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The pulse duration of soft X-ray free-electron laser (FEL) pulses of SACLA

BL1 (0.2–0.3 nC per bunch, 0.5–0.8 MeV) were characterized by photoelectron

sideband measurements. The intensity of the He 1 s�1 photoelectron sidebands

generated by a near-infrared femtosecond laser was measured as a function of

the time delay between the two pulses using an arrival time monitor. From the

width of the cross-correlation trace thus derived, the FEL pulse duration was

evaluated to be 28� 5 fs full width at half-maximum in the photon energy range

between 40 eV and 120 eV.

1. Introduction

The advent of free-electron laser (FEL) sources has promoted

development of science in the extreme ultraviolet (EUV) to

hard X-ray region. One of the most fundamental properties of

FELs is an ultrashort pulse duration, which enables us to

investigate ultrafast processes in the physical, chemical and

biological fields (Young et al., 2010; Boutet et al., 2012; Yoneda

et al., 2015; Kim et al., 2015; Bencivenga et al., 2015; Nango

et al., 2016). Diagnostics of the ultrashort pulse duration

are essential for investigating these dynamics, because they

directly relate to the temporal resolution to be achieved.

For this purpose, several techniques in the temporal and

frequency domain have been developed (Radcliffe et al., 2007;

Frühling et al., 2009; Mitzner et al., 2009; Moshammer et al.,

2011; Inubushi et al., 2012; Grguraš et al., 2012; Düsterer et al.,

2014; Ivanov et al., 2018; Inoue et al., 2019; Kubota et al., 2019).

In the temporal domain, one of the most straightforward

methods to measure the X-ray pulse duration is cross-corre-

lation with an optical laser. Here, an intense optical laser field

produces a dressing field during the photoionization process

induced by X-ray irradiation. Since the ejected photoelectrons

exchange energy with the dressing field, sideband structures,

which are separated from the main photoline by multiples of

the optical photon energy, are generated (Glover et al., 1996).

Since the sideband peaks are observed only when the FEL and

the optical laser pulses are temporally overlapped, the side-

band intensity is monitored as a function of the delay time

between the optical and X-ray pulses to create the cross-

correlation trace. If the optical pulse duration is provided,

the FEL pulse duration can be deconvolved from the cross-

correlation trace (Azima et al., 2009). The key point of this

method is the accuracy of the arrival time difference between
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the two pulses. However, the typical arrival time jitter between

the FEL and the optical laser pulses is larger than their pulse

durations, which has made it difficult to retrieve the FEL pulse

duration without compensation of the arrival time jitter

(Meyer et al., 2006). Recently, we have developed an arrival

time monitor at the BL1 beamline (Owada et al., 2019) of

SACLA (Ishikawa et al., 2012). In this study, we combined the

sideband cross-correlation method with this arrival time

monitor to evaluate the temporal duration of the soft X-ray

FEL pulses.

2. Experimental

The experiment was performed at the endstation of SACLA

BL1 [0.2–0.3 nC per bunch, 0.5–0.8 MeV (Owada et al., 2018)].

The incident FEL beam (h� = 40–120 eV, �E/E ’ 0.02,

�24 mJ per pulse) was introduced to a wavefront-splitting

mirror (an elliptic cylindrical mirror with a sharp edge) for the

arrival time diagnostic. The branched beam was focused onto

a GaAs wafer to induce a transient change of the optical

reflectivity, which was probed using synchronized near-

infrared (NIR) pulses and detected with a visible-light CCD

camera (Owada et al., 2019). The arrival time differences were

determined with a resolution of 15 � 5 fs, which corresponds

to a few pixels on the CCD image (Nakajima et al., 2018). The

remaining FEL beam and the NIR laser beam (h� = 1.57 eV)

were introduced to a vacuum chamber

in an almost collinear geometry and

focused onto a gaseous He target. The

focus sizes of the FEL and NIR beam

were �6 mm and �90 mm full width at

half-maximum (FWHM), respectively.

The temporal width of the NIR laser

pulses was measured to be 28 � 1 fs

FWHM using a single-shot auto-

correlation technique. The NIR pulse

energy was varied from 0.1 mJ per

pulse to 6.6 mJ per pulse using a half

wave plate paired with a polarizer,

which correspond to an NIR field

intensity of 6 � 1010 W cm�2 and 4 �

1012 W cm�2, respectively. The polar-

ization of both lasers was horizontal,

being parallel to the axis of the

photoelectron flight tube. The photo-

electrons produced were decelerated

by a retarding electric field at the

entrance of the flight tube and

collected using a magnetic bottle-type

electron time-of-flight (TOF) spectro-

meter. The high electron-collection

efficiency with a 4� sterad detection

angle enabled single-shot photoelec-

tron spectroscopy (Hikosaka et al.,

2010; Hishikawa et al., 2011; Fushitani

et al., 2016). During the measurement,

the optical and electrical delay were

fixed, whereas the actual arrival time difference between

the FEL and the optical laser exhibited a jitter of �500 fs

(FWHM) (Owada et al., 2019). In this study, the width of the

arrival time jitter was sufficient to measure the cross-correla-

tion between the optical and the FEL pulses without scanning

an optical delay stage.

3. Results and discussion

In Fig. 1(a), single-shot photoelectron spectra of the He 1 s�1

photoelectron peak recorded with h� = 40.8 eV and an NIR

field intensity of 6.0 � 1010 W cm�2 are displayed against the

pulse number. Although the sideband peak was not clearly

formed in this figure, the sideband peaks become obvious after

data sorting by the arrival time, as shown in Fig. 1(b). The

sideband intensities from 17.5 eV to 18.1 eV are integrated

and plotted as a function of arrival time difference �, as shown

in Fig. 1(c). The cross-correlation trace in Fig. 1(c) can be

fitted by a Gaussian function with an FWHM width of 42� 1 fs.

As the NIR field intensity increases, even the second and

the third sideband peaks become visible after the data sorting,

as shown in Fig. 2. Since the ionization process is induced only

by soft X-ray irradiation, the total electron yields were inde-

pendent of the NIR pulse intensity, which means the high-

order sideband generation suppresses the generation of

low-order sidebands. This suppression becomes more obvious
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Figure 1
(a) Photoelectron spectra lying towards the high-energy side of the He 1 s�1 photoelectron line
plotted with respect to the shot number. The photon energy was 40.8 eV. The NIR field intensity was
6.0 � 1010 W cm�2. The background pressure of the vacuum chamber was �1 � 10�9 Torr, and the
pressure was �1 � 10�8 Torr when the He gas was introduced to the chamber. A retarding voltage of
�15 V was applied to decelerate the photoelectrons. (b) Averaged photoelectron spectra sorted into
10 fs time bins. SB1 in the figure denotes the first sideband peak. (c) Red circles: the temporal profile
of the SB1 intensity. Blue line: Gaussian fit to the experimental data points (red circles) of the
temporal profile.

Figure 2
Photoelectron spectra at a FEL photon energy of 40.8 eV. The NIR intensities are (a) 1.6 �
1012 W cm�2, (b) 4.0 � 1012 W cm�2 and (c) 8.0 � 1013 W cm�2. SBn in the figure denotes the nth
sideband peak.



when the NIR intensity is 8.0 � 1013 W cm�2, as shown in

Fig. 2(c). The sidebands up to SB9 are identified, while SB1,

SB2 and SB3 are completely suppressed around the zero

arrival-time-difference region, where the NIR field intensity is

much higher than that of the tailing region. Fig. 3 shows the

first-order cross-correlation width (SB1) plotted as a function

of the NIR intensity up to 4.0 � 1012 W cm�2. The figure

shows that the cross-correlation width increases as the

NIR field becomes more intense, because the higher order

nonlinear interaction becomes significant near the zero-time

delay, where the intensity of the lowest sideband (SB1) is

transferred to the higher order sidebands. This suppresses the

peak of the cross-correlation trace to broaden the width. The

broadening of the cross-correlation width was observed even

at a higher photon energy (120 eV), as shown by the blue

circles of Fig. 3. This means the NIR intensity should be as low

as possible to obtain the precise FEL pulse duration. Fig. 3

shows the cross-correlation width converges at an NIR field

intensity of 6.0 � 1010 W cm�2 for both photon energies

h� = 40.8 eV and 120 eV.

By deconvoluting the NIR pulse duration and the resolu-

tion of the arrival time monitor assuming Gaussian distribu-

tion for each envelope, the pulse duration of the soft X-ray

FEL is determined as an average of fluctuating self-amplified

spontaneous emission (SASE) FEL pulses. Fig. 4 shows the

FEL pulse durations evaluated at an NIR field intensity of

6.0 � 1010 W cm�2 in the photon energy range from 40 eV

to 120 eV. The FEL pulse duration is almost constant in

this photon energy range, with a mean value of 28 � 5 fs

in FWHM.

Although the actual electron bunch length of SACLA BL1

has not been measured, simulations suggest that it can be

longer than the FEL pulse duration determined in this work.

This relationship itself is reasonable because only part of each

electron bunch contributes to lasing. It should also be noted

that the length of the lasing part should fluctuate from bunch

to bunch and is expected to be correlated with the number of

created photons, i.e. the pulse energy (Düsterer et al., 2014;

Engel et al., 2016). In this study, the intensity fluctuation of the

SASE-FEL pulses was �30% in RMS, from which the fluc-

tuation of the lasing part is estimated to be�8 fs. SACLA BL1

is not currently equipped with any bunch compressor after the

last C-band accelerator. In the near future, a set of multipole

magnets will be installed for the nonlinear correction, which

will enable us to investigate the relationship between the

lengths of the electron bunch and the photon pulse.

4. Summary

In summary, we have evaluated the temporal duration of soft

X-ray FEL pulses using time-dependent photoelectron side-

band intensities. The fluctuation of the arrival time difference

between the NIR and the FEL pulses was treated by resorting

the photoelectron data based on arrival time monitor data.

The time-dependent sideband intensity provides the precise

FEL pulse duration only when the NIR intensity is sufficiently

low. In this study, the FEL pulse duration was evaluated as

28 � 5 fs in FWHM.
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Figure 3
First-order cross-correlation (SB1) width plotted as a function of the NIR
field intensity ranging from 6.0� 1010 W cm�2 to 4.0� 1012 W cm�2. Red
circles: h� = 40 eV, blue circles: h� = 120 eV.

Figure 4
FEL pulse duration for various photon energies determined using an NIR
laser pulse (28 fs, 6.0 � 1010 W cm�2).
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