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The free-electron laser (FEL) community is interested in taking full advantage of the high-repetition-
rates of FELs run by superconducting machines while maintaining the spectral properties achieved with
external seeding techniques. Since the feasibility of seed lasers operating at a repetition-rate of MHz and
with sufficient energy in a useful wavelength range, such as the ultraviolet (UV) range is challenging, a
seeded oscillator-amplifier scheme is proposed instead for generation of fully coherent and high-repetition-
rate radiation. The process is triggered by an external seed laser while an optical feedback system feeds the
radiation back to the entrance of the modulator where it overlaps with the next electron bunch. Downstream
from the feedback system, the electron bunches are then used for harmonic generation. We discuss the
optimization of dedicated simulations and we investigate the stability of this scheme with numerical
simulations. As a result, we address the control of the reflectivity of the resonator as a key parameter to
achieve a stable HGHG seeded radiation. Finally, we show the impact of the power fluctuations in the
oscillator on the bunching amplitude with analytical and simulated results. The output FEL radiation
wavelengths considered are 4.167 nm and 60 nm.
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I. INTRODUCTION

Cavity-based FELs are a well-established technology for
generation of radiation in a wide range of wavelengths.
Most of the FEL oscillators radiate in the terahertz (THz),
infrared (IR), or in the visible wavelength range. Some
examples are FELIX in the Netherlands [1], CLIO in
France [2], FHI FEL in Germany [3], and FELIChEM in
China [4]. There are other examples in different configu-
rations, such as the inverse-Compton interaction compact
x-ray source in Hawaii [5] and the storage ring FEL at
ELETTRA [6] which has achieved a wavelength down to
190 nm. In addition, several simulation studies have
explored low-gain FELs in the past decades [7,8], however,
the simulation codes have significantly improved since
then, giving the possibility for more detailed studies.
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High-gain FEL Oscillators have been demonstrated in
the past and are referred to as regenerative amplifier free
electron lasers (RAFELSs) [9,10]. Initially they addressed
longer wavelengths with experimental tests in the IR [11],
and later on they were proposed to be used in the x-ray
regime as well [12]. A RAFEL requires only a few passes to
reach saturation and the requirements on reflectivity are
relaxed since it is a high-gain FEL and therefore, it consists
of a low Q resonator. Another concept that is under
investigation is the FEL oscillator (FELO) in the x-ray
wavelength range and down to 0.1 nm [13-15] as a direct
source of radiation. There are different driver sources for
such an XFELO. Originally, there were studies for an
energy recovery linac and therefore, a low-gain FEL. Later,
it was adapted to machines like the European XFEL [16]
so that the gain could be larger. XFELOs aim at stable
and fully coherent x-ray radiation and operate with
highly demanding Bragg crystals which require high
reflectivity. At the same time there have been studies of
schemes that use the oscillator as a source of seed instead of
using the generated radiation directly [17-20], and sug-
gestions on combining a RAFEL with harmonic generation
as well [21].

Published by the American Physical Society
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In this paper, we describe a setup which uses a cavity-
based FEL to imprint the energy modulation onto an
electron beam for the implementation of a high-gain
harmonic generation (HGHG) [22] seeding setup. The
main ingredients of HGHG are a seed laser source, a
modulator, a dispersive section, and a radiator. The seed
laser interacts with the electron beam along a modulator
with the result of modulating the energy of it sinusoidally
with a periodicity matching the seed laser wavelength.
Then, the dispersive section converts the energy modula-
tion into a density modulation which has a frequency
component at a certain harmonic of the seed laser. The
prebunched electron beam is traversing the radiator which
is tuned to be resonant at the same harmonic of the
seed laser.

In single-pass seeded FELs, the seed source for the
HGHG scheme is a laser which, when going to high-
repetition-rates, determines the repetition-rate of the output
seeded FEL radiation. As an example, currently at FLASH
[23,24] the seeding experiments are done at a repetition-
rate of 10 Hz, in single-bunch operation and at FERMI with
a repetition rate of 50 Hz [25]. In the seeded oscillator-
amplifier, the optical properties of such a seed laser are
retained in a feedback system while the repetition-rate is no
longer limited by the seed laser and is determined by the
cavity, so it can be increased easily to a MHz and beyond.
Seed laser sources with a MHz repetition-rate are currently
under development, but are challenging systems. The
requirements for tunable sources with tens of uJ of pulse
energy, excellent stability, less than 1% rms energy fluc-
tuations and wavelength stability below 1% rms with
respect to the spectral bandwidth, make these lasers being
considered as beyond the state of the art. Therefore, this
scheme is proposed as an alternative solution for generation
of high-repetition-rate seeded FEL radiation.

This scheme offers two advantages: the first one is that it
can generate seeded FEL radiation at high-repetition-rates
beyond the capability of the current seed laser systems
exploited to generate ultra short pulses in the UV wave-
length range and below. In addition to increasing the
repetition-rate of HGHG, this scheme offers the possibility
to extend the output wavelength range at this repetition-rate
and achieve shorter wavelengths with HGHG. This is due
to the amplification of the seed laser input intensity in the
modulator which allows the use of shorter wavelength seed
lasers of lower intensity. In addition, there are different
possibilities offered by this scheme, which are discussed in
[26]. In this paper, we show results of an HGHG seeded
oscillator-amplifier which generates high-repetition-rate
seeded FEL radiation which was first introduced in
[27,28]. The simulation results here are more detailed
and in addition, the optimization of the simulations is
discussed and the stability of this scheme is investigated.

This approach overcomes the limitation of requiring
high-repetition-rate seed lasers. This is crucial for pulsed

machines, but it is also vital for future continuous wave
(CW) machines. Currently, the x-ray user facilities FLASH
at DESY, and the European XFEL are the only operating
pulsed FELs driven by superconducting linear accelerators,
while LCLS-II [29] and SHINE [30] will be CW machines
and are under construction. Here, we use FLASH as an
example, which operates in a burst-mode. This means that
every tenth of a second a 800 us rf pulse is accelerated,
containing a bunch train of 800 bunches. The repetition-
rate of FLASH of 1 MHz would require a cavity of 300 m
roundtrip length, while for the 4.5 MHz of the European
XFEL this would be reduced to 66 m.

II. WORKING PRINCIPLE AND SIMULATION
IMPLEMENTATION

A. The HGHG seeded oscillator-amplifier scheme

The goal with the cavity in this scheme is to increase
the low-repetition-rate of the seed laser to seed the high-
repetition-rate bunches of a superconducting FEL. The
process is initiated by a low-repetition-rate seed laser for
the first pass, in the case of a burst-mode. The power of the
laser is amplified by its interaction with the next electron
bunch in the in-cavity undulator, the modulator, and is then
stored in an optical cavity in order to seed the next electron
bunch arriving at the modulator.

The energy-modulated electron beam exits the modula-
tor and traverses a chicane with a longitudinal dispersion
(Rs¢) which induces a density modulation and hence,
microbunches with high harmonic content are formed.
Downstream of the chicane, an undulator called an
amplifier is placed. The amplifier is resonant with the
desired harmonic of the seed laser which corresponds to the
wavelength of the output seeded FEL radiation. Therefore,
this scheme is comparable to a regular single-pass HGHG
scheme [31]. The only difference is that it requires a longer
modulator in order to amplify the radiation in cavity field to
compensate for the power losses that occur in the cavity.
A schematic layout of the described HGHG seeded
oscillator-amplifier set-up is shown in Fig. 1.

B. Simulation setup and parameter choice

Numerical simulations are implemented by combining
two codes for the two different processes: the FEL process
in the modulator with Genesis [32] with three-dimensional
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FIG. 1. Simplified schematic view of an HGHG seeded

oscillator-amplifier. The orange line represents the path of the
light pulse in the cavity and the black one the electron beam
trajectory.
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time-dependent simulations, and the light propagation in
the cavity with ocelot [33]. Genesis simulates the FEL
process in the modulator and then, the three-dimensional
field at the end of the modulator is extracted and is loaded
into ocelot. In our simulations, ocelot is propagating the
field along a drift, focuses transversely, and propagates
again back to the entrance of the modulator. The field
amplitude is reduced to account for cavity losses which are
different for the two wavelengths and the longitudinal
position of the field is changed so that the roundtrip of the
cavity matches the repetition rate of the electron bunches
and thus, overlaps optimally with the electron bunches in
the modulator. This procedure is repeated for an arbitrary
number of passes. Similar three-dimensional and time-
dependent simulation approaches have been adopted in
other RAFEL designs [21,34].

For the simulations, we use the two electron beam
energies (0.75 GeV and 1.35 GeV) that are proposed for
the upgrade of FLASH [35] within the FLASH2020+
project [36]. The simulations shown here have been per-
formed for two seed laser wavelengths (300 nm and 50 nm)
and their 5th and 12th harmonics respectively. Hence, the
output FEL wavelengths are 60 nm and 4.167 nm. This is
because these are the longest and shortest foreseen wave-
lengths in the current design of FLASH2020+ in a seeded
operation [36]. For the 50 nm seed laser a high harmonic
generation (HHG) source is assumed [37], with state-of-the-
art possibilities demonstrated in the extreme ultraviolet
(XUV) range [38,39].

The main simulation parameters are summarized in
Table 1. A flat-top electron beam current distribution is
assumed and the modulator parameters are chosen to
provide maximum power gain in the steady state region,
which refers to the passes in the oscillator in equilibrium
state. For the first pass, an ideal Gaussian seed laser pulse is
used, which is then propagated and amplified self-
consistently during subsequent passes. Since the modulator
length is the same for both wavelengths, the input
power and reflectivity needed for 50 nm (3 MW and 6%
respectively) are higher than those for 300 nm (0.75 MW
and 1.01% respectively) since for shorter wavelengths the
power gain length is longer [40].

Here we have assumed a simple resonator design that
allows us to study in detail the FEL process and does not
bound us to a specific optics selection and cavity design
that would otherwise be necessary and crucial for the actual
implementation of this scheme in an accelerator. We
assume that a ring resonator would be a suitable and valid
option for the resonator, therefore the total reflectivity
applied in each pass accounts for the losses of all 4
elements and the focusing element in ocelot allows us to
adjust the properties of the radiation field that would
otherwise naturally diverge. As seen in Table I, at
300 nm the total reflectivity is 1.01%, therefore each
mirror should have a reflectivity of roughly 30%, while

TABLE I. Parameters used for simulations. The rms undulator
parameter is referred to as K, the number of undulator periods
as N,, and the undulator period as 4,,.

Electron beam

Energy 750 MeV 1350 MeV
Uncorrelated energy spread 120 keV 120 keV
Peak current 1 kKA 1 kKA
Charge 100 pC 100 pC
Normalized Emittance 1 mm mrad 1 mm mrad

Input seed laser

Wavelength 300 nm 50 nm
Peak power 0.65 MW 3 MW
Pulse energy 53 n] 250 nJ
FWHM Duration 78 fs 78 fs
Modulator
Ko 4.517 3.248
N, 90 90
Ay 60 mm 60 mm
Cavity
Reflectivity 1.01% 6%

for the 50 nm the total reflectivity is 6% and each mirror
should have roughly 50% reflectivity. It should be noted
that the exact wavelengths and tunability range for this
scheme can be adapted based on availability in seed laser
sources and mirrors as the technology advances, therefore
the numbers presented here serve as an example study. In
addition, the modulator length can be increased to com-
pensate for higher resonator losses in case it is required by
mirror availability.

III. SIMULATION CONSIDERATIONS

In the following section, the most important design
considerations during the optimization process are
described. The setup of the seeding parameters, the
modulator length, and the cavity detuning are presented
in Sec. III A, III B, and III C, respectively. In this section,
we show results only for a modulator set to resonance with
a 50 nm seed laser. This case is presented in more detail
because it is one of the most challenging ones compared to
longer wavelengths, since the power gain length at this
wavelength is the longest, while the cavity losses are the
highest and the technology in seed lasers is more limited.
For the 300 nm resonant modulator, the optimization steps
are the same, while the requirements on laser and mirror
technology are more relaxed.

A. Optimization of seeding parameters

Once a stable operation in the longitudinal and transverse
plane has been achieved, one can fine-tune the parameters

034801-3



GEORGIA PARASKAKI et al.

PHYS. REV. ACCEL. BEAMS 24, 034801 (2021)

for seeding. The optimal optimization process takes into
account the target harmonic, and based on this, the energy
modulation at the exit of the modulator is determined. The
amplitude AFE of the energy modulation induced by a field
of peak power P, in the modulator is approximately
calculated as [41]:

P 2KL,J]
AE = [=2et Sl (1)
o YWo

where wy is the laser waist size, K is the dimensionless
undulator parameter, L, is the undulator length, m, is the
electron mass and Py =~ 8.7 GW is a constant calculated in
[41]. We define JJ as the difference of the Bessel functions,
thus JJ =J (&) —J, (&), where & = K?/(4 4 2K?). It should
be noted that the simulations are performed with longer
modulators than commonly used in seeding schemes, as it
will be discussed in Sec. III B. In this case the power level
along the modulator cannot be considered constant any-
more and diffraction and slippage effects become impor-
tant. In our case, Eq. (1) is valid with less than 2% error
with P4 being the power level established after two thirds
of the modulator length Pp,q,/3. Assuming that the length
of the modulator is fixed and the longitudinal and trans-
verse properties of the radiation pulse are stable, one can
readjust the power of the radiation field of the input seed
laser on its first pass in the modulator to achieve precisely
the energy modulation desired in the steady state regime.

After this step, the precise mean energy modulation in
the steady state regime is calculated, since at this point the
operation of the oscillator is stabilized and fixed. A useful
parameter is the normalized energy modulation amplitude
which is defined as [41]:

A= 2
ors’ (2)

where oy ; is the energy spread upstream the modulator
and AFE is calculated with Eq. (1). Based on the energy
modulation we optimize the bunching by adjusting the Rsg.
More commonly, the normalized dispersion is used which
is defined as [41]:

B— 27Rs60.i ’ (3)
j'modE

where A,,,q is the central wavelength of the radiation pulse

at the modulator and E is the electron beam energy. The

bunching factor, which quantifies the density modulation

within the bunch for a specific harmonic number n is

defined as [22]:

1
b, = |J,(~nAB)| exp (—§n232>, (4)

where J,, is the Bessel function of the first kind. Based on
this formula, the working point, which is defined by the
A and B parameters, is determined. As an example, one can
aim for 20% of bunching amplitude at the 5th harmonic of a
300 nm seed laser by adjusting the dimensionless param-
eters A and B.

B. Requirements for modulator length

In this section, we discuss the importance of the length of
the modulator and the power level of the radiation field in
the cavity. This is because the required normalized energy
modulation A can be achieved by varying these two knobs,
as shown in Eq. (1).

The upper limit for the modulator length is mainly
imposed by the maximum energy spread which can be
induced along the modulator while a high-quality beam,
suitable for exponential amplification is still maintained.
The energy spread of the electron beam upstream from the
amplifier, o, as a fraction of the electron beam energy E
should be much smaller than the parameter p. Therefore,
op/E < p [42], where p is the dimensionless fundamental
FEL parameter [43].

The lower limit is imposed by the energy modulation
needed to achieve significant bunching at a certain har-
monic of the seed laser, and in addition, by the losses of the
resonator. For HGHG, the normalized energy modulation A
at the end of the modulator should be approximately equal
to the harmonic number in order to efficiently suppress the
exponential term and maximize the Bessel function in
Eq. (4). However, for higher harmonics it is preferred to
deviate from this rule and use smaller energy modulations
due to the energy spread limitations discussed above.

The following study for achieving the 12th harmonic of a
50 nm seed source wavelength is based on the previously
illustrated principles. Based on this case, the length of the
modulator is determined. For longer wavelengths, this
length is sufficient and for lower harmonics the peak input
power can be decreased to control the energy modulation.
The requirements are: (1) For the simulation parameters
in Table I, the FEL parameter at the amplifier is
p = 1.3 x 1073, therefore the requirement o5/ E < p leads
to o < 1.75 MeV, which is equivalent to A <« 14.6. We
set the limit at: A < 10 for the energy modulation at the end
of the modulator. (2) The maximum possible peak power of
a seed laser at 50 nm and at 10 Hz is assumed to be 60 MW:
Pgeea < 60 MW [37]. (3) The maximum total reflectivity of
a resonator for 50 nm is assumed to be 10%: R < 10% [44].
(4) The minimum normalized energy modulation for
achieving at least 2% bunching is calculated analytically
with Eq. (4) as: A > 5.5.

Figure 2 shows the possible modulator lengths for
different input radiation pulse peak powers, based on
simulation results of a single pass in the modulator. As
discussed, a maximum input peak power of 60 MW is used.
The requirement for 5.5 <A < 10, reduces the allowed
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FIG. 2. Overview of possible modulator lengths and seed laser
powers. The color bar shows the range of normalized energy
modulation that is useful (5.5 < A < 10) in shades of green. The
grey and light blue areas of the color bar correspond to non
acceptable values of energy modulation. The modulator length
for which the power gain is not sufficient to cover resonator losses
that are above 90% is also excluded and is shown in the plot with
the diagonal black stripes. The small space of input peak power
and modulator length combinations that is meeting all the
requirements lies in between the two dashed black lines, and
the vertical black line. As a result, the minimum possible
modulator length is 5 m.

parameter settings to the area indicated by the green band
shown in the figure. In order to have enough energy
modulation and at the same time achieve the same energy
modulation in subsequent passes, the power has to be
increased 10 times to compensate for the 90% losses
assumed. As a result, the limitation in reflectivity,
R < 10%, reduces further the allowed parameter settings
to the nonstriped area. In the end, there is only a small space
available for combinations of seed laser power and modu-
lator length that meet all four requirements, which is the
area in between the black dashed lines and the vertical
black line. It is concluded that in order to achieve the 12th
harmonic of a 50 nm seed laser with reasonable bunching,
realistic seed laser power and resonator total reflectivity, the
modulator has to be at least 5 m long. Longer modulators
can be used in case the reflectivity of 10% cannot be
reached, without violating the other 3 conditions. This
conclusion is valid for the specific parameters of the study
and one can deviate for different simulation parameters,
such as the electron beam parameters, or the focusing and
waist size of the radiation pulse, for instance.

Based on this study, a modulator of 5.4 m length is
chosen with an input seed laser peak power of 3 MW and
with total resonator reflectivity of R = 6% for the 50 nm
case. The peak power in the steady state region is stabilized
at 3.5 MW. We choose a longer than the minimum required
modulator length of 5 m because this way, when there are
deteriorations, such as a timing jitter between the seed laser,

or a spatial jitter between them, there is still enough power
gain to compensate for the resonator losses.

This modulator length is well beyond the traditional
approach of using modulators of less than two gain lengths
[22]. The consequence is that the modulator operates in the
exponential regime, where the system is more sensitive to
intensity fluctuations. The calculated power gain length for
the simulations based on fitting the Ming-Xie formulas [43]
is 1.12 m for the 50 nm resonant modulator and hence, the
modulator covers roughly 4.8 gain lengths.

C. Cavity detuning for optimum longitudinal
overlap between electrons and stored light pulse

Since the electrons are slower than the photon pulse
within the modulator, due to their smaller longitudinal
velocity, the laser pulse advances longitudinally in each
pass, an effect known as slippage. When the group velocity
of the electromagnetic wave is equal to the speed of light
[45], the slippage is the product of the number of undulator
periods N, and the resonant wavelength A,.4, therefore
Az = N, Amoq- For high-gain FELs in the exponential gain
regime, the group velocity is reduced and the slippage
drops to Az = N, Apneq/3 as shown in [34,45,46].

In this paper, the zero detuning AL.,, = 0 is defined as
the length of the cavity for which the light pulse overlaps
with the following electron bunch without taking into
account the slippage. However, since there is slippage
the synchronism of the system is achieved for a cavity
length that is longer than the zero-detuning length, so
AL, > 0. Figure 3 shows a detuning curve with the pulse
energy and FWHM pulse duration averaged over 30 passes
and a modulator resonant with 1,,,4 = 50 nm. The cavity
detuning can therefore be used to control the pulse
duration, bandwidth and pulse energy of the output
radiation [4]. In this paper, we are choosing a cavity length
which maximizes the gain per pass and the pulse duration,
which occurs when AL, ~ 541,04 The width of the

2 60 .ﬁ. 4=
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©
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0 20 40 60 80 100
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cav [ Amod J

FIG. 3. Mean pulse energy and pulse duration over 30 passes in
the oscillator for different cavity detuning AL, length. The
modulator is tuned to A,,q = 50 nm.
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cavity detuning curve depends on the seed laser pulse
duration and the electron bunch length which in this case is
a 100 fs flat-top bunch.

IV. SIMULATION RESULTS

A. Transverse properties of light pulse in the cavity

It results from the simulations that not only the longi-
tudinal plane, but also the transverse plane of the radiation
field plays an important role in the stability of the resonator,
making the use of 3-dimensional codes such as Genesis of
utmost importance. Changing the waist size and/or waist
position within the modulator in one pass affects the gain of
the system significantly. The Rayleigh length depends on
the waist size, and its relation with the power gain length
affects the energy exchange and amplification process in
FELs when the diffraction effect cannot be suppressed [43].
In addition, the energy modulation depends on the effective
power that overlaps temporally and spatially with the
electron beam. In the transverse plane, the field has to
be reasonably larger than the electron beam size, while it is
usually desired to be shorter longitudinally.

The waist size in the modulator per pass is simulated and
calculated with chi23d [47]. The M? [48] and waist size in
the steady state region (here we assume from pass 30 to
pass 100) for both horizontal and vertical planes along with
their rms fluctuations and for resonators suitable for 50 nm
and 300 nm are summarized in Table II. It should be noted,
that the focusing has been optimized separately for the two
wavelengths. The waist size wy is defined as the radius of
the beam when the intensity drops to 1/e* of the on-axis
intensity, and at focus position when propagating in a drift
section. For the first pass, the seed laser is an ideal Gaussian
pulse. The field stabilizes transversely in terms of intensity
and waist size with very low fluctuations over the course of
passages. We conclude that the radiation pulse has proper-
ties which depend on the design of the cavity. This has the
advantage of compensating initial fluctuations and leading
to a self-stabilized working point.

B. Output seeded FEL radiation

In this section we present the simulation results for 2
different cases: (i) The 5th harmonic of a modulator
resonant with 300 nm, (ii) and the 12th harmonic of a
modulator resonant with 50 nm. The stability per pass in

TABLE II. Transverse properties of stored radiation pulse:
waist size and M? on horizontal (x) and vertical (y) plane and
their rms fluctuations in the steady state region.

50 nm 300 nm
M? x 1.859 £ 0.002 1.538 = 0.002
M?*y 1.576 + 0.002 1.339 £ 0.001

Waist size x
Waist size y

(267.9 +0.3) um
(250.3 +0.3) um

(589.4 +0.5) ym
(681.1 +0.6) ym

frequency domain for the output FEL is shown in Fig. 4(a)
and 5(a). As an example, the spectra of the passes 20,
40, 60, 80, 90, 100 for both cases are shown in Fig. 4(b) and
5(b) and the power profiles for the same passes in Fig. 4(d)
and 5(d) are shown separately. The evolution of the power
profile for 100 passes is shown in Fig. 4(c) and 5(c).

For both output FEL wavelengths (4.167 nm and 60 nm),
the spectrum is longitudinally coherent from the first pass
already and shows wavelength and coherence stability,
proving that one can use this scheme to generate fully
coherent high-repetition rate seeded FEL radiation. For the
4.167 nm case, we see in Fig. 5(a) that there is a red shift in
the spectrum which is less than 0.03%, and depending on
the experiment, can be tolerated. Finally, Fig. 5(c) shows a
pulse shortening of the FEL pulse duration caused by the
development of an FEL frequency chirp along the modu-
lator with the number of passes. The pulse duration can be
restored with a grating if required by the experiment. The
timing for both cases seems to be reliable. Some of the
basic parameters that characterize the final FEL pulses are
shown in Table III as an average.

V. STABILITY OF THE SYSTEM

In this section, we investigate the stability of an HGHG
seeded oscillator-amplifier. In Sec. V A we study the effect
of fluctuations of the input seed laser power, the tolerances
in the total reflectivity of the resonator, the effect of relative
timing offset between the injected seed laser and the
electron bunch in the first pass and the charge jitter. In
all cases, the stability is examined with simulated results in
terms of power gain G and normalized energy modulation
A from the 30th pass and up to 100 passes in the oscillator,
so in the steady state regime.

The power gain is defined as G = (P, — P;)/P;, where
P; is the peak power upstream from the modulator and P is
the peak power downstream of it. The results shown refer to
a 50 nm resonant modulator and optical feedback system,
since the 300 nm resonant modulator is operating at the
exponential region as well and analogous results are
observed in the simulations.

In Sec. V B, we discuss the effect of the oscillator power
fluctuations on the energy modulation and the bunching
amplitude, which is crucial for implementing the HGHG
seeding. In this case, both the 300 nm and the 50 nm cases
are considered and analytical derivations are compared to
simulation results. Similarly to the previous section, we
show the results for the Sth harmonic of a 300 nm seed laser
and the 12th harmonic of a 50 nm seed laser.

A. Impact of input seed laser peak power, resonator
reflectivity, laser-electron beam timing offset
and charge jitter

Shot-to-shot fluctuations of the input seed laser power at
the first pass can affect the stability of the stored power in
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TABLE III. Properties of FEL output radiation.

4.167 nm 60 nm
Pulse energy 18.2 uJ 150 udJ
rms pulse duration 13.4 fs 25.2 fs
A /A 2.8 x 107 1.8 x 1073

the feedback system per pass. In Fig. 6(a) the effect of the
input seed laser power is shown for a 5% and 10% offset,
which is considerably larger than the power stability of
current seed laser systems which are often expected to be
within 1% rms. Since a deviation of 10% in the seed laser
power affects the energy modulation by less than 4% and
the power gain considerably less than 0.01%, it is con-
cluded that the seed laser power fluctuations are not critical
for the stability of the HGHG seeded oscillator-amplifier.
This result relaxes the requirements on the seed laser
source.

The reflectivity of the optical feedback system can vary
either due to static effects or due to dynamic effects. Some
of the effects that can degrade the operation of the cavity
are the thermal loading, the slow degradation of the mirrors
or the thermal effects on the mirror holders which can cause
a cavity misalignment. Higher reflectivity, and therefore
more power, leads to more instability as shown in Fig. 6(b).
Increasing the power level of the radiation in the feedback
system for a fixed modulator length results in a different
working point on the gain curve which is closer to the
saturation. In the reflectivity study case, the effect on both
the relative energy modulation and the relative power gain
is much stronger than in the seed power fluctuation study
[Fig. 6(a)], since in this case the reflectivity offset is acting
in every single pass and the effect is amplified with the
number of passes.

It results that the reflectivity has to be carefully con-
trolled and thermal effects have to be studied to secure a

stable operation, since a 2% relative deviation in reflectivity
can affect the energy modulation to an extent that HGHG is
no longer possible. However, a careful design of the
mirrors, and a feedback system that counteracts the
degradation of the mirrors can ensure that the reflectivity
changes are limited to acceptable ranges, which in our case
should be < 1%, and achieve active control.

Figure 6(c) shows the effect of a +40 fs timing offset
between the electron bunch and the seed laser which is
injected in the first pass. The timing jitter should be better
than 40 fs with optically locked seed lasers and assuming
that feedback systems can prevent slow drifts. The simu-
lations are implemented with a 100 fs flat-top electron
bunch, since this bunch length is sufficient to simulate the
overlap between the electron bunch and the radiation
pulse, taking into account the slippage with accurate
simulation results. This allows reducing the demanding
required computational time needed for such simulations
that run in several passes. However, only for this study,
we have extended the electron bunch length to a 300 fs
flat-top current distribution, for realistic results of time
jitter. In all cases, the energy modulation is not affected
more than 4%, therefore the timing between the electron
bunch and the seed laser injected in the first pass is not
crucial when the electron bunch is sufficiently long and
uniform.

In addition, we simulated the effect of charge jitter up to
+1% [49] by adjusting the peak current of the flat-top. The
simulation results showed that even with the maximum
offset, the energy modulation is affected by less than 4%
and the gain by less than 0.2% within the error bars. It is
concluded that a moderate charge jitter is not critical for the
implementation of the scheme under study. In the following
section, we extend the study to understand how the
normalized energy modulation fluctuations affect the for-
mation of the bunching amplitude and eventually, the
seeding process.

0.04 0.01 0.01 0.01 0.01
05
0.02 0.005 0.005 0 0.005
< O < o <001 o
i 0 0 G X 0 0 5 < 0 3
< 4 <4 o2 <
-0.02 -0.005 ) -
o5 0.005 0.0 0.005
: 0.01 -0.04 -0.01
-0.1 0 0.1 5.9 6 6.1 40 20 0 20 40
AP eed Poeed Reflectivity [%] Timing offset [fs]
(a) (b) ()

FIG. 6. Overview of the stability study. In (a) the effect of seed laser peak power, P4, fluctuation up to 10% is shown, in (b) the
reflectivity tolerances for up to 2% and (c) the effect of timing offset between the external seed laser pulse and the electron beam for up
to +40 fs. In all cases we show the effect on the relative normalized energy modulation AA/A, achieved at the steady state in the
oscillator (passes between 30 and 100), and on the right axis, the effect on the relative power gain, AG/G as an average over the same
passes. The error bars indicate the standard error on the mean values calculated at the steady state region.
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B. Sensitivity of bunching amplitude
on power fluctuations

As discussed in the previous section, there are several
factors that can cause fluctuations in the power level, and
hence the energy modulation achieved at the modulator.
After exiting the chicane, the prebunched electron bunches
arrive at high-repetition-rates and enter the amplifier. At
this second stage, the amplifier, the only input parameter is
the prebunched electron bunch. For this reason, it is
essential to study the sensitivity of the bunching factor
on the power fluctuations in the oscillator. Starting from
Eq. (1), and Eq. (2), the sensitivity of the normalized energy
modulation A to the power per pass P,,q of the stored
radiation pulse in the cavity is

AA  1AP,

A 2P (5)

The rms power fluctuations and rms normalized energy
modulation fluctuations are shown in Table IV and they are
consistent with Eq. (5). In addition, Table V summarizes
the seed laser pulse properties at the exit of the modulator,
where the peak power maximizes. The peak power that
reaches the mirror downstream will be less than the several
MW reported here due to diffraction.

Based on Eq. (1), (2), and (4), the power fluctuations in
the oscillator translate into bunching fluctuations for the
electron beam that enters the amplifier. In turn, the power
level Py when the power growth is transitioning to
exponential in the amplifier is correlated with the bunching
amplitude as: Py, « |b,|* [50]. This means that for a fixed
radiator length and sufficient initial bunching at the

TABLE IV. The Table summarizes the mean normalized energy
modulation A and the mean power in the cavity P, over 100
passes with their rms fluctuations. In addition, the normalized
dispersive strength B used for the analytical calculations in this
section is shown.

300 nm-5th 50 nm-12th
harmonic harmonic
A 7.24 7.11
A rms fluctuations 1.66% 1.93%
P 0a Tms fluctuations 3.12% 4.31%
B 0.17 0.14

TABLE V. Summary of laser pulse properties at the exit of the
modulator.

300 nm-5th harm. 50 nm-12th harm.

Prod 51.4 MW 56 MW
Pulse energy 3.4 ul 2.7 ul
rms pulse duration 25 fs 17.8 fs
Beam radius x 228 ym 147 um
Beam radius y 192 ym 120 ym

amplifier, the bunching fluctuations can affect the final
FEL power depending on whether or not saturation has
been reached at this point.

We calculate the sensitivity of the bunching amplitude on
energy modulation deviation for an HGHG scheme [51] as:

Ab o AA 1 AA?
— = n?B*— — —[n*(B*> + B?A%> - 1)] —-.
bn n A 2 [n ( + )] A2

(6)

One can easily extract the sensitivity of the bunching
amplitude on the power fluctuations in the oscillator from
Eq. (5) and (6).

Figure 7 shows how Eq. (6) relates to the simulation data
for all 100 passes shown in Fig. 4 and 5. Table IV shows the
exact parameters used in Eq. (6), with the normalized
dispersion B being calculated by taking into account
the chicane strength and the longitudinal dispersion
added along the long modulator [52]. The power fluctua-
tions in the oscillator affect the bunching amplitude of
higher harmonics more severely, based on Eq. (6) and the
simulation results. We have extended the analytical study
for up to a 40% deviation in A, in order to cover the effects
studied in Sec. VA. These analytical calculations can be
used to minimize the effect of the fluctuations in the
oscillator on the bunching amplitude.

Finally, the bunching maps of the 5th harmonic of a
300 nm and the 12th harmonic of 50 nm seed laser are
shown in Fig. 8(a) and 8(b). The peak to peak energy
modulation fluctuations which occur in the first 100 passes
are shown with a double arrow on the bunching maps The
color bar indicates the analytically calculated bunching
amplitude fluctuations expected for the calculated energy
modulation fluctuations observed in the simulations and for

0.5 simul. 12th harm.
analyt. 12th harm.
* simul. 5th harm.

,,,,,,

analyt. 5th harm.

AA/A

FIG. 7. Sensitivity of bunching amplitude on energy modula-
tion fluctuations downstream from the modulator. The solid lines
are calculated with Eq. (6), while the stars show the simulation
results for 100 passes. The dark blue and the light blue color
represent the 5th harmonic of a 300 nm resonant modulator and
the 12th harmonic of a 50 nm resonant modulator, respectively.
In the inset, we show the range of the fluctuations observed in the
simulations in more detail.
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FIG. 8. Analytically calculated bunching maps [see Eq. (4)].
The red horizontal dashed lines show the peak to peak fluctua-
tions calculated for 100 passes in the oscillator and the red double
arrow indicates the bunching fluctuations for the Rsq used in the
simulations. (a) Sth harmonic of 300 nm. (b) 12th harmonic
of 50 nm.

the Rsq set in the simulations. For increasing harmonic
number the bunching maps become more constricted which
illustrates the increasing sensitivity to fluctuations. One can
use this type of plots to optimize for minimum bunching
fluctuations, or for maximum bunching amplitude.

VI. CONCLUSIONS

In this paper, we presented the optimization process of an
HGHG seeded oscillator-amplifier. The modulator length
was determined based on the requirements for the imple-
mentation of HGHG seeding and the technology available
for this setting, and the seeding parameters were optimized.
An overview of the output seeded FEL radiation per pass in
time and frequency domain for 100 passes from initiation
proves that fully coherent light can be generated almost
immediately with a seeded oscillator-amplifier scheme.

Since the oscillator is partially operating in the exponen-
tial regime, the stability of the power per pass in the oscillator
is more crucial compared to conventional FEL oscillators
operating close to saturation. The seed laser power fluctua-
tions at the first pass can be tolerated up to 10%, which
relaxes the requirements on the seed laser. In addition, a
timing jitter between electron and laser beam up to +40 fs
and a charge jitter up to +=1% can be tolerated, indicating the
feasibility of the scheme. The reflectivity seems to be the
main challenge since it should deviate considerably less than
1% from the nominal value for reliable results. This can be
achieved with appropriate mirror choice and the use of
feedback systems. An active control on the reflectivity is
crucial, since it is the main tuning knob for compensation of
other fluctuations and for system stability.

Finally, we show how the power fluctuations in the
oscillator affect the fluctuations in energy modulation
which in turn determine the fluctuations in bunching
amplitude. Simulation results were compared with analyti-
cal expressions in good agreement and can be used to
determine a stable working point.
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