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ABSTRACT

Electron beam shaping allows the control of the temporal properties of x-ray free-electron laser pulses from femtosecond to attosecond time-
scales. Here, we demonstrate the use of a laser heater to shape electron bunches and enable the generation of attosecond x-ray pulses. We
demonstrate that this method can be applied in a selective way, shaping a targeted subset of bunches while leaving the remaining bunches
unchanged. This experiment enables the delivery of shaped x-ray pulses to multiple undulator beamlines, with pulse properties tailored to
specialized scientific applications.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0233468

Free-electron lasers have emerged as the brightest sources of x
rays available,1–5 enabling the study of ultrafast phenomena with
atomic resolution and femtosecond timing. Two noteworthy advances
in x-ray free-electron lasers (XFELs) technology include (1) the genera-
tion of high power attosecond pulses6–9 and (2) the demonstration of
high repetition rate operation.5 Attosecond x-ray free-electron laser
represent a groundbreaking advancement in the field of ultrafast sci-
ence, improving the peak brightness of attosecond light sources by
more than six orders of magnitude.6 The advent of high-repetition rate
XFELs, based on superconducting accelerator technology, represents a
significant leap forward, increasing the average power of XFEL sources
by several orders of magnitude.5 The potential to simultaneously sup-
port multiple users by efficiently distributing a high-repetition rate

electron beam across numerous undulator lines will be crucial to
enable sustained discovery science at XFEL facilities. The extension of
attosecond capabilities to this new generation of XFELs will unlock the
full potential of attosecond x-ray science by massively increasing statis-
tics and signal to noise ratio in nonlinear spectroscopy experiments.

The generation of attosecond XFEL pulses involves manipula-
tions of the electron beam phase space in order to generate a short,
high current spike, with a duration of �1 fs and a peak current on the
order of 10 kA.6,7 As we make progress in extending short-pulse capa-
bilities to the next generation of XFELs, it is important to be able to
deliver unique pulses “on demand” to a specific beamline while leaving
the x-ray pulses delivered to other beamlines unaffected. In this article,
we demonstrate such selective shaping of electron bunches for the
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generation of attosecond pulses. We show that by using a shaped laser
pulse in the FEL laser heater, we can selectively shape the bunches
transported to the soft x-ray beamline of the Linac Coherent Light
Source (LCLS)-II free-electron laser, while leaving the operation of the
hard x-ray beamline unperturbed. This is a key step toward the next
generation of XFELs, with specialized undulator beamlines capable of
delivering shaped pulses “on demand.”

Laser heaters are commonly used in XFELs to increase the slice
energy spread of the electron beam in a controlled way. The increased
energy spread suppresses collective instabilities that degrade the elec-
tron beam quality and decrease the performance of the XFEL.10 This is
accomplished by the resonant interaction of the electrons with a laser
pulse in a magnetic undulator placed in the middle of a magnetic chi-
cane.11,12 The energy spread induced by the heater is proportional to
the laser electric field, thus varying the temporal shape of the laser
pulse can generate a time-dependent slice energy spread in the electron
beam. Temporal shaping of the laser heater was shown to be an effec-
tive method for selective beam spoiling for the generation of femtosec-
ond pulses, or for the generation of complex spectral modulations in
seeded XFELs.13,14 This temporal modulation of the slice energy
spread can also be used to modulate the beam current profile. The per-
turbation of the current profile can be amplified by collective instabil-
ities, resulting in one or more high-current spikes that can be used for
the emission of attosecond pulses in an XFEL.15 This method can also
be used to generate stable short pulses in cavity-based XFELs.16 An
important feature of this laser-based shaping mechanism is that it can
be arbitrarily timed with respect to the electron bunch. Therefore, one
can selectively shape a subset of the electron bunches produced by the
linac, while leaving the other bunches unchanged. In an XFEL system
with multiple beamlines, this selectivity can be used to generate a high-
current spike in the bunches directed to a desired beamline, therefore
delivering short pulses to a specific user while leaving the remaining
XFEL beamlines unperturbed.

This experimental demonstration was conducted using the
LCLS-II normal-conducting linac simultaneously feeding two undula-
tor lines: the hard x-ray and the soft x-ray undulators (Table I). Two
independent Ti:Sa laser systems are used in the laser heater, which we
will term the heating laser and shaping laser. The IR pulse from the
heating laser is stretched to the duration of 20 ps to provide a uniform
laser field over the electron bunch duration. The beam-shaping laser
pulse is compressed to a shorter duration (�1.5 ps) and overlapped

with the pulse from the standard heating laser. The shaping pulse is
shorter than the electron bunch and creates a short low-density region
in the longitudinal phase space. As the electron beam is accelerated
and compressed, this shaped phase space seeds the microbunching
instability, leading to the formation of a high-current spike.15 It is
worth emphasizing that because we use two independent lasers, it is
possible to achieve multiplexing by pulse picking. That is, we can
adjust the time-structure of the shaping laser so it only interacts with a
subset of the electron bunches generated by the accelerator.

Figure 1 presents the schematic layout of the accelerator setup for
this experiment. The electron beam is generated in a high-brightness
s-band photoinjector. The laser heater is placed at the end of the injec-
tor at an energy of approximately 135MeV. The electron beam phase
space generated by the injector can be diagnosed using an s-band
transverse deflecting cavity (TCAV0) placed in a dedicated diagnostic
beamline at the end of the LCLS photoinjector. After the laser heater,
the electron beam is accelerated in the main linac and compressed in a
two-stage compression system (the two bunch compressor systems are
labeled as BC1 and BC2 in Fig. 1). Downstream of the linac, the elec-
tron beam can be sent to either undulator [soft x-ray (SXR) and hard
x-ray (HXR)] at the desired beam repetition rate by using a fast kicker.
The longitudinal phase space is diagnosed with two X-band transverse
deflecting cavities (XTCAV) placed at the end of both beamlines.17 We
measure the attosecond x-ray pulses generated by the shaped bunches
in the soft x-ray line using photo-electron angular streaking.

The effect of the shaping laser on the longitudinal phase space
can be observed in Fig. 2, which shows the longitudinal phase space
measured after the photoinjector. We scan the relative timing of the
shaping pulse and the electron bunch and observe a short overheated

FIG. 1. Experimental layout of the laser heater shaping scheme at the LCLS-II.

TABLE I. Beam and machine parameters.

Parameters Values (Fig. 3) (Fig. 4)

Charge (pC) 165 180
BC1 current (kA) 0.195 0.195
BC2 current (kA) 2 3.1
Electron beam energy (GeV) 5 6.5
Central photon energy (eV) N/A 715–725
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region in the beam phase space moving from the head to the tail of the
bunch. To demonstrate the ability to selectively shape the bunch pro-
file, electron bunches are sent to both the hard and soft x-ray undula-
tors. The electron bunches are produced at a repetition rate of 120Hz,
and the first 110 bunches are sent to the hard x-ray undulators with
the rest sent to the soft x-ray undulators using a fast kicker. Figures
2(b) and 2(c) show the emitted pulse energy as a function of shaping
laser timing in both undulators. In the first data set, the shaping laser
is operating at 120Hz and interacting with all the bunches. In the sec-
ond data set, the shaping laser interacts only with the last 10 electron
bunches per second feeding the SXR undulator, while leaving the other
110 electron bunches untouched. When the shaping pulse is set to
interact with all the electron bunches, the shaping mechanism affects
the performance of both undulators. However, when the shaping pulse
is only interacting with the bunches directed to the SXR line, the per-
formance of the HXR line is not affected. We note that the shaping
method reduces the overall pulse energy. This is because of the com-
plexity of the resulting longitudinal phase space, in which different
parts of the bunch have different time–energy correlation, requiring
different undulator configurations for efficient lasing.18

Figure 3 shows the longitudinal phase space measured at the end
of the HXR undulator with the XTCAV. Panel (a) shows the phase
space with no shaping laser, while panel (b) shows the phase space
with shaping laser on and interacting with the HXR bunches. The cur-
rent and slice energy spread profiles with and without laser heater

shaping are presented in Figs. 3(c) and 3(d) respectively. A high cur-
rent spike appears at the core part of the electron beam when the shap-
ing laser is present. Note that the temporal resolution of the
measurement (�1fs, root mean square) is insufficient to fully resolve
the temporal shape of the spike, leading to an underestimate of the

FIG. 2. (a) Longitudinal phase space measured after injector by TCAV0 with different IR laser timing w.r.s. electron beam. Beam head lies on top. (b) Measurements of FEL las-
ing suppression at hard x-ray and soft x-ray undulators with laser heater shaping on all electron beams (120 Hz). (c) Measurements of FEL lasing suppression with selective
laser heater shaping for soft x-ray line (the last 10 pulses for every 120 pulses per second).

FIG. 3. Measurements of the longitudinal phase space of electron beam (a) w/o
and (b) with later heater shaping. The beam current profiles (c) and slice energy
spread (SES) profiles (d) are presented for comparison.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 125, 191101 (2024); doi: 10.1063/5.0233468 125, 191101-3

VC Author(s) 2024

 25 N
ovem

ber 2024 19:43:10

pubs.aip.org/aip/apl


peak current. A distinct feature of the shaped electron beam phase
space is the presence of a large time–energy correlation within the
high-current spike induced by the longitudinal space charge force.
This correlation is lost in the measurement due to the limited time res-
olution and appears as a large uncorrelated energy spread in the center
of the bunch.

The high-current spike generated with heater shaping is
employed for the generation of attosecond pulses in the SXR undula-
tor, using the methods described in Ref. 15. The details of the undula-
tor and accelerator configuration are shown in the supplementary
material. We operated the SXR undulator with shaped laser heater
while delivering to the HXR line during user operation with the regular
laser heater. Critically, the FEL performance of the HXR line was
unaffected by the shaping experiment in the SXR line (see the
supplementary material). We observe single-spike x-ray pulses at a
photon energy of 720 eV. The entire data set shows a median pulse
energy of 24lJ. The spectrum of the x-ray pulses is measured by a var-
iable line spectrometer (VLS)19,20 and demonstrates a median band-
width of 7.5 eV full width half maximum (FWHM).

We use an angular streaking diagnostic to measure the pulse pro-
file and duration of the pulses on a single-shot basis.6,21–23 This mea-
surement was conducted in the Time-resolved Molecular Optical
Sciences (TMO)24 hutch of the LCLS facility. The measurement and
pulse reconstruction were performed using the methods described in
Refs. 6 and 21. We reconstruct the temporal shape of the x-ray pulse
for a subset of the data based on the measured x-ray pulse energy. The
shots used for reconstruction have a median pulse energy of 57lJ and
the corresponding x-ray spectra have a median bandwidth of 9.3 eV
FWHM. Figure 4 shows the result of 10 individual pulse reconstruc-
tions, together with the measured spectrum. The reconstructed full
width half max pulse duration has a median of 368 as with a standard
deviation of 6150 as. In this data set, the heating laser pulse energy
was kept at 10lJ and the shaping laser pulse energy was kept at 46lJ.
In a different data set where we continuously scanned the pulse energy
of the shaping laser from 18 to 712lJ, the reconstruction consistently
showed a full width half max pulse duration of 320 as with a standard
deviation of 186 as.

In conclusion, we have demonstrated the generation of attosec-
ond x-ray pulses using laser shaping of electron bunches. The pulses

were characterized in the time domain with an angular streaking diag-
nostic. The median measured pulse duration was 368 as, with a
median FWHM bandwidth of 9.3 eV. This method can be used to
selectively shape a subset of electron bunches, with application to mul-
tiplexed XFEL facilities. Specifically, we applied laser heater shaping to
the soft x-ray line of the LCLS-II XFEL while leaving the bunches used
in the hard x-ray line unperturbed. This method paves the way to
shaped pulse generation on demand in high-repetition rate XFEL facil-
ities serving several users at a time.

See the supplementary material for details of the pulse recon-
struction, beamline configuration, and supporting evidence for multi-
plexing operations.
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