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Attosecond pulses from free-electron lasers have opened the doors to atomic site-specific studies
of bound electronic dynamics on their natural, sub-femtosecond timescales. Key to their success
has been electron beam shaping techniques enabling the generation of sub-femtosecond current
spikes with peak currents on the order of 10 kA. We demonstrate in an RF linac the generation of
current spikes with extreme chirps on the order of 350 MeV /um, directly competitive with the chirps
expected from beam-driven plasma wakefield accelerators. Leveraging chirp-taper compensation, we
use these highly chirped beams to generate hard X-ray attosecond pulses with bandwidths exceeding
30 eV, a factor of two beyond previous demonstrations. We simultaneously present the first explicit
experimental evidence of chirp-taper compensation in an attosecond XFEL, finding that optimal
tapering improves the bandwidth and pulse energy by factors of two and five, respectively, for our
conditions. In addition to the immediate utility of such broadband hard X-ray pulses, electron beams
with such extreme chirps can be utilized for unique new experimental modalities by performing
further compression after the undulators. Such post-lasing compression can enable subsequent
superradiant light emission at longer wavelengths, or direct excitation of quantum systems with the

beam’s intense space-charge field for unique attosecond pump-probe possibilities.

X-ray free-electron lasers (XFELs) leverage the reso-
nant interaction between electrons and photons in an un-
dulator to generate microbunching in the electron beam,
enhancing the resulting radiation’s peak power by many
orders of magnitude compared to synchrotron radiation
light sources [1-3]. XFELs can produce attosecond pulses
using electron beam shaping techniques to generate sub-
femtosecond, 10 kA-scale current spikes [4-15]. Soft X-
ray attosecond science at FELs has matured rapidly in
recent years thanks to synergistic developments in ac-
celerator techniques [6, 7, 9, 10, 13, 16] and X-ray di-
agnostics [17, 18]. Hard X-ray attosecond science, on
the other hand, has until recently been limited by a lack
of pulse duration measurements and limited broadband
X-ray optics for characterizing and manipulating hard
X-ray attosecond pulses. Previous experiments have em-
ployed nonlinear compression [5, 8, 12, 14] and emittance
spoiling [4] to generate single spike hard X-ray pulses
with bandwidths as high as 15 eV, sufficiently broad to
support attosecond pulses, though with no actual pulse
duration measurement.

A recent experiment by Inoue et al leveraged well-
characterized nonlinear processes to provide the first di-
rect evidence of hard X-ray attosecond pulses [19]. This
experiment benefited from significant recent advances in
broadband hard X-ray optics. Advanced Kirkpatrick-
Baez mirror systems have enabled focusing of XFEL
pulses to nanometer spots [20], including attosecond hard
X-ray pulses [21]. Furthermore, a hard X-ray attosec-
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ond split and delay device was recently designed [22] and
commissioned [23] with attosecond stability and tunabil-
ity, enabling hard X-ray attosecond pump-probe method-
ologies. These recent achievements promise to promote
hard X-ray attosecond pulses from a topic of accelera-
tor research into robust application, including ultrafast
scattering experiments and electronic-damage-free mea-
surements in the hard X-ray regime. This rapid recent
progress demands a reexamination of the physics and
techniques enabling the generation of hard X-ray attosec-
ond pulses, including their ultimate limiting factors.

Attosecond XFELs are enabled by a sub-femtosecond,
high current spike in the electron beam that both short-
ens the FEL cooperation length and restricts lasing to a
short region around the spike [24-26]. These high cur-
rent spikes experience very strong collective forces, es-
pecially longitudinal space-charge [27, 28]. Those collec-
tive effects inevitably lead to large energy modulations,
inducing complex sub-femtosecond phase space struc-
tures, especially a very strong linear chirp in the center
of the current spike. A linear chirp generally degrades
FEL amplification [29], but can be compensated for by
tapering the undulators in a scheme called chirp-taper
compensation [30, 31]. The concept of chirp-taper com-
pensation was first demonstrated at visible wavelengths
[31, 32]. Although undulator tapering is routinely ap-
plied to attosecond XFEL generation, chirp-taper com-
pensation has never been directly demonstrated exper-
imentally in the X-ray regime, and its impact on the
pulse properties has never been quantified in the scientific
literature. Such experimental demonstration is impor-
tant, as chirp-taper compensation lies at the heart of a
wide variety of proposed FEL techniques aiming to gener-


https://arxiv.org/abs/2604.09969v2

ate short pulses with high peak powers [33-41], multiple
pulses [42, 43], pulses with programmable spectrotempo-
ral structure [44, 45], or leveraging the naturally chirped
beams from plasma wakefield accelerators for FEL lasing
[46, 47]. At the same time, generating large energy chirps
is essential for proposed extreme compression schemes
with applications to superradiant light emission [48-55]
and direct driving of quantum dynamics [56, 57].

In this article, we use photocathode laser shaping [6]
to generate current spikes with extremely large energy
chirps on the order of 350 MeV /um. We show that com-
pensating this chirp with undulator tapering leads to the
broadest single spike hard X-ray bandwidths reported to
date: more than 30 eV. We verify the production of such
intense chirps by leveraging chirp-taper compensation as
a diagnostic. We show first that a controllable current
spike can be generated which lases efficiently in spite of
very large, 100 MeV energy spreads. By scanning the ta-
per, aided by X-ray pulse energy and spectrum measure-
ments, we show direct evidence of chirp-taper compen-
sation. This constitutes the first explicit demonstration
of chirp-taper compensation in the X-ray regime, and in
attosecond XFELs in particular. Optimal compensation
increases the pulse energy by a factor of ~ 5, and the
bandwidth by a factor of two relative to the untapered
case. The resulting ~30 eV bandwidth exceeds that of
earlier single spike hard X-ray demonstrations by at least
a factor of two [4, 5, 8, 12, 14]. That the broadband pulses
generated by this method are sub-femtosecond was re-
cently confirmed in the first experiments measuring hard
X-ray attosecond pulse durations [19, 23]. Furthermore,
the estimated chirp within the current spike is on the or-
der of 350 MeV/um, comparable to the chirps predicted
at the output of beam-driven plasma wakefield acceler-
ators (PWFAs) [53, 55]. With this work, we show that
such extreme beams are in fact available today at ex-
isting facilities, and with sufficiently high brightness to
support hard X-ray lasing. Such intense chirps can be
compressed downstream of the undulators [58], yielding
ultrashort current spikes that could be used to emit in-
tense, carrier-envelope-phase (CEP) stable, superradiant
pulses with intrinsic time synchronicity with the X-rays
[48-52, 54], or whose space-charge fields can be used for
direct excitation of quantum systems [56, 57].

An electron beam with current I(s), Lorentz factor -,
transverse size 7y, and length o, generates a longitudinal
self-field of the form [27, 28:
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where Zj is the free space impedance, and s = z — vyt
is the longitudinal position. Stronger forces are gener-
ated in an undulator, where the same expression applies
by replacing v with v, = v/4/1+ K?2/2. K is the peak
undulator strength parameter, typically between 1 and
10 [28]. At the center of a Gaussian current spike, this
leads to a roughly linear chirp with sufficient total en-
ergy spread to suppress FEL lasing. However, because

the energy spread is correlated, it can be compensated
by undulator tapering. For a beam with chirp Z—;’, the

appropriate taper rate is [30]

aK 24K
dz K M, ds’

(2)

Space-charge forces generate positive chirps, and there-
fore require positive undulator tapering.

We performed our experiments at the Linac Coherent
Light Source (LCLS). Figure 1 shows the layout of the
accelerator complex. The LCLS is an XFEL driven by a
normal conducting copper linear accelerator which dur-
ing this experiment delivered beams with 10.263 GeV
average energy, sub-micron emittance, and MeV-level
uncorrelated energy spread. The machine is driven by
a normal conducting RF photoinjector, where the elec-
tron beam is generated through photoemission from a
copper photocathode by a drive laser. At the end of
the accelerator, the beam is transported through a mag-
netic dogleg into the undulators. The X-ray pulse energy
and spectrum are measured using a gas detector and a
bent crystal spectrometer, respectively. Additionally, an
X-band transverse deflecting cavity (XTCAV) combined
with a bending magnet enables imaging of the longitudi-
nal phase space of the beam [59-61] with few femtosecond
temporal resolution.

Electron beam shaping to generate attosecond pulses
is accomplished by shaping the photocathode drive laser
[6]. At the LCLS, the nominal drive laser pulse is com-
posed of two Gaussians stacked with a temporal offset
such that the overall profile is a few ps long flat top.
Small perturbations on these initial profiles can be ampli-
fied in a process known as the microbunching instability
[62-65]. We seed the microbunching instability to gener-
ate a strong current spike in the beam by increasing the
time delay between the two pulses to introduce a dip in
the beam current profile (see Fig. 1, top left). The small
initial current modulation leads to modulations of the
longitudinal phase space through cascades of collective
effects and bunch compression through the accelerator.

At the end of the accelerator, one final round of com-
pression can be achieved by tuning quadrupole magnets
in the dispersive dogleg [66]. This allows the generation
of a tunable longitudinal dispersion Rsg, resulting in a
relative longitudinal displacement of the particles by an
amount:

As = R56’r/a (3)

where n = A~/ is the normalized energy deviation of a
particle with respect to the nominal beam energy. Given
the strong positive energy chirp induced by self-forces, a
negative R5g compresses the electron bunch, while a pos-
itive value de-compresses it. After the dogleg, the beam
is transported for 200 meters to the undulator entrance,
during which collective effects can induce further energy
modulation and chirp.

To better illustrate the physics at play, Figure 1(a)
shows an illustration of the kind of single cycle modula-
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FIG. 1. Schematic of the LCLS accelerator complex, showing a cartoon of the shaped drive laser pulse. (a) A simplified
illustration of the kind of single cycle energy modulation that can form after the third linac. (b)-(d) The longitudinal phase
space after compression in the dogleg and subsequent modulation by collective effects for three different Rss working points.
(e)-(f) The measured current profile and longitudinal phase space after the undulators. In these and other longitudinal phase

space plots in the paper, the head of the beam lies to the left.

tion that may form by the end of the last linac. Panels
(b)-(d) show what happens to such a modulation after
compression with a variable Rzg and subsequent modu-
lation by collective effects. In panels (b) and (d), the
modulation is either decompressed with a positive Rsg
or overcompressed with a strong negative Rsg. In panel
(¢), the initial modulation is fully compressed in the dog-
leg, yielding an isolated high current spike. As the beam
propagates to the undulators, a strong linear chirp de-
velops with significant total energy spread. Panels (e)
and (f) show an experimentally measured current pro-
file and longitudinal phase space, respectively, at the end
of the accelerator. While the overall bunch duration is
more than 50 fs, near the back of the beam there is a
current spike which, through collective effects, has gen-
erated a large energy modulation. The peak to peak
energy spread exceeds 100 MeV, greater than 1% of the
average energy and significantly larger than the energy
spread typically allowed by the FEL process.

In Figure 2 we show an experimental scan of the dog-
leg Rsg. Panels (a)-(f) show the final longitudinal phase
space measured after the undulators for three different
Rse values. Panels (a)-(c) show single shot data, while
(d)-(f) show averages over 20 independent shots. We
recall that any modulation on the beam at this point
should be compressible by a negative Rs¢ if it derives
from space-charge forces. From right to left, we can see
a large growth of the energy spread in a narrow slice in
the center of the beam as we pass through Rss = —35
pm. For the positive Rss we expect that the modulation
is still undercompressed, while for the more negative one
it should be overcompressed. The energy spread growth
at Rsg = —35 um is evidence of generation of a large
current spike in the middle of the beam, which generates
large collective forces. Panel (g) shows the X-ray pulse
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FIG. 2. Summary of a scan of the dogleg Rs¢. (a)-(c) Single
shot phase space images for three different values of Rs¢. (d)-
(f) Phase space images averaged over twenty shots for the
same values of Rse. (g) Pulse energy emitted at 9 keV as a
function of the Rss with the undulators linearly tapered to
compensate a 400 MeV/um chirp.

energy emitted at 9 keV central photon energy as a func-
tion of the relative Rsg. During the scan, the undulators
were positively tapered at a rate corresponding to a chirp
of 400 MeV/um. The emitted pulse energy peaks at the
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FIG. 3. Summary of a taper scan for fixed dogleg Rs¢. (a) The undulator taper profile — as the taper is scanned, the slope of the
tapered section changes. (b) Pulse energy emitted at 9 keV as a function of the linear taper, peaking at the corresponding chirp
of 333 MeV/um. (c) and (d) show single shot spectral measurements at 9 keV for a flat taper and for a taper compensating a
400 MeV /pm chirp, respectively. (e) Histograms of the bandwidth generated in the two cases in (c) and (d).

same value of Rs¢ that maximizes the growth in energy
spread in the XTCAV. This is consistent with the en-
ergy spread coming from the formation of a high current
spike, and the resulting correlated energy spread being
compensated by the undulator taper.

We directly demonstrate chirp-taper compensation by
scanning the taper rate while synchronously measuring
the emitted pulse energy and the X-ray spectrum for
Rss = —35 pm. Figure 3(a) shows the undulator taper
configuration used in the experiment. The current LCLS
undulators are divided into 3.4 meter long segments con-
sisting of 130 periods with a period of 2.6 cm. The
undulator segments are separated by 60 cm which con-
tain matching quadrupoles, orbit correcting dipole mag-
nets, and phase shifters. After five untapered undulators,
twelve undulators are given a positive linear taper which
we will quantify in terms of the change in K per undula-
tor section. Figure 3(b) shows the distribution of emitted
pulse energies, evaluated over 100 independent shots, as
a function of the linear taper imposed in the undulators.
We include two x axes. One gives the taper rate directly
in units of AK per undulator, while the other gives it in
terms of an implied chirp — the chirp theoretically com-
pensated by this taper according to Eqn. (2). With zero
taper, only a few uJ are emitted on average. As we scan
the taper, we observe an increasing trend until we reach
a taper of 2 x 1073, corresponding to a 333 MeV/um
chirp. For this taper, the 80th percentile pulse energy
has increased to over 25 uJ. Further increasing the taper

suppresses lasing to negligible levels. Panels (c¢) and (d)
show characteristic X-ray spectra measured later in the
experiment after additional tuning for a flat taper and
for a 400 MeV/um matched taper, respectively. With no
taper, single spike pulses are emitted with FWHM band-
widths around 18 eV (see panel (c)), sufficiently broad
to support attosecond pulses though with very low pulse
energy. At the 400 MeV/um matched taper, the pulses
maintain their single spike character, and the bandwidth
is also significantly broader, roughly 30 eV on average,
as shown in panel (d). For comparison, panel (e) shows
histograms of the FWHM bandwidth for the untapered
and tapered working points. Previous demonstrations
of single spike hard X-ray pulses achieved bandwidths
around 15 eV, so this represents a factor of two improve-
ment in the available coherent bandwidth of single spike
hard X-ray FEL pulses. The attosecond duration of these
pulses has been confirmed in recent experiments [19, 23].
Furthermore, FEL simulations presented in Appendix A,
suggest that the broadened bandwidth corresponds di-
rectly with shorter pulse durations, not just an increased
X-ray chirp.

The estimated 333 MeV/um chirp is very large, com-
petitive with schemes using beam-driven PWFAs to in-
tentionally generate hundreds of MeV /pm chirps [53, 55].
For example, the study in [53] shows PWFA simulations
generating a 3.3 GeV beam with 3.7%/pm chirp. Here we
have experimentally demonstrated, using beam shaping
techniques in a conventional RF linac, a 3.2%/um chirp,



competitive with the simulated PWFA case. Further-
more, the observation of FEL lasing is evidence that the
current spike maintains a low emittance and low slice en-
ergy spread. The chirp can be compressed with a small
compressor [58], with |Rsg| =~ m ~ 30 pym. The
compressed spike length is limited by Rs¢oy, s, with o)
the relative slice energy spread. A beam capable of hard
X-ray lasing must have o, , on the order of 1074 —-1073,
so Rs60,,s can be as short as a few nanometers. Lasing
to saturation increases the slice energy spread, but still
only to the order of 1072, Such a short current spike
could emit high power, CEP stable attosecond pulses
in the extreme ultraviolet range through superradiant
emission in a short undulator [48, 53, 54]. The result-
ing pulse would be naturally time synchronized with the
X-rays emitted upstream, making for a uniquely power-
ful pump-probe experimental setup. Alternatively, the
strong space-charge field can be used to directly excite
quantum systems [56, 58]. This result reveals that ex-
periments which were previously thought to require reli-
able, beam-driven PWFA systems may in fact be possible
today at existing facilities, with the benefit that the di-
agnostics to use these electron beams and X-ray pulses
already exists in part in the XFEL user end stations.

In conclusion, we have demonstrated the generation of
electron beam current spikes with extremely large chirps
on the order of 350 MeV/um. In spite of the magnitude
of the chirp, the beam maintains sufficiently high qual-
ity to generate single spike hard X-ray attosecond pulses
with unprecedented bandwidths in excess of 30 eV. We
show the first explicit evidence for chirp-taper compen-
sation in the X-ray regime, finding that while single spike
lasing was still possible without tapering, tapering both
enhanced the pulse energy and significantly broadened
the bandwidth. The emitted pulses have immediate ap-
plications in ultrafast hard X-ray science. Furthermore,
the highly chirped current spike holds promise for future
advanced attosecond pump-probe experiments. In that
setting, further compression of the current spike can al-
low it to superradiantly emit a second short radiation
pulse, or to directly drive a quantum system with the in-
tense space-charge field of the beam, opening the doors
to unique new experimental possibilities.
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Appendix A: Supporting simulations

The bandwidth broadening observed when the undu-
lators are optimally tapered could be attributed either to

a direct shortening of the X-ray pulse duration or an in-
crease in the X-ray chirp. To understand which option is
the case here, we have performed FEL simulations using
GENESIS 1.3 v4 [67, 68]. The simulation parameters are
specified in Table I. We simulate a short Gaussian beam,
emulating only the current spike and ignoring the back-
ground current distribution for the sake of capturing the
basic physics of chirp-taper compensation in the spike.
We generate the beam with a purely linear chirp, which
is an oversimplification of the true scenario but sufficient
for demonstration.

Beam parameter Value
Peak current 20 kA
RMS spike length 60 nm (200 as)
Chirp 350 MeV/um
Beta function 30 m
Norm. emittance 0.8 um rad
Energy 10 GeV
Uncorr. energy spread 2 MeV
Undulator parameter Value
Period 2.6 cm
Length 32.5 m
Resonant photon energy 10 keV

TABLE I. Parameters for simulations.

We then performed two sets of simulations: one in
which the undulators are not tapered, and one in which
they are tapered at the ideal rate calculated from Eq. (2).
For each case, we perform 100 simulations each starting
from different random seeds for the initial shot noise mi-
crobunching. Figure 4 summarizes the simulation results.
Panels (a) and (b) show 20 randomly sampled power pro-
files from the two simulations with and without tapering,
respectively. Note that the profiles in the untapered case
are multiplied by a factor of 10 to appear on the same
scale as the tapered case, reflecting the significant power
enhancement with proper tapering. Panel (¢) shows his-
tograms of the pulse durations for the two cases for pulses
whose power is well-fit by a Gaussian (r? > 0.98). 74 out
of 100 pulses satisfy this filter for the tapered case com-
pared to 70 for the untapered case. The average pulse
duration without tapering is around 300 as, while for the
tapered case it is close to 200 as. This provides evidence
that the bandwidth broadening we observe in the experi-
ment reflects a shorter pulse duration, not just additional
X-ray chirp, but this should eventually be directly con-
firmed by measurements.
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FIG. 4. Summary of FEL simulation results. Panels (a) and
(b) show 20 random power profiles from the tapered and un-
tapered simulations, respectively. Panel (c) shows the distri-
bution of pulse durations for the two cases. The tapering is
seen to indeed shorten the pulse duration compared to the
untapered case.
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