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Abstract

We demonstrate a novel multi-stage amplification scheme for self-amplified
spontaneous-emission Free Electron Lasers for the production of few femtosec-
ond pulses with very high power in the soft X-ray regime. The scheme uses the
fresh-slice technique to produce an X-ray pulse on the bunch tail, subsequently
amplified in downstream undulator sections by fresh electrons. With three-
stages amplification, X-ray pulses with an energy of hundreds of microjoules
are produced in few femtoseconds. For single-spike spectra X-ray pulses the
pulse power is increased more than an order of magnitude compared to other

techniques in the same wavelength range.
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X-ray Free Electron Lasers (XFEL) are the brightest sources of X-rays for scientific
applications[1-5]. XFELs are used in several fields of scientific investigation, including
biology, chemistry, matter in extreme conditions, condensed matter physics and atomic,
molecular, and optical physics[6, 7]. Existing FEL machines capable of operating in the
X-rays are based either on Self-Amplified Spontaneous Emission (SASE)[8, 9] or in the High
Gain Harmonic Generation (HGHG) scheme[10]. HGHG machines present better temporal
coherence and wavelength stability, but have so far only produced softer X-rays down to
4 nm wavelength[11]. SASE machines can produce harder X-rays, operating at fundamental
wavelengths down to 1 A.

The XFEL pulse shaping is an active field of investigation to enable experiments requiring
X-rays with tailored temporal profiles, spectra and polarization. X-ray pump, X-ray probe
experiments (see e.g. Refs [12, 13]) were enabled by double-pulse schemes|[14-20]; narrow-
band and wavelength stability were improved for SASE machines with the Self-Seeding
schemes[21-24]. Polarization control was achieved with variable polarization undulators like
the Apple-I1[3, 25] and the Delta[26], and coherent phase control between different HGHG
harmonics was demonstrated at FERMI[27].

Recently, the highest achievable power at an FEL has been improved in the hard X-
rays by correcting the electron bunch tilt[28] with a collimated beam[29], and production
of sub-femtosecond pulses was demonstrated[30, 31| in the same wavelength range. High
power ultra-short pulses are required for single-particle imaging [32, 33|, femtosecond X-ray
cristallography and X-ray spectrocopy [34, 35] to exploit the probe before destroy principle.

In the soft X-rays wavelengths, XFELs have also revealed a variety of nonlinear phenom-
ena when intense X-ray pulses interact with atoms and molecules [36, 37]. These include
stimulated X-ray emission [38, 39], where an increase of a few times in peak intensity can
lead to a signal increase of several orders of magnitude. Producing intense pulses with du-
rations lower than the Auger decay lifetimes (~ 5 fs) would enable the generation of double
core-hole states[40] in low 7Z materials to investigate the fine electronic structures in the
fields of chemistry and biology.

At soft X-rays wavelengths, the slotted foil technique[41] can produce few-femtosecond
pulses[42, 43| with an energy of few tens of microjoule. However to produce a reliable rate of
single coherent spectral spikes, the operating point should be kept before saturation thereby

limiting the achievable power. Several schemes have been proposed to produce high power
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FIG. 1. The electron bunch travelling close to a metal corrugated jaw of the dechirper experiences
a strong transverse head-tail kick (yellow arrows). The bunch orbit is controlled to have a tail slice
travelling straight in the first undulator section. A magnetic chicane delays the electron bunch
to overlap the photon pulse in the first section with fresh-electrons toward the bunch core. In
the second undulator section the X-ray pulse is amplified by fresh-electrons. A second magnetic
chicane delays the electron bunch to overlap the photon pulse with fresh-electrons on the bunch
head. In the third undulator section the X-ray pulse is amplified by fresh-electrons on the bunch
head.

ultra-short soft X-rays [44-50]. Particularly, a multi-stage scheme capable of generating
terawatt few-femtosecond pulses has been proposed[47] by using Fresh-slice amplification in
ten cascaded stages.

The Fresh-slice technique[18] consists in controlling which temporal slice of an electron
bunch lases in each undulator section without spoiling the other slices as with the emittance
spoiler[41] or optical laser heater shaping[51]. Such control has been achieved with an
electron bunch tailored with a temporal-transverse correlation impressed by the transverse
wakefields of a dechirper[52]. Alternatively a radio-frequency deflector and a dispersion based
method could also induce the required time-dependent orbit[53]. Recently, a transverse
matching-based scheme[54] has also been studied in simulations[55] to avoid large electron
bunch orbits in the undulator line.

In this Letter we demonstrate a multi-stage SASE amplification scheme[47] producing
high-power few femotosecond pulses using two or three amplification stages. With two
stages, about 25% of the shots present a single spectral spike with a pulse energy close to a
hundred microjoules, a few times larger compared to single-spikes produced so far with other
methods in the same wavelength range. With three stages, pulses with an energy of hundreds
of microjoules are produced in a few femtoseconds. The single spectral spike shots have a
rate of 13% with a power more than an order of magnitude larger over competing methods

in the same wavelength range. The remaining 87% X-ray pulses are still characterized by



high power and short temporal durations of few femtoseconds, but present mostly two or
three spectral spikes.

In an XFEL, X-rays are produced by a high-current, low emittance electron bunch trav-
elling in an undulator. The radiation wavelength A, depends on the undulator period A,
the undulator strength parameter K, and the Lorentz factor of the electron bunch ~ as

A = A\ 1+21$/2. At the LCLSI1] the typical electron bunch has a charge of 180 pC at the

exit of the linear accelerator, and has a peak current ranging from 500 A to 5 kA. The
electron bunch energy range, from 2.5 GeV to 17 GeV, allows production of X-rays with
photon energies between 280 eV and 12.9 keV.

A dechirper system[56, 57] was installed 120 m upstream of the entrance of the undulator
line to control the electron bunch time-energy longitudinal distribution. Longitudinal phase
space control with a dedicated wakefield device had been also previously demonstrated at
other facilities [58-62]. The system is composed by two 2-m long modules, one vertical and
one horizontal. Each module has a pair of corrugated aluminum plates, suitable to produce
strong short range wakefields.

A single corrugated metal jaw close to the electron bunch is sufficient to impress the
required head-tail kick. Nevertheless, it is still useful to use both modules to mitigate the
time-correlated quadrupole defocusing[61] and to have a better FEL suppression by tilting
the electron bunch in both horizontal and vertical directions.

Figure 1 is a schematic of the multistage amplification experiment. The electron bunch
travels close to a corrugated aluminum jaw of the dechirper and receives a nonlinear time-
correlated head-tail transverse kick. The bunch slices on the head are subject to negligible
transverse wakefield. The slices at the bunch tail are subject to a strong transverse kick to-
ward the metal jaw. In the downstream strong focusing lattice, the slices toward the bunch
tail perform betatron oscillations. The amplitude of the oscillations depends on the longi-
tudinal position within the bunch, with smaller oscillations toward the bunch head. Prior
to entering the undulator line, the electron bunch orbit is steered such that a temporal slice
on the bunch tail travels straight, while core and head slices travel on increasing oscillating
orbits. A short X-ray pulse is produced by the electrons on the tail. The first chicane de-
lays the electron bunch by few femtoseconds to overlap the X-ray pulse with fresh-electrons
toward the bunch core. The electron bunch orbit is adjusted to have the corresponding slice

on the bunch core travelling straight in the second undulator section. The high-power ultra-



short seed impresses a strong modulation to the fresh-electrons and a strong post-saturation
taper is applied in the second section. Besides being optimized for the growth of the seeded
pulse, the second stage taper also further suppresses the FEL growth for electrons that
travel on very small oscillating orbits, but are not overlapped with the short seed produced
in the upstream stage. The second magnetic chicane delays the electron bunch to overlap
the X-ray pulse on fresh-electrons on the bunch head, the electron bunch orbit is adjusted
accordingly, and strong post-saturation taper is also applied in the third undulator section.

The existing LCLS layout limits the number of possible stages to three.

The experimental demonstration for two-stage amplification was performed operating at
670 eV, with electron bunches at an energy of 3900 + 3.2 MeV, a peak current of 4100 +
380 A. The electron bunch charge after collimation[29] in the first bunch compressor was
142.4 + 2.4 pC. The electron bunch was tuned to lase uniformly, producing SASE pulses of
a duration of ~ 35 fs and an energy of 650 pJ in the first 8 undulator segments. In such
condition the electron bunch was travelling on the zero Beam Position Monitor (BPM) orbit
corresponding to the undulator line axis. Both horizontal and vertical dechirpers were used
to tailor the electron bunch with the temporal-transverse correlation. The horizontal and
vertical jaws of the dechirper were set as close to the electron bunch as possible to operate the
machine without electron bunch charge losses. The other two jaws were left fully retracted,
thus having a negligible interaction with the electron bunch. In the described condition, the

electron bunch was lasing only on the bunch head and the head lasing orbit was recorded.

The first stage was tuned to lase on the far tail of the electron bunch and produced on
average 9 uJ pulses, in the first 8 undulators. The pulse power on the tail is lower compared
to the one of the full-lasing bunch because of the transverse time-dependent mismatch.
However, it is several orders of magnitude larger than electrons shot noise and sufficient to
start the lasing process in the second stage close to saturation. The magnetic chicane was
then used to overlap the photon pulse with fresh-electrons, and the orbit was empirically
steered to set the corresponding electron bunch slice on the straight orbit. The second
section was 6 undulator segments long, and a strong quadratic taper was applied on the
entire section. Figure 2 shows the experimental results for the second stage using two
different delay settings: 7 fs and 3 fs. On 100 consecutive shots the pulse intensity was
measured as 165 + 59 pJ and 77 + 33 uJ, for the 7 and 3 fs delay cases respectively. With
the shorter delay, only the head of the pulse produced in the first stage actually overlaps
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FIG. 2. Two-stage amplification experimental data, with 7 fs chicane delay (a,b) and with 3 fs
chicane delay (c¢,d). Examples of single-shot measured spectra (a,c). Few energies close to 673 eV
were removed from the plot because of a crack on the spectrometer detector. X-ray pulse energy vs
electron bunch current (b,d). Color coding is used for spectra having a different number of spikes.

1 spike (black), 2 spikes (red), 3 spikes (green), more than three spikes (magenta)

fresh-electrons in the second stage, therefore allowing shorter albeit weaker pulses. Figure
2(a,c) show single-shot spectra measured with a grating spectrometer[63, 64]. The 7 fs delay
sample had three spikes and an energy of 211uJ, while the 3 fs delay sample had 125 puJ
with a single-spike spectrum. The pulse structure was analyzed for a set of 100 consecutive
shots in each condition. Each X-ray pulse spectrum was fitted with multiple Gaussians, and

the number of spikes was calculated as the one for which the cumulative spectral energy



was above 90%. Table I reports the number of spike rates for the different sets. In the 3 fs
case, roughly one pulse out of four presents a single spike, such rate increases to 37% if the
cumulative energy threshold is set to 85%. Figures 2(b,d) show the distribution of the pulse
energies with respect to the electron bunch peak current. Spectra with different number of
spikes are coded with different colors, and intense X-ray pulses with few spectral spikes can

be found in both analyzed sets.
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FIG. 3. Example of single-shot electron bunch phase space with lasing suppressed (a). Examples of
single-shot electron bunch phase spaces for three-stage amplified SASE pulses (b-d), bunch energy
is relative to 4 GeV. The X coordinate on the screen represents time. The temporal scale is non-
linear due to the horizontal dechirper wake effect and has been left in mm at the screen. The full
bunch length is approximately 35 fs. The footprints of the second and third stage amplification
are visible in the core of the bunch, the first stage had too low power to produce a clear footprint.
Bunch head is on the right. Corresponding single-shot spectra (e). Black, blue and red corresponds

to b,c and d, respectively.

A similar machine setup was used to perform a three stage amplification experiment at
an energy close to 670 eV. The electron bunch energy was 3882+ 2.6 MeV, the peak current
was 3780 + 370 A and the charge at the end of the linac was 135 + 1.9 pC. 8, 6 and 9
undulator segments were used in the first, second and third section, respectively. The first
and second magnetic chicane delays were both set to 4 fs, and the orbit of the electron
bunch in the second and third sections were adjusted in accord with the chicane delays.
Quadratic post-saturation taper was applied from the fifth segment in the first section. The
undulator strength of the first segment in each downstream section was empirically set to
be on resonance, considering that the electron bunch presented a chirped energy profile.

Finally, a strong post-saturation taper was applied from the second segment in the other



sections, empirically optimizing the observed signal on the spectrometer’s detector.

Figure 3 shows the experimental results for three single-shots recorded with this setup.
Figures 3(a) shows a measured lasing-off electron bunch phase space. 3(b-d) show the
measured time-resolved electron bunch phase spaces downstream of the lasing process. In the
figures the horizontal coordinate is correlated with the time along the electron bunch by the
transverse deflection from the X-band Transverse Cavity (XTCAV)[42] and the horizontal
transverse wakefields. However, since a strong nonlinear deflection was imparted by the
horizontal wakefield of the dechirper, an accurate determination of the time-axis would
require a careful analysis with the tools developed for passive streaking as electron bunch
diagnostic[65, 66]. Therefore the horizontal axis was left in units of millimeters at the screen.
In each phase space, the first stage amplification is barely visible on the bunch tail (on the
left). The second and the third stage lasing footprints are instead very well defined in the
core of the electron bunch. The remaining two features at the far-tail and the head of the
bunch are wide-energy spread charge distribution horns that do not contribute significantly
to the lasing process. Figure 3(e) shows the measured single-shot single-spike spectra for
the three presented phase spaces. With an energy of several hundreds of microjoules, the
single-spike spectra have an energy of more than an order of magnitude larger compared
to the ones generated by other techniques, such as low charge and slotted foil, in the same
range of wavelengths. The FWHM bandwidths for the three presented shots are of 1.19 eV,
0.95 eV and 1.00 eV, with respective pulse energy of 434, 526 and 705 pJ. For a Fourier

transform limited Gaussian pulse, a bandwidth of 1 eV FWHM corresponds to a duration

TABLE I. Analysis of spectral structure for the two-stage amplification scheme on 100 consecutive
X-ray pulses. The Rate 3 fs and Rate 7 fs refers to pulses recorded with a chicane delay of 3 and
7 fs, respectively. Others may refer to shots with more than three spikes, too low intensity to be

analyzed, or partially outside of the spectrometer range.

Number of spikes Rate, 3 fs delay Rate, 7 fs delay
1 24% 9%
2 42% 19%
3 19% 46%

others 15% 26%




of ~ 1.8 fs FWHM. In the case of multi-stage amplified pulses further studies are required
to assess the shape and the frequency chirp of the pulses. However, single spectral spikes
and the resolved electron bunch phase spaces point to pulse durations of few femtoseconds,
since the duration between lasing footprints of the second and third stage is close to the
four femtoseconds set by the magnetic chicane delay. The rate of single-spikes spectra in the
three stage configuration is lower compared to the two-stage one. On 500 consecutive shots,
63 (12.6%) X-ray pulses were single-spikes and 178 presented a double spike structure, as
summarized in Table II. About half of the single-spike shots had a large pulse energy above
300 pd.

The X-ray pulse duration of the multi-stage amplified pulses can be controlled by the
selection of the position of the lasing slice within the bunch and by the undulator taper.
Shorter pulses are produced by starting on a slice on the farther tail, shorter delay stages and
steeper quadratic taper. A shallower taper allows weaker spikes to catch up with stronger
ones, eventually up to the point where the entire temporal slice lases, even if starting from
shot noise. A steeper taper instead, amplifies well only the stronger XFEL spikes from the
previous stage. For example, a longer pulse duration three stage configuration was developed
at the same photon energy with an average X-ray pulse energy of 619 ©J on 100 consecutive
shots. The phase space of an intense shot of 1.1 mJ was analyzed resulting in a ~ 5.7 fs
FWHM long third stage lasing footprint, neglecting the horizontal wakes effect.

The XTCAV based temporal X-ray reconstruction for such pulses may be inaccurate
for several reasons, including the fact that losses from different bunch slices cooperate to
build a single short pulse, slippage effects, non-linearity of the time axis when the horizontal

dechirper is in use, and resolution limit. A reliable measurement of the produced X-ray

TABLE 1II. Analysis of spectral spikes structure for the three-stage amplification scheme on 500

consecutive X-ray pulses.

Number of spikes Rate Pulse energy
1 13% 304 £ 117 pJ
2 36% 299 + 113 pJ
3 36% 289 + 115 pd

others 15% 235 +123 pJ




pulses could be performed with the angular streaking method that recently achieved sub-
femtosecond resolution[67, 68]. Such measurement could also provide single-shot information
to sort-out the stochastic properties of the spectral structure for an experiment. There is also
the possibility of applying machine learning algorithms to predict additional information on

the spike structure, on single shot basis, by analyzing the XTCAV and machine data[69].

In summary, we demonstrated a novel multi-stage amplification scheme capable of pro-
ducing few femtosecond X-ray pulses, featuring high-power and a reliable rate of single-spike
spectra. With the current machine layout, three stage operation is limited to photon en-
ergies up to 1.6 keV. The length of the undulator sections with present chicane locations
may be too short to operate at higher photon energies due to gain-length increase. Perfor-
mance could be further improved with a different machine layout, allowing a larger number
of amplification stages, with shorter chicanes, or by combining it with schemes capable of
generating electron bunches with a train of high-current spikes[44, 70]. Further work will
be required to better extract quantitative information on the X-rays from the time-resolved

electron bunch measurements downstream of the undulator line.
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