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For more than a decade free-electron lasers (FELs) have been in operation, providing scientists from
many disciplines with the benefits of ultrashort, nearly transversely coherent radiation pulses with
wavelengths down to the Angstrom range. If no further techniques are applied, the FEL will only amplify
radiation from the stochastic distributed electron density in the electron bunch. Contemporary develop-
ments aim at producing stable and single-mode radiation by preparing an electron bunch with favorable
longitudinal electron density distributions using magnets and conventional laser pulses (seed), hence the
name “seeding.” In recent years, short wavelength FELs at high electron beam energies and high repetition
rates were proposed and built. At those repetition rates, an external seed with sufficient power to manipulate
the electron beam cannot be provided by present state-of-the-art laser systems, thus no external seeding
scheme could be applied yet. In this paper, we present ways to seed FELs to generate short wavelength
radiation at high repetition rates, making use of tested electron beam manipulation schemes. For our
parameter study, we used the parameters of FLASH, the free-electron laser in Hamburg. First simulations
are presented, showing the feasibility of the method proposed.
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I. INTRODUCTION

In most free-electron lasers (FELs), the radiation gen-
eration process referred to as self-amplified spontaneous
emission (SASE) radiation is initiated only by the stochas-
tic noise in the electron density distribution in the bunch,
called shot noise. Therefore, the amplified radiation suffers
from low longitudinal coherence and large shot-to-shot
fluctuations. Several techniques, consolidating under the
term “seeding,” have been conceived to provide favorable
electron beam density distributions as initial conditions to
overcome this limitation.
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The linear accelerators (linacs) providing the electron
beam for the FEL can be divided into two categories,
depending on the used technology: normal conducting
(warm), operating at repetition rates in the order of 100 Hz,
and superconducting (cold) at repetition rates up to several
MHz. At the moment, only two such cold machines exist:
FLASH at DESY [1,2], and the European XFEL (EuXFEL)
[3]. They operate in what is called burst-mode operation,
which means that they produce short bursts of electron
bunches during several hundreds of microseconds at a
repetition rate of 10 Hz, resulting in several thousand to
several ten thousand electron bunches per second. Future
machines, based on the same technology, will be running in
continuous mode (cw), thus producing millions of bunches
per second with equidistant separation. LCLS-II [4] and
SHINE [5] are under construction. Seed lasers at repetition
rates of these superconducting accelerators with sufficient
pulse energies are currently beyond state-of-the-art tech-
nology for all of them.

In seeding schemes that use external lasers, only a
fraction of the laser power is actually coupled to the
electron beam. Therefore, instead of increasing the repeti-
tion rate of the seed laser, we propose to recirculate the laser
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to seed the next bunch in a bunch train. A variation of this
idea has been studied already 25 years ago [6—10], to cite
only a few. All studies mentioned above have in common
that the application of seeding techniques was not
investigated.

Another idea is to use the spent electron beam just before
it is dumped to generate radiation which is stored in an
oscillator. This radiation is used to seed the main FEL. This
method is called “resonator first scheme” [11]. This
requires additional beam line elements and increases the
geometric footprint of the FEL. All oscillator-based
approaches have in common that the radiation has to build
up over several bunches, and when driven to saturation, the
energy spread can become large which is disadvantageous
for the needed quality of energy modulation. Using an
external seed laser pulse provides precise control over the
seeding start-up conditions. In addition, choosing the right
modulator length and initial seed laser power for a given
wavelength can keep the induced energy spread in the
modulator controlled, and far from saturation. This is
verified with simulations, shown in Sec. IVA, and in
addition, a detailed study is underway.

With the development in mirrors, simulation codes,
improvement of the beam quality from the injectors, and
increased knowledge of FEL schemes that are possible, we
have worked out several possibilities that will be described in
this paper. The combination of an optical, resonator-like seed
recirculation feedback system (SRS) with high-gain har-
monic generation (HGHG) [12-16], one method to reach
shorter wavelengths, is briefly introduced in Sec. II. Further
methods to reach shorter wavelengths, which have been
developed in the period since then [17], namely cascaded
high-gain harmonic generation (cascaded HGHG) [18-20],
and Echo-Enabled Harmonic Generation (EEHG) [21-23]
are discussed in Sec. III. For the HGHG case, simulations
have been performed, exploring the feasibility of the concept.
They are presented in Sec. IV. Further studies are underway
to explore the limits of the scheme both on technical and a
physics level. The final Sec. V will summarize the work and
give an outlook onto further studies to come.

II. ACHIEVING HIGH REPETITION RATES

One method to reach shorter wavelengths is high-gain
harmonic generation seeding, as depicted in Fig. 1. It needs
an undulator, called modulator whose resonant wavelength
Aseed 18 tuned in a way such that it fits the seed laser
wavelength at the given electron beam energy [12-16].
Thus, within the modulator an energy exchange between
seed and the initial electron beam, as shown in Fig. 2(a),
will take place, resulting in an energy modulation in the
electron beam [Fig. 2(b)]. Downstream of the modulator,
the dispersive strength of a bunching chicane is used to
convert the energy modulation of the electron beam into an
electron density modulation rich in harmonic content [See
Fig. 2(c) and (d)]. A final long undulator, called radiator, is
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FIG. 1. Layout for the HGHG setup. The electron beam is
energy-modulated by an external laser at long wavelength Age.q in
the modulator. After converting the energy modulation into a
density modulation in the bunching chicane, the electron beam
radiates at a harmonic wavelength 4, = Ag..q/n of the imprinted
wavelength in the radiator, which is typically tuned between
n=>5and n = 12.
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FIG. 2. Evolution of the longitudinal phase space distribution
during the HGHG process. The horizontal axis is the bunch
coordinate s in units of seeding wavelength Ag..q, While the
vertical axis shows the deviation from the central energy AE in
units of the uncorrelated energy spread og. Shown is the energy
spread at 3 locations a, b, and c as indicated in Fig. 1 and a
histogram of the electron density at location ¢ in (d). One can see
that a larger fraction of the electrons is confined within distances
smaller than the seed wavelength, thus having a higher harmonic
content.

tuned to a harmonic A, = Ag..q/n of the seed laser.
Therefore, the properly manipulated electron bunch with
an electron beam energy E will radiate at this wavelength.
Typical laser systems used in external seeding today use
wavelengths in the UV range. The maximum harmonic is
limited by the electron beam energy spread: The laser-
induced energy modulation AE needs to be about as large
as the energy spread of the electron bunch o multiplied by
the harmonic number n: AE =~ nog. For reasonable FEL
performance the relative uncorrelated energy spread must
not exceed the FEL parameter p: o /E, < p. This leads to
n < pE,/og, and practically limits the number of harmon-
ics to n < 15, which has been shown in [14]. With the seed
laser wavelength Ag..q limited to between 200 nm and
300 nm, the FEL wavelength cannot become shorter than
around 14 nm.
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FIG. 3. Layout for the HGHG setup with an optical, resonator-
like seed recirculation feedback system. The underlying principle
is the same as with HGHG shown in Fig. 1. However, a seed laser
pulse is only needed once per macropulse and the optical,
resonator-like seed recirculation feedback system is used to
maintain the seed power for successive electron bunches in
the burst.

Laser systems with the characteristics required for the
implementation of the HGHG scheme are available in the
kHz-range. As the repetition rate of the accelerator
increases, the average power of the laser needs to increase
as well. Although development continuously improves the
laser systems, the repetition rate is at the moment limited to
between 100 kHz and 1 MHz with insufficient pulse
energies. Although this covers a significant number of
FEL facilities, there is a trend toward shorter wavelengths
and high repetition rates. With FLASH, EuXFEL, LCLS-II,
and SHINE, the interest in reaching seeding at higher
repetition rates is growing and it can be expected that this
will become more in the coming decades. Therefore, we
have been looking at alternative approaches.

At the end of the modulator a radiation pulse is emitted
which consists partly of the initial one, superimposed with
the radiation generated during the passage of the electron
bunch. Instead of increasing the repetition rate of the seed
laser, we recirculate this radiation leaving the modulator to
seed the next bunch in the bunch train. However, due to the
interaction with the electron bunch, this seed pulse needs to
be mode-matched and focused before it can be used to seed
again. The layout of such SRS FEL facility is shown in
Fig. 3. As in all optical resonators, the pulse power is not
conserved. Therefore, the modulator also needs to amplify
the recirculating pulse. Consequently, the SRS around the
modulator has several functions: (i) Transport the radiation
after interaction with the electron beam back to the
modulator entrance to interact with the next, fresh electron
bunch. (ii) Refocus the photon beam to obtain the correct
size at the modulator entrance, and focal point.
(iii) Attenuate the pulse energy to the correct seed power.

As will be discussed later, the SRS, which is in Fig. 3
simplified as a ring resonator, can meet all the required
properties needed.

III. ACHIEVING SHORT WAVELENGTHS AT
HIGH REPETITION RATES

The modified HGHG scheme described in the section
above allows operation at the high repetition rates of
superconducting linacs. However, it is still limited to an

harmonic number n < 15. Three options to generate shorter
wavelengths, all of which have been demonstrated, are
discussed below.

A. Use of a high-harmonic generation source

Instead of using an optical laser to seed the FEL, one can
also use a high-harmonic generation (HHG) source. The
efficiency of such sources results in micro-joules of pulse
energy at low repetition rates down to a wavelength of
around 50 nm, and allows extending the wavelength range
to 4 nm or 5 nm. Therefore, combining a conventional seed
laser wavelength with a tunable HHG source between
50 nm and 100 nm, the complete wavelength range from
4.2 nm to 100 nm is accessible.

However, HHG sources are less stable than conventional
lasers. Therefore, we look at more advanced, but still
practically demonstrated, seeding schemes that can be
combined with an SRS. Nevertheless, the use of HHG
sources is assumed for the simulations presented in Sec. IV.

B. Cascaded high-gain harmonic generation

In order to overcome the short-wavelength limitations of
the HGHG scheme that we discussed above, a subsequent
HGHG stage can be realized, hence the name “cascaded
HGHG” [18-20]. The setup for this method is depicted in
Fig. 4. The radiation from the first radiator is used as a seed
pulse for the second modulator and needs to hit an
unspoiled part of the electron beam, which is achieved
by the use of a chicane called delay line. The final radiation
of the cascaded HGHG is then the product of the harmonic
generated in each of the two HGHG steps.

Because the 2nd stage of the cascaded HGHG uses the
FEL radiation of the first stage, only the first stage needs an
SRS to allow for high repetition rates. Therefore, this
scheme can reach shorter wavelengths while the SRS can
work at relatively long wavelength of 200 nm to 300 nm.
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FIG. 4. Layout for the cascaded HGHG setup. The FEL pulse
from the 1st HGHG stage on the left is used on an unbunched part
of the electron bunch in a second stage. Therefore, the seed pulse
needs to be significantly shorter than the electron bunch and a
delay line is used to shift the electron bunch with respect to the
FEL pulse, applying the so-called fresh-bunch technique. Be-
cause both HGHG stages use an up-conversion of the seed
wavelength, much shorter wavelength can be reached, typically a
factor of 50 or more compared to the original seed.
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needed.

Layout for the EEHG setup. Here, only one radiator is

C. Echo-enabled harmonic generation

The EEHG scheme [21-23] uses the chicane behind the
first modulator to overshear the electron beam over many
wavelengths of the seed laser after it has been modulated.
Therefore, this chicane needs to have a large dispersive
strength. The second modulator and second bunching
chicane manipulates the beam as in a normal HGHG
scheme, leading to regions of higher bunching at smaller
wavelengths. An example for the evolution of the longi-
tudinal phase-space distribution is shown in Fig. 6, while
the basic layout can be found in Fig. 5. In this case
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FIG. 6. Evolution of the longitudinal phase space distributions
during the EEHG process. The horizontal axis is the bunch
coordinate s in units of seeding wavelength Ag..q, while the
vertical axis shows the deviation from the central energy AE in
units of the uncorrelated energy spread og. Shown is the energy
spread at 5 locations a, b, ¢, d and e as indicated in Fig. 5 and a
histogram of the electron density at location e in (f). One can see
that a larger fraction of the electrons is confined within distances
much smaller than the seed wavelength, thus having a much
higher harmonic content than in Fig. 2(d).

bunching at harmonics higher than the 100th can be
achieved [23].

Because two seeds are needed in the EEHG scheme, two
SRS are included in Fig. 5. However, in most cases, both
SRS s will be at moderate wavelengths.

IV. FIRST MULTIPASS HGHG SIMULATIONS

In this section, we show simulation results of a high-
repetition rate HGHG FEL which includes an optical
feedback system, as described above and shown in
Fig. 3. We refer to this scheme as a multipass HGHG,
while the conventional HGHG scheme, which does not
include an optical feedback system, is referred to as a
single-pass HGHG. For our simulations, we use parameters
that are expected for the FEL. FLASH in Hamburg after the
planned upgrades (See Table I).

FLASH is the first FEL user facility in the soft X-ray
regime and has been in operation since 2005 [1,2]. It is also
the only Soft X-ray / XUV-FEL based on superconducting
technology, which produces up to 5000 bunches per second
in 10 bursts up to 500 us. Since 2016, FLASH runs two
FELs simultaneously from the same accelerator [24,25]. In
the future, FLASH will be upgraded to become the first
seeded FEL driven by superconducting acceleration mod-
ules, and having a beam energy of 1.35 GeV [26].

The target wavelengths we want to cover exploiting this
scheme, using the two operating points in beam energy
foreseen for FLASH in the future, are (i) 20 nm to 60 nm at
an electron beam energy of 750 MeV (ii) 4 nm to 20 nm at
an electron beam energy of 1350 MeV.

Based on these operating points, this simulation study
has been performed with seed lasers of 300 nm, 200 nm,
100 nm and 50 nm and up to the 12th harmonic of each
wavelength, therefore in a range between 4.17 nm and
60 nm. We have selected to show the results of the 12th
harmonic of a 50 nm seed laser which is the most
challenging case and in addition, the S5th harmonic of

TABLE 1. Simulation parameters for the conducted simula-
tions.
Electron beam
Energy 750 MeV 1350 MeV
Uncorrelated energy spread 120 keV 120 keV
Peak current 1 kA 1 kA
Normalized emittance 1 mm mrad 1 mm mrad
Seed laser

Duration (FWHM) 78 fs 78 fs
Wavelength 300 nm 50 nm
Input peak power 1 MW 68.9 MW

Undulator parameters
K., modulator 4.53 3.26
K., radiator 2.76 0.97
A, modulator 60 mm 60 mm
A, radiator 30 mm 30 mm
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the 300 nm seed laser as an example of a longer wavelength
for completeness.

Multi-pass HGHG follows the same principles as a
single-pass HGHG introduced in Sec. II. The difference
is that we use the seed laser only for the first pass, and then
we recirculate the photon pulse from the modulator within a
cavity, matching, for instance, the FLASH repetition rate of
1 MHz. This field is then used to modulate the energy of the
next bunch. The other difference is that for the multipass
case, we need not only energy modulation along the
modulator but also power amplification that compensates
for the resonator losses. This means that a longer modulator
than conventionally used is required.

For this reason, in all cases, we have two modulator
segments with a total length of 5.4 m. This length is
determined by the shortest wavelength, where the cavity
losses are highest and at the same time the gain is smallest.

For this multi-pass scheme, an external seed laser at
10 Hz would be sufficient. Assuming using this repetition
rate, the wavelength ranges under study were 200 nm to
300 nm and 50 nm to 100 nm, where the latter could be
achieved at sufficient pulse energy with a high-harmonic
generation (HHG) source at 10 Hz [27]. At these working
points, there are no gaps in delivered wavelength range,
assuming that harmonics from 5th to 12th are possible. In
order to reach the 4 nm wavelength, one should go to the
15th harmonic. By this, the number of harmonics that need
to be reached can be reduced by a factor of two.

Since initial studies [28,29] supported the feasibility of
this study, a more detailed study has been performed and is
presented below.

All simulations are performed with GENESIS1.3, version 4
[30] while the part of the resonator is treated with OCELOT
[31]. For the simulations shown here, the model includes
the following steps that are implemented with OCELOT: the
radiation field is propagated along drifts, its amplitude is
reduced to simulate the reflectivity, it is focused and in
addition, shifted longitudinally to compensate for the
slippage. All these steps are repeated after every single
pass in the modulator. Finally, a different random seed for
shot noise calculation is set for each pass to include the
effect of the bunch to bunch fluctuations as well.

Modulator
Genesis 1.3
Resonator

Ocelot

FIG. 7. Flow chart of the simulation. In the first step, an
electron beam and seed pulse are used as an input for the
modulator simulation. The resulting electron beam is used as an
input for the amplifier simulation, while the radiation pulse is
manipulated in terms of power and focusing, and used as an input
for the next modulator simulation, together with a fresh electron
beam.
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FIG. 8. Overview of output pulse energies of the 5th, 10th, and

12th harmonic for a 50 nm, 100 nm, 200 nm, and 300 nm seed
laser. The black bar shows the wavelength range foreseen for an
electron beam energy of 750 MeV, the red bar shows the range for
electron beam energies of 1350 MeV.

In all cases we assume an ideal electron beam with a
longitudinally flat phase-space profile. The seed laser used
for the first pass in the oscillator is an ideal Gaussian beam.
An overview of the most important simulation parameters
is shown in Table I. The choice of parameters is influenced
by those foreseen for the future FLASH upgrade [32]. A
flow chart describing the different steps of the simulations
is shown in Fig. 7.

As an overview, in Fig. 8 we present the results obtained
with different input seed lasers and for different harmonics
in a multi-pass HGHG. For each seed laser wavelength, the
5th, 10th, and 12th harmonic are shown.

In the simulations, we achieve a stable operation of the
oscillator when the total fraction of the radiation power
coupled back into the modulator between 3.06% and
26.8%, as shown in Table II.

In the following, one can find a more detailed presen-
tation of two selected wavelengths. For each of them, we
compare a SASE, a single-pass HGHG, and a multipass
HGHG simulation in terms of final FEL pulse in time and
frequency domain. Therefore, the pulse duration, band-
width, peak power, and energy are compared. For all cases,
we assume the same lattice and the same initial electron
beam parameters. For the SASE simulation though, we
show the results at saturation, therefore assuming a longer

TABLE II. Total reflectivities for different seed laser wave-
lengths.

Seed laser wavelength Reflectivity
300 nm 3.1%
200 nm 2.8%
100 nm 21.1%
50 nm 26.8%
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FIG. 9. Final output power profile for the three cases with the
same input electron beam parameters. For the HGHG simula-
tions, this is the 5th harmonic of 300 nm seed laser. For the
multipass HGHG, we show the results for the 65th pass.

amplifier. The purpose is to compare the final optimized
properties of SASE radiation, with the optimized seeded
final radiation for the same set of initial parameters. For the
single-pass HGHG, the seed laser has the same pulse
duration, but its power is adjusted accordingly to achieve an
energy modulation, and therefore a bunching, equal to the
one achieved on average in the stabilized region of the
resonator. Therefore, the setup is done in a way that a direct
comparison of the two cases is possible.

A. Results at 300 nm modulator and 60 nm amplifier.
(5th harmonic)

In Figs. 9 and 10 we present the results of the 5th
harmonic of a 300 nm seed laser, therefore with an output
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FIG. 10. Output 60 nm spectra for the three cases with the same
lattice and input electron beam parameters. For the HGHG
simulations, this is the 5th harmonic of 300 nm seed laser. For
the multipass HGHG, we show the results for the 65th pass. The
domain shows a wavelength range of +3p around the central
wavelength of the single-pass HGHG. For the SASE simulation,
the amplifier is extended to reach saturation.
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FIG. 11. Overview of the photon pulse energy per pass in the

resonator (at the end of the modulator, left scale) and in the
amplifier (at optimized final length, right scale). The output
wavelength of the simulations is 60 nm, which is the 5th
harmonic of 300 nm seed that initiates the process during the
first pass only. Here we show the energy for 100 passes.

wavelength of 60 nm. The system is stabilized after around
5 passes (see Fig. 11) with the estimated root-mean-square
(RMS) fluctuations of power in the oscillator being 4.3%
and in the amplifier 2.4%. The key parameters for the
comparison between the resulting FEL pulse from single-
pass and multipass HGHG are shown in Table III. For the
multipass HGHG, the 65th pass is used as an example to
compare the resulting radiation in time and frequency
domain and to provide the calculations shown in
Table III. For a comparison, the time-bandwidth product
for an ideal Gaussian beam is 0.44. In addition, we see that
the spectrum is shifting toward longer wavelengths in the
multi-pass set-up (Fig. 12) and that the power is amplified
more toward the head of the electron beam (Fig. 9) as a
result of slippage effects. The wavelength shift is the result
of an induced time dependence of the phase of the radiation
pulse. Finally, the SASE output radiation has reduced
longitudinal coherence and spectral intensity compared
to the HGHG final seeded radiation.

There is a frequency chirp that is developed with the
number of passes. As a result, the pulse duration is reduced
and the peak power is increased. Depending on the wave-
length, there are methods available to compensate for this
effect and stretch the pulse in the time domain, for instance
using gratings. However, if the pulse shortening can be

TABLE III. Overview of 60 nm output radiation simulations.
For the multipass HGHG the pulse energy and FWHM pulse
duration are the average ones in the stable regime of the oscillator.
The time-bandwidth product is calculated at the 65th pass.

Multi-pass Single-pass
Output pulse energy 189 ul 115 wl
FWHM pulse duration 82 fs 78 fs
Time-bandwidth product 0.66 0.62
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FIG. 12.  All spectra for the 60 nm output radiation simulations.
One can see that during the startup process, the spectral
distribution shifts to longer wavelengths, where it stabilizes after
about 5 roundtrips. The color represents the radiation intensity in
arbitrary units. As in Fig. 10, a wavelength range of +3p around
the central wavelength of the single-pass HGHG is shown.

tolerated by the experiments, one can keep a simple
resonator with shorter FEL pulses, in fact it might even
be desirable. At the same time, there is a linear dependence
of the phase in the time domain that is induced with the
number of passes in the oscillator. This leads to a wave-
length shift and an increased output energy, as already
observed with an electron beam energy chirp in HGHG
schemes before [33].

B. Results at S0 nm modulator and 4.17 nm amplifier
(12th harmonic)

In Fig. 13 and 14 we show the results of a SASE, a multi-
pass and a single-pass simulation of an output wavelength
of 4.17 nm, which is the 12th harmonic of a 50 nm seed
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FIG. 13.  Output power profile for the three cases with the same

electron beam parameters. For the HGHG simulations, this is the

12th harmonic of 50 nm seed laser. For the multipass HGHG, we
show the results for the 65th pass.
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FIG. 14. Output 4.17 nm spectra for the three cases with the
same lattice and input electron beam parameters. For the HGHG
simulations, this is the 12th harmonic of 100 nm seed laser. For
the multipass HGHG, we show the results for the 65th pass. The
domain shows a wavelength range of £3p around the central
wavelength of the single-pass HGHG. For the SASE simulation,
the amplifier is extended to reach saturation.

laser. Similarly to the previous case, we show an overview
of these results in Table IV. The power profile, the spectrum
and the calculations of the multi-pass HGHG are based on
the 65th pass, which serves as an example. For this
wavelength, the clear power growth stops after roughly
35 passes (See Fig. 15). In the stable region, the RMS
fluctuations of power in the oscillator are 4%, while in the
amplifier they are 3.2%. In this case we observe a pulse
shortening and a wavelength shift of the multipass HGHG,
compared to the single-pass HGHG as already mentioned
in the 30 nm case. The shifted wavelength eventually
stabilizes (Fig. 16), while the number of roundtrips needed
for stabilization is strongly dependent on the initial param-
eters which were not under further investigation in
this paper.

It should be noted that the single-pass HGHG starts with
a Gaussian seed laser of certain waist and Rayleigh length,
while after several passes in the multi-pass HGHG, these
properties of the light have changed. Therefore, it is not
expected for the single-pass HGHG and the multipass
HGHG to lead to the exact same results. Instead, in this
paper we focus on the longitudinal coherence that is

TABLE IV. Overview of 4.17 nm simulations. For the multi-
pass HGHG the pulse energy and FWHM pulse duration are the
average ones in the stable regime of the oscillator. The time-
bandwidth product is calculated at the 65th pass.

Multipass Single-pass
Output pulse energy 43 ulJ 21wl
FWHM pulse duration 43 fs 72 fs
Time-bandwidth product 0.61 0.51
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FIG. 15. Overview of the photon pulse energy per pass in the

resonator (at the end of the modulator) and in the amplifier (at

optimized final length). The output wavelength of the simulations

is 4.17 nm, which is the 12th harmonic of 300 nm seed that

initiates the process during the first pass only. Here we show the
energy for 100 passes.
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FIG. 16. All spectra for the 4.17 nm output radiation simu-
lations. One can see that during the start-up process, the spectral
distribution shifts to longer wavelengths, where it eventually
stabilizes. Due to the initial conditions, the system needs more
roundtrips to stabilize. The color represents the radiation intensity
in arbitrary units. As in Fig. 14, a wavelength range of £3p
around the central wavelength of the single-pass HGHG
is shown.

achieved with the multipass HGHG. As expected, the
longitudinal coherence and spectral intensity of HGHG
is improved compared to the SASE simulation.

V. DISCUSSION AND OUTLOOK

The simulations performed in IV support the assumption
that an optical feedback based FEL can work in principle,
and state-of-the-art optical components to build such
optical feedback system do already exist. However, there

are still some issues left that will be addressed in detail in
future studies.

First, there is no concrete SRS design yet, including the
needed in-coupling and out-coupling chicane geometry,
which means simulations on designated designs have to be
done. This includes damage threshold simulation, studies
on the expected stability in wavelength, pointing, and
length of the SRS. The latter will introduce a shot-to-shot
shifting in the longitudinal position where the electron
beam is hit. Assuming a region of 300 fs in the bunch is
suited for lasing, the SRS-length must not drift or jitter by
more than about 90 ym over the about 150 m long SRS at
repetition rates of 1 MHz. Some classes of photon science
experiments, such as time-of-flight experiments, require
lower repetition rates. Methods to provide these need to be
studied.

Second, the SRS HGHG scheme requires to get to an
equilibrium between energy loss in the SRS and the
generation of radiation in the modulator. There are several
reasons that could prevent the system to maintain or reach
this state: If one bunch inside a train is missing, the
equilibrium is not maintained and without countermeas-
ures, all further bunches are lost for the system.

For stable operation, ways to characterize the recirculating
radiation indestructibly, e.g., using mirror leakage, need to be
found as well as methods to couple the seed into the SRS.
Studies on the stability, tuning range, and parameter range of
the electron beam, seed laser, and SRS-components need to
be performed once promising designs are found.

Finally, the application of two SRS to exploit EEHG
seeding has to be investigated. Due to the nature of EEHG
to enable higher harmonics, this method seems to be better
suited for high-energy linacs like the EuXFEL, where such
scheme is currently under study.

A. Summary

In this paper, we propose a novel method for the
generation of fully coherent, stable radiation from free-
electron lasers at high repetition rates. By enclosing the
modulators used for different seeding schemes with an
optical cavity, the usually unused radiation pulse is fed back
into the undulator were it effects the next bunch to come.
We discussed the different seeding methods which could
exploit our scheme and presented first simulation results for
the high-gain harmonic generation scheme using a reso-
nator for a variety of wavelengths lying in the window we
want to cover in the future at FLASH [32].
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