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Abstract
The free-electron laser (FEL) user facility FLASH at

DESY is currently undergoing an upgrade which involves the

transformation of one of its beamlines to allow for external

seeding via so-called Echo-Enabled Harmonic Generation

(EEHG). With this seeding technique it will be possible to

provide stable, longitudinal coherent and intense radiation

in the XUV and soft X-ray regime at high repetition rate. To

ensure an efficient FEL amplification process, sustainable en-

ergy exchange between the electrons and the electromagnetic

field in the undulator is mandatory. Adequate adjustment of

the undulator strength along the beamline allows to compen-

sate for electron energy loss and to preserve the resonance

condition. The impact of this undulator tapering on the tem-

poral and spectral characteristics of the EEHG FEL radiation

at 4 nm is investigated by means of numerical simulations

performed with the FEL code GENESIS1.3, version 4. Dif-

ferent tapering methods are examined and it is shown that

specific tapering of the undulator strength allows to exceed

the FEL saturation power while maintaining a clear temporal

and spectral shape of the FEL pulse.

INTRODUCTION
In the Echo-Enabled Harmonic Generation (EEHG) seed-

ing scheme [1] density modulations at high harmonics of the

seed laser wavelength are imprinted on an electron bunch

before it is injected into a subsequent undulator radiator for

free-electron laser (FEL) emission. Due to the pre-bunched

electron beam the amplification in the radiator develops fast.

A long radiator section makes it crucial to adjust the undu-

lator strength of the individual radiator modules along the

beamline to exceed the saturation power of the FEL [2, 3].

In the following, different undulator tapering methods

and their effect on the spectro-temporal characteristics of

the FEL radiation are studied for an EEHG based FEL at

4 nm. For this, numerical simulations with the FEL code

GENESIS1.3, v4 [4, 5] are carried out within the parameter

range of the future FLASH2020+ upgrade [6] of the FEL

user facility FLASH at DESY [7–9].

EEHG SETUP
The longitudinal phase space distribution of the electron

bunch is manipulated in two undulators, so-called modu-

lators, where the electrons interact with a seed laser and

are modulated in energy. The resulting energy modulation

amplitudes 𝐴1 and 𝐴2 are expressed as a multiple of the

rms beam energy spread 𝜎𝐸 . Each modulator is followed by
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a chicane to create longitudinal dispersion 𝑅56,1 and 𝑅56,2.

Parameters used in the simulations are listed in Table 1. The

current distribution as well as the power profiles of the two

seed lasers are Gaussian, where 𝜏 is the full width at half

maximum. Proper adjustment of the EEHG setup results in

a peak bunching of about 5 % at the entrance of the radiator,

as shown in Fig. 1. Note that the energy spread in the area

with high bunching increases up to 635 keV.

Table 1: Simulation Parameters for EEHG at 4 nm

Electron Beam Seed Lasers EEHG
𝐸 1.35 GeV 𝜆1 300 nm 𝐴1 5

𝜎𝐸 150 keV 𝜆2 300 nm 𝐴2 3

𝐼p 500 A 𝜏1 150 fs 𝑅56,1 7.05 mm
𝜀n 0.6 mm mrad 𝜏2 50 fs 𝑅56,2 81.25 μm
𝜏e 314 fs
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Figure 1: Bunching at 4 nm and current profile (calculated

within 300 nm slices) before entering the radiator.

UNDULATOR TAPERING
The radiator beamline is made up of 11 helical undulator

modules of 𝐿u = 2.508 m length with a 𝜆u = 33 mm period

length. Quadrupoles located between the modules are used

for proper matching, resulting in an average rms transverse

electron beam size of𝜎𝑥,𝑦 = 45.5 μm along the radiator. The

undulator strength 𝐾 = 𝐾rms is set to a constant value along

each individual module. The undulator strength 𝐾r derived

from the FEL resonant condition for a resonant wavelength

of 𝜆r = 4 nm serves as reference:

𝜆r =
𝜆u

2𝛾2
r

(
1 + 𝐾2

r ) , (1)

where the initial electron energy is given by the Lorentz

factor 𝛾r.
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Time-dependent simulations have shown that the pulse

energy of the FEL radiation is maximized after the first radi-

ator module when the 𝐾 value is detuned by Δ𝐾 = −0.1 %
with respect to 𝐾r. However, simulations have also shown

that, after tapering, an initial detuning by Δ𝐾 = −0.05 %
results in slightly higher final peak power at the end of the

beamline. Note that the influence of the first few radiators

on the spectral properties is rather negligible after tapering,

but to start from a common basis, all radiators are initially

detuned by this value.

In the following, different methods are utilized to find

optimum undulator strengths: linear tapering, quadratic-

linear tapering and iterative tapering. For each method, the

𝐾 values of the radiator modules are scanned for maximum

radiation power at the end of the beamline. The optimization

is based on steady-state simulations, which do not consider

time-dependent effects such as slippage. Figure 2 shows the

corresponding optimum sets of 𝐾 values.
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Figure 2: Different methods of undulator tapering.

Iterative Tapering
Radiator modules 1–3 are fixed to the same initial 𝐾 value

and not varied during the optimization procedure. Modules

4–11 are initially opened, that is, the undulator strength is

set to zero. Starting with the fourth radiator module, each

radiator module is scanned for maximum radiation power at

the end of the beamline and set to the respective optimum 𝐾 ,

before proceeding with the next module. After optimizing

the last module, the process is repeated in reverse order for

several iterations until convergence is achieved within the

desired accuracy (dashed red curve in Fig. 2).

Linear Tapering
The undulator strength is decreased linearly along the

radiator modules. The linear dependency results in a tradeoff

between small detuning at the initial stage of the beamline

and large detuning at the end, where the electrons lose more

energy (green curve in Fig. 2). The radiation power can

be maximized when starting the linear tapering after six

modules (magenta curve in Fig. 2).

Quadratic-Linear Tapering
The optimum undulator strength can be calculated by the

detuning parameter 𝐶:

𝐾 =

√
𝜆r𝛾

2
0

( 2
𝜆u

−
𝐶

𝜋

)
− 1 . (2)

Following the general law of undulator tapering presented

in [3], the detuning along the undulator distance 𝑧u can be

fitted by two coefficients 𝛼tap and 𝛽tap and the start position

𝑧0 of the tapering:

𝐶̂ = 𝛼tap (𝑧u − 𝑧0)
[
arctan

( 1
2𝑁

)
+ 𝑁 ln

( 4𝑁2

4𝑁2 + 1

)]
, (3)

where the Fresnel number 𝑁 is given by 𝑁 = 𝛽tab/(𝑧u − 𝑧0).
𝐶 = Γ𝐶̂ and 𝑧u = Γ/𝑧u are scaled with the gain parameter

Γ =
[ 𝐼

𝐼A

8𝜋2𝐾2
0

𝜆r𝜆u𝛾
3
0

]1/2
. (4)

Here, 𝐼A ≈ 17 kA is the Alfvén current and the beam current

𝐼 is set to the peak value 𝐼p of the current distribution. The

parameter 𝛽tap = 8.5 · 𝐵 is approximated by the diffraction

parameter

𝐵 = 2Γ𝜎2
𝑥,𝑦

2𝜋
𝜆r

. (5)

Since this approach provides a continuously changing

𝐾 (𝑧u) along an infinitely long undulator, the arithmetic mean

value of 𝐾 (𝑧u) is calculated within distances of 𝐿u and used

for the corresponding radiator module in the FEL beamline.

To account for the initial detuning of Δ𝐾 = −0.05 %, 𝐾0
and 𝛾0 in Eq. (4) and Eq. (2) are adjusted accordingly.

The parameter 𝛼tap as well as the start 𝑧0 of the undulator

tapering are scanned for maximum radiation power, as shown

in Fig. 3. Optimum tapering is achieved for 𝛼tap = 2.52 and

𝑧0 = 3.25 · 𝐿u = 8.151 m, meaning a tapering start within

the fourth radiator module. The corresponding 𝐾 values

(orange curve in Fig. 2) are in good agreement with the ones

found by the iterative method.
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Figure 3: Radiation power (normalized) resulting from

steady-state simulations of the radiator beamline with differ-

ent tapering received from Eq. (2).
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Figure 4: (a) Evolution of the pulse energy (in linear and logarithmic scale) and (b) normalized power profiles for different

tapering methods along the radiator beamline. Radiator modules are indicated in gray. (c) Temporal and (d) spectral profiles

of the FEL radiation at the exit of the radiator beamline for different tapering methods. The expected saturation power is

indicated as a dashed gray line. For the not tapered case, the profiles close to saturation are also shown as dashed blue lines.

Results
Based on the presented optimum sets of 𝐾 values, time-

dependent simulations of the whole EEHG and FEL beam-

line are performed. Figure 4a shows the resulting energy

in the radiation pulse along the radiator for each tapering

method. The pulse energy is calculated by integrating the

power from −20 fs to 25 fs. The evolution of the normalized

power profiles along the beamline is illustrated in Fig. 4b.

The corresponding power profiles as well as the spectra after

the last radiator module are shown in Fig. 4c and 4d.

Following the 3D approximation given in [10,11] yields a

saturation power of 𝑃sat ≈ 0.33 GW. Note that saturation is

reached approximately within the 6th radiator module, and

in the untapered case additional energy is extracted from the

electrons due to an onwards slipping radiation pulse.

The highest peak power of about 2.3 GW is achieved

for the iterative method and the quadratic-linear tapering

(dashed red and orange curve). Here, the pulse energy is a

factor of 4 larger than for the untapered case, a factor of 9

compared to the pulse energy close to saturation after the 6th

radiator module. Already a linear tapering starting with the

second module is sufficient to increase the pulse energy and

to restore a Gaussian-like spectrum (green curve). Higher

peak power and intensity can be achieved when initializing

the linear tapering close to saturation (magenta curve). Note

that this method also provides the highest peak intensity, but

a smaller peak power and pulse energy than the iterative and

quadratic-linear tapering methods. Analysis has shown that

this is due to a different transverse field distribution, which

is also affected by the undulator tapering.

CONCLUSION
Highest peak power is achieved by tapering each radiator

module one by one iteratively. Similar results are obtained

from quadratic-linear tapering based on a fit formula. Linear

tapering showed comparable results when starting close to

the saturation point. Results suggest that also the transverse

field distribution should be taken into account when tapering.
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