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Despite tremendous progress in X-ray free-electron laser (FEL) science over the last decade, future
applications still demand fully coherent, stable X-rays that have not been demonstrated in existing
X-ray FEL facilities. In this Letter, we describe an active Q-switched X-ray regenerative amplifier
FEL scheme to produce fully coherent, high-brightness, hard X-rays at high-repetition rate. By
using simple electron beam phase space manipulation, we show this scheme is flexible in controlling
the X-ray cavity quality factor Q and hence the output radiation. We report both theoretical and
numerical studies on this scheme with a wide range of accelerator, X-ray cavity, and undulator

parameters.

X-ray free electron lasers (FELs) have unprecedented
peak brightness compared to storage ring light sources
and have opened a new window for the exploration
of atomic and molecular science at the angstrom-
femtosecond length and time scales [1, 2]. Neverthe-
less, the low-repetition rate of the early X-ray FELs has
limited the scientific throughput. The current develop-
ment of high-repetition rate X-ray FELs will produce two
to three order of magnitude increase in average spectral
brightness beyond diffraction-limited storage rings. They
will provide qualitatively new capabilities needed for in
situ and operando studies of real-world materials, func-
tioning assemblies, and biological systems[3]. In addi-
tion, a high-repetition-rate accelerator can distribute the
high-power electron beams to an array of FEL beam-
lines, with each FEL specialized for a certain class of
experiments but all operating at a relatively high repeti-
tion rate. This multiplexing capability will significantly
broaden the scientific reach and increase the user access
time.

For hard X-ray FELs, self-amplified spontaneous emis-
sion (SASE) is the most widely used operation mode.
SASE starts from shot noise in the initial electron beam
distribution and results in a chaotic spiky spectrum with
rather limited temporal coherence [4-6]. Generating
fully coherent, stable and high-brightness X-rays will sig-
nificant increase the spectral photon density and hence
advance science opportunities in high-resolution X-ray
spectroscopy, single particle imaging, coherent quantum
control and X-ray quantum optics [7-13]. Hard X-ray
Self-seeding (HXRSS) techniques have been shown to in-
crease the temporal coherence of X-ray FELs [14-17],
although they have limited spectral purity and can suf-
fer from large intensity fluctuations. Based on its super-
conducting accelerator, the European XFEL HXRSS [18]
produced the highest average spectral flux of ~ 3 x 10'®
photons/eV /sec at 8-9 keV among all light sources.

Cavity-based X-ray Free electron lasers (CBXFELs)
such as the X-ray regenerative amplifier FEL (XRAFEL)
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and the XFEL oscillator (XFELO) have been proposed to
produce highly coherent and stable hard X-rays [19, 20],
especially for high-repetition rate FELs. In these propos-
als, high-brightness electron beams generate x-ray pulses
in an undulator embedded within an X-ray optical cav-
ity. The cavity is composed of a few Bragg mirrors with
high reflectivity and narrow bandwidth at hard X-ray
wavelengths and recirculates an intense monochromatic
radiation pulse to seed the next fresh electron beam for
amplification. After repetitive interactions, the temporal
coherence of the output radiation is increased drastically
with highly reproducible X-ray pulses. This leads to an-
other two to three orders of magnitude increase in average
spectral brightness compared to SASE FELs [21-24] and
the current HXRSS performance.

Like optical laser cavities, the outcoupling method is
one of the most critical components for CBXFELs. Most
outcoupling methods for CBXFELSs require manipulation
of the cavity optics, such as using a thin drumhead part of
the crystal [22, 25], intra-cavity gratings [26-29] or split-
ters [30], pin-hole diamond mirrors [23, 31] or diamond
mirrors with doping [32]. A recent large-scale X-ray cav-
ity experiment [33] showed efficient and stable storage of
X-rays over many roundtrips without any FEL interac-
tion and demonstrated key cavity components including
the in/out-coupling grating. However, CBXFELs have
stringent requirements on the quality, stability, and radi-
ation resilience of the X-ray optics [34-37]. Outcoupling
methods involving cavity optics manipulation, e.g. using
pinholes or doping, may lead to degradation of the crys-
tal quality, while thin crystals or gratings may be subject
to various thermal distortions.

Unlike optical lasers, the gain medium of CBXFELs is
a relativistic electron beam. Thus, it is natural to con-
sider outcoupling methods that rely on electron beam
manipulations. Refs. [19, 38, 39] suggest a simple out-
coupling mechanism that leaks the radiation produced by
a short electron beam outside the narrow Bragg band-
width even though the output spectrum will be some-
what compromised. Refs. [40, 41] also explore the use
of special electron optics to re-point the microbunched
electron beam after the FEL interaction for the purpose
of radiation outcoupling. In this Letter, we propose a



new and simple scheme that uses a linearly chirped elec-
tron beam to achieve active Q-switching [42] and enables
flexible outcoupling for an XRAFEL. During FEL ampli-
fication, an electron beam with an initial energy chirp will
be slightly compressed or decompressed by the undulator
dispersion, which leads to a blue- or red-shift of FEL mi-
crobunching wavelength. As a result, the spectrum of the
intra-cavity radiation can be purposefully shifted out of
the narrow reflection bandwidth of the Bragg mirror and
transmitted. By manipulating the initial electron energy
chirp produced by the linear accelerator, we can control
the cavity quality factor Q and hence the intra-cavity
power buildup as well as the output radiation.

This electron-beam-based Q-switching is not only im-
portant to keep the cavity optics simple and intact, but
also essential for a practical operation of a steady-state
XRAFEL. Continuous wave, superconducting linacs such
as the LCLS-II High-Energy (LCLS-II HE) [43] and
SHINE FEL [44] will provide high-energy electron beams
at about 1 MHz repetition rate. Previous proposals of
CBXFELSs including XFELO [21, 22] and XRAFEL [23]
that lack active Q-switching require the full machine rep-
etition rate to feed a cavity of 300 m in round-trip length.
Because pulses are outcoupled on each round trip, such
designs requires the full electron beam repetition rate
and power. They are also not compatible with multi-
plexing a high-repetition rate FEL for multiple undula-
tor beamlines. Reducing the CBXFEL repetition rate
could relieve some of these issues, but at the expense
of much larger cavity lengths or substantial increases in
cavity loss due to multiple passes and turn-by-turn out-
coupling. Our scheme solves these problems because it
allows the radiation to circulate and/or be amplified in a
low-loss crystal cavity (with high Q) for multiple round-
trips before the maximum cavity power is dumped by
active Q-switching which is controlled upstream by the
electron beam chirp. We also demonstrate the flexibility
of our scheme in supporting a more compact X-ray cav-
ity and an XRAFEL with a much lower electron energy
than what is typically required for hard X-ray FELs.

We first illustrate the main physical mechanism here.
The impact of an initial energy chirp on a seeded FEL
has been analyzed in [45, 46]. We consider an electron
beam with a linear energy chirp given by

~dy/v
h= cdt )

The amplified seed signal in the high-gain pre-saturation
regime and when the seed is much longer than the FEL
coherence length has a frequency shift given by

Aw

W
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where c is the speed of light, m is the electron rest mass,
7 is the electron energy in units of mc?, and 7o the av-
erage. A\, = A\, (1 + K?/2)/(273) = 27wc/w, is the FEL
resonant wavelength, A, is the undulator period, K is
the undulator strength parameter, and NV, is the number
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FIG. 1. Illustration of an electron-beam-based Q-switching
scheme for an XRAFEL. Inset 1 and 2: electron longitudinal
phase space evolution and FEL process. A chirped electron
beam (blue line) will be slightly compressed or decompressed
by the undulator (see text for details), resulting in a shift in
the microbunching and the FEL wavelengths (A, and Argr).
Inset 3: the FEL radiation (orange line) spectrum is effec-
tively switched out of the narrow reflection bandwidth of the
Bragg mirror for output (orange dashed line). The remaining
portion of the spectrum within the reflection window (green
line) is recirculated to seed the next electron beam.

of undulator period. Aw is the angular frequency shift
relatively to w;..

The result in Eq. (2) can be understood from the view
of bunch compression. As sketched in Fig. 1 with a
chirped electron beam, both the bunch length and the
microbunching wavelength will be compressed or decom-
pressed by the momentum compaction of the undulator
(denoted as Rsg). The (de)compression factor of the elec-
tron beam is C = 1/(1 + hRsg) ~ 1 — hRsg, where
Rss = 2Ny A\, after N, undulator periods. Thus, the
relative change of microbunching wavelength due to the
(de)compression is simply hRss. Nevertheless, the ampli-
fied radiation temporal profile after N,, undulator period
will slip ahead of electrons by N, /3 wavelengths deter-
mined by the radiation group velocity [6], and its phase is
mostly determined by the microbunched beam at the un-
dulator distance 2N, A, /3. Thus Rss = 4N, \-/3 which
yields Eq. (2).3D FEL simulations also confirm this re-
sult as shown in Fig. 1 of the Supplementary Materials.
Since the bandwidth of the Bragg mirrors for hard X-
rays can be narrow (typically < 100 meV), only a mod-
erate amount of energy chirp (~ 0.2 MeV/fs) is required
to shift the radiation spectrum outside the reflectivity
window. Such a modest energy chirp can be easily gen-
erated by linear accelerators and does not degrade the
FEL gain in the cavity. The output radiation bandwidth
is slightly increased compared to the crystal bandwidth
but the time-bandwidth produce is close to Fourier trans-
form limit.

We demonstrate the flexibility and robustness of this
scheme in three different cases as listed in Table I. Case I
and IT are in the context of Linac Coherent Light Source
IT High Energy upgrade (LCLS-IT HE), with a beam rep-



etition rate at 100 kHz (one-tenth the full accelerator
repetition rate and beam power). The electron beam
energy is 8 GeV, the undulator parameter K = 1.657
and the undulator period A, = 2.6cm. As a represen-
tative example, we consider a rectangular cavity com-
posed of four diamond mirrors oriented at 45 degrees
(see Fig. 1), with Bragg resonance centered at 9.8 keV
(Miller indices 400). Two compound refractive lenses are
placed equidistant from each other to establish a stable
transverse mode inside the cavity. Such a cavity config-
uration is also chosen for the CBXFEL demonstration
experiment at LCLS [47] due to its simplicity and small
transverse dimension. 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[48]. The FEL process is sim-
ulated by 3D FEL codes GENESIS [49] assuming ideal
electron beams with Gaussian current profile. The simu-
lations on the start-to-end electron beams from LCLS-II
HE can be found in the Supplementary Materials.

In the configuration of LCLS-II HE, we first consider a
cavity with round trip distance Lc¢ = 300 m. 125 m undu-
lators are embedded inside the cavity. The thickness of
the diamond mirrors are 100 wm and the focal length of
the lenses is f = L./4 = 75m. With a 100 kHz electron
beam rate, the radiation from the undulator recirculates
in the cavity for 10 round trips before interacting with the
next electron beam. Bragg mirrors act as a filter on the
incident radiation in both frequency and transverse mo-
mentum space, resulting in 5 — 10% of the pulse energy
loss for each round trip in the cavity. In this configu-
ration, the long undulator line with optimized tapering
can support high FEL gain, and only a small portion
of the radiation energy is needed to build up a strong
intra-cavity seed. As a result, we can use a chirped elec-
tron beam on every shot (i.e. at 100 kHz repetition rate)
to Q-switch the cavity in order to dump out a signif-
icant fraction of radiation power. Fig. 2(a) shows the
intra-cavity power buildup process starting from SASE
with energy-chirped electron beams. The orange bars in

TABLE I. Electron Beam and Cavity Parameters.

Parameter Casel 1II IIT  Units
Beam energy, E 8.0 8.0 3.0 GeV
Beam repetition rate, 0.1 0.1 1.0 MHz
Cavity round trip length, L. 300 100 100 m
Embedded Undulator length, 128 46 46 m
Undulator strength K 1.657 1.657 0.675
Undulator period, A, 2.6 2.6 1.0 cm
Resonant photon energy, hw, 9.83 9.83 6.95 keV
Beam peak current, I 2 kA
Beam RMS duration 20 fs
Normalized emittance, yeg, vey 0.3, 0.3 pm
Uncorrelated energy spread 1.0 MeV
Beam energy chirp 0.33 0.33 0.25 MeV/fs
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FIG. 2. Case I: electron-beam-based Q-switching scheme with
100 kHz 8 GeV electron beam and 300 m cavity round trip
distance. (a) Recirculated and outcoupled power evolution as
a function of time with FEL starting from shot noise. Each
dot represents a recirculation pass in the cavity. Orange bars
in the lower inset indicate the passes where a chirped elec-
tron is involved and amplifies the recirculated radiation. (b)
Five shots of outcoupled radiation power profile after reaching
steady state. (c) Five shots of normalized on-axis spectra be-
fore (dashed line) and after (solid line) the first Bragg Mirror.
The blue curve represents the on-axis reflectivity of Diamond
(400).

the lower inset of Fig. 2(a) represent the recirculation
passes with a chirped electron beam, and the large FEL
gain during these passes leads to a power spike in both
the recirculated and outcoupled powers (blue and black
curves). The intra-cavity power then decays slowly over
the 10-passes without an electron beam due to the high
Q of the cavity. By applying the proper amount of en-
ergy chirp on the beam, the center of the seeded FEL
spectrum is shifted outside the Bragg reflection window
and outcoupled from the cavity, while one of the spec-
trum tails remains inside the Bragg window to be recir-
culated and seed the next electron beam, as illustrated
in Fig. 2 (c). After the first five electron beams, the sys-
tem reaches a steady-state condition with 1.75mJ X-ray
pulses outcoupled at the electron beam rate of 100 kHz.
Fig. 2(b) and (c) also show the five reproducible shots of
outcoupled X-ray power profile and radiation spectrum.
The FEL output power remains relatively stable to chirp
jitter as the FEL is in deep saturation regime. The X-
ray stability due to various imperfections (such as energy
chirp jitter and cavity misalignment) is not included in
the simulation but will be discussed in the Supplemen-
tary Materials [50]. The average spectral flux is on the
order of 7.5 x 107 photons/eV /sec, more than a factor
of 100 higher than SASE at the same repetition rate or
the demonstrated HXRSS at European XFEL[18].
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FIG. 3. Case II: electron-beam-based Q switching scheme
with 100 kHz 8 GeV electron beam and 100 m cavity round
trip distance. Flat and chirped electron beams are used al-
ternatively to build the intra-cavity power and outcouple ra-
diation. (a) On-axis spectrum of FEL radiation from flat
electron beam (green) and chirped electron beam (orange).
Solid curves are the spectra outcoupled from the first Bragg
mirror while dashed curves are the spectra at the undulator
exit. (b) Recirculated and outcoupled power evolution as a
function of time with FEL starting from shot noise. Bars in
the lower plot show the pass with electron beams, with green
ones representing the flat electron beams and orange ones the
chirped electron beams.

Next we demonstrate that this Q-switching scheme can
be used to build a cavity with a more compact foot-
print, as listed in Table I Case II. This is achieved by
alternating the electron energy chirp at a high repetition
rate. Recently a short normal-conducting (NC) RF cav-
ity with a fast filling time has been proposed to control
the electron compression and energy chirp on a shot-by-
shot basis for LCLS-II [52, 53]. Here we simulate a cavity
with a 100-m round trip distance and 46 m undulators
embedded inside. In this case and with a 100-kHz elec-
tron beam rate, the radiation is recirculated for 30 round
trips before the next FEL amplification occurs. Thus,
the radiation energy loss is substantial after 30 passes,
and the FEL gain per pass is limited by the short un-
dulator length. To maintain sufficient intra-cavity seed
power, we can actively manipulate the electron energy
chirp to control the cavity Q. As illustrated in Fig. 3(a),
flat electron beams (i.e. electrons without energy chirp)
are used to buildup intra-cavity power and then chirped
electron beams are used to outcouple the radiation. With
flat electron beams, the center frequency of the FEL
radiation remains in the Bragg reflection window and
most of the radiation power will be recirculated. Af-
ter the intra-cavity power reaches about 200 MW with
flat beams, a chirped electron beam is used to shift the

spectrum outside the Bragg window and to dump the
radiation power. The remaining intra-cavity power de-
creases significantly over the next 30 passes, only to be
restored by a few more flat electron beams. Fig. 3(b)
shows both the intra-cavity power evolution (blue) and
the outcoupled radiation over time (black). Radiation
from the flat beams can leak out of the Bragg bandwidth
(see Fig. 3(a)) and contribute to the output radiation.
Nevertheless, its spectrum is spread out and can be fil-
tered out by a post-cavity monochromator centered at
the shifted photon energy from the chirped beam.
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FIG. 4. Case III: electron-beam-based Q-switching scheme
with 1 MHz 3 GeV electron beam and 100 m cavity round trip
distance. (a) Recirculated and outcoupled power evolution as
a function of time with FEL starting from shot noise. (b)
Five shots of outcoupled radiation power profile after reaching
steady state. (c) Five shots of normalized on-axis spectra of
the outcoupled radiation. The blue curve represents the on-
axis reflectivity of Diamond (220).

Finally in Case III of Table I, we explore a Q-switched
XRAFEL with a relatively low-energy superconduct-
ing linac designed for generating soft X-rays (e.g., UK
XFEL [54] and Shenzhen XFEL [55]). Together with
the development of short-period, cryogenic permanent-
magnet and superconducting undulators [56], this can
lead to significant cost savings for future X-ray FEL facil-
ities. Fig. 4 (a) shows the pass-to-pass power evolution of
an XRAFEL driven by 3 GeV chirped electron beams at
1 MHz repetition rate. 48 m undulators with A, = 1cm
and K = 0.675 are embedded in the L. = 100 m cav-
ity. Miller indices (220) with resonant photon energy
hw, = 6.95 keV are used as Bragg mirrors. A more
conventional FEL undulator can also be used by having
one of its higher harmonics tuned to the Bragg condi-
tion [57]. If the thickness of the first Bragg mirror is
50 pum to reduce the absorption loss at this photon en-
ergy, 60 puJ stable hard X-ray pulses with a narrow band-
width can be outcoupled as indicated in Fig. 4(b-c). Sim-



ilar to Case II, we can reduce the repetition rate of the
3 GeV beam (down to 100 kHz) by alternatively feed-
ing the cavity with the flat beams to build up sufficient
intra-cavity power and with the chirped beams to dump
out the power.
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