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Abstract: Current FEL development efforts aim at improving the control of coherence at high

repetition rate while keeping the wavelength tunability. Seeding schemes, like HGHG and EEHG,

allow for the generation of fully coherent FEL pulses, but the powerful external seed laser required

limits the repetition rate that can be achieved. In turn, this impacts the average brightness and the

amount of statistics that experiments can do. In order to solve this issue, here we take a unique

approach and discuss the use of one or more optical cavities to seed the electron bunches accelerated

in a superconducting linac to modulate their energy. Like standard seeding schemes, the cavity is

followed by a dispersive section, which manipulates the longitudinal phase space of the electron

bunches, inducing longitudinal density modulations with high harmonic content that undergo

the FEL process in an amplifier placed downstream. We will discuss technical requirements for

implementing these setups and their operation range based on numerical simulations.

Keywords: seeded FEL; oscillator; amplifier; high repetition rate

1. Introduction

Free-electron lasers (FELs) have been making enormous improvements during the
past decades, delivering high-brightness radiation to users all over the world at wave-
lengths from mm to hard x-rays, covering a wide range of experiments. At the same time,
many experiments, for instance, those that depend on spectroscopic techniques to resolve
electronic structure, require full coherence and high statistics, which can only be fulfilled
with fully coherent radiation at high repetition rate. These two requirements are becoming
important for scientific applications and are driving new FEL developments. Currently,
superconducting accelerators are capable of providing thousands of bunches per second at
MHz repetition rate. This potential is currently exploited in self-amplified spontaneous
emission (SASE) mode [1]. However, in this case, the FEL process starts from random
fluctuations of the electron beam charge density distribution [2] leading to a limited tem-
poral coherence, which impacts the peak brightness. The longitudinal coherence can be
improved by self-seeding [3,4] and single-mode [5,6] lasing schemes which are based on
the SASE process. As a consequence, the stochastic nature of SASE is imprinted on the
final FEL pulse as intensity fluctuations even though improved longitudinal coherence
is achieved.

At wavelengths in the nanometer range and longer, alternatives to generate fully
coherent radiation are based on external seeding. In this case, a seed laser of typically
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several tens MW of power is used to prepare an initial signal for a final FEL amplifier,
usually tuned at a harmonic of its wavelength, thus imprinting its coherence properties
upon the output FEL pulse. Many interesting experiments and methods are allowed due
to the unique properties of seed radiation [7–10]. Two chief examples of external seeding
schemes are the high-gain harmonic generation (HGHG) [11,12] and the echo-enabled
harmonic generation (EEHG) [13–15]. As the harmonic conversion of seeding schemes
is limited, it is advantageous to use short wavelength seed lasers. Currently, ultraviolet
(UV) seed lasers are the most suitable candidates for such setups [14–16]. However, the
requirements put on these laser systems in terms of peak power limit their repetition
rate, which is usually in the kHz regime. As seeded radiation pulses can be generated
at a maximum repetition rate defined by the seed laser repetition rate, not all electron
bunches generated in superconducting accelerators can be seeded. This leads to high
peak brightness FEL pulses, but limited average flux, in contrast to the number of electron
bunches available. In order to address this limitation, alternatives have been recently
studied to increase the repetition rate of seeding schemes by reducing the seed laser power
requirements [17,18], and in this paper, we propose an oscillator–amplifier setup.

Here, we review and further discuss a scheme which can generate FEL pulses of both
high peak brightness, compared to SASE, and of high average flux compared to standard
seeding schemes, by generating high repetition rate seeded radiation pulses [19–22]. In this
scheme, an FEL oscillator is employed and acts as a feedback system which recirculates a
seed pulse, and seeds the electron bunches at high repetition rate. In this case, one may
either use a low repetition rate seed laser, or start from shot noise. Starting from shot noise
lets us be independent of seed laser systems both in terms of repetition rate and wavelength.
Oscillator FELs are a well-studied topic, and their technology has been established for a
long time. There is a wide range of oscillator FELs that were operated during the past
decades, and detailed simulation studies were performed almost two decades ago [23–25].
These studies led, more recently, to the development of other ideas such as XFELOs [26]
and Regenerative Amplifier Free-Electron Lasers (RAFELs) [27–30] (high-gain oscillators).
Both these schemes aim at Angstrom radiation with Bragg crystals instead of conventional
mirrors, and no harmonic conversion is used. However, at wavelengths in the nanometer
range, where crystal optics cannot be used, mirror technology strongly limits the generation
of wavelengths below the 190 nm demonstrated at ELETTRA [31]. In order to reach shorter
wavelengths, one can exploit a resonator at a longer wavelength, together with harmonic
conversion. Such cascades have been proposed in [32–35]. Earlier work on resonators in
the EUV regime can be found in [36].

An overview of the seeding schemes that can employ an oscillator to increase the
repetition rate of the FEL radiation is given in Section 2, together with comments on its
implementation in continuous wave and burst-mode accelerators. Considerations on
the implementation of a resonator and a simple model which can be used for its design
are provided in Section 3. In Section 4, we introduce the methods used in simulations
for power gain control in the cavity, when the start-up of the FEL process is based on
random fluctuations of the initial electron beam distribution. In Section 5, we compare
these results to the case of an oscillator where the start-up of the FEL process is based on a
low repetition rate external seed laser, to the case of standard single-pass seeding, and to
SASE simulations.

2. Overview of Methods

2.1. Employing an Oscillator in Standard Seeding Schemes

In this section, we review different schemes that can be implemented with an oscillator
in order to provide high repetition rate seed pulses. In standard seeding techniques, an
external seed laser is used to modulate the energy of the electron beam as a result of their
interaction along an undulator (modulator). In this case, one seed laser pulse needs to
be injected for each electron bunch. The purpose of adding an optical cavity to a seeding
scheme is to replace the need for an external seed laser, because the cavity can recirculate a
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radiation pulse and maintain its peak power and pulse properties. In this case, in addition
to the energy modulation process which happens along the modulator, an amplification
process must also occur. This is important because the power gain is used to compensate
for unavoidable cavity losses. Here, we define as net gain the difference between the
peak power at the beginning of a pass n + 1 and the peak power at the beginning of pass
n, divided by the peak power at pass n. If the power gain compensates exactly for the
losses and the net gain is zero, the peak power per pass remains constant as long as the
pulse properties remain stable. In this way, the seed pulse is reproducible and can support
seeding schemes at high repetition rates.

In this paper we consider two approaches to generate and store a seed laser pulse
in cavity.

1. An oscillator-FEL starting with an external seed laser pulse. An external seed laser
initiates the modulation of the first electron bunch and the bunch amplifies the seed
pulse to compensate for the power losses in the cavity. The optical cavity feeds
back the seed pulse which is used to modulate the following bunches. The shortest
wavelength of the modulator is determined by the low repetition rate seed laser
source and by the mirror availability.

2. An oscillator-FEL starting from shot-noise. An electron bunch generates radiation
along the modulator, which is amplified with the number of passes. This process can
be divided into two phases. The “build-up regime”, where the net gain per pass needs
to be positive to build up the peak power required for seeding, and the “steady-state
regime” where the net gain needs to go back to zero so that the resonator losses are
equal to the power gain. In order to transition between these two phases, an active
control on the gain per pass is required. In addition, starting from noise means that
a SASE spectrum is generated. This needs to be monochromatized. In this case, the
shortest wavelength of the modulator is determined by the mirror availability.

In the following, we consider the implementation of an oscillator-based FEL in support
to HGHG and EEHG seeding schemes in order to further extend the tuning range to shorter
wavelength and higher repetition rate.

2.1.1. High-Gain Harmonic Generation (HGHG)

HGHG is a method to achieve fully coherent and stable seeded radiation in high-
gain FELs and was introduced in [11]. The components needed are a modulator, a seed
laser resonant to the wavelength of the modulator, a dispersive section, and an FEL
amplifier tuned at a harmonic of the seed laser wavelength. The seed laser is overlapped
with the electron bunch in the modulator, and their interaction results in a longitudinal
sinusoidal energy modulation along the electron bunch with the periodicity of the resonant
wavelength. In the dispersive section placed downstream, the energy modulation is
converted into density modulation that includes relevant harmonic content. The dispersive
section is characterized by the R56 matrix element of the transfer matrix, which describes
the evolution of the 6-D phase space (x, x’, y, y’,δγ, z) of the electrons. The R56 is closely
related with the presence of longitudinal dispersion. When a correlation between the
longitudinal position (z) and a relative energy offset (δγ) is established in the modulator, it
is possible to choose an R56 to rotate the longitudinal phase space, and convert the energy
modulation into longitudinal density modulation. The same matrix element is responsible
for the so called bunch compression in accelerators, where we exploit an electron beam
with an energy-longitudinal position correlation (electron beam energy chirp) to compress
it longitudinally and increase its peak current. After the dispersive section, the bunched
electron beam then enters the amplifier and emits coherent radiation. In the case of an
HGHG oscillator-amplifier, an optical cavity which encloses the modulator is added as
shown in Figure 1. Instead of injecting a seed laser pulse for each consecutive electron
bunch, the optical cavity stores a radiation pulse which acts as a seed laser source. Because,
as discussed above, a certain amount of power gain is required at each pass, the modulator
is longer than in a conventional HGHG scheme.



Appl. Sci. 2021, 11, 6058 4 of 21

Figure 1. In an oscillator-based HGHG scheme, an optical cavity is added and encloses the modulator.

The optical cavity acts as a feedback system which maintains the peak power of the stored radiation

field and, under perfect synchronism, this field is used to seed consecutive electron bunches arriving

from the linac upstream the cavity. Note that in reality, the optical cavity design will be more complex

than this simplified sketch.

2.1.2. Echo-Enabled Harmonic Generation (EEHG)

HGHG schemes are characterized by a limited up-frequency conversion efficiency due
to the fact that the nth harmonic requires the energy modulation to be n times larger than
the slice energy spread to maximize the bunching. This is typically limiting the conversion
to n = 15 and critically depends on the energy spread [37]. The EEHG scheme [13–15]
was proposed to overcome this limitation, achieve higher harmonics and, thus, shorter
wavelengths. In this scheme, there are two seed lasers with two modulators, two dispersive
sections, and one radiator. The first modulator and seed laser are used to induce an
energy modulation, and then the first dispersive section, which has a large longitudinal
dispersion, shreds the longitudinal phase space of the electron beam creating thin energy
bands. Each of these bands has a lower energy spread than the initial one, and this way a
lower energy modulation is required in the second modulator compared to HGHG. The
second dispersive section is weaker and compresses the energy bands. Similarly to what
happens in HGHG, it converts the energy modulation from the second modulator into a
density modulation, which in this case can have higher harmonic content.

In a regular single-pass EEHG, two modulators and two seed lasers are needed. In
order to convert the classic scheme to a high repetition rate cavity-FEL, one possibility is to
include two cavities, one for each modulator. In the case of two cavities, the wavelength
can be chosen independently and the high repetition rate is secured. Another solution is to
feed one modulator with an external seed laser and place the other modulator in a cavity.
In this case, the repetition rate of the external seed laser source determines the overall
repetition rate. This seed laser should have a longer wavelength which is at present already
available at high repetition rate. Then, the other modulator which is enclosed in the optical
cavity is resonant to a shorter wavelength.

It is important to investigate if it is more advantageous to have the shortest wavelength
at the first or the second modulator. We study the specific case of a combination of two seed
laser wavelengths of 300 nm and 50 nm by using an electron beam with a nominal energy
of 1.35 GeV, energy spread of 120 keV, and energy modulation amplitudes of A1 = 3
and A2 = 5 times the energy spread in the first and second modulator, respectively.
These parameters fit the choices of the FLASH2020+ project [38]. The resulting maximum
bunching factor b [13] for final wavelengths between 2 nm and 6 nm is shown in Figure 2a.
Using a seed with a wavelength of 50 nm in the first modulator and 300 nm in the second
modulator is not beneficial in terms of bunching compared to the classic scheme with two
seed lasers with a wavelength of 300 nm, whereas much higher bunching can be achieved
by utilizing the shorter seed in the second modulator. Both 50 nm configurations drastically
reduce the required longitudinal dispersion of the first chicane, as can be seen in Figure 2b.
As the second chicane converts the energy modulation from the second modulator, a
seed wavelength of 50 nm in this modulator results in an approximately six times smaller
optimum dispersive strength than the one needed for a 300 nm seed.
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undulator beamlines. In the case of burst-mode operation, there is a specific number of
bunches available to build-up the peak power and stability needed to deliver seeded FEL
pulses. This is not an issue when the process starts with a low repetition rate seed laser
source because the steady-state regime is reached within a few passes [22] as shown in
Figure 5a, but it is critical when starting from shot noise, as we show in Figure 5b. The
build-up regime is marked with a green background color. During this process, there must
be positive net gain, and the peak power in each pass increases. The steady-state regime is
marked with blue color in the same figure, and refers to the passes in the oscillator where
the net gain is zero and the peak power per pass is constant. Comparing Figure 5a,b, there
are more power fluctuations in the case where we start with a seed laser. This might be
due to the fact that in this case we do not use a monochromator.

In burst-mode operation, the more bunches are used during the build-up process, the
less bunches will be part of the steady-state regime when seeded radiation is generated.
The steady-state can be maintained for a maximum number of passes defined by the
difference between the available bunches in one bunch train and the number of bunches
used during the build-up process. Taking as an example FLASH and the build-up regime
shown in Figure 5b, we would need 18 bunches to take part in the build-up of the power,
and the remaining 782 bunches would be part of the steady-state regime where the seeded
radiation is generated.

A machine operated in CW mode offers a continuous number of bunches with a
constant separation between them. For instance, SHINE in Shanghai will be operated in a
CW mode and is expected to provide bunches with a continuous 1 MHz repetition rate [43].
The same repetition rate is planned for LCLS-II [44] as well. In this case, the build-up
time needed becomes less important. It is possible to increase the number of passes in the
build-up regime and ensure a smooth transition to the steady state. However, it becomes
more important to verify how long the steady-state regime can be maintained before the
process needs to be initiated again.

(a) (b)

Figure 5. (a) Example of the peak power per pass in an oscillator starting with a low repetition rate seed laser. From the first

pass already the net gain should be zero. In practice, it takes a few passes for the system to self-stabilize. (b) Example of

the peak power per pass in an oscillator starting from shot-noise. For 19 passes the build-up regime where the net gain is

positive is highlighted with a green color. At pass 19, the desired peak power level is reached and the steady state regime is

entered, marked with a blue color. From this pass and onward, the net gain is reduced to zero and the peak power level is

maintained in each pass.
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3. Resonator Considerations

3.1. A Simple Model for the Reflectivity Requirements and Estimated Power Level in the Cavity

The transition between the build-up and the steady-state regime in the case of start-up
from shot noise is discussed in more detail in Section 4, while here we focus on the steady-
state operation of the modulator-amplifier. We maintain the generality of the discussion
by using approximations to build a simple model that can be used to investigate the
parameter space for the design requirements. In the steady-state regime, there is a number
of conditions that need to be fulfilled:

• The input seed power needs to exceed the shot noise power of the electron beam by
several orders of magnitude; otherwise, the SASE is not suppressed and the seeding
process is not successful. Only a part of the seed power contributes to the exponential
growth. Using for estimation the 1D cold FEL model this fraction amounts to 1/9.
Assuming an excess of 3 orders of magnitude, the minimum input seed laser pulse
peak power needs to be at least several 10 kW to 100 kW, depending on the exact
electron beam parameters [45]. In addition, for seeding techniques it is required to
induce an energy modulation of several times the initial energy spread which depends
on the target harmonic to be amplified, the exact seeding scheme and the modulator
length for given electron beam parameters. Typically, this requires a peak power that
is larger than 100 kW.

• The saturation power downstream of the modulator needs to be well below the
“natural” saturation to avoid large induced energy spread, which would suppress
the amplification process at the amplifier. As a general rule, the energy spread
downstream of the modulator σE relative to the electron beam energy E, should be
considerably less than the FEL parameter of the amplifier ρamp [46], thus σE/E ≪
ρamp [45]. The maximum acceptable seed peak power after amplification in the
modulator strongly depends on the length of the modulator with respect to the gain
length, and thus on the power amplification and on the energy spread increase. For
the sake of avoiding a specific parameter set, here we assume that saturation at the
seed laser wavelength yields between 1 GW to several 10 GW. Assuming a margin
of 3 orders of magnitude to avoid “heating” of the beam, the seed peak power after
amplification needs to be limited to not more than several tens of MW.

The gain from shot noise to saturation of an FEL is around 9 orders of magnitude,
which corresponds to about 20 power gain lengths (Lg). This means that there are 3 orders
of magnitude between the minimum input peak power (Pin) and the maximum output
peak power which are allowed to be lost in the cavity. Otherwise, either the minimum
power is too close to shot noise or the maximum power too close to saturation. It is clear
that these boundaries are not very strict and should only be seen as an approximation. It is
known that the power along z develops as [46]:

P(z) =
Pin

9
· ez/Lg . (1)

With a roundtrip reflectivity R, the power after a modulator length of Lmod should be
P(Lmod) = Pin/R. This leads to

Pin

R
=

Pin

9
· eLmod/Lg → Lmod = Lg · ln(

9

R
) (2)

For the first approximately three power gain lengths we expect no FEL power amplifi-
cation, and this is referred to as the lethargy regime. Assuming three orders of magnitude
for the maximum allowed power amplification, the maximum modulator length is 9 · Lg to
compensate losses. The same equation can be used for design considerations; for instance,
for a total reflectivity of 6%, the modulator should be roughly 5 · Lg. This result is indepen-
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dent of the input seed laser power, however, in practice, the energy modulation process
depends on both the input seed peak power and the length of the modulator as [47]:

∆E =

√

Pin

Po

me2KLmodJJ

γw0
, (3)

where w0 is the seed waist size, K is the dimensionless undulator parameter, me is the
electron mass in keV, P0 ≈ 8.7 GW [47], JJ = J0(ξ)− J1(ξ), where ξ = K2/(4 + 2K2) and
J0,1 the Bessel function of the zeroth and first order. As the modulator is used both for
energy modulation and amplification, both these aspects need to be taken into account
for the exact design. Let us consider an example of these analytical estimations by means
of a reasonable set of parameters: λseed = 50 nm, K = 3.25, w0 = 286 µm, γ = 2641.9,
Lg = 1.12 m. In Figure 6, we show the expected energy modulation for a combination of
seed laser peak power and modulator length, calculated with Equation (3). In the same
figure, we show the reflectivity required as expected by the 1D cold theory and Equation (1)
with the dashed black vertical lines, as it is independent of the input seed laser power. It is
clear that while the modulator length is fixed and is used to determine the amplification,
for a given modulator length, it is still possible to use the seed laser peak power as a knob
to adjust the energy modulation. In turn, the energy modulation is related to the energy
spread which affects the FEL process in the amplifier, as already discussed. Note that while
Equations (1) and (3) are well established approximations valid in the 1D case, diffraction
effects should be also taken into account and the exact dependencies may deviate from
this result.
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shows the normalized modulator length to the gain length (Lmod/Lg). The vertical dashed lines show

the reflectivity R required for equilibrium between amplification and losses for different normalized

modulator lengths, and is calculated with Equation (2).

3.2. Cavity Design Considerations

The numbers quoted so far are needed for the system to work, and should be com-
plementary with a discussion on the technical feasibility of the resonator. The important
questions here are if the downstream mirror, which will have the maximum power density,
will be able to withstand it, and if mirrors with the required properties actually exist. We
consider two operation regimes for the resonator: one at a wavelength between 200 nm
and 300 nm, and one between 50 nm and 100 nm.

Regarding the reflectivity requirements, we expect that for wavelengths around
300 nm, the mirror choice will not pose an issue as there are options to choose from.
Optics in this wavelength regime are used for current laser systems, such as dielectric
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mirrors, with reflectivity and damage threshold that guarantee sustainable operation and
have been studied for other storage ring FELs in the past as well [48]. The main challenge
is faced for the working point in the XUV range between 100 nm and 50 nm, where no
commonly used options are available. Here, we consider the upper limit in gain, where
the roundtrip loss should not exceed a factor 1000 to avoid electron beam heating. Under
normal incidence, this means that each mirror should reflect at least 1/

√
1000 ≈ 1/33 or

3%. In case of a ring resonator with mirrors at 45 degree incidence angle, each should

reflect more than 1/
√√

1000 ≈ 1/5.6 or 18%. For example, we consider Molybdenum
mirrors. At normal incidence, the reflectivity at 40 nm is ~6%, at 45 degree around 40% [49].
Both values exceed the requirements. Note that a gain of 1000 is an upper limit that would
require a relatively long modulator. However, it is preferred to operate at a lower gain if
the reflectivity of mirrors allows it.

Here, we consider simple estimations in order to calculate the power density for a
Gaussian beam. Assuming a Gaussian beam with a waist at the end of the undulator, the
size of the spot at the mirror is [47]:

w2(L) = w2
0

(

1 +

(

L

ℓ

)2
)

, (4)

where L is the distance from the undulator to the mirror, w0 is the spotsize at the waist and ℓ

is the Rayleigh length. With the distance to the mirror much larger than the Rayleigh length
and remembering that for a Gaussian beam πw2

0 = λℓ with λ the radiation wavelength, the
dependence of the beam radius on the distance becomes nearly linear and we can rewrite
Equation (4) as

w2(L) ≈
(

Lλ

πw0

)2

≈
(

Lλ

πσb

)2

, (5)

where we have approximated the spotsize of the radiation with the electron beam size σb.
Since the mirror has an angle with respect to the radiation in one plane only, the area of the
radiation on the mirror for a transversely symmetric beam can be approximated as:

S ≈
(

Lλ

πσb

)2 1

sin α
, (6)

with α the glancing angle.
Assuming that the fraction of the pulse energy that is not reflected by the mirror is in

fact absorbed, the power density Pd absorbed is

Pd =
Ep

S
· (1 − R) = Ep(1 − R) sin α

(πσb

Lλ

)2
, (7)

with Ep the pulse energy.
Here, we take the example of FLASH2 and the existing mirrors commonly used in

FLASH operation to demonstrate a feasible working point. For a wavelength of 15 nm
with a mirror 15 m downstream of the undulator under a glancing angle of 1 degree, from
Equation (6) the spot size is approximately 0.3 cm2, assuming a 100 µm beam size. With a
reflectivity of 99% (R = 0.99) and 1 mJ of pulse energy per second for a single pulse, the
power density is around 1 mW/0.3 cm2, or up to 17 W/cm2 for a pulse train of 5000 pulses
per second. Under these assumptions and taking into account the reflectivity, the absorbed
power of FLASH2 on the mirror is up to 170 mW/cm2 for 15 nm.

For a modulator with the mirror at normal incidence at the same distance of 15 m,
the same electron beam size and a wavelength of 50 nm, the spot is from Equation (5)
approximately 2.4 by 2.4 mm. Assuming again Molybdenum mirrors with 95% absorption,
the pulse energy should not exceed 2 µJ in order to avoid an absorbed power density
higher than 170 mW/cm2. At 45 degrees with 60% absorption, the pulse energy would
be approximately 5 µJ. Assuming a typical pulse duration of 100 fs, the peak power is



Appl. Sci. 2021, 11, 6058 11 of 21

therefore 20 MW (or 50 MW for the 45 degree mirror case), which is consistent with the
values mentioned earlier for FLASH. For a CW-FEL, the numbers are more critical because
of the larger number of bunches per second.

Finally, we would like to comment on the geometry of the optical feedback system.
There is a number of components needed in order to maintain a stable operation and
diagnose the radiation field properties. The intensity of the seed laser, which in this case
is the intensity inside the resonator, needs to be regulated and therefore measured for a
large wavelength range without significant distortion of the radiation field. Furthermore,
with the system starting from noise, the noise needs to be suppressed, which is best
done with a grating. Finally, the radiation needs to be refocused in the middle of the
modulator. Therefore, the actual resonator will have a more complicated geometry than
depicted earlier. A ring resonator could include all needed elements, but other geometries
should be considered and compared depending on the wavelength requirements and
space constraints of a specific facility. The technical design and specifications are, however,
beyond the scope of this paper.

4. Simulation Results and Implementation Considerations for Oscillator-Based
Seeding Starting from Shot Noise

In this section, we focus on an HGHG-based oscillator scheme as shown in Figure 1
and more specifically, in the case of an oscillator-FEL starting from shot noise. As shown
in Figure 5b, when the process in the cavity starts from shot noise, there are two separate
operation regimes to be considered. For a transition from positive net gain (“build-up”)
to zero net gain (“steady-state”), the gain has to be reduced. Here, we discuss different
methods that could be applied in order to achieve control over the power gain in the
resonator. In all cases we use the same set of simulation parameters, which is summarized
in Table 1, and the modulator is resonant with 50 nm wavelength. For the sake of simplicity,
here we restrict ourselves to the case of a relative energy modulation A = ∆E/σE = 7,
meaning that the amplitude of the energy modulation ∆E after the modulator is seven times
larger than the initial energy spread σE in the steady-state regime. As seen in Equation (3),
for given lattice, electron beam parameters and constant waist size, the energy modulation
is stabilized if the input peak power in the modulator Pin is stable too. All simulations
here are done with Genesis 1.3 for the FEL process [39], while the radiation field in the
cavity is treated with ocelot [50], which accounts for the slippage, reflectivity, focusing,
and monochromatization.

Table 1. Electron beam parameters used in simulations.

Electron Beam Parameters

Energy 1350 MeV
Energy spread 120 keV
Peak current 1 kA (flat-top)
Pulse duration 300 fs
Normalized Emittance 1 mm · mrad

4.1. Reflectivity Adjustment

The most direct way to control the net gain is to adjust the resonator reflectivity. In
this case, initially the reflectivity (Rbuild−up) is as high as possible to enable a fast build-up
of the power and then, when the desired peak power level is reached, the reflectivity has to
drop to the value Requil , which ensures equilibrium between losses and power gain. The
reflectivity applied during the build-up process, Rbuild−up, is determined by the maximum
total reflectivity allowed by the mirrors, and the maximum change in reflectivity that can be
supported by a filter within the time separation of two consecutive bunches. The larger the
difference in reflectivity ∆R = Rbuild−up − Requil is, the higher the net gain and the faster
the steady-state regime will start, as shown in Figure 7a. For the present setup of resonator
and beam parameters shown in at Table 1, the reflectivity at equilibrium is Requil = 10.6%,
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including the losses in the monochromator. With Rbuild−up = 14%, 46 passes are required
in the build-up regime in order to reach a relative energy modulation of A = 7, while a
reflectivity of Rbuild−up = 12% requires 99 passes. It is also possible to apply the reflectivity
change in steps if a fast change is not possible. For instance, for the reflectivity change
required as shown in Figure 7b, it is possible to apply the ∆R = 3.4% (from Rbuild−up = 14%
to Requil = 10.6%) in steps of ∆R = 0.34% in 10 passes. In the case of a burst-mode of
operation, the number of steps must be reasonably small compared to the number of
bunches at the steady-state. In the case of a continuous wave operation, these steps can be
as small as required by the hardware limitations.

40 60 80 100

passes in build-up region

1

2

3

4

5

6

 
R

 [
%

]

(a) (b)

Figure 7. (a) In this plot, the number of passes needed to reach steady-state as function of reflectivity change, ∆R =

Rbuild−up − Requil , is shown. We assume that the build-up process is over when the energy modulation is at least A = 7.

(b) Example of ∆R = 3.4%. For the first 46 passes the reflectivity is set to Rbuild−up = 14% and from the 47th pass onward

the reflectivity drops to Requil = 10.6% and the net gain is zero. As a result, the peak power is stabilized.

In practice, the reflectivity change can be implemented by adding a filter in the return
path of the radiation field. A total reflectivity change of several percent is currently not
possible to be applied within 1 µs, but would be possible in several steps during a transition
time. For this reason, this method would be an option in CW machines, as it is currently
unlikely to function in burst-mode in view of time constraints.

4.2. Longitudinal Overlap between Electron Bunch and the Recirculating Light Pulses

Another method to obtain gain control is by affecting the longitudinal overlap between
the electron bunch and the stored radiation field. A change in cavity length would change
the arrival time of the radiation pulse, a procedure known as cavity detuning. The exact
amount of the detuning or delay needed to transition between positive net gain and zero
net gain depends on the electron bunch length. Here, we have assumed a 300 fs flat-top
current distribution for the electron bunch as an example study.

For all passes, the reflectivity is set to a value Rset which is larger than Requil , namely,
the reflectivity, which leads to zero net gain when the longitudinal synchronism between
the electron bunches and the recirculated seed pulse is optimum. Here, we define the
cavity length Lcav for which the detuning is zero (∆Lcav = 0), as the cavity length for
perfect synchronism between the radiation pulses and consecutive electron bunches for
no slippage, thus it is the cold cavity length. Due to slippage effects, perfect synchronism
is achieved for longer cavity lengths (∆Lcav > 0) that allow the longitudinally advanced
radiation pulse to be delayed. As in this case we assume that the reflectivity cannot be
reduced, we keep the reflectivity constant over all passes and we de-tune the cavity by
∆Lcav to reduce the net gain in the steady-state regime. The detuning and the reflectivity
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are two complementary knobs. The larger the reflectivity difference ∆R = Rset − Requil is,
the longer the detuning is needed.

In Figure 8a, a cavity detuning is simulated for a range of set reflectivities Rset between
11% and 15% . The cavity detuning curve for each reflectivity shows how much the length
of the cavity should be shifted to move from the maximum net gain (shown with the
vertical arrow), to zero net gain (intersections between the horizontal dashed line and
detuning curve). The cavity detuning for maximum power gain is independent of the
total reflectivity as expected, as it depends on the total slippage per pass, which is in turn
dependent on the wavelength, the periods of the modulator and the group velocity of the
field. Taking again the example of Rset = 14%, in Figure 7a we need 46 passes to reach
the desired in-cavity peak power level with the optimum detuning of ∆Lcav = 2.7 µm,
and from Figure 8b we see that a detuning of ∆Lcav = −14.1 µm keeps the in-cavity peak
power level constant. The result is shown in Figure 8b, where the cavity length is shifted
by 16.8 µm and equilibrium is reached and maintained.
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Figure 8. (a) Detuning curves for a 300 fs flat-top electron beam. The optimum detuning length is at ∆λ = 2.7µm, for all set

reflectivities, as shown with the vertical arrow. The zero net gain point shown with the horizontal dashed line, shows the

detuning that needs to be applied to reach equilibrium for each total reflectivity Rset. Keeping the reflectivity constant and

changing the cavity length can transition the system from positive to zero net gain. We remind the readers that the power

net gain has no units as it is the difference between the peak power at the beginning of pass n + 1 and at pass n, divided by

the peak power at pass n. (b) With an oscillator starting from the random fluctuation of the electron beam distribution, a

transition between amplification of the power and maintenance of the peak power is achieved by detuning the cavity length

from ∆Lcav = 2.7µm to ∆Lcav = −14.1µm. For all passes the reflectivity is Rset = 14%.

For the implementation of this technique there are different options that can be
considered. When detuning the cavity length, the position of one or more mirrors needs to
be adjusted within µm and with a MHz repetition rate. This depends heavily on the mirror
choice and mirror size and weight. As an alternative solution, in the past a similar dynamic
cavity desynchronization was considered for FELIX [51] in order to control the growth rate
and the final power at saturation and the fluctuations in power [52,53]. It was proposed that
instead of mechanically adjusting the mirrors, it is preferable to ramp the electron bunch
repetition rate frequency by ∆ frep to achieve a cavity detuning of ∆Lcav = L∆ frep/ frep [53].
In this case, a dynamic desynchronization along the bunch train is important.

As a final remark, it is important to point out that the cavity detuning results in a
change in the temporal and spectral distribution of the stored FEL pulse. This has been
extensively discussed in FEL oscillators in the past [54–56]. The consequences on the
properties of the output FEL should be carefully considered before applying this method
for power gain control.
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4.3. Optical Klystron

Another well-established method of gain control in FELs is the use of an Optical
Klystron (OK), first introduced in [57]. It was originally introduced for gain control in
oscillator FELs [58], but its application has been expanded. It has been used as a method to
speed up the FEL process in SASE operation, when the total amplifier length is not sufficient
for a given wavelength [59–61]. In addition, it is used in a seeding scheme when the seed
laser peak power is not sufficient to increase the energy modulation required in seeding [17].
The simplest configuration of an optical klystron consists of two undulators tuned at the
same resonant wavelength and a dispersive section in between them. The electron beam
travels in the first undulator starting from some initial conditions (noise, or external seed)
and a relatively weak energy modulation is induced. Then, the dispersive element modifies
the electron beam phase space. This way, the bunching at this fundamental wavelength
is increased, and the bunched electron beam generates coherent emission in the second
undulator with increased gain. The dependence of the power gain on the longitudinal
dispersion is a useful knob for our setup.

In an oscillator, the two modulator sections separated by the dispersive section are in
the resonator as shown in Figure 9. A 1D theory of optical klystron is discussed in [61] and
a recent revision can be found in [62]. The optimum longitudinal dispersion depends on
the energy spread and in our case can be estimated as

R56,1 =
λres

2πδ
, (8)

where δ is the relative energy spread. With the studied parameter space, the optimum
longitudinal dispersion is predicted as R56,1 = 89 µm. Note that the sum of the length of
modulator 1 and modulator 2 in Figure 9 is equal to the length of the modulator in Figure 1,
so the power gain increase is introduced by chicane 1 only, and not by increasing the length
of the modulator.

Figure 9. In an oscillator-based HGHG scheme, an optical klystron can be employed. To do so, the

cavity contains two modulators separated by a chicane. This way this chicane can be tuned to control

the gain per pass.

In order to transition to the zero net gain regime, the R56,1 should initially be set to a
value close to the optimal, and later on tuned to another value which would reduce the
gain in the second modulator. In Figure 10a, we show the net gain achieved for different
reflectivities and R56,1. The R56,1 at the steady state is determined by the intersection of the
curves and the horizontal dashed line, which shows the zero net gain. We are interested
in the range R56,1 < 75 µm, because a too large R56,1 would cause an over-rotation of the
longitudinal phase space which is not useful, as we still need to increase the bunching at
a harmonic of the seed wavelength with the R56,2. The optimum longitudinal dispersion
appears at around R56,1 = 73 µm, which is approximately in agreement with Equation (8).
Note, here, that the reflectivities required with the optical klystron are dramatically reduced,
by more than an order of magnitude, when we compare to Figure 8a. As an example,
with a reflectivity Rset = 0.38%, we can build-up the peak power needed for seeding with
R56,1 = 42.5 µm, and after 19 passes change the longitudinal dispersion of the first chicane
to R56,1 = 30 µm to achieve zero net gain, and stable peak power of the radiation field per
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pass as shown in Figure 10b. Note, here, that the input peak power is considerably lower
in the order of 120 kW compared to the roughly 3.5 MW needed in all other gain-control
methods presented already, to achieve the same energy modulation A = 7. In addition,
the reflectivity required, Rset = 0.38%, which considerably relaxes the requirements on the
mirror specifications.
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Figure 10. (a) Changing the R56,1 of the chicane affects drastically the gain in power. Here we show the net power gain for

selected set reflectivities Rset, between 0.4% and 1%. The horizontal line shows the zero net gain. (b) With a reflectivity

Rset = 0.38%, it is possible to transition from positive gain to zero gain by adjusting the longitudinal dispersion of chicane1

as shown in Figure 8, from R56,1 = 42.5 µm to R56,1 = 30 µm, respectively.

The optical klystron has many advantages. As already explained, the first one is that
it makes the transition from positive to zero net gain possible. In addition, it increases
the gain both in the positive gain regime and in the zero net gain regime as R56,1 6= 0 as
well. This relaxes significantly the requirements in mirror reflectivity in the XUV range.
Moreover, the optical klystron could be used as an active tuning tool to adjust the gain per
pass and absorb different sources of jitter which contribute to gain changes. Concerning
technical requirements, a chicane consisting of fast kickers for this purpose should be able
to change the R56 by several µm and with a MHz repetition rate. Stripline fast kickers
are already standard technology and are, for instance, used at the European XFEL for
extracting individual electron bunches with up to 4.5 MHz repetition rate [63,64]. Let us
assume that a change of 10 µm is sufficient to transition from positive net gain to zero net
gain. The longitudinal dispersion of the chicane is approximately R56 ≈ Lθ2, where L is
the distance between the first and second dipole of a chicane and θ is the bending angle of
the first dipole. A kicker adds an angle

∆θ[µrad] = Lkicker[cm]Bkicker[Gauss]/Eb[GeV],

with Lkicker and Bkicker being the length and field of the kicker and Eb the electron beam
energy. With these kickers, a kick angle of 0.6 mrad can be achieved with Eb = 1 GeV and
the change of R56 shown in Figure 10b would be possible within 1 µs. It is important to
ensure that implementing this change in R56 will not affect the stability of the system. Using
the kickers only in the build-up regime would ensure stability during the steady-state
regime. For the build-up regime, the stability is not so important, as long as the peak power
is reached, since during these passes no seeded radiation is generated.
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5. Comparison of Simulation Results

Until now, we have only discussed about the process in the modulator and resonator.
In this section, we compare simulation results at a final wavelength of 4.167 nm, reached
with different schemes and this time we show the final FEL pulses generated at the amplifier.
For the HGHG simulations, this wavelength is the 12th harmonic of a 50 nm resonant
modulator. We consider the following four cases:

• A SASE setup, starting from shot noise and without changing any electron beam
parameters. The FEL pulse is extracted at the same position as the seeding simulations.

• A single-pass standard HGHG setup, starting with an ideal Gaussian seed laser
pulse instead.

• An HGHG seeded oscillator-amplifier starting with a low repetition rate seed laser.
This scheme was discussed in detail in [22]. For the first electron bunch an external
seed laser pulse is injected, and then the seed pulse is stored in the cavity.

• An HGHG seeded oscillator-amplifier system starting from shot noise. This was
described in detail in Section 4. A reflectivity change from Rbuild−up = 14% to
Requil = 10.6% was used to transition from positive to zero net gain.

In Table 2, we have summarized the main simulation results for the four different
cases, and in Figure 11 we show the final spectra for the four different cases with the same
final wavelength of 4.167 nm. In addition, for completeness, we have added the pulse
properties of the output FEL at 2 nm with the EEHG simulations discussed in Section 2.1.2.
The output FEL is shown in Figure 4. Note that the peak power is comparable for all HGHG
seeded pulses as expected; however, as the resulting pulse duration differs, the bandwidth
cannot be directly compared. It is important to emphasize that a single-spike spectrum
was generated in all seeded schemes. The power spectral density in the multi-pass HGHG
starting with a seed laser, and in the standard single-pass HGHG are almost identical,
while the multi-pass HGHG starting from shot noise seems to have almost an order of
magnitude higher spectral density as shown in Figure 11d. In this case, we have used a
monochromator with an rms bandwidth of ∆λ/λ = 2.5 × 10−4 in the resonator, which
stretches the radiation pulses and filters the radiation in the frequency domain. Because of
this, the result in Figure 11d deviates compared to the other two HGHG cases.

Table 2. Simulation results for final FEL pulse at the same position along amplifier. For the multi-pass

simulations, we examine the FEL pulse after 100 passes. For the SASE, we calculate based on the

average over 50 simulations with different shot noise. For EEHG, we consider the simulation results

of a 2 nm output FEL shown in Figure 4.

Peak Power ∆λFW HM /λ rms Pulse Duration

SASE 3 MW 2 × 10−3 75 fs
Standard HGHG 1.2 GW 1.6 × 10−4 20 fs

multi-pass HGHG (seed) 1.2 GW 2 × 10−4 27 fs
multi-pass HGHG (shot-noise) 1.1 GW 5 × 10−5 60.6 fs

single-pass EEHG 0.18 GW 1.6 × 10−4 11.35 fs
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Figure 11. Spectra of final FEL pulse at the same position at the amplifier and with the same electron beam parameters

shown at Table 1. The spectral intensity is normalized to the peak intensity calculated at the standard single-pass HGHG

simulation. (a) SASE. Please notice the extended horizontal axis. The average SASE spectrum over 50 shots is shown

with the black line. (b) Standard HGHG in a single-pass. (c) Oscillator-FEL starting with an external seed laser pulse.

(d) Oscillator-FEL starting from shot-noise.

6. Discussion

In this paper, we described different seeding schemes that can benefit by employing an
oscillator setup to increase the repetition rate of a seeded FEL. We presented an overview
of simulations and requirements for its implementation. We developed a simple model to
estimate the amplification and modulation process in the modulator. This gave an insight
into the design of the resonator in terms of modulator length, resonator requirements,
and feasibility of the implementation of this scheme. Then, we focused on simulation
results of an HGHG scheme. We showed that there is a number of methods that could be
used to dynamically control the power gain in the resonator when the process starts from
shot-noise and we compared the performance of a single pass HGHG, a multi-pass HGHG
starting with a low repetition rate seed laser and of SASE, which is to be considered as
our background.

Where so far the wavelength range mentioned here could only be reached with an
EEHG scheme, the use of a resonator now would make it possible to reach the same
wavelength with an HGHG scheme. Alternatively, starting with a shorter wavelength in
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an EEHG scheme, the use of the resonator could push the minimum wavelength beyond
the water window and transition metals, making seeding in this important wavelength
range possible. These options will be studied in future studies.

In addition, there are still a number of considerations that need to be addressed as
we are moving towards more detailed studies for the realization of this scheme. Even
though first stability studies were presented in [22], it is still crucial to study the stability of
this scheme over several passes with a non-ideal electron beam, including imperfections
and energy chirp effects. In addition, there are other important questions related to its
implementation, such as how the repetition rate can be adjusted when experiments need
a lower repetition rate, the space constraints to insert mirrors when the longitudinal
dispersion required for seeding at short wavelengths is small, the requirements in terms of
diagnostics for the recirculating radiation field, and realizing wavelength tunability. These
are expected to be addressed in future work.
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