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Abstract. Electron pulse trains with sub-femtosecond spike length offer novel possibilities to
ultra-fast pump-probe experiments in free-electron lasers. The pulse train can be generated
by an energy modulation which is converted to temporal bunching in a magnetic chicane. The
source of the energy modulation is typically a resonant interaction with a co-propagating laser in
a wiggler magnet. Alternatively, the modulation can be obtained by a dielectric laser accelerator
(DLA). The implementation of the DLA modulation scheme at SwissFEL would be enabled
by using the experimental chamber installed in the framework of the Accelerator-on-a-Chip
International Program (ACHIP) and a magnetic chicane placed afterwards. In this contribution,
we will focus on electron beam diagnostics for the DLA-modulated and compressed electron
bunch train. Our simulation results predict that measuring the energy spread of the modulated
beam and coherent diffraction radiation emitted from a foil with a hole provides a precise tool
to characterize and optimize the laser-electron modulation. An absolute measurement of the
longitudinal phase-space with a temporal rms-resolution of 350 as is possible with the planned
X-band transverse deflecting cavity in Athos.

Introduction
Free-electron lasers (FELs) make use of a highly compressed relativistic electron beam to
generate electromagnetic radiation in a magnetic undulator. They are the brightest sources
of radiation from the VUV [1, 2] to the X-ray regime [3, 4, 5, 6, 7]. A technique proposed to
generate an individual or a train of sub-femtosecond X-ray pulses with well-defined separation
is the energy modulation of the electron bunch with a laser in the magnetic field of a resonant
undulator (wiggler). The energy modulation is converted into a longitudinal density modulation
with a magnetic chicane. This enhanced SASE (ESASE) method was proposed by Zholents [8],
and has been implemented at LCLS and is planned at other facilities such as SwissFEL. As
an alternative approach, we investigated and compared the modulation of the electron beam
in a dielectric laser accelerator (DLA) to the conventional undulator modulation scheme. In
a DLA, electrons interact with the near-field excited by an external laser in the vicinity of a
dielectric micro-structure. The phase velocity of the evanescent wave depends on the periodicity
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Figure 1. Sketch of the DLA modulation scheme. After modulation of the longitudinal phase-
space, the ultra-relativistic electron beam is bunched in a magnetic chicane. The resulting pulse
train creates uniformly spaced spikes of X-ray radiation in the undulator section. A coherent
diffraction radiation (CDR) monitor after the bunching chicane can be used as a passive temporal
diagnostic for the electron bunch. A direct measurement of the longitudinal phase-space is
possible with a transverse deflecting cavity (TDC) at the end of the beamline. The illustration
is adapted from [10].

of the structure and the wavelength of the laser. Resonant acceleration of electrons requires the
phase velocity to match to the particles velocity (phase-synchronicity) [9]. Particles resonantly
gain or lose energy depending on their phase. If the initial electron beam is longer than the
wavelength of the driving laser, the longitudinal phase space will be modulated. In a beam
dynamics simulation study, we estimate that a similar modulation strength can be achieved by
around 10 times less laser power using the DLA scheme due to the reduced interaction volume.
Further details on the DLA modulation concept for the generation of pulse trains in FELs
can be found in [10]. The beamline required for the proposed scheme is sketched in Figure 1.
The intrinsic synchronization of the FEL pulses to an external laser makes these schemes very
suitable for ultra-fast pump-probe experiments. The CHIC scheme in the soft X-ray beamline in
SwissFEL (Athos) makes use of magnetic chicanes between the undulator segments to delay the
electron beam with respect to the X-rays [11]. This setup would allow the generation of a phase
locked pulse train [12]. The vacuum chamber for the DLA interaction, which is equipped with
a hexapod for sample positioning and six strong in-vacuum permanent magnet quadrupoles to
match the electron beam into the dielectric structure is installed in the switchyard to Athos and
is currently being commissioned. It is also planned to demonstrate GV/m gradients in DLA
structures with a length of 1 mm at a laser wavelength of 2 µm [13, 14].

Modulation and Bunching Diagnostics
We investigate methods to diagnose the energy modulation and temporal properties of the
bunched electron beam after passing through the dielectric structure and magnetic chicane for
compression. We outline a setup procedure to optimize spatial and temporal overlap between
electrons and laser, as well as a method to precisely tune the modulation amplitude and
compression factor to achieve the maximum peak current and shortest length of the individual
spikes. Our calculations predict that an absolute measurement of the longitudinal phase-space
with an rms-resolution of 350 as can be achieved with the planned X-band TDC at the end of
the Athos beamline. The particle distribution used for this study is optimized with ASTRA
[15] and ELEGANT [16] for the case of SwissFEL. The beam energy in the Athos beamline is
3 GeV. The normalized emittance (80 nm rad) at the core of the beam has been minimized for
a charge of 30 pC.
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Figure 2. (a) 10-fs window of the modulated (uncompressed) longitudinal phase-space. (b)
ELEGANT simulation of the horizontal electron distribution for different modulation strengths
as seen on the dispersive screen in the Athos switchyard at SwissFEL. The characteristic double-
horn structure which develops with increasing modulation strengths is observed.

Energy Spectrometer
A measurement of the increase in projected energy spread of the electron beam due to the
laser interaction is needed to initially optimize spatial and temporal overlap between the laser
pulse and the electrons in the dielectric structure. Since the total initial electron bunch length
is longer than the wavelength of the laser (2 µm) the projected energy spread increases with
the modulation amplitude. For the case of SwissFEL a suitable profile monitor is available in a
dispersive section of the Athos switchyard. We perform tracking simulations with ELEGANT[16]
for different modulation strengths and investigate the particle distribution at the location of
the dispersive screen. The energy-modulated phase-space and the horizontal (x) projection
are shown in Figure 2. The growth of the energy spread for increasing modulation strengths
is clearly observable on the dispersive screen. A characteristic result of the projection of a
sinusoidal modulation is the double-horn structure which develops for amplitudes exceeding
the projected energy spread. The measurement of the energy spread can be used to infer the
modulation amplitude, but no information about temporal properties of the electron beam is
obtained.

Coherent Diffraction Radiation
A simple and non-invasive characterisation of the temporal bunch shape of the electron beam
is the diagnosis of coherent diffraction radiation (CDR) emitted when the beam passes through
a hole in a metallic foil. This concept is elaborated in [17, 18, 19, 20]. The spectral intensity of
the CDR of N particles is related to the longitudinal bunch shape (longitudinal form factor), as
described for instance in [21, 22, 23, 24], by

d2P

dωdΩ
=

d2P0

dωdΩ
(N + N(N − 1)|F (ω)|2), (1)

where d2P0/dωdΩ is the single electron spectrum of the considered radiation process and F
is the longitudinal form factor. This concept is also valid for other radiation processes which
preserve the bunch shape, such as coherent transition or coherent synchrotron radiation. The
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longitudinal form factor is given by the Fourier transform of the longitudinal charge distribution,
neglecting the contribution of the transverse profile. The finite transverse extent of the beam
will reduce the emitted intensity as investigated in [25]. This reduction can be minimized by
focusing the electron beam into the radiator. In addition, we will concentrate the analysis on
the CDR spectrum at wavelengths 15 to 40 times larger than the length of the individual spikes.
For longer wavelength, compared to the bunch length, the effect of the transverse beam size
is further suppressed. To estimate the radiation dependence on the modulation amplitude (for
fixed compression, R56 = 2 mm), we calculate the current profile for a series of modulation
amplitudes and simulate the emitted spectrum according to the derivation in [22].
Figure 3 contains the details of this scan. The longitudinal phase-space distribution is shown
in sub-figure 3a for three characteristic cases (0.3 MeV: under-compressed, 0.5 MeV: fully
compressed and 0.7 MeV: over-compressed). The corresponding current is given in the sub-figure
below (3c). The simulated CDR spectrum emitted from a metallic foil with a hole (diameter:
1 mm) is plotted in sub-figure 3b. We neglect here radiation generated at other edges present
in the beamline, for instance at diagnostic chambers. The mechanical design for a real machine
should consider guiding and shielding of the electromagnetic radiation emitted at all edges and
interfaces. The integrated spectrum (2 µm ±1 %) for the entire amplitude scan is shown in sub-
figure 3d. In addition, we perform the same simulation scan for the case of a fixed modulation
amplitude (0.5 MeV) and a variable compression factor R56. The peak current and integrated
CDR signal for both scans (amplitude and compression factor) are summarized in Figure 4.
We observe that the intensity around the modulation wavelength (2 µm) is not monotonically
correlated to the peak current of the bunch train. In the case of over-compression, the CDR
signal keeps increasing, although the peak current is decreasing. This is a result of the increased
2 µm periodicity content in the Fourier transform of the current, while the peak current is already
reduced.
To obtain more information about the length of the individual spikes, higher-order peaks of the
CDR spectrum need to be taken into account as well. Figure 4 shows the CDR intensity at
the central modulation wavelength (1st harmonic: 2 µm), at the 2nd and 3rd harmonic for both
parameter scans. The spectrum at shorter wavelengths is indeed more sensitive to the length of
the individual current spikes. This can be seen in the drop of the signal for over-compression for
the higher harmonics. A key feature of the CDR simulation is the intersection of the normalized
signals at the point of optimal compression. This reflects the fact that the current distribution
is affected the most at the point where the linear part of the sinusoidal modulation is vertical
in phase-space (close to optimal compression). Measuring the CDR spectrum during a scan
of the modulation amplitude and the compression factor (R56) and analysing their normalized
intensities around fixed frequencies provides a simple optimization tool for the compression state
of the bunch train.
Experimentally, this measurement can be realized by inserting a holed foil after the bunch
compressor and transporting the radiation to a spectrometer or a series of wavelength-dependent
beam splitters and photo-diodes, sensitive in the relevant spectral range (visible to near-infrared).
A careful characterization of the detection setup is required and should include a measurement
of the wavelength-dependent sensitivity as well as a test of the signal linearity with respect to
the incident intensity. Therewith, single-shot acquisition permits to compare intensity ratios
as depicted in Figure 4. To further increase the precision, beam-synchronous data acquisition
would allow to take into account dependences on other beam parameters (e.g. charge and orbit
fluctuations).

Transverse Deflecting Cavity
A direct measurement of the beam current can be achieved by correlating the longitudinal and
transverse coordinates of the electron beam with the fields of a transverse deflecting cavity
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Figure 3. Phase-space (a) and beam current (c) of the modulated and compressed electron
beam. The CDR emission spectrum comprises peaks at 2 µm (modulation wavelength) and at
higher harmonics (b). The dependence of the integrated intensity on the modulation amplitude
for a fixed compression factor within a range of ±1 % around 2 µm is shown in sub-figure (d).

Figure 4. Normalized CDR signal at 2 µm and higher harmonics for two parameter scans:
Left: modulation amplitude, Right: compression factor R56. The CDR spectrum is integrated
within a ±1 % interval. The peak current of the bunch train (after compression) is shown in
black, dashed. The parameters for optimal compression coincide with the intersection of the
CDR curves. At this point the slope of the CDR signals at all harmonics is maximal. Scanning
the compression and modulation parameters while acquiring the intensity of the CDR spectrum
provides a simple tool to maximize the current within the compressed bunch train.
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(TDC). The longitudinal phase space can be retrieved by combining the TDC with a dispersive
screen. A TDC with variable polarisation operating at X-band frequency is planned to be
installed in the Athos beamline of SwissFEL [26]. Since the TDC will be in the post-undulator
section, the measurement of the energy loss and energy-spread increase of the electron beam can
be used to reconstruct the temporal profile of the photon pulses [27]. Sub-fs temporal resolution
is expected by the post-undulator X-band TDC at Athos [26]. For a normalized emittance of
80 nm rad and a maximum RF voltage of 60 MV, our calculations predict an rms-resolution of
350 as. During the TDC streaking, the slice energy spread is expected to increase by about
0.4 MeV. This imposes a limit to the measurement of small energy modulations after the TDC.

Conclusion
We present simulations of diagnostic tools to characterize and optimize the modulation and
compression for a bunch train obtained from dielectric laser modulation at SwissFEL. The energy
modulation (without temporal information) can be observed and maximized in a dispersive
screen in the Athos switchyard. The compressed bunch train can be characterized via CDR
generated for instance at a hole in a metallic foil located after the magnetic chicane. Our
simulations show that the peak current of the bunch train can be precisely optimized by
measuring the CDR intensity at the modulation wavelength and a few higher harmonics while
scanning the compression and modulation parameters. These diagnostic tools are investigated
for electron bunch properties optimized for the DLA modulation scheme in the ACHIP chamber,
but are applicable as well to similar electron pulse trains obtained by conventional undulator
modulation for the ESASE scheme. These spectral diagnostics can be complemented by a TDC
installed after the undulator, which can provide absolute temporal information of the electron
and photons with an expected resolution of about 350 as.
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