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Abstract

We experimentally demonstrate the generation of sub-
femtosecond hard XFEL pulses by recompressing the elec-
tron bunch in front of the undulators, which encourages
time-resolved spectroscopy toward the attosecond regime.
Space-charge fields and wakefields of accelerating structures
induce a reverse-energy chirp, in which high-energy elec-
trons locate in the bunch head, and it becomes pronounced
for high-peak current bunches. At SACLA, we use a Double
Bend Achromat lattice of the BL2 dogleg to compress the
reverse-chirped bunches. Rsq is tunable from negative to
positive values by changing the bending angle, and thus the
electron beam orbit and transverse envelope downstream
are unchanged.Thanks to this simple tuning knob of the
bunch recompression, normal SASE operation is quickly
switched to sub-femtosecond operation mode in a highly
reproducible manner. This scheme is also applicable to the
other facilities having a similar setup. In this presentation,
we overview the recompression scheme of the electron bunch
with a reverse-energy chirp at SACLA, and highlight the ex-
perimental results, which show the XFEL pulse duration is
below 1 fs, and pulse energy reaches around 60 uJ.

INTRODUCTION

Recent advances in time-resolved measurements of mi-
croscopic systems have reached the attosecond regime, cor-
responding to the timescale of electronic motion in atoms
and molecules [1]. One promising application of attosec-
ond pulses is structural and electronic-damage-free measure-
ment [2], enabled by pulses short enough to outrun electronic
damage.

We demonstrated the generation of sub-femtosecond
XFEL pulses by further compressing the electron bunch up-
stream of the undulator section at the compact XFEL facility
SACLA. Additional compression is achieved using a two-
double-bend-achromat (two-DBA) dogleg, which provides a
positive Rsg to an electron bunch with a reverse energy chirp,
where higher-energy electrons are located at the bunch head.
The reverse energy chirp is produced primarily by geometri-
cal wakefields and secondarily by longitudinal space-charge
effects. To confirm sub-femtosecond pulse generation, we
use a diagnostic based on nonlinear amplified spontaneous
emission (ASE) [3], which indicates pulse durations in the
sub-femtosecond regime with pulse energies up to 60 uJ.
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Various approaches to attosecond pulse generation have
been proposed at XFEL facilities [4-11]. In particular,
our method was inspired by the approach proposed by Yan
et al. [10], in which the electron bunch is recompressed up-
stream of the undulator section using a compression arc. In
their approach, longitudinal space-charge effects play a key
role in producing the reverse energy chirp. A related concept
was also proposed by Huang et al. [4], in which nonlinear
compression of a low-charge bunch was used to produce
ultrashort current spikes.

In contrast to these approaches, the present method is
characterized by its operational simplicity and flexibility.
An electron bunch with a reverse energy chirp can be further
compressed using the positive Rsg generated by the two-
DBA dogleg. This Rsq can be tuned simply by changing
the bending angles while keeping the quadrupole strengths
unchanged, thereby maintaining the transverse beam enve-
lope and orbit at the downstream undulator section. Our
method enables independent tuning of Rsgq, which controls
the pulse duration, while preserving the transverse XFEL
lasing conditions. As a result, the operation can be switched
rapidly and reproducibly between the standard SASE and
the sub-femtosecond modes.

SUB-FEMTOSECOND GENERATION
SCHEME

Figure 1 shows a schematic illustration of the sub-
femtosecond pulse-generation scheme and the correspond-
ing beamline configuration at SACLA. The electron bunch,
with a charge of 150 pC, is compressed to a peak current
of approximately 10 kA using a three-stage chicane-based
bunch-compression system. At the entrance of the final
bunch compressor (BC3), the longitudinal phase space is
nearly linear, as shown in Fig. 1(a). A high-current spike is
then formed at the exit of BC3, as shown in Fig. 1(b). At
this stage, the typical duration of the core of the electron
bunch is on the order of 10-20 fs [12].

As the electron bunch is accelerated in the main C-band
linac, the tail portion of the bunch experiences both geomet-
rical wakefields and longitudinal space-charge (LSC) effects,
whereas the head portion is affected predominantly by LSC.
These collective effects induce an energy modulation along
the bunch, resulting in a reverse energy chirp as illustrated
in Fig. 1(c).



| PAC 26 Prelimnary proceedings (edited version):

THCGBTO3

(a) (b)  nonlinear (c) longitudinal space (d) Additio'rTalcompression
tail compression charge (LSC), by positive R56
' - wake fields :
& 4 o
2 é tsctie ¢
head .
Time
(a
1) (b) B (@)
Q B j EXpeﬂme tal
@ 1 (c — XFEL nta
gﬂﬂg ) o s ﬂ;ﬂ) — L_j S == — place
Bcs CM | g & =09 O i ﬁ.‘U '-wﬁ
Majpy accleryy, e rwngh ndulator section
I'Secti()n
Beam dump

Figure 1: Schematic illustration of the sub-femtosecond pulse generation scheme and the key beamline components at
SACLA. (a) Longitudinal phase space of the electron bunch at the exit of the final bunch compressor (BC3). (b) Formation
of a high-current spike through nonlinear compression. (c) Formation of reverse energy chirp induced by geometrical
wakefields and longitudinal space-charge effects. (d) Additional compression of the lasing region using a positive Rs¢

in the DBA dogleg, resulting in an ultrashort current spike.

The lower panel shows the corresponding accelerator layout,

including BC3, C-band linac, the two-DBA dogleg section, and the undulator section.

The contributions of geometrical wakefields and LSC are
evaluated using analytical models based on pillbox-cavity
approximations [13]. The results indicate that the energy
modulation induced by wakefields is larger than that induced
by LSC. Although the cavity geometry and bunch distribu-
tion are simplified in this model, these assumptions are not
expected to significantly affect the relative contributions of
the wakefield and space-charge effects.

An electron bunch with a reverse energy chirp cannot be
compressed using the negative Rs¢ of a conventional chicane-
based bunch compressor, but can be compressed using the
positive Rs¢ provided by the two-DBA dogleg. When the
bending angle is set to 1.5 degrees, the electron beam passes
through the centers of the quadrupoles. In the standard SASE
operation, the bending angle is adjusted to 1.545 degrees
to satisfy the condition Rs¢ = Oum, thereby suppressing
changes in the bunch length and mitigating emittance degra-
dation due to coherent synchrotron radiation (CSR) [14]. For
additional bunch compression, the bending angle is further
adjusted to produce a positive Rss. Although changing the
bending angle introduces dispersion leakage from each of
the two DBA cells, these contributions have opposite signs
and cancel each other when the phase advance between the
quadrupoles in the two DBA sections is set to 2.

TUNING FOR SUB-FEMTOSECOND
GENERATION
We conducted an experiment to demonstrate sub-

femtosecond pulse generation. The accelerator was tuned as
follows:

 The bending angles of the two-DBA dogleg were ad-
justed to vary Rsg.

* The number of active undulator segments was reduced
from 17 to 8 or 7.

e The RF phase of the C-band accelerating structures
upstream of BC3 was tuned to relax the bunch com-
pression.

» The beam orbit at the undulator entrance and the up-
stream quadrupole strengths were optimized to maxi-
mize the XFEL intensity.

During the tuning, we used three optimization metrics: the
probability of obtaining single-spike-like spectra, the XFEL
beam pointing stability, and the XFEL intensity. The spectra
were measured using a shot-by-shot spectrometer installed at
the XFEL experimental station, and the XFEL beam position
was measured using a screen monitor. Figure 2 shows the
evolution of the spectral spike statistics, a representative
single-shot spectrum.

In this experiment, the photon energy was set to 10keV,
and the accelerator parameters were varied from the stan-
dard SASE condition, Rsg = Oum, to additional bunch-
compression modes. In the SASE mode, multi-spike spectra
dominated because the lasing region of the electron bunch
was much longer than the cooperation length, as shown in
Fig. 2(a) and (c). After tuning the bending angles for ad-
ditional compression in the two-DBA dogleg and reducing
the number of active undulator segments from 17 to §, the
probability of obtaining single-spike-like spectra increased
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significantly. The bunch compression at BC3 was then re-
laxed to improve the beam pointing stability to the 10-20%
level, which was sufficient for the nonlinear ASE measure-
ments.
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Figure 2: Characteristics of the XFEL spectrum under dif-
ferent accelerator operation conditions. (a, b) Probability
distribution of the number of spectral peaks over 500 shots;
(c, d) typical single-shot spectra; (a, ¢) Standard SASE op-
eration with Rsg =0um and 17 active undulators. (b, d)
Additional bunch compression mode with Rsg =760 um,
8 active undulators, and relaxed bunch compression at BC3.

RESULTS

To confirm the generation of sub-femtosecond pulses, the
XFEL pulse duration was evaluated using amplified spon-
taneous emission (ASE) from a 20 um-thick copper foil ir-
radiated by focused X-ray pulses [15]. Since the ASE yield
strongly depends on the X-ray intensity, the pulse duration
can be estimated from the measured pulse energy and focal
beam size. The measurements were performed at SACLA
BL2[16]. The X-ray pulses were focused to nanometer-scale
spots using Kirkpatrick—Baez optics [17], and the forward
fluorescence signal was recorded with an MPCCD detec-
tor [18]. The shot-by-shot pulse energy was monitored up-
stream of the focusing optics [19], while the incident pulse
energy was controlled using silicon attenuators. The focal
beam size on the copper foil was evaluated by a knife-edge
scan.

The machine conditions used for the ASE measurements
are summarized as follows. Under the standard SASE condi-
tion (A), the longitudinal dispersion was set to Rsg = 0 pm,
with a beam size of 170 x 190 nm?, 18 active undulators,
and a pulse energy of 380 uJ. For the additional bunch-
compression modes, the bunch compression at BC3 was
relaxed. Under condition B (Rs¢ = 760 um), the beam size
was 130 x 210 nm?, with 8 active undulators and a pulse
energy of 32 uJ. Under condition C (R5q = 980 um), the
beam size was reduced to 80 x 250 nm?2, with 7 active un-
dulators and a pulse energy of 22 pJ. Under condition D
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(Rsg = 1400 pum), the beam size was 80 x 290 nm?, with 8

active undulators and a pulse energy of 40 pJ.
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Figure 3: ASE yield as a function of the incident XFEL pulse
energy for three additional bunch-compression conditions:
Rs56 = 760 um in red, 980 um in blue, and 1400 pum in green.

Figure 3 shows the ASE yield as a function of the pulse
energy for electron bunch recompression modes (condition
B, C, and D). To confirm that the nonlinear signal did not
originate from the beamline or the MPCCD detector, we
compared the ASE signals measured with the copper foil
placed at the focal position and at an off-focus position. The
nonlinearity appeared only at the focal position, indicating
that it originated from the ASE process.

Using the ASE threshold intensity [15], we estimated the
XFEL pulse duration in this experiment. The threshold in-
tensity was estimated to be 3 x 10! W/cm?, taking into
account the difference in the photoabsorption cross section
between 9.1 keV and 10.0 keV photons relative to the previ-
ous study [15].

The FWHM pulse durations in conditions of (B) and (C)
are estimated to be below 1 fs, while that in condition (A) is
31s, and above 1 fs in condition (D) based on the ASE thresh-
old obtained in this measurement. These results confirm the
generation of sub-femtosecond pulses under conditions B
and C. They indicate that condition D (R5¢ = 1400 pm) cor-
responds to an overcompressed condition, where the pulse
duration becomes longer than that in condition B or C.

CONCLUSION

We have proposed and demonstrated a simple, robust
scheme for generating sub-femtosecond XFEL pulses over
several Rsg settings. The pulse duration was evaluated using
nonlinear ASE signals, confirming sub-femtosecond pulse
generation at Rsg = 760 pm and 980 um. In this scheme,
a reverse energy chirp is induced primarily by geometri-
cal wakefields in the C-band accelerating structures, with
an additional contribution from longitudinal space-charge
effects. The electron bunch is subsequently compressed
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using a positive Rs¢ in a two-DBA dogleg. A key advan-
tage of this method is that Rs¢ can be tuned simply by ad-
justing the bending angles while keeping the quadrupole
strengths unchanged, thereby preserving the transverse FEL
lasing conditions. This enables rapid and reproducible
switching between the conventional SASE mode and the
sub-femtosecond operation mode. These features provide a
practical route toward routine attosecond XFEL operation
at existing and future facilities.
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