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Experimental characterization of the optical klystron effect to measure the
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Eduard Prat®,"" Christoph Kittel®,"* Marco Calvi,' Paolo Craievich®," Philipp Dijkstal®,'
Sven Reiche,' Thomas Schietinger®,' and Guanglei Wang'

"Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
2University of Malta, MSD2080 Msida, Malta

® (Received 20 December 2023; accepted 9 February 2024; published 1 March 2024)

The intrinsic energy spread of electron beams needs to be measured to characterize and optimize high-
brightness electron beam sources such as those driving x-ray free-electron lasers (FELs). We demonstrate
the use of the optical klystron effect as a precise and high-resolution method to measure the electron beam
energy spread. The optical klystron setup consists of undulator modules and magnetic chicanes placed
between them. The energy spread is found by measuring the radiation power produced in the undulators as
a function of the chicanes’ strengths. High resolution and simplicity are the advantages of this approach, in
contrast to the standard method, which measures the longitudinal phase space of the electron beam
with a transverse deflector. The demonstration was performed at Athos, the soft x-ray FEL beamline of
SwissFEL, for which we measured energy spreads below 1 MeV at a central beam energy of 3.4 GeV.
We have verified the consistency of the method for different parameters (radiation wavelengths, undulator
polarization configurations, and electron bunch durations) and we have benchmarked it against the
standard measurement approach using a transverse deflector. Our results confirm the optical klystron as a
valid approach to measure the electron beam energy spread. The method can be especially useful to
reconstruct low energy spread values, where the conventional approach may be resolution limited, such as
in ultra high-brightness radiofrequency photoinjectors or plasma sources, or when transverse deflectors are

not available.
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I. INTRODUCTION

High-brightness or -brilliance electron beams are funda-
mental for cutting-edge scientific applications such as x-ray
free-electron lasers (FELs) [1-3], electron diffraction [4,5],
and radiation sources based on inverse Compton scattering
[6,7]. Radio-frequency (rf) photoinjectors [8,9] are the
standard technological choice to generate high-brightness
electron beams. There are extensive global efforts to
enhance the brightness of rf photoinjectors [10-13], as
well as to elaborate potentially brighter technologies such
as plasma sources [14—16].

The six-dimensional electron beam brightness or bril-
liance can be written as [17]:
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where Q is the electron bunch charge, ¢, , and ¢, , are the
horizontal and vertical normalized emittances, ¢, ; is the
longitudinal emittance, [/ is the electron beam peak
current, ¢ is the speed of light, and o is the intrinsic
or uncorrelated energy spread of the electron beam. From
this moment, we will refer to the intrinsic or uncorrelated
energy spread simply as energy spread. In the above
expression, we take the longitudinal emittance as the
product of the longitudinal beam size o, and the energy
spread, assuming no significant impact of the energy
chirp. We also consider I = Q/0,, with 6, ~ 6,/c. Smaller
transverse emittances, smaller energy spread, or higher
current enhance the brightness of electron beam sources.
The energy spread should be measured and optimized to
maximize the brightness of the electron beam source.

In this report, we will focus on the high-brightness
electron sources driving x-ray FELs, for which the electron
beam energy spread is a fundamental parameter. A lower
energy spread is associated with a better FEL performance
in terms of saturation power and length, with the possibility
of compressing the electron beams more strongly and
therefore achieving shorter pulses, and with improving
the efficiency of externally seeded FELs [18,19] in terms
of required external laser power and achievable final

Published by the American Physical Society


https://orcid.org/0000-0002-7065-7417
https://orcid.org/0000-0001-5527-1009
https://orcid.org/0000-0001-8195-6773
https://orcid.org/0000-0003-3200-7824
https://orcid.org/0000-0002-2701-538X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevAccelBeams.27.030701&domain=pdf&date_stamp=2024-03-01
https://doi.org/10.1103/PhysRevAccelBeams.27.030701
https://doi.org/10.1103/PhysRevAccelBeams.27.030701
https://doi.org/10.1103/PhysRevAccelBeams.27.030701
https://doi.org/10.1103/PhysRevAccelBeams.27.030701
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

EDUARD PRAT et al.

PHYS. REV. ACCEL. BEAMS 27, 030701 (2024)

wavelength. Indeed, precise knowledge of the energy
spread of the electron beam is fundamental to setting up
externally seeded FELs.

A typical x-ray FEL facility consists of an rf photo-
injector, where the high-brightness electron beam is pro-
duced, a linac to accelerate and compress the electron
beam, and an undulator, where the x-ray radiation is
generated. rf photoinjectors generate electron beams with
energies of around 10 MeV, peak currents of around 20 A,
corresponding, for typical bunch charges of 200 pC, to an
rms bunch duration of a few picoseconds, and design
energy spread values at the keV level or below. In the linac
section, the electron beam is accelerated to energies of
several GeV and compressed to peak currents of a few kA,
or electron bunch durations of a few tens of femtoseconds.
The electron beam is typically compressed in two or three
stages. The electron beam energy is usually a few hundreds
of MeV in the first compression stage and reaches the GeV
level in the final stage. Assuming no coupling between the
transverse and longitudinal planes, the longitudinal emit-
tance is at best preserved according to Liouville’s theorem.
Therefore, the energy spread will increase up to the MeV
level in the undulator area due to compression. Moreover,
detrimental effects like intrabeam scattering or micro-
bunching may increase the energy spread above the limit
given by the preservation of the longitudinal emittance. All
in all, the relative electron beam energy spread in x-ray FEL
facilities can be as low as 107 or less.

The standard way to characterize the energy spread of
the electron beam is from longitudinal phase-space (LPS,
energy, and time) measurements. The electron beam is
streaked in one transverse direction and measured with a
two-dimensional profile monitor placed in a location with
transverse dispersion in the opposite plane of the streaking.
The streaking is normally achieved with an rf transverse
deflector (TD). LPS measurements are typically done at
electron beam energies of ~100 MeV or higher to avoid
space-charge effects. The energy spread can be obtained
from the time resolved or slice beam size o, as
or = (E/n)o,, where E is the electron beam energy and
n is the transverse dispersion at the profile monitor. The
resolution of this approach is limited by effects like the
natural size of the electron beam and the resolution of the
profile monitor. Recent work has suggested improving
the resolution of the standard measurements by measuring
the energy spread for different values of certain parameters
such as the electron beam energy [20,21], the dispersion [22],
or the transport lattice [23]. The TD induces a certain energy
spread to the electron beam [24], which can be assessed
by measuring the energy spread for different TD voltages
[20-23,25].

These recent high-resolution measurements at rf photo-
injectors have reported energy spread values much larger
than anticipated by standard numerical simulations [20-23].
In particular, in [21], some of us showed that the energy

magnetic chicane
electron

é’—ﬁiﬁl

beam
1st undulator 2nd undulator
module module

FIG. 1. Optical klystron layout. Image taken from [31].

spread increase is caused by intrabeam scattering and
microbunching, effects not covered in standard modeling
tools. These advances underline the importance of measur-
ing the energy spread with high resolution and developing
models to properly simulate effects like intrabeam scattering
and microbunching.

As an alternative to direct LPS measurements, some
methods have been proposed to estimate the energy spread
of the electron beam from undulator radiation measure-
ments, namely by using optical replicas [26], via coherent
harmonic generation [27], or exploiting the optical klystron
effect [28-34].

The work presented here deals with measuring the
energy spread using the optical klystron mechanism. In
its simplest version, the scheme includes two undulator
modules and one magnetic chicane in between, as shown in
Fig. 1. In the optical klystron configuration, the longi-
tudinal dispersion of the chicane speeds up the FEL process
and results in an increase of the radiation power produced
in the undulators. With an induced correlated energy spread
(energy modulation) in the first module, the optical klystron
can convert this thanks to runtime differences into a current
modulation, thus enhancing the bunching factor in the
second module and with that the coherent emission. The
performance is determined by the Landau damping effect
of the energy spread. Thus, the relative energy spread of the
beam can be obtained by measuring the radiation power as
a function of the longitudinal dispersion of the chicane.
Besides the undulator modules and the chicane, the
approach requires a monitor to measure the radiation power
or energy. This does not need to be an absolute measure-
ment, so can be done, for instance, with a photodiode.

The optical klystron approach has some advantages with
respect to the standard LPS measurement. Most impor-
tantly, the measurement resolution can be higher with the
optical klystron. The standard LPS approach has difficulties
reaching relative resolutions of 107> (equivalent to ~1 keV
before compression or ~100 keV at the undulator), and
cannot reach resolutions of 107 or below using standard
components, while the optical klystron can potentially
achieve this. We note, however, that in case of very low
energy spread values, the induced energy spread in the
undulator module before the chicane can be comparable or
larger than the initial energy spread, thus falsifying the
identification of the observed value as the initial energy
spread. Another effect that can influence the measurement,
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FIG. 2. Sketch of the Athos FEL beamline. See text for more details.

especially for relatively high electron beam energies (GeV
level and higher), is quantum diffusion in the undulators
[35,36]. We estimate this effect to be around 20 keV or less
in our case (at a central beam energy of 3.4 GeV), which is
insignificant for the measured values that we will show
later. Another advantage of the optical klystron approach is
that the measurement procedure is much simpler: it only
requires a measurement of the radiation power as a function
of the chicane strength, while the LPS-based measurement
needs complicated and expensive time-resolved diagnos-
tics, special care of beam optics, and performing measure-
ments as a function of different parameters for an improved
resolution. Finally, the optical klystron setup can be more
cost-effective than the TD approach. Nevertheless, TDs are
in some ways a standard diagnostics of the bunch duration,
typically available at different locations of an x-ray FEL
facility. An advantage of the TD approach is that it allows
for a time-resolved measurement of the energy spread,
while the optical klystron provides a single value averaged
over the lasing part of the bunch. Another potential
limitation of the optical klystron method is that it may
provide unreliable results in the presence of microbunching
instabilities [29].

The optical klystron method has been proposed and
experimentally employed to derive the energy spread of the
electron beam [28-34]. A notable example is Ref. [32],
where the approach was used to estimate a relative energy
spread of 3 x 1073, However, to the best of our knowledge,
the method has never been experimentally validated against
standard LPS measurements nor has its behavior been
verified for different undulator configurations or compres-
sion scenarios. Here, we use the optical klystron approach
to characterize the energy spread of the electron beam in a
systematic way. First, we benchmark the approach with the
standard TD method. Second, we verify, also with the help
of the TD, that the reconstructed energy spread scales
adequately with the electron beam duration according to the
assumption that the longitudinal emittance is preserved.
Third, we confirm that the reconstructed energy spread is
consistent for different radiation wavelengths A and differ-
ent undulator configurations. Our work demonstrates
experimentally that the optical klystron mechanism repre-
sents a precise and high-resolution method to measure the
energy spread of electron beams.

II. MEASUREMENT SETUP AND PROCEDURE

The measurements were carried out at Athos [37], the
soft x-ray FEL beamline of SwissFEL [38]. Figure 2 shows

a sketch of Athos. The Athos undulator consists of 16
APPLE-X [39,40] modules capable of delivering variable
magnetic field strength and polarization. The modules are
interleaved with compact magnetic chicanes of 0.2 m
each. The chicanes consist of four dipole magnets and
can delay the electron beam by up to about 7 fs, corre-
sponding to a maximum longitudinal dispersion of 4.2 pm
(the longitudinal dispersion is about twice the delay, when
the delay is expressed in units of length). In the middle of
the undulator, there is an additional longer chicane (two-
color chicane), not employed in this work, used to set larger
delays up to 500 fs for two-color FEL operation [41].

A. Optical-Kklystron-based measurement of the electron
beam energy spread

The efficiency of the optical klystron mechanism
strongly depends on the energy spread of the electron
beam. In fact, the energy spread can be derived by
measuring the radiation power or energy as a function of
the longitudinal dispersion Rs¢ of the chicane. According to
early literature, the relative energy spread of the beam o5 =
op/E can be obtained from the optimum longitudinal
dispersion R, giving maximum radiation power, as
(see, e.g., Ref. [28]):

A

. 2
2R3 (2)

O5 =

where 4 is the wavelength of the produced radiation. As
seen in the above equation, for relatively low energy
spreads, relatively large Rs¢ values are required to find
the maximum optical klystron gain and therefore the energy
spread of the beam. In case of limited chicane strength, one
can still decrease the radiation wavelength to find R3.

A recent revision of the optical klystron theory [33]
demonstrates that the above equation is only valid for very
small values of A = o5/p, where p is the FEL or Pierce
parameter [42] and that it can significantly overestimate the
energy spread for comparatively large A. Note that for
A > 1, there is no FEL amplification. Reference [33]
proposes alternative ways to precisely estimate the electron
beam energy spread. Here, we choose to apply the
following expression defining the power gain of the optical
klystron:

1 1
G :§+9exp( —D?*A%)[4 +2V/3D

+ D? — 13D2A2 = 2V/3D3A2 +TD*AY],  (3)
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where D = (2zRs¢p)/A. When A < D, the maximum
optical klystron gain is achieved for DA =1, which
corresponds to Eq. (2).

We reconstruct the energy spread of the electron beam by
measuring the FEL pulse energy as a function of the Rs¢ of
the chicanes and fitting the data with the above equation.
Equation (3) is accurate for values of A up to =0.1-0.2
[33], a condition that we estimate to be fulfilled for our
parameters. As will be shown later, the maximum recon-
structed relative energy spread of the electron beam is about
5 x 10~*. For these conditions, we estimate [43] a Pierce
parameter of at least 3 x 1073, corresponding to A values of
0.17 or less. In our case, the results obtained from both
equations are very similar: Eq. (2) slightly overestimates
the energy spread by 5% or less with respect to the more
precise Eq. (3).

The pulse energy measurement is accomplished with a
photon gas detector [44] located after the undulator. Such
devices require a minimum level of detectable pulse
energy, in our case about one microjoule. Because of this,
we use three to five undulator modules (depending on the
photon energy and polarization) and scan simultaneously
the chicanes in between to obtain a meaningful scan.
Performing the measurement with more modules and
chicanes is as valid as with two modules and one chicane,
provided that there is no significant increase in the energy
spread within the employed modules, which is the case in
the measurements shown here. In general, one could use a
photodiode as a radiation intensity monitor, which can
measure significantly lower pulse energies than a gas
detector, in case of having only two modules and one
chicane.

B. Standard measurement of the
electron beam energy spread

The LPS measurements are performed after the undu-
lator with an X-band rf TD [45]. The beam is streaked with
the TD in the horizontal direction and the dispersion is in
the vertical plane. The time calibration C between the
transverse coordinate on the screen and the time coordinate
within the electron beam are obtained by measuring the
central position of the electron beam in the streaking
direction as a function of the TD phase (see, e.g., Ref. [46]).
We obtain the electron beam rms duration from the trans-
verse electron beam size at the two zero crossings of the
TD. The beam size is determined by fitting a Gaussian fit to
the transverse distribution of the electron beam. We
consider that the measured energy spread op, has two
contributions: the true energy spread o and the energy
spread induced by the TD o 7. The latter can be expressed
as [24]:

opr = ekrV cos(d)or, 4)

where e is the elementary charge, k is the rf wave number,
V is the integrated deflecting voltage, ¢ is the TD rf phase

(the TD operates normally at the zero crossing such that
cos(¢p) ~ 1), and o7 is the average transverse beam size in
the streaking direction at the TD location. Since the two
contributions of the measured energy spread are indepen-
dent, we can write

5125,m = 0125 + G%S,T = 6% + (ekpor)* V2. (5)

We determine the true energy spread by measuring the
energy spread for different voltages V and fitting the results
with the above equation. These measurements are done for
one zero crossing of the TD. In each case, the time
calibration C is only measured for the highest TD voltage.
The TD voltages for which the time calibrations were
measured are estimated as

vV, = i (6)
ecR 12kT

where R, is the transport matrix element relating a
horizontal kick angle in the TD to a horizontal offset at
the profile monitor, which is obtained from the lattice
optics. The rest of the TD voltages are obtained by scaling
V. assuming that the bunch duration stays the same. The
estimated voltages are 10%—-35% lower than the values set
in the rf system due to power loss in the system, which is
still under commissioning. We use the estimated voltages
for the results presented here, noting that using the set
voltages instead of the estimated voltages would change the
reconstructed energy spread results shown later by only 2%
or less.

Further potential contributions may affect the measured
beam size in the dispersive direction and therefore the
reconstructed energy spread, specifically contributions due
to the natural electron beam size at the dispersive plane or
the profile monitor resolution. In our case, the measured
average slice beam sizes are above 130 pm, while the
screen resolution is estimated to be better than 25 pm, and
the expected natural beam size from the set optics should be
less than this (the electron beam was matched before the
TD). Consequently, we expect contributions from these two
effects below a few percent. If these effects were signifi-
cant, one could perform measurements not only as a
function of the TD voltage but also as a function of some
other parameter like the electron beam energy or the
transverse dispersion, as realized in [20-22]. Moreover,
in the presence of a significant energy chirp within the
slices, there can be an artificial increase in the slice beam
size resulting in an overestimation of the reconstructed
energy spread. As we will see later, we estimate this effect
to be insignificant in our case.

III. MEASUREMENT RESULTS

We report here the results obtained during two meas-
urement shifts. In the first shift, we measured the energy
spread using the optical klystron effect for two different
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FIG. 3. Measurement example with the TD standard method.

Top: single-shot images for different TD voltages. The dashed
yellow lines define the region of interest for which the energy
spread is calculated. The lines in these regions indicate the slice
energy (points) and energy spread (error bars). Bottom: calcu-
lated energy spread as a function of the TD voltage. See text for
more details.

radiation wavelengths (1.24 and 3.10 nm) and, for each
of them, for helical and planar undulator configurations
(corresponding to circular and linear horizontal polariza-
tion). The different wavelengths and polarizations were

achieved by changing the undulator parameters. The
electron bunch duration was measured to be 24 fs rms
for all different undulator configurations. We benchmarked
the results with the LPS using the TD. The TD measure-
ment was done at the beginning and at the end of the
shift. In the second shift, we used the optical klystron to
reconstruct the energy spread for five different electron
bunch durations (rms values from about 25 to 60 fs), which
were obtained by varying the compression in the second
part of the linac. The radiation wavelength was fixed at
2.36 nm and the undulator was set to helical configuration
for all cases. We validated the results for one of the bunch
durations with the standard TD approach. The transverse
dispersion at the profile monitor was 0.345 m in the first
shift and 0.296 m in the second shift. In both shifts, the
electron bunch charge was 200 pC and the electron beam
energy was around 3.4 GeV, as in standard operation. All
error bars shown in the following correspond to statistical
uncertainties of the reported measurements.

The results are shown in Figs. 3-5 and Table I. The
results of one of the standard measurements based on LPS,
the second one of the first shift, are shown in Fig. 3. The
figure shows single-shot images for different voltages and
the calculated energy spread as a function of the TD
voltage. The horizontal axis of the images is the direct
horizontal position, proportional to time, but has not been
converted to time for better visualization of the different
streaking amplitudes as a function of voltage. The vertical
axis has been converted to energy based on the dispersion.
We took ten measurement shots at every voltage. The time
calibration was measured for the largest voltage of around
70 MV to be 38.0 3.0 um/fs, giving an rms bunch
duration of around 24 fs. At each voltage, we calculate the
energy spread as the average of the slice-energy spread at
the core of the bunch, averaged over the different shots. We
observe in Fig. 3 that the core part of the bunch has a rather
flat energy profile, which is achieved through wakefields in
the accelerator beamline. Consequently, we do not expect
any artificial increase of the slice beam size (and therefore
in the energy spread) due to an energy chirp within the
slices. In the example of Fig. 3, the true energy spread of
the beam, obtained by fitting the data with Eq. (5), is
1.27 + 0.02 MeV. The other TD measurement, performed
at the beginning of the first shift, resulted in an energy
spread of 1.19 +0.12 MeV, in good agreement with the
measurement at the end of the shift. During the second
shift, a TD measurement was only done at the shortest
bunch duration and gave a reconstructed energy spread
of 1.62 £ 0.13 MeV.

Figure 4 displays the optical klystron scans for both
shifts. The top plot of the figure shows the four scans
executed during the first shift for two different radiation
wavelengths and two different undulator configurations
(helical and planar) for the same compression setting. The
four measurements result in an equivalent energy spread of
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TABLE 1.

Measured rms bunch durations and energy spread for the different cases.

Radiation wavelength/
undulator configuration

Shift Pulse duration (fs)

Energy spread from
optical klystron (MeV)

Energy spread
from TD (MeV)

1 23.74+0.9
(beginning)
239+ 1.0

(end)

2 254+2.6
31.0£39
379£29
55.8£2.6
62.0 4.3

1.24 nm/helical
1.24 nm/planar
3.10 nm/helical
3.10 nm/planar

2.36 nm/helical
2.36 nm/helical
2.36 nm/helical
2.36 nm/helical
2.36 nm/helical

1.10 £ 0.09
1.21 +£0.09
1.18 £0.06
1.22 £0.09

1.67 £0.02
1.13 +£0.05
1.04 £ 0.05
0.76 £ 0.05
0.69 £ 0.04

1.19+£0.12

(beginning)

1.27 £0.02
(end)

1.62 +£0.13

around 1.2 MeV. This value is consistent with the energy
spread obtained from the TD measurements (see detailed
numbers in Table I): equivalent to the measurement
performed at the beginning of the shift, several percent
lower than the result of the measurement at the end of
the shift.

The bottom plot of Fig. 4 shows the optical
klystron scans for different electron bunch durations,
performed in the second shift. The radiation wavelength
was fixed at 2.36 nm, and the undulator was set to helical
configuration for all cases. The estimated energy spread as
a function of the beam duration is shown in Fig. 5 and
Table I. The TD measurement obtained at the shortest beam
duration fits well with the optical-klystron-based measure-
ment. Figure 5 displays a fit of the type A/c,, where o, are
the bunch durations and A is a fit parameter corresponding
to the longitudinal emittance in terms of pulse duration
and energy spread. We assume here that the different
compression configurations do not change the longitudinal
emittance or, in other words, that no effects such as micro-
bunching instability or intrabeam scattering are significant
in the second part of the linac where the compression is
changed. We reconstruct A = 41.4 £ 1.7 MeV fs. As can be
seen from the figure, the fit covers all measured points
reasonably well.

The A parameter of the first measurement shift was
significantly lower (around 28 MeV fs using the energy
spread obtained with the optical klystron) than in the
second shift (41.4 MeV fs). This could be due to different
contributions of effects such as intrabeam scattering or
microbunching in the injector or in the linac between the
2 days, possibly related to different injector or compression
settings. According to [21] the longitudinal emittance in the
injector area is currently at best around 27 MeV fs: the
energy spread for standard optics and 200 pC bunch
charges can be 7 keV, and the rms bunch duration is
3.8 ps for this beam charge. During the first measurement
shift, the best longitudinal emittance could be obtained and
preserved until the Athos undulator, while for the second
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FIG. 4. Optical klystron scans. Top: measurement for two
radiation wavelengths (1.24 and 3.1 nm) and two different
undulator configurations (helical and planar) for an electron
bunch duration of 24 fs. Bottom: measurement for different
electron beam durations for a radiation wavelength of 2.36 nm

and helical undulator configuration. The dots indicate measured
values and the lines correspond to fits obtained from Eq. (3).
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FIG. 5. Reconstructed energy spread using the optical klystron

effect as a function of the measured electron bunch duration. The
blue points correspond to measured values. The red lines
illustrate the fit: central value (solid line) and standard deviation
(dashed lines). See text for more details.

shift, the longitudinal emittance was degraded by about
50%, either in the injector or later in the linac.

IV. CONCLUSION

To conclude, we have established the optical klystron
effect as a precise and high-resolution approach to recon-
struct the energy spread of high-brightness electron beams.
We have benchmarked the method with the standard
approach of measuring the LPS of the electron beam with
a TD. We have also verified the consistency of the
measurements as a function of different electron beam
durations and radiation parameters (wavelength and polari-
zation). The results validate the measurement based on the
optical klystron, which can be relevant where TDs are not
available or to reconstruct low energy spread values, where
the conventional approach may be resolution limited, such
as in ultra high-brightness electron beam sources.
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