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Several beam manipulation methods have been studied and experimentally demonstrated to generate
x-ray multipulses in free-electron-laser (FEL) facilities, advancing the fields of material science, molecular
physics, and photochemistry by enabling x-ray pump/x-ray probe experiments. We have demonstrated a
novel method to generate hard x-ray multipulses using a hybrid compression scheme. Compared to other
methods, this approach minimizes the time jitter among the FEL subpulses, produces large power FEL
subpulses, is suitable for high repetition rate machines, since it does not imply the generation of losses, and
it works at short and hard x-ray FEL wavelengths as well. All of these aspects make this approach attractive
for the novel FEL facilities aiming to explore the hard x-ray region and to work at high repetition rate.
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I. INTRODUCTION

X-ray free-electron-laser (FEL) facilities operating in the
so-called two-color mode allow the production of double
x-ray subpulses with control of their wavelength and
subpulse delay to perform x-ray pump-probe experiments.
Double subpulses have been used or proposed to be used to
advance the fields of atomic, molecular and optical physics
[1–3], to study magnetic skyrmion in probe/probe experi-
ments [4], and to capture the dynamic of the explosion of
water droplets [5].
After the initial demonstration [6,7], more schemes have

been devised and experimentally tested [8–14] to increase
the subpulse power and to improve the control over
subpulse delay, duration, spectrum, and polarization, but
there is not a single scheme outperforming all of the
others in every aspect. The first approach is based on
the split undulator scheme, theoretically predicted [15,16]
and experimentally demonstrated [6,8]. From the FEL
resonance equation λR ¼ λU

2γ2
ð1þ K2

2
Þ [17], where λR is

the wavelengths of the produced radiation, λU the undulator
period, K the undulator parameter, and γ the Lorentz factor,
the undulator settings λU and K, or the electron bunch γ can
be used to support various λR. Since the same electrons

produce both photon subpulses, the power is limited to
presaturation level for the first subpulse, otherwise the
second subpulse is prevented to lase. This limitation has
been improved by selectively controlling which bunch
temporal slice lases in each undulator section, thus enabling
tens of GW postsaturation power and additional delay
flexibility [11]. Such control has been demonstrated so
far by a beam transverse tilt and subsequent bunch
trajectory control [18–20], or by an optics time-dependent
mismatch predicted in simulations [21], and experimentally
demonstrated [22].
The setup of a two-color beam with the fresh-slice

technique [11] requires a sufficiently short gain length to
achieve saturation power in a fraction of the full undulator
length. This is typically not achievable in the entire photon
energy spectrum, failing in particular at shorter wave-
lengths. To produce fully saturated power at harder x rays,
the twin-bunch [9] or two-buckets [14] schemes are
preferable. In these schemes, two different bunches are
extracted at the photoinjector, either illuminating the
photocathode with two laser pulses using the pulse-
stacking technique [23] or with two independent drive
lasers [24]. Both bunches are accelerated and compressed
in the linac, and lase along the entire undulator line. The
advantage of this approach is the efficient use of the
undulator length, providing enough lasing intensity also
at the shortest wavelengths. Drawbacks are the limited
achievable color separation due to the bunch transport
chromatic effects, and a more complicated setup impacting
the whole machine from the cathode. Other approaches rely
on the generation of current spikes along the bunch length
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using a slotted foil [25], sextupoles [26], generating a
spatial tilt [18–20] or mismatch [21,22] along the bunch
length. All these methods allow using the full undulator
length, but may suffer from electron beam particle losses
due to the transport of a bunch characterized by a highly
degraded emittance, a transverse tilt, or optics mismatch
along its length.
In this article we show the experimental generation of

electron bunch multiple-current spikes and the associated
production of multicolor hard x-ray FEL pulses by manipu-
lating the longitudinal electron bunch phase space with an
oscillating wakefield [27] induced along a passive structure
installed upstream of the first bunch compressor. This
method allows using the full undulator line and the majority
of the electrons, it works for all the FEL wavelengths.
These aspects make this method attractive especially for
the hard x-ray region. This approach does not imply the
generation of losses, being ideal for high frequency FELs.
The electron beam is manipulated only at a relatively high
beam energy (few hundreds of MeV), where the electron
beam is already highly relativistic. This makes the beam
degradation negligible and the setup time smaller compared
to other approaches. Furthermore, this hybrid compression
scheme, i.e., where the electron energy chirp is generated
by the wakefield induced by the beam itself traveling
through the passive structures and only partially by the rf,
implies a smaller time jitter among the FEL subpulses
compared to other methods, since the effect of the wake-
field on the tail is self-synchronized with the head.

II. METHOD

Wakefield devices have been used for several applica-
tions in FEL facilities, including energy chirp control [28],
phase space linearization [29,30], diagnostic purpose [31],
and lasing control [11,21,32]. The method we present in
this article has been explained in detail in [27], so here we
only briefly recall it with the help of Fig. 1. The com-
pression is controlled by adding an alternating sign energy
chirp to that induced by the off-crest rf acceleration. This
extra energy chirp is given by the wake potential excited by
the beam itself passing through the passive structures. The
wake potential may add or substract to the global energy
chirp generated operating off crest the rf cavities. In case
the periodicity of the wake potential is equal or smaller than
half of the full bunch duration, two or more current spikes
are generated using downstream magnetic chicanes. Each
current spike lases along the entire undulator line, as in the
twin-bunch scheme [9], but the setup is simpler, since it
does not involve strong modifications at the lowest energy
section of the machine. Like for the twin bunch scheme, the
energy separation of the current spikes may be changed
independently from the time delay by varying the phase of
the rf structures downstream of the last compression stage,
whereas the time delay adjustments require to manipulate
the rf phases. In the case of the scheme discussed here the

time separation among the FEL subpulses may be varied
also changing the periodicity of the oscillating wakefield,
varying the gap of the passive structures. The obtained
current spikes may have very short time durations and
gain lengths at acceptable jitter due to the hybrid com-
pression scheme, and are therefore perfect candidates to be
combined with selective lasing control, or for multistage
amplification [32,33].

III. EXPERIMENT AT SWISSFEL

We experimentally demonstrated the method proposed
in [27] at the SwissFEL facility [34] at the Paul Scherrer
Institute.
SwissFEL, whose schematic layout is shown in Fig. 2,

has entered in regular user operation for hard x-ray
radiation since the beginning of 2019 (pilot experiment
from the end of 2017). The facility consists of several
normal conducting accelerating sections (injector, linac 1,
linac 2, and linac 3), which boost the beam energy from
7.1 MeV at the exit of the gun to the maximum design
energy of 5.8 GeV at the undulator line. At the
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FIG. 1. Top plot: bunch longitudinal profile at the entrance of
the passive structures, and energy loss (wake potential) along the
electron beam induced by the bunch itself passing through
the passive structures. The wake potential is computed as the
convolution of the beam longitudinal profile and the wakefield
point charge function of the passive structures. Middle plot:
bunch longitudinal profile at the exit of the first bunch com-
pressor. Bottom plot: bunch longitudinal profile expected down-
stream of the second bunch compressor.
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photoinjector the 200 pC charge electron bunch is extracted
from a Cs2Te photocathode illuminated by a 260 nm, 10 ps
FWHM flattop longitudinal profile (initial SwissFEL
design). The design 3 kA peak current at the undulator
entrance from the 20 A at the exit of the injector is obtained
using in cascade two 4-dipoles magnetic chicanes, BC1 and
BC2, at an energy of 300 MeV and 2.1 GeV, respectively.
The energy chirp to achieve the compression at BC1 is
provided by the last two of the four S-band structures
(SINSB03-04). The chirp for the second compression stage
is mainly induced by the linac 1 structures. A X-band cavity
(SINXB) installed at the injector is used to linearize the
bunch longitudinal phase space for both compression
stages. The linac 2 and linac 3 rf structures operate on
crest solely to boost the beam energy up to the design value.
The undulator line is equipped with 13 in-vacuum variable
gap undulators, to generate FEL radiation in a wavelength
ranging from 0.1 to 0.7 nm. More details about SwissFEL
can be found in [34].
We installed two pairs of 1 m each long aluminum

corrugated parallel plates (DEV and DEH in Fig. 2)
between the last S-band structure and SINXB, at a location
where the beam has an energy of 320 MeV. At this location
the beam excites the oscillating longitudinal wakefield. The
two structures, DEV and DEH, are orthogonally oriented
to compensate for the quadrupole wakefield [35], and their
gap and center position are remotely controlled between
0.7 and 30 mm (the latter which corresponds to no effect on
the beam) and 0 and 15 mm, respectively. The periodicity
of the corrugation is 0.5 mm, the space between the
corrugations is 0.25 mm, and its depth is 0.1 mm. The
geometry of the corrugation is optimized to generate
the correct number of wakefield modulations inside the
full bunch duration, as described in [27].
We distinguish the global chirp, generated by going off

crest in the rf structures, from the local chirp, impinged by
the longitudinal wakefield due the corrugated plates, and
the total chirp, given by the sum of the two. We adjusted the
global chirp to moderately compress the beam by a factor 3
(from 20 to about 60 A), then we obtained about 180 A
current spikes closing DEV and DEH down to 2 mm gap
inducing the local chirp. The change of the SINSB03-04

phase and the moderate variation of the SINXB amplitude
(15%) are the only necessary modifications to the machine
settings, and they occur at an energy where the electron
bunch is already heavily relativistic. After being com-
pressed at BC1 and BC2, the beam features the expected
current spikes separated in time and energy, as shown
in Fig. 3.
There is a vast number of combinations of global and

local chirps giving the same target peak current at BC1. We
adjusted the set point of the injector optimizing the quality
of the compressed beam (slice and projected emittance and
optics mismatch along the bunch duration), and the ratio
of the current peak at the current spikes location and in
between. The first condition maximizes the FEL intensity,
whereas the latter guarantees FEL spectra with a region
characterized by zero or negligible lasing intensity between
the pump and probe subpulse. Finally, we selected the
working point of linac 1, linac 2, and linac 3 to obtain the
desired peak current and energy separation in between
the current spikes.

FIG. 2. SwissFEL schematic layout (not to scale). The hard x-ray branch used for the measurements described in this article is shown.
Different colors indicate different frequencies of the rf structures. Light blue corresponds to S-band (gun length of 0.15 m, and
accelerating structures with a total length of 32 m length for four structures), green to X-band (total length of 1.5 m length for two
structures), and red to C-Band (total length of 208 m distributed among the 26 structures of the three linacs). The length of BC1 and BC2
are 14 and 17 m, respectively. The transverse deflecting structures (TDS) used to characterize the slice beam parameters are also shown.
The total length of the machine is about 730 m from the gun to the undulator exit. The passive structures, DEH and DEV (total length of
2 m), are also indicated.
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FIG. 3. Typical electron bunch characterized at the energy
collimator. (a) Bunch longitudinal phase space. (b) Beam longi-
tudinal current profiles. We repeated the measurements with
different time separations among the current spikes (bunch 2).
This has been obtained varying the off-crest phase of the linac 1 rf
structures. (c) Normalized slice emittance and beam current
longitudinal profile referring to the Bunch 1 case reported in (b).
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We compared the results from several codes to compute
the longitudinal wakefield generated by the passive struc-
tures installed at SwissFEL. We found a very good agree-
ment between the results obtained using ECHO [36] and CST

STUDIO [37]. We used LiTRack [38] and the wakefield
obtained by ECHO to simulate the dynamics of the electron
bunch traveling along one of the passive structures.
Figure 4 shows the comparison of the beam longitudinal
profile measured downstream of the first bunch compressor
with the simulation results obtained with LiTRack with the
wakefields calculated by ECHO for a single structure with a
gap of 2 mm. Figure 4 shows the comparison of the results
of the LiTRack simulations with the measurements. We
found quite a good agreement of the periodicity of the
current spikes, but a discrepancy on the amplitude. This
effect may be due to an uncertainty on the value of the gap
of the passive structures, the charge reading, or some other
parameters of the beam like the initial pulse duration. The
observed small discrepancy did not preclude the application
of the method. During the experiment we slightly reduced
the gap of the structures (few hundreds of μm over the
expected 2 mm) to compensate for it.
We had the possibility to generate up to three current

spikes using a laser 10% longer than in simulations, and
further closing the passive structures. This setup allows for
the generation of three-color spectra, even if in our case the
third spike (at the tail of the bunch) was lasing only for a
small fraction of the pulses. This may be due to some
suboptimal trajectory along the passive structures, which
starts to be important going towards smaller gaps and the
tail of the beam.
In Fig. 3 we show the beam at the entrance of the

undulator line, which generates multicolor FEL spectra like
those shown in Fig. 5. The FEL pulse energy is measured

by a gas-based photon-intensity monitor [39]. In the case of
the two-color mode we obtained a pulse energy of a few
tens of μJ with a maximum of about 50 μJ starting from
about 140 μJ in the SASE mode. Similarly to other
methods based on the inhibition of the lasing along a
portion of the bunch duration, the FEL intensity is reduced
when the two colors are generated. The length of the single
FEL subpulse may be determined by the number of spikes
in the energy distribution of the FEL subpulses from a
statistical analysis, as described in [40]. According to this
analysis a single FEL spike of the energy spectrum
corresponds to a FEL rms pulse length of the order of a
few fs or less, well below the factor 3 shorter pulse length.
This implies that the power of the radiated FEL is increased
for the two-color setup also if the total intensity is reduced.
An important aspect of any two-color scheme is the

tunability of different properties of the FEL subpulses. We
experimentally demonstrated the possibility of changing
the relative intensity, the time and the energy separation
among the FEL subpulses.
There are three ways to vary the relative intensity of the

FEL subpulses: modifying the SINXB amplitude, generat-
ing optics mismatch, or introducing a time-dependent tilt
along the bunch. The first method has a limited tunability,
because one of the two peaks may suffer a possible beam
emittance degradation due to a nonlinear compression. We
measured a slice emittance degradation of a factor 2 with
17% variation of the SINXB amplitude from the optimal
value. The latter option appears to be much more simple
than the second one, because it relies on a modification
of the setting of a single element relatively close to the
undulator line. We introduced a tilt along the bunch varying
by a maximum of 2% the strength of a quadrupole located
at a dispersive section in the energy collimator. Figure 6
shows the measured FEL average spectra over 1000
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with the results of the LiTRack simulations obtained using the
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of the structure are stated in the text.
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FIG. 5. Some examples of the multicolor FEL spectra measured
by the single-shot photon spectrometer [39] installed at the end of
the undulator line. For completeness we include one of the three-
color spectra (middle spectrum).
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consecutive shots. In this way we varied the intensity ratio
among the two FEL subpulses from a ratio of 1.5 up to 4.7.
Two options are available to tune the time separation

between the FEL subpulses: changing the gap of the
corrugated structures, or modifying the global chirp. We
used the latter option, common to other methods. Figure 3(b)
shows the current profile measured for two different global
chirps. In this particular case, we measured a change of the
time separation of 40 fs. Like for other methods, the time
delay is coupled with the energy separation, so after the first
has been adjusted, the latter one must be tuned. The time
separation can go up to more than 100 fs [27] changing the
gap of the passive structures.
The energy separation between the FEL subpulses may

be adjusted independently from the time delay changing the
phase of rf structures downstream of the last compression
stage, i.e., linac 2 and linac 3, since the energy collimator
operates with R56 ¼ 0 m, i.e., in isochronous mode.
Compared to what was described in [27], we enhanced
the energy separation between the subpulses setting the
compression at the exit of BC2 to overcompression. In this
configuration the linac 2 and linac 3 longitudinal wake-
fields add to the beam energy chirp, and, consequently, the
energy separation among the current spikes is enhanced.
This setup is routinely used to obtain large-bandwidth FEL
spectra [41]. We measured about 2% energy separation
between the FEL subpulses at 7 keV photon energy. To
perform an experiment with large (small) energy separation
between the FEL subpulses, the beam is set up in over-
compression (undercompression) mode at the exit of BC2,
and the linac 2 and linac 3 rf phases are changed only to
fine-tune the energy separation. We experimentally

demonstrated a variation of the energy separation from
0.4% up to 2% at 7 keV photon energy at SwissFEL using
this strategy. These values are specific of each machine. A
larger energy gain downstream of the last bunch compres-
sor or stronger wakefields of the rf structures would allow
to further enhance the maximum energy separation.
Figure 7 shows 1000 consecutive single-shot FEL

spectra. We took the series of spectra changing the number
of spikes of the high energy color, which, in the case
reported in Fig. 7, is expected to be much shorter than the
low energy color subpulse.

IV. CONCLUSIONS

We have experimentally demonstrated a method to
generate a multispike current profile within an electron
bunch able to lase in the soft and in the hard x-ray
wavelength region. The current spikes are generated using
an oscillating longitudinal wakefield excited by the electron
beam itself passing through dedicated passive structures
installed at a relatively high beam energy. We showed the
tunability of the properties of the FEL subpulses, in terms
of separation in time and energy, relative amplitude of the
FEL subpulses, and independent control of the length of the
single FEL subpulse as well. Compared to other approaches
used to obtain two-color FEL pulses, this method is
extremely promising to generate large power FEL two-
color subpulses, since it does not imply a massive modi-
fication of the machine parameters in the low-energy
section of the accelerator, it allows using the entire
undulator line, and it does not imply any beam degradation
to inhibit the lasing along a portion along the electron
bunch duration. The method is therefore particularly
attracting for the new FEL machines, aiming to explore
the hard x-ray region around the 20 keV, where other
approaches would be very inefficient. The scheme we

-20 0 20 40 60

E
p
 (eV)

0

2000

4000

6000

F
E

L 
in

te
ns

ity
 (

ar
b.

 u
ni

ts
)

-20 0 20 40 60

E
p
 (eV)

0

2000

4000

6000

F
E

L 
in

te
ns

ity
 (

ar
b.

 u
ni

ts
)

-20 0 20 40 60

E
p
 (eV)

0

500

1000

1500

2000

F
E

L 
in

te
ns

ity
 (

ar
b.

 u
ni

ts
)

-20 0 20 40 60

E
p
 (eV)

0

1000

2000

3000
F

E
L 

in
te

ns
ity

 (
ar

b.
 u

ni
ts

)

FIG. 6. Average photon spectra obtained measuring the photon
intensity downstream of a monochromator scanning its energy
setpoint, Ep. Each subplot corresponds to a different quadrupole
strength (maximum variation of 2%). The rms values of the lower
and higher energy color are 8� 1 and 6.5� 0.5 eV, respectively.
The 0 eV photon energy in the abscissa corresponds to 7.5 keV.

FIG. 7. 1000 consecutive spectra measured by the photon
single-shot spectrometer. The number of spikes and therefore
the duration of the high energy color is minimized.
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demonstrated is also interesting for the new high repetition
rate machines, since it does not imply charge losses along
the accelerator or along the undulator line.
Furthermore, we have demonstrated a hybrid approach to

control the bunch compression employing both rf and
passive structures. This represents a valid way to improve
the FEL stability not only of the two-color setup, but for
other operation modes. The same method may be extended
to any other machine to improve the time jitter of the
compressed beam.
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