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We present an x-ray regenerative amplifier free-electron laser design capable of producing fully coherent
hard x-ray pulses across a broad tuning range at a high steady state repetition rate. The scheme leverages a
strong undulator taper and an apertured diamond output-coupling cavity crystal to produce both high peak
and average spectral brightness radiation that is 2 to 3 orders of magnitude greater than conventional singlepass self-amplified spontaneous emission free-electron laser amplifiers. Refractive guiding in the
postsaturation regime is found to play a key role in passively controlling the stored cavity power. The
scheme is explored both analytically and numerically in the context of the Linac Coherent Light Source II
High Energy upgrade.
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The emergence of x-ray free-electron lasers (XFELs) that
generate ultrashort x-ray pulses with a billionfold increase
in peak brightness relative to third generation synchrotrons
is transforming many fields of science [1]. Indeed, the
global XFEL capacity has increased significantly in
response to the demand for the unique capabilities offered
by these new sources [2–7]. These facilities are largely
based on single-pass self-amplified spontaneous emission
(SASE) [8,9] and result in transversely coherent x-ray
pulses with stochastic temporal and spectral structures [10].
The realization of a true x-ray laser, one that generates fully
coherent and stable x-ray beams, will drive another
qualitative advance for many areas of science. In particular,
an x-ray source capable of simultaneously delivering both
high peak and average spectral brightness pulses promises
to open new areas of science using, for instance, x-ray
photon correlation spectroscopy to characterize spontaneous fluctuations and materials heterogeneity in the time
domain [11,12]. A high average power and fully coherent
x-ray source will significantly enhance the ability to
distinguish structural changes in short time intervals at
the atomic scale, which scales inversely with the square of
the beam brightness [13]. Significant additional advances
in coherent diffractive imaging, single-particle imaging,
nonlinear x-ray optics, nonlinear x-ray spectroscopy, and
x-ray quantum optics will also be made possible by a high
peak and average brightness source [14–20].
Cavity-based XFELs [21] such as the x-ray regenerative
amplifier free-electron laser (XRAFEL) [22,23] have seen
renewed interest as a means of producing, amplifying, and
delivering fully coherent and stable hard x-ray pulses. This
scheme relies on a high-brightness electron bunch supporting free-electron laser (FEL) gain in an undulator, while an
0031-9007=20=125(25)=254801(6)

x-ray cavity monochromatizes and recirculates x-ray radiation to interact with following fresh electron bunches. The
XRAFEL operates as a high-gain FEL that targets the
production of short (⪅ 100 fs) but high peak power x-ray
pulses and can generally use the same electron beam
employed in conventional single-pass SASE amplifiers.
Of particular interest here is the output coupling efficiency
of the x-ray cavity optics, which, as a consequence of the
high-gain operation, can be large (often > 99%). Therefore,
the XRAFEL can operate as a source for both high peak
and average brightness fully coherent hard x-rays.
High-gain FEL systems can often use strong undulator
tapering to push the conversion efficiency of electrical to
optical power well beyond the nominal saturation limit
[24–28]. This process is optimized for systems that harness
strong optical seeds to interact with fresh electron bunches,
which an XRAFEL would excel at delivering. However,
output coupling a significant fraction of the stored cavity
x-ray radiation remains a challenge. The cavity diamond
Bragg mirrors—used for their radiation hardness and
superior optical, thermal, and mechanical properties—have
record high reflectivity within the narrow cavity bandwidth
[29–32]. Both active [33] and passive output-coupling
modalities [34–36] are currently under investigation and
include studies of both x-ray cavity optics and electron
bunch manipulations. In this Letter, we present a new
passive output coupling scheme that exploits the third
cavity-based x-ray free-electron laser ingredient: the undulator. We show that optical guiding in a static but strongly
tapered undulator can produce both a high peak and
average brightness x-ray source. The scheme as depicted
in Fig. 1 and described below relies on an apertured outputcoupling diamond crystal that passively returns an ever
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Aðr; zÞ ¼ A0 ðzÞ expf−½1 − iαðzÞr2 =r2s ðzÞg;

FIG. 1.

Schematic of the refractive guide switching scheme.

smaller fraction of the stored cavity energy as the system
evolves from noise. The undulator taper drives the FEL
efficiency significantly past the saturation limit upon
reaching a steady operating state in as few as five passes,
while the apertured diamond optic transmits ∼95–99% of
the x-ray power.
Optical guiding in an FEL has been studied in detail and
generally separates into two distinct effects, gain guiding
and refractive guiding [37–46]. These effects can be
distinguished based on the notion of a complex refractive
index for an axially symmetric electron beam having a
Gaussian transverse profile [42]:
 
1 ω2b ðr; zÞ eiψ K½JJ
nðr; z; AÞ ¼ 1 þ
:
2 ω2
γ jAðr; zÞj

ð1Þ

Here, ω2b ðr;zÞ¼ω2b0 ½rb0 =rb ðzÞ2 exp½−r2 =r2b ðzÞ, rb ðzÞ is the
electron-beam radius, rb0 ¼rb ð0Þ, ωb0 ¼ ðn0 e2 =mϵ0 Þ1=2 is
the initial beam plasma frequency on axis, n0 is the initial
density on axis, K ¼ eBu =ku mc is the normalized vector
potential of a planar undulator, Bu is the undulator magnetic
field strength on axis, ku ¼ 2π=λu , λu is the undulator period,
½JJ is the Bessel factor associated with planar undulators
[47], A ¼ eEr =kmc2 is the normalized vector potential of
the electric field Er , ω ¼ ck is the radiation frequency, γ is the
electron’s Lorentz factor, ψ is the electron’s phase in the
ponderomotive potential formed by the undulator and x-ray
electric fields, and <> denotes an ensemble average over the
electrons.
We are primarily concerned with the effects of refractive
guiding, which is associated with the real part of the complex
index of refraction, in the postsaturation and strongly
tapered regime. The development of bunching in the FEL
shifts the radiation frequency so that the copropagating
radiation experiences a local index of refraction that is
greater than 1. The bunched beam therefore acts like an
optical fiber, confining the radiation near the beam axis.
A simple analogy to a quadratic graded refractive index
medium is instructive here, while a detailed self-consistent
model of optical guiding will be explored in a separate
publication. Consider the x-ray radiation to be approximated
by a lowest order transverse Gaussian mode,

ð2Þ

where rs is the spot size and αðzÞ is related to the inverse of
the radius of curvature of the radiation. Inserting this field
into Eq. (1), expanding the result to second order in r, and
taking the real part yields


1 1 2
Re½nðr; z; AÞ ≈ 1 þ χ − χ 2 − 2 r
rb rs
1
¼ n0 − n2 r2 ;
ð3Þ
2
where
χ ¼ 2c2 νK½JJ=ðω2 jA0 jr2b ÞhcosðψÞ=γi,
ν¼
2 2
ωb0 rb0 =4c2 ¼ I b =I A is Budker’s constant, I b is the electron
beam current, and I A is the Alfvén current. An index of
refraction as described in Eq. (3) can support a stable trapped
Gaussian eigenmode of size [48]
λ
r2s ¼ pﬃﬃﬃﬃﬃ :
π n2

ð4Þ

n2 can be simplified further in the tapered postsaturation
regime by making the resonant particle approximation [24],
where the phase of the electrons that are trapped in the
ponderomotive bucket in a tapered FEL all have ψ ≈ ψ r
and γ ≈ γ r ¼ ½kð1 þ K 2 =2Þ=2ku 1=2 so that hcosðψÞ=γi ≈
f t cosðψ r Þ=γ r . f t is the trapped electron fraction. The
resonant phase is determined by both the rate of change
in the undulator magnetic field and the amplitude of the
radiation field via sinðψ r Þ ¼ −K 0 =ð2ku A½JJÞ, where the
prime denotes a derivative in z. Furthermore, for small
FEL and taper efficiencies K=γ ≈ K 0 =γ 0 and we can
simplify n2 as


4c2
K0 1
1 1
n2 ¼ 2 νf t cos ψ r
:
−
γ 0 jA0 jr2b r2b r2s
ω

ð5Þ

Equation (5) indicates that it is important to keep the trapped
fraction of electrons, 0 < f t < 1, and therefore the electron
bunching, large throughout tapered FEL amplification to
keep the confined eigenmode size, rs , matched to the
electron beam.
The refractive guide switching scheme for an XRAFEL
proceeds as follows. A strong undulator taper is implemented with an apertured output-coupling diamond crystal
of fixed diameter D. The taper is ideally matched to a
particular seed power P0 that generates strong bunching
prior to saturation and maintains this bunching throughout
postsaturation refractive guided amplification. Seed powers
lower than P0 , however, are not matched well to the taper.
Electrons will detrap from their ponderomotive buckets and
will no longer support refractive guiding or amplification.
The unguided radiation in this case will have a larger spot
size on the output-coupling crystal and the cavity will
return a larger fractional pulse energy for seeding. As the
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seed power increases from pass to pass, the taper becomes
more effective, the electrons are trapped longer and support
refractive guiding and amplification, and the aperture
returns a smaller fractional pulse energy until a steady
state is reached. This passive output-coupling scheme
dynamically changes the radiation output-coupling fraction
to ensure that early passes return a large enough seed power
to dominate shot noise while later passes transmit most of
the pulse energy and keep the stored cavity power to a
manageable level. We explore this scheme below with
numerical particle simulations using the FEL code GENESIS
[49] within the context of the Linac Coherent Light Source
II High Energy (LCLS-II-HE) project.
The LCLS-II-HE project [50] is a high energy upgrade to
the 4 GeV superconducting radio-frequency linear accelerator currently being installed at SLAC as part of the
LCLS-II project [51]. It will produce electron beams with
an energy of 8 GeV and will be capable of operating at
∼MHz repetition rates, making realistic x-ray cavity footprints (∼300 m round-trip distance) feasible.
A representative electron bunch longitudinal phase
space, as well as slice emittance and current profiles,
can be found in Fig. 2 for a 100 pC charge bunch. The
core of this distribution (from ∼120–200 fs) is used to
define the parameters for single-frequency simulations and
also for three-dimensional start-to-end simulations. The
linearly polarized undulator consists of 32 gap-tunable
segments of 130 periods each, which are interspersed with
strong focusing quadrupoles. The maximum undulator
K max ¼ 2.44 and has a period λu ¼ 26 mm.
We first study optical guiding in a strongly seeded FEL
interaction, which is characteristic of an XRAFEL system.
The process is investigated using single-frequency simulations at Eph ¼ 10 keV for a fixed but strong undulator
taper [52–54] by varying the seed power while keeping the
seed Rayleigh length (10 m) and waist location (10 m into
the undulator) fixed.
Figure 3(a) shows the gain curves and trapping fraction
for three seed powers representing the low, moderate, and
nearly optimized cases. The trapping fraction is largest, the
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FIG. 2. Start-to-end properties of a 100 pC charge electron
bunch (head is to the right). Unless otherwise noted, solid lines
correspond to the left vertical axis and dashed lines to the right.
(a) Longitudinal phase space. (b) Current profile (red, dashed)
and slice emittance (solid).
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FIG. 3. Single-frequency XRAFEL simulations at Eph ¼
10 keV. (a) Power gain curves (solid) and trapped electron fraction
(dashed) along the undulator for three representative seed powers.
(b) FWHM radiation size (solid) and power (dashed) at the exit of
the undulator vs seed power. (c) Normalized projected intensity
evolution along the undulator for Pseed ¼ 240 MW. The black
lines are 0.5 contours. (d) Seed power at a following pass (n þ 1)
assuming a seed power at a given pass (n) (blue) assuming a circular
aperture of diameter D ¼ 200 μm. The red line indicates possible
equilibrium points.

radiation power achieves a faster growth rate, and the final
power is maximized as the seed power is increased toward a
nearly optimized value of ∼240 MW. The increase in
trapping fraction and final power at the undulator exit,
which results from increasing the seed power from low
levels toward an optimized value, should also result in a
corresponding smaller final spot size as refractive guiding
is better maintained throughout amplification. This is
clearly illustrated in Fig. 3(b), which shows the radiation
FWHM transverse size and final power at the end of the
undulator as a function of seed power. An optimal seed
power of ∼P0 ¼ 200 MW produces an FWHM transverse
size of ∼50 μm and a power at the end of the undulator of
∼100 GW. Figure 3(c) shows the evolution of the horizontally projected transverse intensity normalized to its
peak value along the undulator for this case. The FWHM
spot size, indicated by the black contours, maintains a
nearly constant value along the undulator in the postsaturation regime. The core of the radiation is clearly guided
while a small fraction of the total radiation leaks outside
of the electron beam as the trapped fraction decreases.
Finally, a simple model for the system stability can be
found by considering an outcoupling aperture of fixed
diameter D and lossless cavity optics that return the
radiation to the same initial transverse conditions.
Figure 3(d) shows a map that returns the seed power at
pass n þ 1 given a seed power at pass n under the above
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TABLE I.
E [keV]
5.875
10.0
14.4
20.0

XRAFEL performance and diamond Bragg mirror parameters.
Miller indices

D [μm]

Photons per pulse

ΔE=E

Δt [fs]

(311)
(440)
(733)
(880)

200
200
80
40

9.0 × 1012
2.1 × 1012
6.4 × 1010
1.3 × 1010

2.5 × 10−5
1.5 × 10−5
9.6 × 10−6
1.0 × 10−5

40
40
40
20

Bavg

a

Bpeak

3.3 × 1028
3.8 × 1028
3.8 × 1028
1.3 × 1027

a

8.1 × 1035
9.4 × 1035
9.6 × 1035
6.4 × 1034

photons= sec =ðmm-mradÞ2 =ð0.1%bandwidthÞ.

a

∼12 over saturation and is in excellent agreement with singlefrequency predictions. This radiation, however, is not Fourier
transform limited as the combination of resistive wall wakefields in the undulator [59], initial electron bunch phase space
curvature, and differential FEL gain along the longitudinal
profile conspire to drive the accumulation of higher order
temporal phase during FEL amplification. Furthermore, a
small leading radiation spike drives interference fringes
outside the main amplifying spectral spike. These effects
are clearly evident in the on-axis far-field Wigner distribution
and projections in Fig. 4(d). The radiation can be spectrally
cleaned by a high efficiency postundulator monochromator in
much the same way the x-ray cavity monochromatizes the
returned x-rays for seeding. We note, however, that these
effects are not fundamental limitations of the scheme and can
be addressed by further electron bunch longitudinal phase
space optimization. Similar performance simulations were
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stated conditions for D ¼ 200 μm. The intersection of the
map with the line Pnþ1 ¼ Pn is an equilibrium point. The
slope of the map near this intersection is nearly zero,
indicating it is a stable equilibrium.
Stable and fixed transverse seed radiation properties
cannot be maintained, however, as the real system develops
from noise, the effective radiation source properties in the
undulator evolve from pass to pass, and the output-coupling
aperture impacts the radiation distribution. Therefore, timedependent and three-dimensional multipass XRAFEL simulations have been performed using the electron beam in
Fig. 2 beginning from noise at photon energies of
5.87,10.0,14.4, and 20.0 keV. The 3D radiation field at
the end of the undulator was propagated through a 300 m
round-trip length (1 MHz electron beam repetition rate)
optical cavity that adopts the geometry proposed in [55,56]
(see Fig. 1). The cavity is formed by four 500 μm thick
diamond crystals, the first of which has a circular aperture
of diameter D. The aperture diameter has been empirically
optimized and depends on the resonant photon energy (see
Table I). Two compound refractive lenses placed symmetrically about the undulator midpoint and having focal
lengths of f ∼ 150 m provide stable cavity eigenmode
waist locations in the middle of the undulator and 150 m
away in the return line. Fourier optics techniques [57] are
used for x-ray free-space propagation and the compound
refractive lens focusing, while the dynamical theory of
x-ray Bragg diffraction is used to model the interaction of
the recirculated cavity x-rays with the diamond Bragg
mirrors [58].
We illustrate the performance at Eph ¼ 10.0 keV in
Fig. 4. Twenty-five independent XRAFEL runs seeded only
by shot noise were performed until a steady state was
reached after ∼11 passes. The average seed (amplified) pulse
energy as well as rms fluctuations as a function
of pass number can be found in Fig. 4(a), (b). An extremely
stable steady state operation is reached after ∼6 passes
at an amplified pulse energy of ∼3.5 mJ (0.2% relative
rms fluctuations) and a returned energy fraction <1%.
Figure 4(c) shows the longitudinal phase space of the spent
electron beam at the end of the 11th pass as well as the
temporal x-ray power profile. Only ∼16% of the electrons are
trapped, indicating possible room for taper improvement.
Nevertheless, the peak power of the radiation at the end of the
undulator reaches over 100 GW, which represents a gain of

-500

-1000
-40

-0.5

-1

-20

0

20

40

60

[fs]

FIG. 4. XRAFEL simulations at Eph ¼ 10.0 keV. (a) Average
seed energy (solid) and rms fluctuations (dashed) vs pass number.
(b) Average amplified energy (solid) and rms fluctuations
(dashed) vs pass number. (c) Representative electron bunch
longitudinal phase space at the end of the 11th pass and temporal
power profile (red, right vertical axis). (d) Normalized Wigner
distribution of the on-axis far-field intensity of the 11th pass. The
vertical projection (dotted line) is the on-axis temporal intensity
(arb. units), while the horizontal projection (dashed line) is the
on-axis spectral intensity (arb. units).
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completed for resonant photon energies of 5.87, 14.4, and
20.0 keV and are summarized in Table I. It should be noted
that ∼8.3 mJ of pulse energy and over 200 GW of peak
power per pulse are generated at 5.87 keV. This x-ray source
would produce an impressive ∼8.3 kW of average x-ray
power. Perhaps more importantly, however, is that the stored
cavity power in this scenario is held to 100 W, which is much
less than similar cavity-based FEL scenarios considered
elsewhere [60]. The average (peak) spectral brightness
is greater than 1028 ð∼1036 Þ photons= sec =ðmm-mradÞ2 =
ð0.1%bandwidthÞ across most of the tuning range. This
represents a leap of 2 to 3 orders of magnitude over
single-pass SASE amplifiers [61]. The performance begins
to degrade at the highest photon energies where electron beam
emittance effects strongly come into play. Nonetheless,
the XRAFEL still reaches steady state operation after 15
passes and produces ∼40 W of average x-ray power
at Eph ¼ 20 keV.
In summary, we have presented an XRAFEL scheme that
leverages a strong undulator taper to drive the FEL
significantly past the nominal saturation point and passively switch ever higher and more stable FEL power out of
the x-ray cavity after only a few passes starting from noise.
Refractive guiding in the postsaturation regime was studied
analytically and numerically, illuminating the principle of
refractive guide switching through a fixed aperture. These
effects conspire to push the peak and average spectral
brightness of the XRAFEL 2 to 3 orders of magnitude
beyond any single-pass SASE amplifier and promises to
open new areas of science that can leverage narrow
bandwidth, high peak power, fully coherent, and stable
radiation.
We thank J. Qiang for supplying the start-to-end electron
beams used in simulation, and W. M. Fawley, C. Emma, D.
Nguyen, K.-J. Kim, and Y. Shvyd’ko for many insightful
discussions. This work was supported by the Department of
Energy, Laboratory Directed Research and Development
program at SLAC National Accelerator Laboratory under
Contract No. DE-AC02-76SF00515.
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