages sep-
arated by a magnetic chicane and a monochromator. The
first (seeding) undulator operates as a conventional SASE
FEL in the linear regime. After it, the electrons are sepa-
rated from the SASE radiation. The electron beam passes

Figure 1: Schematic layout of the self-seeding setup.

through the magnetic bypass, that is used to remove the
longitudinal charge density modulation (micro bunching).
The radiation pulse is spectrally filtered in a high resolu-
tion grating monochromator [3] and afterwards is superim-
posed with the electron beam at the entrance of the second
(seeded) undulator. Thus the monochromatic photon beam
serves as a coherent radiation seed, which is amplified up
to saturation in the second undulator. The concept of the
self-seeding has the advantage that it is independent of any
external radiation source and the seed is naturally synchro-
nized with the electron bunch. An additional advantage is
that the seeding wavelength is continuously tuneable. The
monochromator optics, to be installed at FLASH, is de-
signed for operation in the 6-60 nm range [2]. As shown
in the example for 6 nm in Fig.2, the self-seeding increases
the spectral brilliance by about two orders of magnitude,
i.e. the output power of the seeded FEL is concentrated in
a single line which is about a hundred times narrower than
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Figure 2: The spectral flux as a function the second
(seeded) undulator length. Compared to the conventional
SASE FEL, the self-seeding technique produces about two
orders of magnitude higher spectral flux.

the spectrum of the conventional SASE FEL. It is impor-
tant to note, that the gain in the first undulator section is
essential for the effective operation of the self-seeded FEL.
The output power level should be sufficiently low (about
two-three orders of magnitude below saturation) in order
to preserve the energy spread and the emittance of the elec-
tron beam. On the other hand the power of the seed, ob-
tained from the first stage, should be much higher than the
power of the shot noise in the second undulator.

ELECTRON OPTICS

Undulator stages

The undulator stages for the self-seeding option are sub-
divided into segments of about 4.5 m length. The first and
the second undulator consist of three and six such segments
respectively. A separated focusing system for the undulator
stages is used at FLASH [5]. The focusing is accomplished
by quadrupole doublets placed in-between two neighbour-
ing undulator segments. The main feature of such focusing
scheme, relevant to the implementation of the self-seeding,
is the variable quadrupole strength. The total length of the
first undulator (about 14.5 m) is optimized for operation at
a wavelength in the order of 6 nm. The minimum aver-
age β-function for this case is about 4.5 m. As mentioned
above, the power gain in the first undulator is crucial for the
performance of the self-seeded FEL. Therefore, in order to
compensate the scaling of the gain with the wavelength,
one can vary the quadrupoles strength i.e. tune the average



β-function accordingly.

Electron bypass

The bypass has to meet various requirements in order to
ensure the proper operation of the self-seeding. The most
essential of them are summarized in the following:

• Generation of an additional path length for the elec-
trons, which is equal to the extra path length of the
photons in the monochromator.

• Reduction of the micro bunching generated by the
SASE process along the first undulator section.

• Adjustment of the electron optics to the undulator op-
tics of for radiation wavelengths in the range 6-60 nm.

• Correction of the first and second order dispersion,
minimization of the degradation of beam quality due
to coherent synchrotron radiation effects.

Figure 3: Final magnet layout of the electron bypass for the
Seeding Option (side view). black: steerer, blue: dipole,
green: quadrupole, vertical focusing, red: quadrupole, hor-
izontal focusing, yellow: sextupole.

Therefore in contrast to the simplified scheme shown in
Fig.1, the final design of the electron bypass optics [2]
sketched in Fig.3, has a much more sophisticated layout.

SIMULATION TECHNIQUES

The simulation studies presented in this report divide
into three groups:

• investigations on the performance of the self-seeded
FEL

• estimation of the impact of the coherent synchrotron
radiation (CSR)

• simulations to determine the tolerances of some criti-
cal parameters and components

The rest of this section gives a brief overview of the simu-
lation tools and methods used for the studies listed above.

Performance of the self-seeded FEL

The performance of the self-seeded FEL has been stud-
ied with a modified version the 3-D time dependent FEL-
code GENESIS [7]. The modification allows including the
magnetic chicane by the means of a 6 × 6 transfer ma-
trix and thus enables GENESIS to simulate consistently the
complete self-seeding set-up. Following the general layout

of the self-seeding option, one splits the simulation into
two parts. In the first part one examines the seeding undu-
lator, which as mentioned before operates as a conventional
SASE FEL. The complete particle distribution at the undu-
lator exit is saved for later use in the next simulation step.
In the second run, the previously obtained particle distri-
bution is transformed with the help of the bypass matrix
and then is tracked through the second undulator section.
A certain wavelength λseed and average power Pseed is as-
sumed for the external seed, which should be obtained at
the output of the monochromator beamline. It is helpful to
remind that the seed power should fulfil the requirement
Pseed � Pshot, where Pshot is the effective shot noise
power. Since Pshot ≤100 W, Pseed ≈10 kW has been as-
sumed in all cases. The electron beam parameters, which
have been assumed in the simulations, are summarized in
Table 1

Table 1: Nominal electron beam parameters for operation
at 6 nm

Energy, E0 1000 MeV
Peak current, I0 2500 A
rms energy spread 0.2 MeV
Normalized rms emittance, εn 2 mm mrad
rms bunch length, σz 50 μm

Studies on CSR effects

These investigations follow a similar scheme as the one
described above. However, in order to include the coher-
ent synchrotron radiation in the numerical calculations, the
bypass has been simulated together with the first undulator
section with the ELEGANT [8] code. The program incor-
porates 1-D CSR algorithm [9] for dipoles and drift spaces.
The produced particle distribution file is afterwards ana-
lyzed and converted into averaged slice information, which
is used by GENESIS to simulate the interaction between
the electrons and the radiation field along the second undu-
lator section. In order to quantify the influence of the CSR
effects, the described procedure has been repeated twice.
Once including the CSR effects and second time with the
CSR algorithm switched off. The average spectral flux has
been considered as a figure of merit to compare the radia-
tion quality for the two cases. As suggested in [4], in order
to avoid numerical artefacts a large number of macro parti-
cles (∼ 106) was used in the ELEGANT simulations. The
code ELEGANT has been used also for the calculations
of the electron optics, to find the electron beam matching
conditions and for the calculation of the transfer matrix of
the bypass.

SELF-SEEDING PERFORMANCE

The first (seeding) undulator

As it is pointed out in [5], one of the main features
of the separate focusing is the increased minimum aver-



age beta function 〈β〉. For the case of electron energy
E0=1000 MeV, corresponding to a wavelength λ ≈ 6 nm,
a minimum average β-function of about 4.5 m can be
achieved. As shown in Fig.4, the design of the electron op-
tics allows operation with the same 〈β〉 at the both sides of
the magnetic chicane. For such setup the first stage works

Figure 4: β-function (a) and dispersion (b) along the self-
seeding electron beamline.

0

1

2

3

4

5

6

0 2 4 6 8 10 12 14

Z (m)

<P
> 

(M
W

)

0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.11

average power
energy spread

Figure 5: Average radiation power and fractional energy
spread growth (right axis) along the first undulator.

in linear regime (see Fig.5) with an average power of the
output radiation of about 5 MW. Again in Fig.5 the evo-
lution of the energy spread growth along the undulator is
shown. Essential there is the increase, which is induced by
the FEL process. According to the simulation results, an
energy spread increase in the order of 10% should be tol-
erable for the nominal electron beam parameters for oper-
ation at 6 nm (see Table 1 above). For operation at elec-
tron beam energy of 325 MeV (the lower design limit),
corresponding to a resonant wavelength of about 60 nm,
one has to consider modifications in the electron optics of
the first undulator section and the chicane. These changes
are necessary because of the scaling of the FEL gain with
the wavelength. The electron optics designed for 6 nm,
with 〈β〉 ≈ 4.5 m (see Fig.4), provides saturation length
in the order of 20 m for SASE mode. For the 60 nm case,

however, the saturation length is only about 9 m, which is
significantly shorter than the first undulator (14.5 m) and
therefore not acceptable from the point of view of the self-
seeding option. One possible solution, as illustrated in
Fig.6, is to increase 〈β〉 in the first stage to a value in the
order of 25 m, corresponding to the desired linear SASE
mode of operation (see Fig.7).
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Figure 6: β-function along the self-seeding electron beam-
line using the modified optics in the first undulator section.
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Figure 7: Average radiation power and fractional energy
spread growth (right axis) along the first undulator with the
modified 〈β〉 for 60 nm case.

The second (seeded) undulator

The proper operation of the electron bypass should en-
sure that the microbunching, induced in the first undula-
tor, is removed so that at the beginning of the second un-
dulator one starts with an unbunched electron beam. The
micro bunching after the bypass is reduced by a factor of

exp
(
− 1

2σ2
δR2

56k
2
L

)
[6]. Here σδ is the fractional momen-

tum spread, R56 is the momentum compaction factor of the
bypass and kL = 2π/λL the radiation wavenumber. Figure
8 shows the radiation power and bunching as a function of
the length of the second undulator. The simulation results
demonstrate that the momentum compaction factor of the
bypass R56 ≈ 0.73 mm is sufficient for the reduction of
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Figure 8: Radiation power and micro bunching (right axis)
along the second undulator.

the micro bunching induced in the first undulator. A fea-
ture of the implemented separate focussing is the debunch-
ing taking place in the quadrupole doublets in-between the
undulator segments [5]. It is mainly due to an introduced
by the quadrupoles coupling between the transverse motion
and the longitudinal position (resp. ponderomotive phase).
Such coupling can ce quantified with the help of the sec-
ond order matrix elements T5ij , i, j = 1...4. On the plot
in Fig.8 the debunching appears as kinks at the locations
of the quadrupole doublets e.g at Z≈5 m, Z≈10 m etc. The

Figure 9: Spectrum (a) and power along the radiation pulse
(b) in the second (seeded) section at the onset of the non-
linear regime (Z≈15.5m).

simulation results plotted in Fig.9 demonstrate the effect of
the self-seeding on the spectrum and the power of the out-
put radiation. The two graphs in Fig.9 correspond to the
onset of the nonlinear regime (see Fig.8). Further increase
of the output power is coupled with a spectral broadening
and in consequence with reduction of the spectral flux. As
studied in [10], the length of the second undulator can be
optimized in order to compensate the large fluctuations of

the seed intensity after the monochromator.

CSR effects

The electron bunches entering the magnetic chicane are
of rms length σz ≈ 50 μm and high peak current I0 ≈
2.5 kA. Therefore, despite the small bending angle θ = 3 ◦,

0 5 10 15 20 25
1.8

2

2.2

2.4

2.6

ε
(μ

m
)

Z (m)

0 5 10 15 20 25
2

3

4

5

6x 10
−4

σ
δ

Z (m)

ε
x

ε
y

(a)

(b)

Figure 10: The normalized projected emittance (a) and the
fractional momentum spread (b) along the magnetic chi-
cane.

Figure 11: Distortion of the longitudinal phase space due
to synchrotron radiation produced in the bypass dipoles.

the coherent component of synchrotron radiation generated
in the bypass dipoles can be significant and might dilute
the electron beam quality. The ELEGANT simulations, de-
picted in Fig.10, predict a projected emittance growth in the
order of a percent. The slice emittance is, however, almost
unchanged. For this reason the CSR effects on the trans-
verse phase space can be considered as negligible. A much
more significant impact on the longitudinal phase space is
expected, as presented in Fig.11. The total relative energy
spread has increased from 2 × 10−4 up to about 5 × 10−4.
The growth of the energy spread is due to the correlation
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Figure 12: Demonstration of the impact of CSR effects -
the spectral flux as a function of the undulator length.

in the longitudinal phase space created by the synchrotron
radiation. The increased energy spread will drive more par-
ticles outside of the amplifier bandwidth and as a result one
anticipates a reduction of the gain. Moreover the correla-
tion in the phase space produces side bands in the spec-
trum or in other words spectral broadening. Fig.12 shows
that there is about a factor of two decrease in spectral flux
due to CSR effects. It is important to note that the worst
case scenario has been considered i.e. the bypass optics
and electron beam parameters have not been tuned to miti-
gate the impact of CSR.

TOLERANCE STUDIES

In the following, consideration is given to the influence
of key electron beam properties and beamline components.
Tolerances are specified for some critical parameters such
as electron beam transverse offset and tilt, energy jitter, dis-
persion and its derivative, electron beam mismatch as well
as quadrupoles displacement and gradient errors. Of inter-
est is to see how simulations help to improve the design of
an FEL.

Transverse offset and tilt of the electron beam

Whenever the electron bunch enters the 2nd undulator
with an offset and(or) tilt it undergoes betatron oscillations
as it propagates downstream. The excited coherent trans-
verse motion disturbs the spatial overlap between the ra-
diation field and the electron bunch. In addition it mod-
ulates the longitudinal velocity of the electrons and thus
affects their ponderomotive phase with respect to the radi-
ation field. These two effects, the so called beam wander
and phase shake, result in FEL performance degradation.
As pointed out in [12, 13] a betatron oscillation of am-
plitude smaller than the beam size degrades the FEL per-
formance mainly by the poor transverse overlap while the
phase shake becomes dominant for larger amplitudes. Fig-
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Figure 13: Radiation power vs. electron beam transverse
offset 〈x〉 and 〈y〉 at the entrance of the 2nd undulator.
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Figure 14: Radiation power vs. electron beam tilt 〈x ′〉 and
〈y′〉 at the entrance of the 2nd undulator.

ure 13 shows the saturated power for electron beam of dif-
ferent transverse offsets at the beginning of the seeded un-
dulator. With a radiation power tolerance ΔP/P0 of 10 %
(assumed as a guiding line here and in the rest of the toler-
ance studies) one obtains upper limits for the beam wander:
Δ〈x〉 = Δ〈y〉 ≈ 20 (μm). These limits equal about 25 %
of the electron beam size σx = σy ≈ 70 (μm). The simula-
tion results, depicted in Fig.14, show the saturation power
as a function of the initial tilts 〈x′〉 and 〈y′〉. Considera-
tions similar to the ones above yield the tolerances for the
tilt in both transverse directions: Δ〈x′〉 ≈ 4 (μrad) and
Δ〈y′〉 ≈ 6 (μrad). The pronounced difference between
the horizontal and the vertical directions is due to the un-
dulator focussing, which makes the tolerance in 〈y ′〉 more
relaxed.

Energy stability and dispersion

The operation of the self-seeding option has been sim-
ulated for various electron bunch energies. As shown in



Fig.15 the 10 % radiation power tolerance is met for a rel-
ative energy deviation Δγ/γ0 < 3 · 10−4, which com-
plies with the experimental result of 2 · 10−4 measured
at FLASH. The obtained energy stability tolerance equals
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Figure 15: Radiation power vs. electron beam fractional
energy deviation.

about 20 % compared to ρ3d ≈ 1.4 · 10−3. Given the toler-
able limits for the fractional energy deviation (Δγ/γ0 ≈ 3 ·
10−4), beam transverse offset (Δ〈x〉 = Δ〈y〉 ≈ 20 (μm))
and angle (Δ〈x′〉 ≈ 4 (μrad) and Δ〈y′〉 ≈ 6 (μrad)) one
can specify tolerances for the dispersion and its derivative
at the beginning of the seeded undulator:

ηx =
Δ〈x〉

Δγ/γ0
= ηy ≈ 67 (mm) (1)

η′
x =

Δ〈x′〉
Δγ/γ0

≈ 13 (mrad) (2)

η′
y =

Δ〈y′〉
Δγ/γ0

≈ 20 (mrad) (3)

Offsets of bypass quadrupoles

This section adresses the accuracy of the transverse
beam position control in the bypass (e.g. BPM resolution,
corrector magnets strength etc.). Here, for convenience,
one considers an offset of a quadrupole with respect to the
beam orbit. The effect however will be the same if the beam
propagates with an offset with respect to the quadrupole
magnetic axis.
An offset Δxq (Δyq) of a quadrupole creates a dipole field

proportional to the quadrupole gradient. If the misaligned
quadrupole is located in the self-seeding bypass there are
two major effects to be considered:

• Increased dispersion downstream. The dispersion at
the beginning of the 2nd undulator must remain within
the limits specified in Eqs.(1-3)

• Electron beam steering due to the resulting dipole
field. The beam transverse offset and tilt, at the begin-
ning of the 2nd undulator, must remain smaller than
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Figure 16: Horizontal dispersion ηx and its derivative η′
x at

the beginning of the 2nd undulator vs. the horizontal offset
of one of the bypass quadrupoles.
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Figure 17: Vertical dispersion ηy and its derivative η′
y at

the beginning of the 2nd undulator vs. the vertical offset of
one of the bypass quadrupoles.

the limits Δ〈x〉, Δ〈y〉, Δ〈x′〉 and Δ〈y′〉 discussed
above.

The graphs in Fig.16 and Fig.17 depict the dependence
of the dispersion and its derivative as a function of the
quadrupole offset. Albeit all individual quadrupoles in the
bypass have been studied, results are presented only for
those, which have the strongest effect on the dispersion.
If one considers only the increase of the dispersion and
its derivative, the quadrupole offsets do not impose very
tight tolerances. Provided that Δxq , Δyq ≤ 0.1 (mm)
is fulfilled, η and η′ will remain in the range defined by
Eqs.(1-3). A much more critical for the FEL performance
is the effect of steering the electron beam due to the gen-
erated dipole field. By comparison between Figs.(18-19)
and Figs.(13-14) one obtains tolerances in the micrometer
range: Δxq, Δyq < 3 (μm) (as above ΔP/P0 = 10 %
is assumed). Again all quadrupoles in the bypass have
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〈y′〉, at the beginning of the 2nd undulator vs. the vertical
offset of one of the bypass quadrupoles.

been studied individually, but results are presented only for
those, producing the strongest steering effect.
The quadrupole investigated in Fig.19 has a peculiarity,
which needs a separate discussion. This quadrupole is lo-
cated at a position with a nonzero dispersion ηy ≈ 7 (cm).
Given the small allowed transverse jitter Δ〈y〉 < 3 (μm)
and ηy 	= 0, it is necessary to reconsider the energy stability
requirements:

Δγ/γ0 =
Δ〈y〉
ηy

< 5 · 10−5 (4)

One has to recall that the previous estimate Δγ/γ0 <
3 · 10−4 (see Fig.15) has been obtained considering solely
the operation of the seeded undulator. The new requirement
Δγ/γ0 < 5 · 10−5 follows from the investigations on the
complete system ”magnetic chicane+undulator”. Clearly
for further stabilization, one needs to implement a moni-
tor for a feedback system, which should be able to measure
the beam energy better than the desired energy stability of
5 · 10−5 (see e.g. [14]). A complementary approach is to
modify the bypass optics in order to have the quadrupoles
at locations of zero (or sufficiently low) dispersion. Inves-

tigations on this option are ongoing. Taking into account
Eq.(4), the dispersion defined in Eqs.(1-3) can be rescaled:

ηx =
Δ〈x〉

Δγ/γ0
= ηy ≈ 0.4 (m) (5)

η′
x =

Δ〈x′〉
Δγ/γ0

≈ 80 (mrad) (6)

η′
y =

Δ〈y′〉
Δγ/γ0

≈ 120 (mrad) (7)

Effect of a mismatched electron beam

In the simulations so far it was assumed the electron
beam is perfectly matched to the undulator optics. In prac-
tice, due to e.g. quadrupole gradient errors in the chicane,
the matching might not be ideal. This leads to larger be-
tatron amplitude, hence higher longitudinal velocity spread
and subsequently increased rms phase shake. As a result
one anticipates FEL performance degradation. The las-
ing is also affected by the variation of the current density
caused by the increased variation of the transverse beam
size. In order to quantify the matching it is convenient to
use the so called mismatch parameter ξ defined as [15]:

ξ =
1
2
(βγD − 2ααD + βDγ) (8)

where α, β and γ are the Twiss parameters and the sub-
script D denotes the design values. For a matched beam
ξ = 1 and for a mismatched beam ξ > 1. The results
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Figure 20: Radiation power vs. mismatch parameter in the
horizontal plane at the beginning of the 2nd undulator.

of the GENESIS simulations plotted in Fig.20 and Fig.21
show the saturation power as a function of the mismatch pa-
rameter (evaluated at the beginning of the 2nd undulator).
The 10 % power tolerance sets the limits of the mismatch
to:

ξx, ξy < 1.1 (9)



1.2 1.4 1.6 1.8 2 2.2
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

po
w

er
(a

.u
.)

ξ = 1
2 (βγ

D
− 2αα

D
+ β

D
γ)

Figure 21: Radiation power vs. mismatch parameter in the
vertical plane at the beginning of the 2nd undulator.

Quadrupole gradient errors in the bypass

The gradient errors of the bypass quadrupoles are closely
related to the previously discussed electron beam mis-
match. When quadrupole errors are present, the electron
beam will not be matched to the undulator optics and the
FEL output power will be reduced. In such cases the mis-
match parameter should remain in the limits defined in
Eq.(9). The results of the investigations with ELEGANT,
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Figure 22: The mismatch parameter in the horizontal plane
vs. the relative gradient deviation of a bypass quadrupole.

depicted in Fig.22 and Fig.23, show the typical variation
of the mismatch parameter with the quadrupole gradient.
Similar to before, although all quadrupoles in the bypass
have been studied individually, results are shown only for
the ones generating the largest mismatch. From the simu-
lation results and taking ino account Eq.(9) it follows the
relative gradient error Δg/g0 of the bypass quadrupoles
should not exceed 1 %.
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Figure 23: The mismatch parameter in the vertical plane
vs. the relative gradient deviation of a bypass quadrupole.

CONCLUSIONS AND OUTLOOK

The operation of the two stage FEL has been studied,
taking into account all the details in the design of the elec-
tron optics. The impact of the coherent synchrotron radia-
tion emitted in the bypass dipoles was studied. The simu-
lations predict about a factor of two reduction of the spec-
tral flux due to CSR. Tolerances of critical parameters have
been specified. Consideration was given to the influence of
the electron beam tilt and offset, the energy stability, the
effect of a mismatched electron beam, bypass quadrupole
misalignment and gradient errors. The discussed require-
ments and tolerances are summarized as follows:

• maximal beam offset at the beginning 2nd undulator:
Δ〈x〉 = Δ〈y〉 < 20 (μm)

• maximal beam tilt at the beginning 2nd undulator:
Δ〈x′〉 < 4 (μrad), Δ〈y′〉 < 6 (μrad)

• maximal dispersion at the beginning 2nd undulator:
ηx = ηy < 0.4 (m)

• maximal dispersion derivative at the beginning 2nd

undulator: η′
x < 80 (mrad), η′

y < 120 (mrad)

• maximal energy jitter: Δγ/γ0 < 5 · 10−5

• maximal offset of beam orbit with respect to a bypass
quadrupole center: Δxq = Δyq < 3 (μm)

• required BPM resolution in the range of ∼ 1 (μm)

• maximal quadrupole gradient error: Δg/g0 < 1 %

• maximal mismatch (see Eq.(8)): ξ < 1.1

Further studies including wave front propagation through
the monochromator beamline are ongoing [11].
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