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We report the demonstration of optical compression of an electron beam and the production of
controllable trains of femtosecond, soft X-ray pulses with the Linac Coherent Light Source (LCLS)
free-electron laser (FEL). This is achieved by enhanced self-amplified spontaneous emission (ESASE)
with a 2 µm laser and a dechirper device. Optical compression was achieved by modulating the
energy of an electron beam with the laser and then compressing with a chicane, resulting in high
current spikes on the beam which we observe to lase. A dechirper was then used to selectively control
the lasing region of the electron beam. Field autocorrelation measurements indicate a train of pulses,
and we find that the number of pulses within the train can be controlled (from 1 to 5 pulses) by
varying the dechirper position and undulator taper. These results are a step towards attosecond
spectroscopy with X-ray FELs as well as future FEL schemes relying on optical compression of an
electron beam.

X-ray free-electron lasers (FEL) are the brightest
sources of X-ray radiation [1] and have become indis-
pensable tools for many scientific disciplines [2, 3]. In
an XFEL, the radiation is emitted by a high-brightness
electron beam undergoing a collective instability which
amplifies spontaneous radiation to a high-power satura-
tion level. The FEL gain is strongly dependent on the
properties of the electron beam, allowing the X-ray pulses
to be shaped by manipulating the properties of the beam
itself [4–14]. In particular, modulating with a wavelength
comparable to the FEL coherence length enables tempo-
ral gating of the gain and thus provides control of the
X-ray pulse envelope. Energy modulation introduced by
laser-electron resonant interaction in a wiggler has been
proposed as a temporal gating mechanism in schemes
such as chirped-tapered free-electron lasers or enhanced
SASE [15–18]. In these schemes the temporal profile of
the X-rays can be shortened to less than the standard co-
operation length limit by accurately choosing the taper
profile of the undulator to match the phase-space struc-
ture of the electron beam.

Bursts of radiation with durations of a few femtosec-
onds or shorter can create, control, and probe atomic-
scale electron dynamics [19]. Dynamics can be probed via
a pump-probe technique, where a pulse first prepares (or
“pumps”) a target system and a subsequent pulse probes
the non-equilibrium state with a variable time-delay. Soft
x-ray pulses interact most strongly with core-level elec-
trons, which are highly localized at the atomic centers
in molecular systems, and therefore the binding energy
and core-to-valence absorption spectrum of these tightly
bound electrons provide a sensitive measure of localized
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electron density around various atoms in a molecule or
molecular complex [20]. Moreover, nonlinear processes
induced by short soft x-ray pulses produce localized elec-
tronic excitations [21–23]. Therefore, pairs of isolated
attosecond soft X-ray pulses offer a route to preparing
and probing electronic dynamics with atomic-site speci-
ficity.

Laser manipulation of electron beams offers a path
for creating such pulses with soft X-ray FELs. Struc-
tures in the electron beam may emit coherent radia-
tion in a wiggler magnet allowing the beam to self-
modulate [24]. This has lead to the generation of iso-
lated sub-femtosecond soft X-ray pulses [25, 26], or even
pairs of attosecond pulses [25, 27]. The intensity of these
pulses is six orders of magnitude higher than table-top
sources, making them capable of driving non-linear X-
ray matter interactions [28] and providing a new avenue
for attosecond science.

Additionally, trains of phase-locked attosecond pulses
can be used in an interferometric scheme to provide si-
multaneous time and energy resolution [29] and intense
attosecond X-ray pulse trains can improve nonlinear,
site-specific measurements. One way to produce pulse
trains with greater fluxes is harmonic mixing with a
seeded FEL, which has been shown to produce attosec-
ond pulse trains with microjoule-level total pulse ener-
gies. However this technique is currently limited to pho-
ton energies below 300 eV, preventing specific atomic-site
excitations [30].

Another way to produce powerful, soft X-ray pulse
trains is to apply a periodic modulation to the electron
beam with a multi-cycle pulse from an external laser.
When combined with the chirp-taper or ESASE schemes
described above, this periodicity could enable production
of trains of sub-femtosecond soft X-ray pulses. This pe-
riodic modulation is also a prerequisite for mode-locked
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FEL schemes, whereby a series of chicane magnets be-
tween undulators delays the radiation by the periodicity
of both the modulation and the FEL resonance. This
results in a spectrum of equally spaced modes which
are locked in phase and a train of pulses with durations
shorter than the modulation periodicity [31–34] and even
the possibility of few cycle, gigawatt, zeptosecond X-ray
pulses [35] enabling the imaging and control of electron-
nucleus interactions [36]. Periodic modulation also en-
ables cascaded FEL amplification whereby an additional
temporal gate, such as that employed by the fresh slice
scheme [8], allows only one temporal mode to succes-
sively interact with each resonant part of the bunch. Such
schemes promise terawatt X-ray pulses [37–41], necessary
for atomic-scale single particle imaging [42].

In this paper, we report an experimental demon-
stration of enhanced self-amplified spontaneous emis-
sion via optical compression of an electron beam with a
2 µm Ho:YLF laser at the Linac Coherent Light Source
(LCLS). This compression generates a train of equally
spaced, femtosecond X-ray pulses. We demonstrate that
the number of pulses in the train can be controlled using
a dechirper in combination with undulator taper. The re-
sults show a path toward controllable attosecond X-ray
FEL pulse trains and is a step towards advanced FEL
schemes relying on optical compression of an electron
beam.

The experimental setup, depicted in Figure 1, uses the
LCLS electron-beam, a Ho:YLF laser, a wiggler magnet,
the soft X-ray self-seeding chicane [43], and the LCLS
undulators to create the X-ray pulse train and then uses
the dechirper to gate the pulse train. The LCLS linac
was first tuned to produce 3.46 GeV electron beams with
150 pC of charge compressed to 2 kA. The longitudinal
phase space of the electron beam, shown in Figure 2a, was
resolved via temporal streaking with an X-band trans-
verse deflecting cavity (XTCAV) [44] and a dipole energy
spectrometer.

A periodic energy modulation was imparted to the
electron beam by copropagating it in the magnetic wig-
gler with a laser pulse with 5.5 mJ pulse energy and 3.3 ps
FWHM pulse duration from the Ho:YLF laser [45, 46].
The laser’s pulse duration, measured with a single-
shot autocorrelator, accommodates the electron beam’s
∼100 fs time of arrival jitter [59], and its 2053 nm wave-
length yields current spikes with durations similar to the
FEL coherence length. We estimate that the peak laser
power delivered to the electron/laser/wiggler interaction
region was 1 to 2 GW, and the intensity averaged over
the length of the wiggler exceeded 0.4 GW/mm2. This
power is sufficient to impart an energy modulation com-
parable to the couple MeV slice energy spread of the
LCLS electron beam [60]. The planar permanent magnet
wiggler, designed and built by Argonne National Labora-
tory, consists of 6 periods, each 35 cm long, and a variable
gap which we tuned to 16.8 mm (peak magnetic field of
1.03 T) for resonant interaction between the laser and
electrons [46].

A periodic train of femtosecond duration, high cur-

rent spikes was then created by delaying the beam by
800 fs with a magnetic chicane, corresponding to an R56

of 480 µm, which converted the energy modulation into
a density modulation. These spikes have peak currents
exceeding the 2 kA input beam current and are short as
1 to 2 fs, leading to a strong longitudinal space charge
force which increases the energy spread of each spike as it
propagates along the beamline [39]. Although the tempo-
ral resolution of the XTCAV is limited to ∼2 fs, the large
space charge induced energy spread of each spike shown
in Figure 2b is several times that of the laser modula-
tion, indicating that the spikes are of order 1 fs based
on a model of the space charge acting on the modulated
beam.

We first verified that the laser modulation did not sig-
nificantly affect the electron beam quality by investigat-
ing its affect on long-pulse lasing with a postsaturation
undulator taper [46]. Figure 2c shows the measured lon-
gitudinal phase space of the modulated electron beam af-
ter lasing. Electrons decelerated while radiating appear
as vertical bands of charge extending from the current
spikes, indicating that electrons in the train of current
spikes are the source of the radiation.

To study the regime of interest for this paper, we then
switched to short-pulse lasing by suppressing lasing for
all but five undulators by kicking the beam off axis with
steering magnets and then flattening the trajectory for
the last five. We observed that the majority of the aver-
age X-ray pulse energy (67%) was produced in the fifth
undulator, showing that the gain length was shorter than
one undulator (<3.3 m) and that this reduced undula-
tor line was just long enough to allow the FEL power
growth within each current spike to reach saturation.
Post-saturation lasing can lengthen pulses as X-rays slip
past lasing current spikes in subsequent undulators so
stopping the lasing just after saturation yields shorter
pulses.

Additionally, we use the chirp-taper method [61, 62] to
maximize the FEL gain within the spikes. Between the
chicane where the current spikes are formed and the last
five undulators where the X-ray pulse train is created,
14 undulators delay the electrons with an FEL suppres-
sion beam trajectory, enhancing the current spikes’ space
charge energy chirps. We then selectively lase on each
chirped current spike by linearly increasing the strength
of each of the last five undulators [46] to maintain reso-
nant interaction as generated radiation slips forward to
more energetic electrons. This chirp-taper matching pref-
erentially selects just the current spikes to lase as they
are the only parts of the beam with the resonant energy
chirp, and furthermore, the chirp increases the spectral
bandwidth of the produced radiation, supporting shorter
pulses [63].

Finally, we gate the pulse train with a time-correlated
kick from a dechirper device to select a region of beam to
lase containing a subset of the current spikes [8]. The
dechirper is a corrugated metallic structure which in-
duces strong transverse wakes when placed close to the
electron beam, resulting in a time-dependent transverse
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FIG. 1: Diagram of the experimental setup.
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FIG. 2: Measured electron beam longitudinal phase
space for a) 2 µm laser off, b) modulation with the

2 µm laser to produce high current spikes, c) lasing on
all spikes, and d) single-spike lasing.

kick [64, 65]. The beam orbit may be controlled with
corrector magnets and beam position monitors to keep
one longitudinal point along the beam fixed on-axis while
the rest of the beam oscillates about the axis in a strong
focusing lattice. The dechirper-induced time-dependent
kick imparts a Gaussian shaped intensity envelope on the
lasing and the width of this envelope may be controlled
by varying the distance between the dechirper and elec-
tron beam [46]. Figure 2d shows an example of gating the
ESASE spike lasing by the dechirper. A single band of
electrons decelerated from a current spike near the cen-
ter of the beam indicates that predominantly one current
spike radiates. The measured shot-to-shot pulse energies
observed in this case were 39 ± 21 µJ RMS. The large rel-
ative fluctuations result from allowing only a few SASE
temporal modes to grow.

We characterize the spectrum of the resulting FEL ra-
diation using a soft X-ray spectrometer [66]. Figure 3
shows the measured spectral intensity, S(ω) for various
dechirper and undulator configurations. The top row for
each column shows several representative samples of the
single-shot spectra above a panel showing superimposed
and averaged spectra for that data set. The periodic
modulation of the spectrum results from interference be-

tween different pulses in the train. We controlled the
pulse train gating via the dechirper and the FEL gain
via the undulator taper to manipulate fringes in the on-
line measured spectra.

In order to investigate the temporal structure of the
radiation, we examine the autocorrelation of the electric
field via the Fourier transform of the measured spectral
intensity: FTτ [S(ω)] =

∫∞
−∞ dtE(t)∗E(t − τ) = A(τ),

where E(t) is the electric field of the FEL radiation in the
time domain. The electric field is comprised of a series
of short temporal pulses of energy Uj and duration σt,
each spaced from the next by the modulation period τm:

E(t) =
∑N
j

√
Uj/
√

2πσt e
−(t−jτm)2/4σ2

t−iω0(t−jτm)+φj .

Here, ω0 and φj are the central frequency and carrier en-
velope phase of each pulse. Note, each pulse’s phase φj
is random since each ESASE pulse within the train grew
independently from shot-noise. The dechirper modulates
the pulse train with a Gaussian intensity envelope [46].

Although the phase of each pulse is random, the auto-
correlation carries information about the pulse train en-
velope if its absolute value is averaged over many shots.
To explain this point, consider a simplified case: the au-
tocorrelation of a train of identical pulses with a Gaussian
envelope and random phases. In this case the average au-
tocorrelation amplitude is proportional to the product of
the autocorrelations of a long train of identical pulses and
the autocorrelation of the intensity envelope [46]:

A(τ) ≈ Unet

∞∑
s=−∞

fse
−s2τ2

m/8σ
2
enve−(τ−sτm)2/8σ2

t (1)

Here, we have assumed that the pulse durations σt are
short compared to the envelope width σenv, and the en-

ergy of each pulse is given by Uj = U0e
−(jτm−tenv)2/2/σ2

env ,
where tenv is the peak of the dechirper envelope and
U0 ≈ Unet

√
2πσenv/τm. Here, s iterates over peaks in

the autocorrelation located at delay τ = sτm, the form
factor fs = δs,0 + (1 − δs,0)2−3/2π1/4

√
τm/σenv weighs

each peak, and δj,k is a Kronecker delta. The function
A(τ) has an RMS width proportional to the RMS width
of the pulse train envelope, and therefore can be used to
recover the pulse train profile.

The same concept can be used to analyze our experi-
mental data, although in this case one needs to account
for additional effects such as the intensity fluctuation of
individual pulses in the train and the temporal jitter of
the laser modulation with respect to the e-beam (result-
ing in a random phase of the pulse train with respect to
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FIG. 3: X-ray FEL spectral diagnostics. Rows show
(top) representative and average measured spectra,

(middle) measured and modeled autocorrelation
amplitudes, and (bottom) pulse profiles from three

example shots (colored blue, orange, green) from the
numerical model overlaid above the modeled intensity

envelope (shaded) estimated from the 95th percentile of
modeled powers. Columns a) and b) show two datasets

where the dechirper kick is increased to reduce the
pulse train length. Column c) shows data for a case
where the undulator taper was relaxed to reduce the

FEL gain, allowing only one spike to lase.

the envelope).
In order to prepare a model to fit the observed data,

we calculate the autocorrelations for a series of modeled
shots, allowing the properties of each pulse to fluctuate.
The average of 300 autocorrelation amplitudes are then
fit to the mean of measured autocorrelation amplitudes
for 300 shots via the method of least squares by varying
the intensity envelope’s Gaussian width σenv, the pulse
train periodicity τm, and the pulse duration σt. The
method was verified with start-to-end simulations of a
similar setup [46]. The resulting model envelope and a
few example modeled shots are shown with different col-
ors in the third row of Figure 3.

From the data in Figure 3, we measure the inter-pulse
separation τm to vary between 5.9 to 6.2 fs for the differ-
ent data sets. This periodicity differs significantly from
the well defined 6.8 fs period of the modulating laser as
an energy chirp in the electron beam led to compression

within the chicane. This offers a possibility to tune the
periodicity of the pulse trains by controlling the RF chirp.

The fit pulse train envelope duration reduces from
4.8 fs RMS to 2.7 fs as the dechirper to electron beam
distance was decreased from 790 µm to 700 µm. The
number of modeled pulses within each train is reduced
as well, agreeing with the reduction in the number of
peaks in the autocorrelation traces. To further cut the
number of pulses in the train, we relaxed the taper [46]
to reduce the FEL gain by deviating from the chirp ta-
per resonance. Figure 3c shows that this further dimin-
ished the number of peaks in the autocorrelation. The fit
model yields a pulse train with an envelope duration of
2.0 fs RMS and 6.0 fs FWHM. Since this envelope width
is smaller than the periodicity of the train, most shots
have a single dominant pulse with a small satellite pulse.
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FIG. 4: Properties of the single pulse dataset. a) A 2D
histogram showing the density of shots (shading) versus
total pulse energy and satellite pulse energy ratio. The
orange 1D histogram shows number of shots vs total

pulse energy (right axis). b) Cumulative distribution of
shots versus satellite energy ratio for various pulse

energies. c) Spectra from 8% of shots with a dominant
pulse containing > 99% of the pulse energy. d)

Histogram of spectral bandwidths for these isolated
shots.

We estimate the energies of each pulse in this 1 to
2 pulse dataset by modeling each shot as the sum of
two Gaussian pulses. The amplitude of the field auto-
correlation of two Gaussian pulses has two peaks: one at
zero delay and one at the pulse separation delay. The
first peak’s amplitude is the total pulse energy: Ã(0) =
U++U− = Unet, where U+ is the dominant pulse’s energy
and Usat = U− is the satellite’s energy. The amplitude
of the second peak, located at the modulation period
τmod, is the geometric mean of the two pulses’ energies
Ã(τmod) =

√
U+U−. For each shot in the dataset, we find

the first side peak in the autocorrelation and estimate the

pulse energies as U± = (Ã(0)±
√
Ã(0)2 − 4Ã(τmod)2)/2.

The resulting total pulse energies and satellite energy
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ratios are shown scattered in Figure 4a. We observe
that larger energy shots have smaller satellites, suggest-
ing that we’re operating the FEL near saturation and
dominant pulses are those where the current spikes fall
near the center of the dechirper-induced intensity enve-
lope. Figure 4b shows that the majority (73%) of satellite
pulses contain less than 10% of the pulse energy. Further-
more, 8% of all shots and 26% of shots with Unet > 10 µJ
have isolated pulses with negligible satellites (< 1% pulse
energy).

Measured spectra for the shots with an isolated pulse
(Figure 4c) exhibit negligible interference fringes in con-
trast with those in the full data set (Figure 3c). These
shots have FWHM bandwidths varying from 1.0 eV to
4.0 eV with an average of 2.0 eV (Figure 4d). We esti-
mate the X-ray pulse energy chirp to be about 1.5 eV/fs
from the energy chirp of the IR laser induced current
spikes on the electron beam. This suggests that most
pulses have FWHM durations around 1 fs whereas some
of the pulses with larger bandwidths may have subfem-
tosecond durations [46]. Increasing the amplitude of the
electron beam energy modulation could increase the cur-
rent and reduce the duration of the current spikes, driv-
ing stronger space charge induced chirps for greater band-
widths and attosecond pulse durations.

In conclusion, we demonstrated generation and control
of soft X-ray pulse trains with an FEL via ESASE with an
externally injected laser and a dechirper. By varying the
dechirper and taper, we showed that the number of pulses
in the train may be varied from 1 to 5 pulses. The peri-
odicity of the pulses within the train may be controlled

with RF chirp, and the frequency of the resulting radia-
tion may be continuously tuned by varying the electron
beam energy or undulator strength. Whereas the phase
of each pulse in the train is random and independent in
this experiment, self-seeding with monochromated SASE
could establish a fixed phase relationship between each
pulse in the train [33]. These results show a path towards
future FEL setups relying on optical energy modulation.
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