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Abstract: There is a growing interest in designing and building compact X-ray Free Electron Lasers
(FELs) for scientific and industry applications. In this paper, we report an X-ray Regenerative
Amplifier FEL (XRAFEL) design based on a proposed Ultra Compact X-ray FEL configuration. Our
results show that an XRAFEL can dramatically enhance the temporal coherence and increase the
spectral brightness of the radiation in the hard X-ray regime without increasing the footprint of the
FEL configuration. The proposed compact, fully coherent, and high-flux hard X-ray source holds
promise as a valuable candidate for a wide range of high-impact applications in both academia
and industry.

Keywords: X-ray free-electron laser; cavity; XRAFEL; ultra-compact X-ray free-electron laser;
GENESIS 1.3

1. Introduction

The development of X-ray free-electron lasers (XFELs) has been a very active field
of research in recent years [1-3]. Several major XFEL facilities have been built around
the world for multi-disciplinary research in physics, chemistry, biology, and materials
science [4-8]. Science is not, however, immune to the laws of supply and demand. With this
growing attention in XFELs, the demand for access to XFEL facilities has greatly surpassed
the current capabilities of supply. Access to X-rays for multi-disciplinary studies is limited
due to size and cost requirements of XFEL facilities. As a result, XFEL facilities often
do not have enough time to accommodate for a majority of the proposals submitted by
user communities [9]. In an effort to reduce the size and cost of XFELs, researchers have
proposed various innovative methods for “miniaturizing” these devices [10-12]. Such
compact XFELs may be able to be deployed in a university or even in industry for more
dedicated purposes.

This paper studies the possible implementation of a compact X-ray Regenerative
Amplifier Free-Electron Laser (XRAFEL) at the proposed Ultra-Compact X-ray Free-Electron
Laser (UC-XFEL) facility [11]. The scientific motivation and the accelerator designs are
reported in a companion paper of this proceedings [13], and our paper focuses on the FEL
design and simulations. An XRAFEL is a type of cavity-based XFEL (CBXFEL) that couples
a high-gain FEL undulator to an X-ray cavity [14]. An XRAFEL requires high-brightness,
high repetition rate electron bunches and operates as a high-gain FEL which produces stable
X-rays with high peak power and excellent coherence [15,16]. Because of the high-gain FEL,
the high repetition rate electron bunches can come in a “burst” mode to reach XRAFEL
saturation while the repetition rate of the “burst” can be relatively low [14,16]. The X-ray
cavity consists of a series of Bragg mirrors, drift paths, and, optionally, focusing and other
optics adjacent to the undulator. In most XRAFEL configurations, the Bragg mirrors have
a narrow bandwidth which effectively monochromatizes the X-rays and diverts them off
of the undulator axis [15,17]. Diamond is commonly used for its efficiency, hardness, and
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high reflectivity within the Bragg window bandwidth [18,19]. The portion of radiation
that is reflected by the mirrors lies within the Bragg window and recirculates in the cavity
for a number of passes, where at each pass it re-interacts with a new electron bunch [15].
The reflected X-rays act as the seed power for the next FEL interaction [17]. There are
numerous current CBXFEL proposals [14-17], including X-ray FEL oscillators [20-22]. One
recent experimental result with particular relevance to our study is a 14 m Bragg cavity
without FEL interactions that has been successfully demonstrated [23]. In comparison
to self-amplified spontaneous emission (SASE) FELs, a cavity-based system such as an
XRAFEL produces a two- to three-fold increase in the spectral brightness [15,17,21]. High-
brightness X-rays have broad applicability across numerous research fields, spanning
high-energy density physics, [24], atomic and molecular spectrosopy [25,26], single-particle
imaging [27], and X-ray optics [28,29].

In this paper, analysis on both a one- and three-dimensional model of the cavity is
conducted. The purpose of the 1D simulation is to give a precursory understanding of the
feasibility of such a compact XRAFEL cavity. The 3D simulation is conducted using the
FEL modeling software GENESIS 1.3 [30,31] and will be the primary subject of discussion.
Moreover, this study demonstrates the successful amplification of initial SASE radiation to
powers up to the tens of GW level within a few passes in a 12 m round-trip cavity. The paper
will be structured as follows: first, a discussion of the one-dimensional MATLAB simulation,
followed by the findings of the three-dimensional GENESIS 1.3 study and analysis of the
implications of each. Lastly, a commentary on the capabilities and development of the
UC-XRAFEL as deduced from the one- and three-dimensional simulation results follows in
the Discussion section.

2. XRAFEL and Beam Configuration

As a representative example, we consider a rectangular cavity composed of four
diamond mirrors oriented at 45 degrees (see Figure 1), with Bragg resonance centered at
6.95keV (Miller indices 220). The crystal thickness of the first mirror is 20 pm and results in
a peak reflectivity of 98.9% and an FWHM reflective bandwidth of 150 meV. Mirrors 2-4
are 100 um thick with a peak reflectivity of 99.6% and FWHM of 141 meV. The 4 m long
undulator is centered between two mirrors, spaced 5.5 m apart in a rectangular X-ray cavity
with roundtrip length L. = 12 m. Two compound refractive lenses (CRL) with f =3 m
focal length are placed equidistant from each other to establish a stable transverse mode
inside the cavity.

Undulator
0.75m 0.75m
4m
0.5m
N V4
M3 /M2
5.5m

Figure 1. The setup of the 12 m round-trip cavity designed for possible use in the UC-XFEL facility.

We base our study on the UC-XFEL design parameters [11]. The electron beam energy
is 2.44 GeV. Six to eight electron pulses generated by the C-band linac, each separated by
40 nsec, are used to build up the intra-cavity power. The undulator period is A;, = 6.5 mm,
and the undulator strength is quadratically tapered to extract more FEL power. Given the
design of UC-XFEL, a laser modulator is used to introduce periodical energy modulation
to the electron beam. Through subsequent downstream acceleration and compression,
the electron beam’s final longitudinal phase space takes the form of a bunch train [32].
The periodicity of the laser in the modulator determines the periodicity of the bunch train
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and the width of each individual bunch. In this report, we discuss two different cases:
1 pm and 3 pm laser modulation, with corresponding current profiles depicted in Figure 2.
Additional beam parameters used in our simulation are listed in Table 1.
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Figure 2. (a) 1 um current profile along the bunch length. The beam is composed of 20 Gaussian

functions, each separated by 1 um. (b) 3 um current profile along the bunch length, with separation
3 pum.

Table 1. Summary of parameters for the ultra-compact X-ray regenerative amplifier free-electron
laser (UC-XRAFEL).

Parameter Units Value
Energy GeV 2.44
Energy spread % 0.03
Normalized transverse emittance nm-rad 75
Peak current kA 4.0
Undulator parameter, K 0.50
Undulator period mm 6.5
Undulator length m 4.0
Radiation wavelength A 1.783
Photon energy keV 6.95
Cavity roundtrip length, L. m 12
CRL focal length, f m 3

3. One-Dimension Study

We first demonstrate the feasibility of such a compact XRAFEL cavity using fast
1D simulations. The one-dimensional FEL simulation builds upon code developed by Z.
Huang [33]. FEL radiation is produced according to the coupled longitudinal equations of
motion for an electron given in [33-36] as:

i _ .
dz Zkuﬂ] 1)
. —eK[J]] .
= 27r2mcz‘E‘sm(9]) )

where j indexes the individual electrons, 6 is the electron phase, k; is the undulator
Vi—Ur

wavenumber, 7 = —— is the normalized electron energy deviation from resonance,
where 1, is the Lorentz factor of the FEL resonant electron beam energy, K is the undulator
strength parameter, and [J]] is the undulator Bessel function factor [33-35]. The field
equation of a one-dimensional free-electron laser is given by :

J d v ek g,
az+kuae]1E(6],Z)— ‘4eofy;ne<e Na 3)
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where E is the electric field, 7, is the electron density, and the angle brackets over A denote
an average taken over all electrons in the slice [33-35].

The cavity is approximated by a flattop filter in the frequency domain, with the center
of the filter set to the resonant FEL frequency. Due to the short temporal duration of each
bunch in the bunch train in Figure 2, the FEL output spectrum is much broader than the
Bragg reflection window. Consequently, the spectral component falling within the Bragg
reflection window is recirculated for repetitive interactions with the electron beams, while
the portion of the spectrum lying outside the Bragg window is outcoupled.

In the 1D simulations with the 1-um case, the cavity reaches saturation within 6 e-beam
pulses, as shown in Figure 3a. The resulting output spectrum exhibits a clean frequency-
comb structure (Figure 3b). Further analysis on the stability and preservation of the comb
structure is given in Appendix A. For comparison, we also present a single-pass SASE
simulation in Figure 4. Notably, both the peak power and spectral brightness significantly
exceed those of the SASE scenario.
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Figure 3. 1D UC-XRAFEL simulation results for the 1-pm current modulation. (a) The gain curves
after each recirculation pass for optimal tapering [37]. (b) The output spectrum after the 5th pass.
(c) The power profile of the out-coupled radiation for the 5th pass, with a maximum power along the
bunch peaking at 80 GW.
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Figure 4. 1D SASE simulation results for the 1-um current modulation. (a) Gain curve, (b) output
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spectrum, and (c) power profile for single-pass SASE with no tapering. The maximum power peaks
at 20 GW.

3.1. Three-Dimension Study

Building upon the insights gained from our 1D simulations, we proceeded to perform
3D simulations for the compact XRAFEL scheme. The FEL process is modeled by the 3D
FEL code GENESIS 1.3. In order to take advantage of the ultra-low emittance electron
source from the UC-XFEL design, we insert a quadrupole FODO lattice superimposed to
the undulator to focus the transverse size of the electron beams to about 1 um. This likely
necessitates use of permanent magnets placed inside the undulator gap. This design may
be made more robust by using a new modified Panofsky quadrupole scheme [38].

A custom MPI-parallelized Python code takes the 3D complex field from GENESIS 1.3
and tracks it along the cavity. The field propagation in the drift spaces between the cavity
optical components is modeled by the Fresnel equation. Each refractive lens is treated as a
lossless parabolic phase mask in transverse space. The diamond mirrors are modeled using
the dynamical theory of X-ray Bragg diffraction [39]. The recirculated radiation is dumped
and used as the seed file for the next FEL interaction, and the field transmitted through the
first Bragg mirror downstream of the undulator is recorded as the outcoupled radiation.
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We consider two distinct beam profiles with 1 ym and 3 pm laser modulation, as
depicted in Figure 2. For the 1 um modulated e-beam, the current profile is made up of
20 Gaussian current spikes with a FWHM of 45 nm, each separated by 1 micron. The
current profile for the 3 pm laser is 7 Gaussians with a FWHM of 135 nm and separated by
3 um. The goal of the 3 um study is to address slippage concerns. In our configuration, the
slippage length is about 100 nm. The longer current spikes of the 3 pm current modulation
is notably longer than the slippage length, resulting in enhanced FEL performance in terms
of both power output and spectral width.

3.1.1. 1 um Current

In Figure 5a we show the 3D simulation result of the pass-to-pass power build-up
process of the UC-XRAFEL using electron beams with 1 pm laser modulation. The FEL
peak power reaches 20 GW within 7 electron shots, a result that aligns with our 1D findings.
The intra-cavity seed power reaches 52 MW, and the undulator taper is optimized given
the strong seed. Figure 5b,c are the spectrum and power profile of the outcoupled radiation
after 7 electron shots. The single-pass SASE simulation with no tapering and the same
electron beam parameters is included in Figure 6 as a comparison. As observed in both
1D and 3D results, the XRAFEL outputs exhibit significantly cleaner and more uniform
temporal and spectral characteristics, due to the strong intra-cavity seed.
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Figure 5. Three-dimensional simulation results of UC-XRAFEL with 1 um modulated electron beams.
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Each plot describes (a) the gain curves after each pass through the cavity, (b) the output spectrum after
the 7th pass, and (c) the power profile of the out-coupled radiation for the 7th pass. The maximum
output power along the bunch peaks at 25 GW.
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Figure 6. Three-dimensional simulation results of a single-pass, non-tapered SASE with 1 um
modulated electron beams. Each plot describes (a) the gain curve, (b) the output spectrum, and
(c) the power profile. The maximum output power attainable by single-pass SASE for a 1 um current
profile is 4.5 GW.

The precise synchronization of the electron bunch spacing and the radiation arrival
time is investigated and depicted in Figure 7. The input seed is shorter (~40 fs, FWHM)
than the electron bunch length (67 fs). The cavity length (12 m) is matched with the
roundtrip frequency of the electron beam: 40 n1s X ¢ = 11.992 m.

A shift of 10 fs of the seed radiation with respect to the electron bunch results in
approximately 85% of the seed power used for FEL interaction and amplification. A more
dramatic offset between the electron bunch length and the round trip cavity length of 20 fs
results in only 48% of the input seed feeding the FEL interaction. The tolerance on the
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cavity length is set by this synchronization condition, which corresponds to approximately
3-6 um. However, since the FEL is in the post-saturation regime, a conservative offset will
not likely introduce a significant energy jitter.

N w
o o

Power [MW]
=
o

-40 -20 0 20 40
Time [fs]

Figure 7. Seed profile for the 7th pass of the 1 um current profile. A 10-20 fs offset of the seed input
from the electron bunch length results in a partial decrease of the input seed power.

3.1.2. 3 um Current

Due to the relatively short duration of the electron beam current spikes in the 1 um
scenario, the power gain is constrained by slippage effects. Increasing the time duration
of the e-beam current spikes can enhance FEL gain. In Figures 8 and 9, we present the
outcomes of our 3D simulations on the 3 um modulated electron beam, the current profile
of which is depicted in Figure 2b. After six passes, the output peak saturation power
reaches 44 GW after transmitting the first mirror. This represents a significant two-fold
increase in power compared to the 1 um case. The FEL bandwidth is also narrower by more
than a factor of 2 compared to the 1 um case. In the case of a single-pass SASE simulation
for a 3 um modulated beam, a peak power output of up to 6.5 GW is attained, indicating
a similar level of improvement compared to the 1 pm case. The SASE simulation uses
an undulator with no tapering. Notably, the spectral brightness of XRAFEL exhibits a
substantial improvement, surpassing that of SASE by almost two orders of magnitude.
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Figure 8. Three-dimensional simulation results of UC-XRAFEL with 3 um modulated electron beams.

Each plot shows (a) the gain curve (b) the output spectrum, and (c) the power profile. A maximum
power of 44 GW is reached after the sixth pass.
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Figure 9. Three-dimensional simulation results of a single-pass SASE with 3 pm modulated electron

beams. (a) Gain curve, (b) output spectrum, and (c) power profile for SASE with no tapering. The
maximum power along the bunch peaks at 6.5 GW.
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4. Discussion and Conclusions

In this report, we demonstrate the successful amplification of initial SASE radiation
at 6.95keV to powers up to the tens of GW level within a few passes in a 12 m round-trip
cavity. Our investigation involved two distinct electron beam current profiles employed
in the UC-XRAFEL cavity design, showcasing a substantial enhancement in peak power
compared to SASE. For the 1 um current profile, we achieved a 25 GW peak power output
compared to 4.5 GW achieved with SASE. Similarly, the 3 um current profile yielded a
44 GW peak power output compared to the 6.5 GW observed with SASE. While the FEL
does not reach a perfect steady state, we are limited by the number of electron bunches in
play: the 12-m cavity and the electron bunch repetition rate accommodates eight passes,
in which the peak saturation power for both 1 pym and 3 um is reached by pass seven. By
employing a 3 pm modulated electron beam instead of a 1 pm one, we observe a notable
increase in the maximum power output and a narrower spectrum.

The distinctions between the SASE and XRAFEL outputs are readily apparent. The
SASE spectrum exhibits a broadband nature and maintains its characteristic spikes at-
tributed to self-amplified shot noise. In contrast, the seeded spectrum within the XRAFEL
output possesses a smoother and more stable shape. This cleaner spectral profile of the
XRAFEL output results from the dominance of a robust intra-cavity seed power over the
shot noise inherent in SASE. Furthermore, due to the increased power and the cleaner
spectral structure, the spectral brightness of XRAFEL is enhanced by almost two orders of
magnitude compared to SASE.

We note in passing that the XRAFEL from a current modulated beam generates a train
of phase-locked X-ray intensity profile and the corresponding spectral spikes, which can
be further explored for various applications. For applications needing the highest spectral
brightness, a more uniform electron bunch profile will generate a more uniform X-ray tem-
poral profile, and hence, the spectral brightness will be more concentrated in a single spike
with the maximum brightness. In the near future, we plan to explore different bunch com-
pression schemes to generate a compact single-pulse current distribution, while mitigating
deleterious collective effects. This will serve to further optimize the spectral brightness.

To summarize, we report an XRAFEL design based on the current UC-XFEL config-
uration and present first simulation studies to obtain an estimate of the performance of
the scheme. Our results show that an XRAFEL can dramatically enhance the temporal
coherence and increase the spectral brightness of the radiation in the hard X-ray regime
(6.95 keV) without increasing the footprint of the FEL configuration. The proposed compact,
fully coherent, and high-flux hard X-ray source holds promise as a valuable candidate for a
wide range of high-impact applications in both academia and industry.
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Abbreviations

The following abbreviations are used in this manuscript:

FEL Free-electron laser

XFEL X-ray free-electron laser

XRAFEL X-ray regenerative amplifier free-electron laser

UC-XFEL Ultra-compact X-ray free-electron laser

UC-XRAFEL Ultra-Compact X-ray regenerative amplifier free-electron laser
SASE Self-amplified spontaneous emission

SLAC Stanford Linear Accelerator Center

Appendix A. Stability of the Input SASE Seed on the Spectra

An additional study is conducted to determine the effect of the input SASE seed,
which is generated by a random number in GENESIS 1.3.

In particular, we focus on how the spectral brightness and shape evolves with three
different initial SASE seeds, for the 1 um current profile. The three spectra shown in
Figure A1l are for the seventh pass through the cavity. There are slight fluctuations in
the spectral brightness between the three runs due to the changing random numbers
generating the initial SASE profile, but the shape and comb-like features of the spectral
profiles are preserved.
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Figure Al. Spectra after the seventh round trip of three different UC-XRAFEL runs (a—c) using
different random SASE seeds for 1 um modulated electron beams in order to determine the stability of
the UC-XRAFEL seventh pass results using GENESIS 1.3. The spectra are recorded after transmitting
through mirror 1.
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