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We present a setup based on the optical klystron concept, consisting of two undulator modules separated
by a magnetic chicane, that addresses two issues in free-electron-laser (FEL) facilities. On the one hand, it
allows increasing the intrinsic energy spread of the beam at the source, which is useful to counteract the
harmful microbunching instability. This represents an alternative method to the more conventional laser
heater with the main advantage that no laser system is required. On the other hand, the setup can be used to
reconstruct the initial beam energy spread, whose typical values in FEL injectors around 1 keV are very
difficult to measure with standard procedures.
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I. INTRODUCTION

Free-electron lasers (FELs) are cutting-edge research
tools in multiple scientific fields that allow the observation
of matter with ultra-high spatial and time resolutions.
Current x-ray FEL facilities generate coherent radiation
with wavelengths down to the Angstrom level, peak powers
of tens of gigawatts or more, and pulse durations of tens of
femtoseconds and shorter [1–5].
In this article we propose a setup based on the optical

klystron effect [6–10], consisting of two undulator modules
and a magnetic chicane in between, as shown in Fig. 1, to
increase and measure the intrinsic or uncorrelated energy
spread of the electron beam. The setup may be utilized to
address two important issues in FEL facilities: the increase
of the intrinsic beam energy spread is useful to suppress
the so-calledmicrobunching instability via Landau damping
[11–14], while the high-resolution measurement of the
intrinsic beam energy spread of the electron source provides
important information in view of the characterization and
optimization of the source. From now on wewill refer to the
intrinsic beam energy spread simply as beam energy spread.
The high-brightness beams generated in FEL facilities

are prone to suffer a microbunching instability, which, if
not counteracted, deteriorates the electron beam quality
such that only reduced FEL amplification occurs in the
undulator beamline [11–14]. An effective way to suppress

the microbunching instability is to increase the initial beam

energy spread. This is normally achieved with a so-called
laser heater [14,15]: at relatively low energy (on the order
of 100 MeV) the beam is arranged to propagate along an
undulator, in parallel with an optical laser beam, such that
the interaction in the modulator causes an energy modu-
lation of the electron beam. The laser heater is typically
situated between the second and third dipole magnet of a
dispersive chicane, which smears out the energy modula-
tion, leading to an effective increase of the beam energy
spread. An electron beam energy of about 100 MeV is
convenient because, for standard undulator periods, the
corresponding radiation wavelength is in the range of
commercially available lasers. To mitigate the microbunch-
ing instability effectively, the laser heater should be placed
before the beam is longitudinally compressed in the first
bunch compressor of the facility. The effectiveness of the
laser heater has been demonstrated experimentally at the
Linac Coherent Light Source [16] and at the FERMI
facility [17]. Most of the other present and future FEL
projects plan to employ it, including the European XFEL
[18] in Germany, PAL-XFEL in South Korea [19], and
SwissFEL in Switzerland [20,21].
Alternative schemes to increase the beam energy spread

without the use of a laser have been presented: using a
superconducting undulator to induce quantum fluctuations
[22], based on transverse-deflector rf structures [23],
introducing longitudinal phase mixing to the electron beam
in a magnetic chicane [24], and employing transverse-
gradient undulators [25].
Here we explore the potential of the setup sketched in

Fig. 1 to increase the beam energy spread in FEL facilities,
as an alternative to the laser heater. The chicane converts the
energy modulation created in the first undulator module into
a bunching, which in turn gives rise to an enhanced increase
of the energy modulation in the second undulator module.
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An important advantage of our proposal with respect to the
laser heater is that it does not require any laser.
The setup can also be used to reconstruct with high

resolution the initial beam energy spread by finding the
chicane strength that maximizes the optical klystron effect.
The initial beam energy spread has typical values around
1 keV or less, very challenging to measure with magnetic
spectrometers, which in practice have a maximum reso-
lution of a few keV for electron beams with energies on the
order of 100 MeV or more [26]. Only a precise measure-
ment makes it possible to tune the FEL injector parameters
to achieve an optimum beam energy spread. The proposed
method to measure the beam energy spread is similar to the
one presented in Ref. [27], which also makes use of two
undulator sections and a chicane, but requires a laser in
addition.
We describe our scheme inmore detail in Sec. II. In Sec. III

we demonstrate the validity of our scheme with numerical
simulations performed with the FEL code Genesis 1.3 [28] for
parameters based on the SwissFEL design.

II. DESCRIPTION OF THE SCHEME

Figure 1 shows an illustration of the scheme based on the
optical klystron, consisting of two undulator modules and a
magnetic chicane in between. The length of our setup is
similar to that of a laser heater, i.e., a few meters. In contrast
to a laser heater, where the electron beam size has to match
the laser mode size, our method does not require matching
to any special optics at the undulator modules. Since the
process relies on amplification through self-amplified
spontaneous emission (SASE), however, having a small
beam size will generally improve the method’s efficiency,
giving access to the desired final beam energy spread with
shorter undulator modules. The installation of the setup
upstream of the first bunch compressor of the FEL facility
ensures that its large longitudinal dispersion (R56) will
eliminate microbunching and smear out the energy modu-
lation generated in the undulators. From now on we will
assume that the energy modulation generated after the
second undulator module is equivalent to an increase of the
beam energy spread.

A. Increase of the beam energy spread

The SASE process starts in the first undulator module,
inducing an initial energy modulation to the electron beam.
The R56 of the magnetic chicane in the optical klystron

converts the energy modulation generated in the first
undulator module into a density modulation (bunching),
enabling a fast growth of the radiation power and the beam
energy spread in the second undulator module. Without the
chicane the undulator beamline required to increase the
beam energy spread to a given level would be much
longer—about a factor of three for the SwissFEL param-
eters, as we will see in Sec. III. Most importantly, the
chicane gives the possibility to fine-tune the increase of the
beam energy spread with the R56 of the chicane, equivalent
to the variation of the laser power in the case of the laser
heater [16,17]. Other options to control the beam energy
spread in our setup are possible, but much less straightfor-
ward. For instance, the undulator length could be changed on
a fine scale (on the order of a few cm) by opening the gap of
certain undulator blocks or the beam optics or trajectory
could be modified to attain a certain beam energy spread.
Our method is based on the SASE mechanism, which

starts up from the electron shot noise and results in a
spiky radiation profile. Therefore, the induced beam energy
spread will not be constant along the longitudinal position
of the bunch and will vary from shot to shot. However, due
to the radiation slippage the induced beam energy spread is
much more homogeneous than the SASE radiation profile
itself, enough to mitigate the microbunching instability for
the whole bunch. Although a laser is not required in our
setup, it could still be added to improve the homogeneity of
the beam energy spread along the bunch.
The induced beam energy spread due to the optical

klystron effect is null when R56 ¼ 0. With growing R56 the
given energy modulation in the first undulator section
converts to stronger bunching in the second stage, where
the emission is more coherent, inducing a further energy
modulation on a faster scale. The increase of the beam
energy spread reaches a maximum at R�

56, which we define
as the R56 resulting in maximum gain of the optical klystron
effect. For R56 > R�

56 the beam is overbunched, leading to
a reduction of the efficiency of the optical klystron effect
and therefore of the final energy spread of the beam. From
an operational point of view, operating at R56 > R�

56 is not
reasonable, since the same final beam energy spread can
also be achieved with a smaller R56.
The maximum achievable beam energy spread depends

on the power gain of the optical klystron, which is inversely
proportional to the ratio between the initial relative beam
energy spread σδ ¼ σE=E (where σE is the beam energy
spread and E the mean energy of the beam) and the FEL
parameter ρ [29]: for a given σδ, the power gain is higher for
larger ρ, which is larger for higher beam quality (i.e., when
the beam emittance and sizes are smaller and the current is
higher) [9].

B. Measurement of the initial beam energy spread

The optimum chicane strength R�
56 for a maximum

power gain of the optical klystron depends on the initial

FIG. 1. Schematic layout of the proposed scheme for control-
ling and measuring the intrinsic energy spread of electron beams.
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energy spread of the beam but is quite insensitive to other
beam parameters. According to one-dimensional (1D)
theory [9]:

R�
56 ≈

λ

2πσδ
; ð1Þ

where λ is the radiation wavelength. The above equation is
valid when the energy modulation generated in the first
undulator module is small compared to the initial beam
energy spread, which is the case for the simulations
presented here. For beams of extreme brightness with very
low energy spreads, the length of the first undulator could
be reduced to fulfill this condition.
Based on Eq. (1) it is possible to reconstruct the initial

energy spread of the beam by finding the chicane strength
that maximizes the optical klystron effect. This can easily be
done by scanning the R56 of the chicane while measuring the
resulting radiation power or the final beam energy spread—
even without absolute measurements of these two quantities.
The measurement of the output beam energy spread is
usually done with a magnetic spectrometer, which is
normally resolution limited to a few keV, while the radiation
energy can readily be measured down to very low values
(e.g., with a photodiode). Consequently, we suggest to
reconstruct the initial beam energy spread by measuring
the output radiation energy as a function of the chicane’sR56.
Three-dimensional (3D) effects will slightly modify

Eq. (1). A more accurate reconstruction of the initial beam
energy spread can be achieved by measuring the radiation
power as a function of the chicane strength and comparing
this curve with 3D simulations.
We note that our measurement method can be applied

without any additional cost in the undulator beamline of
an FEL facility if a magnetic chicane is available between
two undulator sections. The latter condition is fulfilled for
x-ray FEL facilities with a self-seeding chicane and for
those facilities that envisage employing the optical klystron
effect to reduce the saturation length, as in the case of
SwissFEL [30].

C. Discussion on the radiation wavelength

Since our method is based on the SASE process, it
works for a wide range of wavelengths. Its intrinsic self-
tuning allows for any given beam energy and undulator
parameters (period and length), while in the laser heater the
seed laser has to match the undulator resonant wavelength,
thereby limiting the range of beam energies and undulator
parameters to be used. The wider operational range of
our method allows us to work with radiation wave-
lengths for which the microbunching gain is negligible,
at different locations of the facility with different beam
energies, etc.
For given beam and undulator parameters, a longer

wavelength is favorable since it corresponds to a higher

undulator field, which in turn improves the coupling
between the electron and photon beams, thereby increasing
the radiation power and the induced beam energy spread.
Therefore, the required undulator to achieve a certain beam
energy spread will be shorter for a longer wavelength.
However, the required R56 for the optical klystron con-
figuration increases with the radiation wavelength [see
Eq. (1)]. As a consequence, longer wavelengths require
higher R56 and therefore stronger dipole magnets and/or
longer magnetic chicanes. In summary, the radiation wave-
length must be long enough to avoid too long undulators,
but not too long such that the chicane parameters stay
within reasonable limits. Furthermore, the wavelength
should stay away from the range of wavelengths amplified
by the microbunching instability.
Our method to measure or increase the beam energy

spread also works if the electron beam has an energy chirp
(a correlation between energy and longitudinal coordinate
of the beam)—the different longitudinal slices with
different energies will simply radiate at different wave-
lengths defined by their energies. At the center of the
chicane there is a finite transverse dispersion, i.e., a
correlation between the transverse coordinate and the
energy of the electrons. Therefore, if the beam has an
energy chirp at the chicane center, it will also have a
correlation between the transverse and longitudinal
coordinates. Consequently, a transverse collimator at
this location would collimate the beam also longitudi-
nally, allowing a local beam energy spread increase/
measurement only for the beam slices passing through
the collimator. A movable collimator could then be used to
measure the beam energy spread as a function of the
longitudinal position of the bunch. The function of the
collimator could also be provided by a slotted foil [31].
We note that the beam would be compressed or decom-
pressed due to its energy chirp and the chicane R56,
possibly affecting the microbunching gain along the
accelerator.

III. NUMERICAL EXAMPLE FOR SWISSFEL

We consider the nominal beam parameters at the location
of the laser heater of SwissFEL for a bunch charge of
200 pC [20,32]: the beam centroid energy is 150 MeV, the
current profile is flat with a constant value of 20 A, and the
normalized emittance is 200 nm. The beam energy spread is
expected to be between 0.5 keV and 2 keV. Therefore, for
the simulations presented here we will assume different
initial beam energy spread values ranging between 0.5 and
2 keV. (All beam energy spread numbers throughout this
work refer to rms values.) Concerning the beam optics, for
both planes the initial β and α-functions are 10 m and 1,
respectively. The incoming vertical optics is chosen to
minimize the variation of the vertical beam size along the
lattice when changing the chicane R56. The simulations
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presented in this section have been performed with
Genesis 1.3. As an input we use an ideal beam for which
the above-mentioned parameters are constant along the
bunch.
We choose undulator modules with a period of 40 mm

and a total length of 1.8 m each. Furthermore, we consider a
planar undulator configuration with focusing only in the
vertical plane. We note, however, that our scheme also
works with helical undulators, which offer a higher
electron-radiation coupling and are more convenient opera-
tionally for the beam optics because the undulator focusing
in this case is symmetric in both transverse planes. The
emission wavelength is set to 600 nm, corresponding to
an rms undulator parameter of 1.256, and R�

56 values of
28.6 mm and 7.2 mm for initial beam energy spreads of
0.5 keV and 2 keV, respectively.
A magnetic chicane to achieve R56 values up to about

30 mm can be realized in a space of less than 1 m. For the
simulations here we assume a chicane with three dipole
magnets occupying in total 0.6 m: the first and the last
dipole have a length of 0.1 m, the second dipole has a
length of 0.2 m, and the drift between the magnets is 0.1 m.
For our beam parameters, the required magnetic field to
generate an R56 of 30 mm would be 1.5 T, which can be
achieved with standard dipole magnets. Therefore, the
whole setup fits into a length of about 4 m, similar to
the space required for the laser heater of SwissFEL.
Figure 2 shows, for the case with an initial beam energy

spread of 1 keV and an R56 of 10 mm, the bunching factor
and the beam energy spread (averaged over the bunch
length) along the system, together with the beam energy
spread along the bunch for three different locations of
the setup. The chicane’s R56 increases the bunching from
practically zero to about 0.05, which is fundamental to
increase the radiation power and beam energy spread in the
second undulator module. The final beam energy spread
has a mean value of 11.4 keV, with an rms fluctuation along
the bunch of 4.9 keV.
We have simulated the performance of our setup as a

function of the chicane R56 for different initial beam energy
spreads between 0.5 and 2 keV. The R56 is scanned between
0 and 36 mm in steps of 0.5 mm. For each case we run five
simulations using different random seeds for the electrons’
noise generation to take into account the shot-to-shot
fluctuations intrinsic to the SASE process. Figure 3 shows
the simulation results of the final beam energy spread and
radiation energy at the end of the system as a function of the
R56 for initial beam energy spreads of 0.5 and 2 keV. The
error bars in this figure and the following ones account
for the statistical shot-to-shot variations. The shot-to-shot
fluctuations in output radiation energy and beam energy
spread are around 4% and 2%, respectively. We observe
that the final beam energy spread and radiation power
follow a similar pattern and that both quantities reach their
maxima at equivalent R�

56.

A. Increase of the beam energy spread

The chicane’s R56 can be used in a simple and efficient
way to control the final beam energy spread on the rising
edge of the curves plotted in Fig. 3. Figure 4 shows the
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FIG. 2. Simulation results for an initial beam energy spread of
1 keVand a longitudinal dispersion of 10 mm. Top: average beam
energy spread (black crosses, left axis) and bunching (blue dots,
right axis) along the longitudinal position of the system. Bottom:
beam energy spread along the longitudinal position of the bunch
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FIG. 3. Simulated induced beam energy spread (black, left
axis) and radiation energy (blue, right axis) as a function of
the chicane’s R56 for initial beam energy spreads of 0.5 keV
and 2 keV.
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maximum achievable beam energy spread as a function of
the incoming beam energy spread. We see that we can
increase the beam energy spread to about 7 keV or more.
This is sufficient in our case, considering that the laser
heater of SwissFEL is expected to increase the beam energy
spread up to a maximum of 7 keV, which is the highest
tolerable beam energy spread before compression to avoid
degrading the FEL performance of SwissFEL [21].
For the 1 keV case, our simulations indicate that, without

taking advantage of the optical klystron effect, an effective
undulator length of 12.5 m would be required to achieve the
same maximum final beam energy spread (12.5 keV), about
three times longer than in our proposed setup. This length
could be reduced by employing an undulator with shorter
period, e.g., a superconducting undulator, or by applying
stronger focusing to the electron beam. In any case, as
stated earlier, a solution without chicane would be much
less favorable in terms of system tunability.

B. Measurement of the initial beam energy spread

In Fig. 3 we see the expected strong dependence of the
R�
56 on the incoming energy spread of the beam. Our

simulation results indicate that the R�
56 changes between

about 7 mm and 24 mm for initial beam energy spreads
varying between 2 keV and 0.5 keV. Figure 5 shows the
reconstructed initial beam energy spread according to
Eq. (1) as a function of the true initial beam energy spread.
We determine the R�

56 by fitting a second-order polynomial
function to the simulated curve describing the output
properties (beam energy spread and radiation power) as
a function of the R56 in a limited region around the
maximum value. From Fig. 5 it is evident that equivalent
reconstructed values are obtained when using the final
beam energy spread or the radiation power for the

measurement. The error bars shown in Fig. 5, which are
below 0.1 keV, are dominated by the uncertainty of the
second-order fit parameters due to shot-to-shot fluctua-
tions. We also observe the presence of a systematic error
on the reconstructed value in the form of a small under-
estimation when the initial beam energy spread is 2 keV,
and an overestimation for beam energy spreads of 1 keVor
less. This overestimation increases at smaller beam energy
spreads, reaching 0.1 keV at an initial beam energy spread
of 0.5 keV.
As mentioned earlier, the resolution limitations of the

final beam energy spread measurement lead us to recom-
mend the reconstruction of the initial beam energy spread
based on measurements of the radiation power as a function
of the R56. At SwissFEL, for instance, the beam energy
spread measurement performed with a magnetic spectrom-
eter has a resolution, due to finite beam size, of around
10 keV, while standard photodiodes can measure radiation
energies of picojoules and below, with relative accuracy
in the permille range. Considering that the shot-to-shot
fluctuations are at the percent level, our diagnostics
accuracy is more than sufficient to not add any significant
error to the measurement of the initial beam energy spread.
Figure 6 shows the final beam energy spread and the

square root of the radiation energy as a function of the R56

when the initial beam energy spread is 1 keV. The square
root of the radiation energy is normalized to the maximum
value of the final beam energy spread. The two curves are
almost identical, as expected, given that the radiation power
or energy is proportional to the square of the radiation field,
which itself is proportional to the final energy spread of
the beam. The small discrepancy at very low R56 can be
explained by the fact that the beam has some finite energy
spread even for very small values of R56. The dependence
provides an opportunity to calibrate with our setup the final

0.5 1 1.5 2

Initial beam energy spread (keV)

0

5

10

15

20

25

M
ax

im
um

 fi
na

l b
ea

m
 e

ne
rg

y 
sp

re
ad

 (
ke

V
)

Achievable output beam energy spread
Maximum limit for SwissFEL (7 keV)

FIG. 4. Achievable beam energy spread as a function of the
initial beam energy spread.

0.5 1 1.5 2

Initial beam energy spread (keV)

0.5

1

1.5

2

R
ec

on
st

ru
ct

ed
 in

iti
al

 b
ea

m
 e

ne
rg

y 
sp

re
ad

 (
ke

V
)

True value
From final energy spread measurement
From radiation power measurement

FIG. 5. Simulated reconstructed beam energy spread for differ-
ent initial beam energy spreads.

USING THE OPTICAL-KLYSTRON EFFECT … PHYS. REV. ACCEL. BEAMS 20, 040702 (2017)

040702-5



beam energy spread by measuring the radiation energy with
a photodiode, assuming that the output beam energy spread
can be measured at least at its maximum value.
We have performed numerous additional simulations to

assess the robustness of the method against beam parameter
variations. Simulating the measurement procedure for five
different beam currents between 10 and 30 A (in steps of
5 A) for an initial beam energy spread of 1 keV, we obtain
an average value for the reconstructed beam energy spread
of 1.05 keVand a standard deviation of 0.02 keVamong the
five measurements. Equivalent results are obtained when
varying the normalized transverse emittance between 100
and 300 nm in steps of 50 nm. The deviation of the
reconstructed beam energy spread for different currents or
emittances (0.02 keV) is much smaller than the statistical
error for a single case (up to 0.1 keV). We conclude that,
within reasonable limits, changes in beam current and
emittance have no significant effect on the reconstructed
initial beam energy spread. Instead, the measurement errors
appear to be dominated by the statistical uncertainty to
obtain R�

56 and the systematic error arising from the
shortcomings of the 1D theory. In a real experiment this
last discrepancy could be reduced by comparing the
measured values with 3D numerical simulations, obtained,
e.g., with Genesis 1.3.
For illustration purposes, all previously presented results

were obtained with an ideal beam distribution with uniform
properties along the bunch. Nevertheless, the method still
works for more realistic beams. We have tested the
procedure for an electron beam obtained with the code
ASTRA [33] for a realistic SwissFEL configuration: the
method correctly reconstructs the average core energy
spread of this beam, which is about 0.6–0.7 keV. As
mentioned earlier, one could apply the procedure in
conjunction with a collimator in the chicane to reconstruct

the local beam energy spread for a certain longitudinal
position along the electron bunch.

IV. CONCLUSION

We have presented a novel setup based on the optical
klystron effect, consisting of two undulator modules and a
chicane in between, that can be utilized both to increase and
to measure the beam energy spread in FEL driving linacs.
The increase of the beam energy spread is essential to
suppress the microbunching instability in FEL facilities and
is usually achieved with a laser heater. The setup presented
here provides the same functionality without the need for
a laser system, thereby evading all associated focusing
and synchronization issues. The accurate measurement of
the initial beam energy spread, usually too small to be
measured with standard approaches based on magnetic
spectrometers, is of great value when tuning the FEL
injector for optimum performance.
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