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We present the design of a free-electron laser (FEL) doubler suitable for the simultaneous operation of
two FEL lines, in either self-amplified spontaneous emission or externally seeded configuration. The
doubler relies on the physical selection of two longitudinal portions (beamlets) of a single electron bunch at
a low energy and on their spatial separation at high energy. Since the two beamlets are naturally
synchronized, FEL pump–FEL probe experiments are enabled when the two photon pulses are sent to the
same experimental station. The proposed solution offers improved flexibility of operation compared with
existing or designed two-pulse, two-color FEL schemes, as it allows independent control and continuous
tunability of the color, timing, intensity, and angle of incidence of the radiation pulses at the user end
station. Detailed numerical simulations and experimental results demonstrate its feasibility at the Free
Electron laser Radiation for Multidisciplinary Investigations (FERMI) FEL facility.
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I. INTRODUCTION

The past decade has seen the advent of extreme vacuum-
ultraviolet and x-ray free-electron lasers (FELs) for scien-
tific applications [1–6]. Their portfolio includes unprec-
edented spectral brightness [7], femtosecond pulse duration
[8], full transverse and longitudinal coherence [4,5], and
two-pulse [9–12], two-color operation [13–16]. Tens of
femtosecond pulse duration, longitudinal coherence, and
synchronized multicolor operation are essential, for exam-
ple, in four-wave mixing experiments [17].
Since FELs are driven by a single high-brightness radio-

frequency linear accelerator (rf linac) [18], at most two
photon beam lines are simultaneously supplied by means of
fast magnetic electron beam switches [19,20]. In principle,
rf deflecting cavities might further enlarge the FEL fan-out
[21]. The time separation of consecutive electron bunches
sent to distinct undulator lines spans from 100 ms to 1 μs,
depending on the linac technology [22,23].
FEL pulses at a shorter time separation (“two-pulse”

mode) are all driven by electron bunches passing through
the same undulator line. For example, nanosecond delay is

obtained with the acceleration of twin electron bunches in
consecutive rf buckets [24–26]. Twin bunches can be made
closer at hundreds of femtosecond separation, but their
longitudinal dynamics are tightly coupled [9,10]. In seeded
FELs, two pulses are generated by two external laser pulses
impinging on the same electron bunch at the undulator
entrance and typically separated by 100–500 fs [11,12]. A
series of two-pulse schemes which rely on the manipulation
of a single electron bunch through magnetic delay lines
(chicanes) [13,14], single intense chirped seed laser pulses
[15], and trajectory control in the undulator (“fresh slice”)
[16] can provide time separation of the FEL pulses up to
approximately a picosecond. More recently, the adoption of
a double-slotted thin foil for spoiling the beam transverse
emittances [27] has been revisited to operate a two-color,
two-pulse FEL with some flexibility in temporal (either
in the range 100–300 fs or at the picosecond scale)
and wavelength separation (from 1% to 3% in the x rays)
[13,28–31]. Similar spectrotemporal control was proposed
in the presence of additional hardware such as high-
impedance corrugated structures [32,33] or a magnetic
chicane traversed by an angularly tilted beam [34]. Self-
seeded FEL configurations can produce two-color pulses
but with very limited, if any, delay control [35,36]. State-of-
the-art twin bunch operation allows pump-probe experi-
ments with a few-femtosecond timing jitter [37]. Schemes
exploiting a single electron bunch naturally produce two
self-synchronized FEL pulses; i.e., the relative timing jitter
approaches the subfemtosecond range.
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Each of the aforementioned options has, of course, its
own limitations. Schemes based on twin bunches and
emittance spoiling show limited tunability of the FEL
wavelength, where the spectral separation of the two colors
and the individual color tunability is limited by the resonant
range of the undulator field. Schemes in which the
undulator line is shared by the two pulses (“split undu-
lator”) can be limited in intensity, because each FEL pulse
is amplified in only half of the line, and a much longer
undulator is needed for both pulses to reach saturation
[38,39]. Fresh slice and split undulators have limited
control of the incident angle on the sample, because the
source points of the FEL pulses are typically separated by
tens of meters, which may compromise the ability of a
single photon transport line to optimally transport both
pulses to the user end station. This limitation is expected to
be alleviated in Ref. [31] but still with reduced flexibility in
other FEL parameters. Finally, all the schemes suffer from
some limited variability of the angle between the two
pulses, which can be very important for applications such
as four-wave mixing.
We propose a scheme in which two longitudinal portions

of the electron bunch (beamlets) are physically selected
with a thick mask at a low energy in the linac (beam
scraping) and spatially separated with a septum magnet
at a high energy. Each beamlet is then sent to a distinct
undulator line. Unlike any of the preceding schemes, ours
allows the simultaneous operation of two FEL lines,
naturally synchronized at the (sub)femtosecond level,
with a continuously tunable relative delay from a few
femtoseconds to approximately a picosecond. Since two
undulator lines are used, full and independent control of
the color, timing, intensity, and angle of incidence of
the individual radiation pulses on the sample is ensured.
If the two FEL pulses are directed to the same user end
station, FEL-pump FEL-probe experiments can be done
with unprecedented flexibility, either in self-amplified
spontaneous emission [40,41] or in seeded configurations
[42,43].

II. ELECTRON BEAM SCRAPING
AND TRANSPORT

The scheme is sketched in Fig. 1, and typical parameters
at the Free Electron laser Radiation for Multidisciplinary
Investigations (FERMI) [4,5] are considered in the follow-
ing as a case study. A high-brightness electron bunch is
generated in a photoinjector (gun) and time compressed in a
magnetic chicane (BC1). Compression requires that longi-
tudinal portions of the bunch are set to slightly different
energies by a proper rf phasing of the upstream linac, e.g.,
δ ≈ 4% peak-to-peak relative energy deviation at the BC1
mean energy of 270 MeV. Their arrival time at the exit of
BC1 is compressed in proportion to δ by the momentum
compaction of the chicane, e.g., R56 ¼ −41 mm for a
maximum energy dispersion function of ηx ¼ 0.26 m in

the middle of the chicane. The bunch length compression
factor is

C≡ σt;i
σt;f

≅
�
1 − R56σδ

cσt;i

�−1
;

with σδ ¼ 2% the relative energy spread linearly correlated
to the initial bunch duration σt;i ¼ 2.8 ps.
A mask with two apertures is installed in the middle of

BC1, where the particle horizontal position with respect to
the reference trajectory is xðsÞ ≅ ηxðsÞδ, and betatron
oscillations can be neglected (ηxσδ ≅ 5 mm ≫

ffiffiffiffiffiffiffiffiffi
βxεx

p
≅

0.1 mm, with βx the betatron function at the mask location
and εx the beam geometric emittance). The mask, made of
∼10�mm-thick copper, acts like a scraper: It physically
selects two transversally displaced beamlets, the rest of
the bunch being scattered at large angles and absorbed in
the chamber. The feasibility of such beam scraping while
preserving the brightness of the selected beamlets was
demonstrated at FERMI [44] and is routinely adopted at
Linac Coherent Light Source (LCLS) for FEL optimization
[45]. Since the chicane is achromatic, the two beamlets exit
BC1 separated both in energy and in time but spatially
aligned. With V-shaped geometry [16], the vertical position
of the mask determines both the width of the two apertures
and their transverse separation. The beamlet duration at the
exit of BC1, as well as their time separation, is estimated
by [33]

ΔtFWHM ≈
2Δx
ηx

σt;i
Cσδ

;

with Δx either the aperture width or the width of the central
slit, respectively. For example, with C ¼ 10 and Δx ¼
3 mm,ΔtFWHM ≈ 320 fs. Although BC1 only is used in our
example, the scheme also works in a multistage compres-
sion system. It is worth noting that the mask acts as an
energy bandpass filter; i.e., it tends to remove any beam
energy jitter accumulated up to BC1.

FIG. 1. FEL doubler applied to FERMI (not to scale): Selection
of electron beamlets in BC1 with a mask (red slices; blue
regions are not transported downstream) and separation in the
switchyard (SW) with a septum magnet.
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Downstream of BC1, the linac rf phases are adjusted
to ensure both a large relative energy offset of the
beamlets (δf), which is suitable for their spatial separation
in the switchyard, and a small energy spread in each
beamlet (σδ;f), as required for efficient lasing. The rf
phasing takes into account the effect of the longitudinal
wakefields excited by the leading beamlet on the trailing
one [46,47]. For example, we obtain in simulation δf ¼
0.9% and σδ;f ¼ 0.04%. Doing so, the final mean energy is
lowered from 1.40 GeV for the standard whole bunch
preparation to 1.25 GeV (see later Fig. 3).
The FERMI switchyard (SW in Fig. 1) is a ∼40�m-long

line working in the energy range 0.9–1.5 GeV. It comprises
two branches, each including two modified double-bend
achromatic cells. The first cell is in common, and the dipole
bending angle is 3°. The optics is set for preservation of
the beam emittance in the presence of coherent synchrotron
radiation [48]. The two branches lead to the FEL1 and
FEL2 undulator lines; these are parallel and separated
by 1 m. Depending on the electron beam energy and on the
resonant harmonic jump set by the variable gap undulators,
FERMIcovers the fundamentalwavelength range20–100nm
with FEL1 [4] and 4–20 nm with FEL2 [5], in the high-gain
harmonic generation (HGHG) mode of operation [42].
For the purpose of separating the beamlets in the bending

plane, the SW optics was modified. A dispersion function
as large as ηx ¼ −0.3 m is generated at the location of the
third dipole magnet, i.e., at the entrance to the FEL2 branch
line (see Fig. 2). The dipole magnet would be replaced by a
thin septum magnet, having a similar length of 0.5 m and
the same bending angle. The beamlet at a low-energy–
positive-x coordinate is bent by the septum magnetic field
and directed towards FEL2. The other beamlet samples a
residual ∼100 Gm integrated field, which is easily com-
pensated by steering magnets. This beamlet continues its
straight path towards the next double-bend cell and is
eventually directed to FEL1. Quadrupole magnets are
installed in a nondispersive region in front of the undulator
for optics matching to the undulator. In order for the two
beamlets to safely reach the present common dump at the

end of the undulators [49], the FERMI dump line would be
modified. This modification is not required in facilities
where multiple dumps downstream of distinct undulators
are already available.
Figure 3 shows the beamlet longitudinal phase spaces at

the entrance of the septum magnet, for different separations
of the apertures in the mask. Particle tracking was carried
out with the elegant code [50], including all major
collective effects [47,51] from the injector exit to the
undulator. The main beam and mask parameters are listed

FIG. 2. Betatron and dispersion functions from the FERMI
linac end to the switchyard end, for the FEL2 (left) and FEL1
beam lines. The septum is placed in proximity of the maximum
negative dispersion peak (s ¼ 180 m). Quadrupole magnets are
in gray.

FIG. 3. From top to bottom, longitudinal phase space, top view
(with the shadow of the 2 mm septum thickness) and current
profile of the two beamlets at the undulator entrance, for a mask
slit width in the range 3–8 mm and aperture width of 1–6 mm.
The bunch head is on the left. The linac rf phases were optimized
for one beamlet’s duration only (black).
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in Table I. In this simulation, the outer borders of the mask
apertures are kept fixed, so that a larger aperture separation
(larger energy offset of the two beamlets) implies a smaller
aperture width (shorter beamlet duration). Figure 3 also
shows the corresponding horizontal separation of the
beamlets at the septum entrance and their current profile.
Alternatively, since the FWHM horizontal beam size at the
mask is 20 mm, a fixed aperture width of, e.g., 0.1, 1. or
5 mm could produce 11-, 108-, or 538-fs-long beamlets,
respectively, at the maximum separation of ∼2 ps at the
undulator.
The horizontal separation of the beamlets at the septum

entrance is ηxδf ≥ 2.5 mm and much larger than their
individual betatron beam size,

ffiffiffiffiffiffiffiffiffi
βxεx

p
≅ 0.1 mm. We thus

consider a minimum septum thickness of 2 mm, which can
be provided by an in-vacuum eddy-current septum magnet
[52–54]. We developed a septum design of 15 × 25 mm2

transversal acceptance. A maximum electric power of
∼100 W is expected to be safely dissipated, which trans-
lates into a repetition rate of 25 Hz at the beamlets’ mean
energy of 1.25 GeV. The beamlets’ rms position jitter at
the septum must be much smaller, say one-tenth, of 2 mm,
which implies a relative rms energy jitter of 0.07% and an
overall trajectory jitter ≤50 μm. This error budget is well
within reach of x-ray FEL facilities [55].
The optics of the switchyard branches is achromatic.

Although it is not isochronous (R56 ¼ −0.3 mm for FEL1
and þ2.9 mm for FEL2), the beamlets’ duration is almost
unchanged by virtue of their negligible correlated energy
spread, i.e., Δσt ≅ R56σδ;f=c ≤ 4 fs. The minimum relative
delay of the beamlets at the undulator is determined by the
difference in the transfer matrix of the two branches: Δt ≅
ðR51ΔxþR52Δx0 þR56δÞ=c ≅ ðR51ηxδþR52η

0
xδþR56δÞ=

c ¼ ð67þ 5þ 75Þ fs ¼ 147 fs in our case.
In general, depending on the geometry of the switchyard

and with alternative optics designs, the beamlets’ time
separation can be tuned from ∼10 fs to approximately a
picosecond. On top of this, split-and-delay manipulation of

the photon beams could enable time separation up to tens
of picoseconds, though at the expense of flux reduction
[56,57]. The relative rms timing jitter of the two beamlets at
the undulators is estimated as δt ≈ jR56jδr=ð2cÞ, with δr
their rms relative energy jitter. Since the two beamlets are
originated by the same bunch, δr is nothing else but the
energy variation of the bunch head with respect to the
bunch tail, evaluated pulse to pulse, for the compressed
bunch. By virtue of the intrapulse rf stability of the FERMI
linac [58,59], δr is dominated by the jitter of the bunch
duration (i.e., the variation of the temporal separation of
the bunch head and tail, which will be sampling slightly
different rf phases on consecutive shots). This is usually at
the few percent level, i.e., a few tens of femtoseconds [60].
For typical near-to-crest acceleration after compression,
that translates into δr ≤ 0.01%. Considering jR56j ≈ 3 mm,
we get δt ≤ 0.5 fs. δt could be made even smaller by an
isochronous optics design of the switchyard lines.

III. LASING

Figure 4 shows the result of time-dependent FEL1
(HGHG) and FEL2 simulations (cascaded HGHG) done
with the Genesis 1.3 code [61], for the mask geometry and
beam parameters in Table I; the phase space of the beamlets
from particle tracking is shown in Fig. 3 (black). The mask
was chosen so as to make the beamlets long enough,
approximately 300 fs full width, to accommodate an
external seeding laser of 50 fs. The FEL input and output
parameters are summarized in Table II. The HGHG FEL
output shows that the brightness of the beamlets is high
enough to reach saturation in six radiator modules, thus to
lase efficiently in the typical FERMI wavelength range.
In order to demonstrate the preservation of the beamlet

brightness for lasing, we conducted an experiment with
beam and mask parameters close to those in Table I but a
single mask aperture as due to available hardware. Figure 5
shows the measured spectrum of the first HGHG stage of
FERMI FEL2, tuned at the eighth harmonic of the seed
laser wavelength. The seed laser duration was about 50 fs.
The spectrum is measured as a function of the delay of the
seed laser relative to the electron bunch arrival time. The
top plot is without beam scraping; the bottom plot is for

TABLE I. Electron beam parameters at the entrance of BC1
(whole bunch) and of the undulator (each beamlet) as from the
tracking run. The mask geometry is also reported.

Quantity @ BC1 @ UND Units

Charge 0.7 ∼0.2 nC
Mean energy 0.27 1.25 GeV
Relative energy spread, rms 2.0 <0.03 %
Duration, FWHM 10.8 0.3 ps
Peak current (core) 650 650 A
Horizontal normalized emittance,
projected rms

0.6 0.7 μm

Vertical normalized emittance,
projected rms

0.6 0.6 μm

Mask slit width 1 mm
Mask aperture width 3 mm

FIG. 4. Spectral power and transverse intensity distribution
(inset) at the end of the FEL1 (left) and FEL2 undulator line.
Genesis 1.3 simulation. Electron beamlet parameters as in Table I.
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scraping in BC1 set to generate a beamlet duration of
approximately 330 fs. The extension of the lasing region as
a function of the seed laser–electron bunch delay confirms
the expected beamlet duration, and it highlights a region
of efficient lasing in the beamlet as long as ∼150 fs.

The spectrum intensity is normalized to the peak value
in both plots: The average FEL pulse energy was 35 μJ for
the whole beam and 15 μJ for the selected beamlet without
further optimization of the spatial and temporal overlap of
the seed laser and electron beamlet.

IV. FINAL REMARKS

In conclusion, we have demonstrated with detailed
numerical simulations that two-pulse, two-color FEL emis-
sion synchronized at the subfemtosecond level can be
generated by splitting the electron bunch in two beamlets
and that these can be safely sent to distinct undulator lines.
The scheme is suitable for the simultaneous operation of
experimental beam lines receiving FEL pulses generated by
very similar electron beam parameters and can be imple-
mented at existing facilities with limited cost and reduced
impact on the infrastructure.
Unlike any HGHG option, the proposed scheme has no

color limitation due to the harmonic up-conversion of the
seed laser wavelength. Accordingly, this study is expected
not only to pave the way to simultaneous operation of two
synchronized FEL lines, but also to more flexible, robust,
and reliable two-color, two pulse schemes for, e.g., four-
wave mixing spectroscopy as well as a broader variety of
FEL-pump FEL-probe experiments, including transient
grating spectroscopic methods [63]. Since the pump and
probe are generated with two different undulators, and for
a relative time separation of the two pulses up to 1 ps or so,
there is no need for a large split-and-delay system for the
photon beam, which can be costly and difficult to operate
and reduces the photon flux at the sample.
At FERMI, a relative delay of the two pulses in the range

200–600 fs can be achieved with little modification to the
switchyard footprint, at 0.65 kA peak current level.
However, an additional small chicane in one of the two
beam lines could allow the relative delay of the two FEL
pulses to go through zero. A recent experimental proof of
beam scraping for the production of a single beamlet with
beam parameters as in Table I and standard optics in the
switchyard has been collected and lasing demonstrated
from the first stage of FEL2. Additional tests are ongoing to
further optimize and characterize such promising results.
By virtue of electron beam scraping,∼10�fs-long beamlets
can be provided at the undulator. Thus, in principle, seed
laser pulses longer than the beamlet can stimulate FEL
emission of few-femtoseconds-long, fully coherent photon
pulses from UV to soft x rays.
For future facilities with freedom of parameter choice,

the two beamlets could be created using a double photo-
injector laser pulse, accelerated at the same phase on
different rf cycles, before being given small energy offsets
in a subharmonic cavity so that they can be separated into
two FEL beam lines by the septum with the same scheme
presented above. Such a double-pulse option may offer
some more flexibility in beam compression and avoids

TABLE II. FEL1 and FEL2 input and output parameters.
Electron beamlet parameters as in Table I.

Quantity FEL1 FEL2 Units

Seed laser pulse energy 5 10 μJ
Seed laser duration, FWHM 50 50 fs
Harmonic jump 9 27
Central wavelength 28.8 9.6 nm
Relative bandwidth, FWHM 0.20 0.18 %
Pulse energy 60 13 μJ
Pulse duration, FWHM 30 37 fs
Peak power 2.0 0.4 GW

FIG. 5. Spectrum of the first stage of FERMI HGHG FEL2 vs
seed laser delay. The seed laser is superimposed to the whole
electron beam (top) and to a single beamlet produced with
scraping in BC1 (bottom). The spectrum intensity is normalized
in both plots to the peak value. The seed is time shifted in steps of
50 fs; 20 shots are consecutively recorded for each delay
value [62].

SIMPLE AND ROBUST FREE-ELECTRON … PHYS. REV. ACCEL. BEAMS 22, 100701 (2019)

100701-5



relatively large beam power losses induced by scraping at
high repetition rates.
High repetition rates also limit the performance of the

in-vacuum septum magnet: a maximum safe value of the
dissipated average electric power hPdi ∼ 100 W implies,
e.g., bending angles θ ¼ 1°–3°, beam energies Eb ¼
1�5 GeV, and consequently pulse frequency frep ¼
10�300 Hz, where hPdi ∝ θ2E2

bfrep. Reliability at the
highest repetition rates would also require a specific study
of the circuit components. Alternatively, hPdi > 100 W
can be dissipated with an out-of-vacuum dc septum
magnet; a minimum thickness of ∼5 mm should then be
considered. In our case study, such a thickness would
force to either δf > 2% or jηxj > 0.7 m. However, a larger
energy separation would be obtained at the expense of
a lower mean energy of the beamlets (because of more
pronounced off-crest acceleration in the linac), while a
larger dispersion would need a revision of the FERMI
switchyard layout. We conclude that FEL repetition rates
≥100 Hz imply larger beamlet separation; this is affordable
in FELs with a larger linac energy budget (allowing larger
δf) and/or a longer switchyard (allowing smaller θ) than
considered in our case study.
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