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The attosecond laser station (ALS) at the Synergetic Extreme Condition User Facility (SECUF) is a sophisticated
and user-friendly platform for the investigation of the electron dynamics in atoms, molecules, and condensed matter on
timescales ranging from tens of femtoseconds to tens of attoseconds. Short and tunable coherent extreme-ultraviolet (XUV)
light sources based on high-order harmonic generation in atomic gases are being developed to drive a variety of end-
stations for inspecting and controlling ultrafast electron dynamics in real time. The combination of such light sources and
end-stations offers a route to investigate fundamental physical processes in atoms, molecules, and condensed matter. The
ALS consists of four beamlines, each containing a light source designed specifically for application experiments that will
be performed in its own end-station. The first beamline will produce broadband XUV light for attosecond photoelectron
spectroscopy and attosecond transient absorption spectroscopy. It is also capable of performing attosecond streaking to
characterize isolated attosecond pulses and will allow studies on the electron dynamics in atoms, moleculars, and condensed
matter. The second XUV beamline will produce narrowband femtosecond XUV pulses for time-resolved and angle-resolved
photoelectron spectroscopy, to study the electronic dynamics on the timescale of fundamental correlations and interactions
in solids, especially in superconductors and topological insulators. The third beamline will produce broadband XUV pulses
for attosecond coincidence spectroscopy in a cold-target recoil-ion momentum spectrometer, to study the ultrafast dynamics
and reactions in atomic and molecular systems. The last beamline produces broadband attosecond XUV pulses designed
for time-resolved photoemission electron microscopy, to study the ultrafast dynamics of plasmons in nanostructures and
the surfaces of solid materials with high temporal and spatial resolutions simultaneously. The main object of the ALS is
to provide domestic and international scientists with unique tools to study fundamental processes in physics, chemistry,
biology, and material sciences with ultrafast temporal resolutions on the atomic scale.

Keywords: attosecond, extreme-ultraviolet (XUV) pulse, pump–probe, photoemission spectroscopy
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1. Introduction

The fundamental processes in matter are governed by the
electronic and nuclear motions of the constituent atoms. The
electronic motions inherent to these systems are extremely
fast.[1] In the Bohr model, which describes the electron classi-
cally as a point charge but requires electrons to move in or-
bits of fixed size and energy, the period is estimated to be
152 as for the smallest orbit of a H atom.[2,3] According to
the quantum-mechanical description, the electron motion in
the ground-state orbital cannot be observed directly. Alterna-
tively, one may observe charge oscillations resulting from the
coherent superposition of electronic states. The period of the
electronic oscillation is given by ∆E∆t = 2π h̄, where ∆E is
the energy spacing of the two eigenstates involved. A larger
energy separation ∆E yields faster motion of the particle in
the superposition state. For chemical bonds and vibrational
states of molecules, energy spacing on the order of meV cor-
responds to a timescale of tens to hundreds of femtoseconds;

thus, typical femtosecond laser pulses may resolve the dynam-
ical processes of molecules.[4] For strongly correlated elec-
trons in a superconductor, hot electrons moving collectively
in high-density plasma, electrons on inner shells of atoms or
molecules, or electrons bonded in semiconductor nanostruc-
tures, the energy spacing between eigenstates ranges from sub-
eV to tens of eV; thus, the electrons move significantly faster,
and the corresponding timescale is reduced to the attosecond
level. For example, the oscillation period of valence electron
wave packets in bound atomic or molecular systems is natu-
rally on the order of 100 as.[5]

At the dawn of the 21st century, isolated coherent attosec-
ond extreme-ultraviolet (XUV) pulses were produced; thus,
the timescale steered by humans was increased from femtosec-
onds to attoseconds.[6] This not only introduced new levels
for the laser pulse duration and temporal resolution but also,
coupled with pump–probe spectroscopy, was a significant step
for scientists to master a new and powerful tool to investigate
ultrafast processes inside atoms and molecules with unprece-
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dented precision. Attosecond XUV pulses have been and will
continue to trigger major revolutions in fundamental physical
research, and already introduced new field and research direc-
tion — attosecond physics.[7]

In experiments, an isolated attosecond XUV pulse is gen-
erated via high-order harmonic generation (HHG) from atoms
exposed to intense laser pulses.[8] With the demonstration
of the first isolated attosecond pulse (IAP) in 2001,[9] many
schemes for IAP generation have been developed, and shorter
pulses with higher flux have been demonstrated.[10,11] The
first scheme is the amplitude-gating (AG) technique,[12] which
selects a continuous spectrum in the cutoff region of high-
order harmonics generated by carrier-envelope phase (CEP)-
stabilized femtosecond few-cycle laser pulses, and IAPs as
short as 80-as were obtained.[13] The second approach is po-
larization gating (PG),[14] which creates a pulse with time-
varying polarization sweeping from circular to linear and
then back to circular, yielding a very short window for the
generation of a single attosecond pulse. Nisoli group de-
veloped this technique to produce short 130-as pulses us-
ing CEP-stabilized 5-fs laser pulses,[15] and they also devel-
oped above-saturation few-cycle laser fields to generate high
energy sub-160-as IAPs.[16] The third method is ionization
gating (IG), which provides temporal gating via phase mis-
matching between the fundamental and harmonic fields. By
using this method, 430-as pulses were generated.[17] Dou-
ble optical gating (DOG)[18] and generalized double optical
gating (GDOG),[19] which combine polarization gating with

two-color gating (TC), were also developed. This scheme
relaxes the requirement on the pulse duration to 28 fs, mak-
ing it easier to generate IAPs, and is scalable to high energy
IAPs. A far broader continuous XUV spectrum covering both
plateau and cutoff regions of HHG was generated, and 67-
as pulses were demonstrated using a DOG with 7-fs driving
laser pulses.[20] Because tilting the wavefront of the driving
laser pulses continuously changes the direction of HHG, the
harmonic radiation in each half-cycle of the driving pulse can
be spatially separated in the far-field and corresponds to a se-
ries of IAPs, which is known as spatial gating or an attosec-
ond lighthouse.[21,22] The results above were obtained using a
near-infrared (NIR) Ti:sapphire laser at 800 nm. When longer-
wavelength lasers at the infrared (IR) or mid-IR bands are
adopted as the driving lasers, the HHG is shifted to a shorter
wavelength,[23,24] and significantly shorter attosecond pulses
can be obtained. Last year, the generation of single attosecond
pulses with a duration of 53-as in a spectral range covering the
C K-edge in the water window was achieved by Chang group
at the University of Central Florida,[25,26] using the polariza-
tion gating method driven by a 11.4-fs laser at 1.7 µm from
OPCPA pumped by a high-energy Ti:sapphire laser. Only one
month later, IAPs of 43-as generated by a similar two-cycle
mid-IR laser were demonstrated by Wörner group in ETH
Zürich, Switzerland,[27] setting a new world record for the
shortest coherent optical pulse. Table 1 lists typical isolated
attosecond light sources.

Table 1. Typical single isolated attosecond light sources.

Measured Central energy/
Energy Method Lab/country Ref.

duration/as bandwidth/eV
67 100/170 unspecified DOG UCF/USA [20]
80 83/28 0.5 nJ AG MPQ/Germany [13]
155 25/8 9 nJ IG CNR–IFN/Italy [16]
130 100/22 70 pJ PG CNR–IFN/Italy [15]
160 83/15 ∼ 1 nJ AG IOP/China [113]
53 150/200 unspecified PG UCF/USA [25]
43 120/100 unspecified AG ETHZ/Switzerland [27]
500 25/15 1.3 µJ TC RIKEN/Japan [28]
310 38/40 unspecified lighthouse NRC/Canada [29]
260 93/8.6 unspecified AG IC/UK [30]

In parallel with the development of attosecond laser

sources, remarkable progress in applications using isolated

attosecond XUV pulses has been made. Almost all appli-

cations in the early stages were based on attosecond streak-

ing spectroscopy and attosecond transient absorption technol-

ogy. Because of the limitation of the attosecond pulse en-

ergy, attosecond pump–probe spectroscopy cannot be real-

ized currently. Alternatively, an attosecond pulse and a fem-

tosecond laser pulse may be combined to perform pump–

probe spectroscopy.[31,32] By scanning the delay between

the attosecond and femtosecond pulses, attosecond streak-

ing (photoelectron) or a transient absorption spectrogram can

be realized. From the streaking spectrogram, the attosecond

pulses can be retrieved using the algorithm of the frequency-

resolved optical gating for the complete reconstruction of the

attosecond burst (FROG-CRAB)[33] or using phase retrieval

by omega oscillation filtering (PROOF).[34] The principle of

the attosecond streaking spectroscopy or a streaking camera

is that the laser-induced energy shift of the photoelectrons re-

sults in a unique mapping of the temporal profile of the at-
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tosecond pulse into a similar energy distribution of the pho-
toelectrons, so that the streaking trace can completely charac-
terize the attosecond pulse and be applied for attosecond re-
solved measurement of the electron dynamics in matter.[35]

The signal includes the primary photoelectrons and the sec-
ondary (Auger or inner-shell) electrons ionized by the inci-
dent XUV burst. Probing the primary or secondary electrons
using the pump–probe technique allows observation of the
atomic excitation and subsequent relaxation processes with at-
tosecond resolution in real time. Milestone experiments for
applications of attosecond streaking spectroscopy were per-
formed using atoms and molecules, for example, the prob-
ing of the inner-shell relaxation dynamics,[39] the delay of the
photoemission,[40] the tracking of photoelectrons with sub-
as precision,[41] the direct observation of electron propaga-
tion and dielectric screening on the atomic scale,[42] attosec-
ond nanoscale near-field sampling,[43] and electron localiza-
tion in the dissociative ionization of H2 and D2.[44] Attosec-
ond pump–probe spectroscopy has also been realized in con-
densed matter,[45] for example, the observation of optical field-
induced current in dielectrics,[46] the control of dielectrics
with the electric field (e-field) of light,[47] and the direct ob-
servation of electron propagation and dielectric screening on
the atomic scale.[48] Additionally, the attosecond transient ab-
sorption technique, which involves measuring the changes in
the XUV spectrum transmitted through the sample induced by
the NIR pulses, was developed to study the relevant ultrafast
dynamics in the sample.[36–38] With attosecond transient ab-
sorption spectroscopy, an experimental study elucidating the
impact of electronic correlations on the electron dynamics was
performed for the first time,[49] and the time-resolved autoion-
ization of Ar[50] and real-time observation of valence electron
motion were demonstrated.[51]

Until now, attosecond streaking spectroscopy and tran-
sient absorption spectroscopy have given rise to remarkable
achievements in both the characterization of attosecond pulses
and the pump–probe experiments.

However, these two methods only provide energy-
resolved measurement, while many applications require
angular-, momentum-, spatial-, and/or spin-resolved measure-
ments for studies on the electronic structure of superconduc-
tors, magnetic materials, nano-plasmonic structures, surfaces,
atoms, molecules, etc. Angle-resolved photoelectron spec-
troscopy (ARPES),[52,53] photoemission electron microscopy
(PEEM),[54,55] and cold-target recoil-ion momentum spec-
troscopy (COLTRIMS)[56,57] are typical photoemission spec-
troscopy (PES) methods with widespread practical applica-
tions in many fields for elucidating the electronic structures in
solid-state physics, chemistry, and biology. In previous stud-
ies, the light sources for PES were a traditional mercury lamp,
a noble-gas discharging lamp, and synchrotron radiation.[58]

With the advent of HHG and single attosecond pulses, table-

top XUV light sources have become ideal drivers for time-
resolved PES because these types of coherent radiation have
good spatial profiles, broadband tunable spectra covering ul-
traviolet (UV) to soft x-ray, and high flux with durations rang-
ing from tens of attoseconds to tens of femtoseconds.

The first time-resolved ARPES (tr-ARPES) using an
HHG source was developed by the Department of Physics at
the University of Kaiserslautern in Germany.[59] The HHG
light source was driven by a Ti:sapphire laser at a repetition
rate of 1 kHz. A pair of XUV multilayer mirrors were used
to select XUV light at 41.85 eV, and a combination of IR
and XUV beams was focused onto the target in the ARPES
chamber to perform time- and angle-resolved PES. Because
no monochromator was installed to select a narrow band of
HHG and a low repetition rate, the energy resolution of the
tr-ARPES was approximately 1 eV, which was too low to
obtain any electronic structures of the Fermi band in solids.
The aforementioned HHG system was then updated to use
the second harmonic of a Ti:sapphire laser at a higher repe-
tition rate (10 kHz) in 2014.[60] The larger separation of the
harmonic orders driven by the second harmonic allowed the
omission of all dispersive elements and the monochromator
in the HHG beam, and intrinsic narrow-bandwidth harmon-
ics were obtained. Finally, the energy resolution was im-
proved to 150 meV, and a temporal resolution of approxi-
mately 30 fs was also demonstrated. Snapshots of the pho-
toinduced electronic-structure changes of TiSe2 were obtained
using the updated tr-ARPES. In 2006, the Rutherford Ap-
pleton Laboratory started to build a comprehensive facility
(Artemis) that offers ultrafast XUV (10–100 eV) pulses pro-
duced through HHG.[61] The vacuum beamlines deliver syn-
chronized pulses to end-stations, which have three application
apparatuses for condensed-matter physics, atomic and molec-
ular physics, and XUV imaging. A key application at Artemis
is time- and angle-resolved photoelectron spectroscopy us-
ing tr-ARPES. To improve the energy resolution, an XUV
monochromator was designed to cover two spectral ranges
(12–30 nm and 30–90 nm) with either a higher resolving
power or a shorter pulse duration. The energy resolution was
demonstrated to be 130 meV.[62] Thus far, tr-ARPES has been
successfully applied for both time- and angle-resolved pho-
toemission measurements on numerous materials, including
graphene and topological insulators, such as the time-resolved
photoemission measurement of TaS2 at a low temperature,[63]

snapshots of the non-equilibrium Dirac carrier distributions in
graphene,[64] the ultrafast dynamics of massive Dirac fermions
in bilayer graphene,[65] and tunable carrier multiplication and
cooling in graphene.[66] Additionally, earlier this year, the dy-
namics of correlation-frozen antinodal quasiparticles in su-
perconducting cuprates were examined via tr-ARPES.[67] The
limitations of the tr-ARPES at Artemis are the low repeti-
tion rate (1 kHz) and the space-charge effect in the interac-
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tion area; thus, the laser system is currently being upgraded
to a 100 kHz OPCPA system operating at 1.7 µm. World-
wide, many other tr-ARPES systems have been developed. A
tr-ARPES system at Freie Universität in Berlin[68] with an en-
ergy resolution of 90 meV and a temporal resolution of 125 fs
was constructed. Studies on the disparate ultrafast dynam-
ics of itinerant and localized magnetic moments in Gd metal
were performed.[69] Keller group in Switzerland developed
a versatile attosecond beamline for time-resolved measure-
ments, in which a tr-ARPES system was included.[70] A sim-
ilar facility was developed at Max-Planck-Institut für Quan-
tenoptik in Germany.[71] Los Alamos National Laboratory re-
ported a tr-ARPES system in which a time-delay compensated
monochromator was used to preserve the ultrashort duration
of the XUV pulses in a wide tunable range of photon energies
(20–36 eV) at a repetition rate of 10 kHz, and the capabili-
ties to obtain angle-resolved photoemission maps and to trace
ultrafast the electron dynamics in an optically excited semi-
conductor were demonstrated.[72] The HELIOS laboratory at
Uppsala University in Sweden designed a pump–probe XUV
source for ARPES called Scienta ARTOF 10k (ARTOF: angle-
resolved time of flight). After successful tests, it was upgraded
to ARTOF 2.[73] The CITIUS facility is a state-of-the-art
HHG light source at the University of Nova Gorica in Slove-
nia, where an innovative monochromator allows researchers
to work in time-preserving or high-resolution regimes; here,
ARTOF was used for pump–probe experiments.[74]

Currently, a well-developed ARPES system can achieve a
very high energy resolution of approximately 1 meV. However,
a tr-ARPES system cannot achieve high energy and high tem-
poral resolution simultaneously. The high energy resolution
of an ARPES system requires a very narrowband light source,
which corresponds to a long pulse duration. As a tradeoff be-
tween the energy and temporal resolutions, the combination of
approximately 100 fs and approximately 30–50 meV is a good
choice for most experiments in condensed matter. It is also
important to avoid degradation of the resolution caused by the
space-charge effect of the photoelectrons. It is necessary to re-
duce the XUV intensity to a level where one electron or fewer
is generated per laser shot. To achieve such a low count rate
but keep the data acquisition reasonably short, it is necessary
to increase the repetition rate of the driving laser while reduc-
ing the energy of each laser pulse to eliminate the space-charge
effect so that an adequate average photon and thus the photo-
electron flux is maintained. Therefore, the driving femtosec-
ond laser for the ARPES is chosen to have a repetition rate of
at least 100 kHz. In contrast to the hemispherical electron ana-
lyzer, ARTOF can measure a large part of the K-space without
moving the sample and can operate at a low XUV intensity to
reduce the space-charge effect because of its large collection
angle. The development of time-resolved ARTOF using low-
intensity XUV pulses at a high repetition rate is important for

the angle- and time-resolved measurement of photoelectrons.
A traditional attosecond streak camera maps the e-field

and thus the time of the NIR pulse to the momentum or en-
ergy distribution of the photoelectrons, whereas in attosec-
ond angular-streaking spectroscopy, which is also called “atto-
clock,” time is mapped to the angular distribution of the pho-
toelectrons. The momentum distribution of the photoelectrons
is obtained using elliptically polarized laser pulses in which
the e-field vector rotates in the polarization plane. It illus-
trates the emission angle of the photoelectrons and the direc-
tion of the e-field vector at the time of emission, thus pro-
viding timing information regarding the laser e-field oscilla-
tion. The e-field vector runs 360◦ in one optical cycle of 2.7 fs
at a central wavelength of 800 nm, and it is relatively easy
to accurately measure the momentum distribution of the pho-
toelectrons; thus, the precision for determining the timing in
this kind of experiment can be well below one optical period.
COLTRIMS can measure the three-dimensional (3D) momen-
tum vectors of the fragments (electrons and ions) originating
from one ionization or dissociation event coincidently. At-
tosecond angular streaking was first realized with a combi-
nation of CEP-controlled near-circularly polarized 5-fs laser
pulses and COLTRIMS by Keller group.[75] Attoclock mea-
surement can provide a temporal resolution of 200 as and a
direct measurement of the CEP with an accuracy of 60 mrad.
By using the attoclock technique, numerous attosecond timing
measurements have been performed, including the ionization
and tunneling delay time in He,[76] the tunnel geometry,[77]

and the timing of sequential double ionization.[78,79] Many
other groups have constructed ultrafast COLTRIMS using
typical femtosecond laser pulses having durations ranging
from a few femtoseconds to tens of femtoseconds with CEP-
stabilization, and progress has been achieved.[80–83] With the
advent of HHG and related techniques, XUV pulses with
tunable high-energy photons and pulse durations as short as
sub-femtosecond have introduced the possibility of access-
ing the inner-shell and inner-valence ionization of highly ex-
cited atoms and molecules in the gas phase; thus, the com-
bination of HHG XUV sources and COLTRIMS yields the
most powerful tool for studying the photofragmentation dy-
namics of highly excited states in atoms, small molecules, or
surface reactions with sub-femtosecond resolution. The pi-
oneering XUV-COLTRIMS was constructed using an HHG
source driven by a Ti:sapphire laser at repetition rates vary-
ing between 1 kHz and 3 kHz,[84] and the dissociation of a
molecule ionized by soft x-ray radiation was observed in real
time.[85] Another early XUV beamline combined with reac-
tion microscopy for investigation of the attosecond dynam-
ics of atoms and molecules was developed at Max-Planck-
Institut für Kernphysik, using a Ti:sapphire laser with a rep-
etition rate ranging from 3 kHz to 10 kHz.[86] Later, the XUV
source was upgraded using CEP-stabilized few-cycle laser
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pulses. Other prototype XUV-COLTRIMS beamlines were de-
veloped at JRM Lab of Kansas State University[87–89] and at
Laser Interactions and Dynamics Laboratory in France.[90] All
the aforementioned XUV-COLTRIMS beamlines are based on
HHG attosecond pulse trains (APTs). The first combination
of single XUV attosecond pulses with a COLTRIMS appa-
ratus, which was called AttoCOLTRIMS, was successfully
developed by Keller et al.[91] The attosecond beamline was
constructed using 5-fs CEP-stabilized laser pulses at a repe-
tition rate of 10 kHz, the single attosecond pulse was gener-
ated using the PG method, and the duration of the XUV pulses
was characterized to be 280 as at 45 eV using a 3D streaking
spectrogram based on AttoCOLTRIMS. As milestone experi-
ments using AttoCOLTRIMS, the relative photoemission de-
lays were successfully measured even though the photoelec-
trons from a mixture of Ar/Ne overlapped in the spectrum,[92]

and the resonance effects in the photoemission time delays
were characterized.[93]

PEEM is an advanced surface analysis technique that has
been under development since the 1990 s and is capable of
imaging the surface electronic structure by recording photo-
electrons emitted from the surface of a sample in response to
the absorption of ionizing radiation such as UV or x-ray pho-
tons. The electrons are collected, and the image is magnified
hundreds- or thousands-fold through a series of magnetic or
electrostatic electron lenses. Because PEEM constructs im-
ages from photoelectrons emitted from the entire surface di-
rectly without two-dimensional (2D) scanning as in a scan-
ning tunneling microscope, it is suitable for studying surface
dynamics, especially for imaging complex layered thin films
or devices in real time. As a brand new surface analysis tech-
nique, PEEM has very important applications in research ar-
eas such as thin-film growth, surface chemistry, surface mag-
netism, and surface electronic states to study surface electronic
structures via in situ and real-time imaging. With the develop-
ment of surface science and time-resolved measurement tech-
nology, researchers wish to discover not only the distribution
of surface electrons but also the change of the characteristics
over time, giving rise to time-resolved PEEM (tr-PEEM). In
the early stage, PEEM was successfully developed for imaging
of plasmonic fields with femtosecond temporal resolution us-
ing two-photon photoemission (2PPE) based on a Ti:sapphire
femtosecond oscillator.[94] With the advent of HHG and re-
lated techniques, utilizing a pair of attosecond and fem-
tosecond pulses for pump–probe spectroscopy, Stockman pro-
posed attosecond nanoscope or atto-PEEM, which is a com-
bination of PEEM with attosecond streaking technology for
non-invasive and direct access of nanoplasmonic fields with
nanometer (spatial) and attosecond (temporal) resolutions.[95]

Soon thereafter, atto-PEEM was developed at Lund University,
Ludwig Maximilian University of Munich, and Max-Planck-
Institut für Quantenoptik. L’Huillier group in Lund Univer-

sity developed an attosecond-resolved PEEM system using
APTs[96] at a repetition rate of 1 kHz, and a spatial resolu-
tion of 300 nm was demonstrated.[97] The Kleineberg group in
Ludwig Maximilian University of Munich and Max-Planck-
Institut für Quantenoptik constructed an atto-PEEM system
using single attosecond XUV pulses[98] based on an existing
attosecond beamline. The first PEEM experiment involving
excitation by single attosecond XUV pulses was reported in
2012,[99] driven by CEP-controlled 5-fs laser pulses at a rep-
etition rate of 1 kHz, and a spatial resolution of 300 nm and
a temporal resolution of 350 as were simultaneously demon-
strated. In these two proof-of-principle experiments using
APTs and single attosecond pulses, the spatial resolution was
hundreds of nanometers and was limited by the aberrations
of the electron optics in PEEM and the space-charge effect in
the interaction area. Clearly, this limitation can be reduced
by increasing the repetition rate of the driving laser. A high-
repetition rate system can reduce the exposure time and space
charge by more than an order of magnitude. Thus, attosec-
ond pulses with repetition rates over hundreds of kilohertz are
crucial for the improvement of the spatial resolution in Atto-
PEEM. Many groups are currently developing new attosecond
sources at higher repetition rates. L’Huillier group is devel-
oping an OPCPA laser with a high repetition rate (200 kHz–
2 MHz) for generating XUV pulse trains,[100] and Kleineberg
group developed a new attosecond source with a high repeti-
tion rate of 10 kHz.[101]

Considering the advancements of XUV beamlines based
on HHG and the many aforementioned applications, the main
objective of the attosecond laser station (ALS) at the Syner-
getic Extreme Condition User Facility (SECUF) in Huairou,
Beijing is to develop XUV beamlines for investigating the
electron dynamics in atoms, molecules, and condensed mat-
ter on timescales ranging from tens of femtoseconds to hun-
dreds of attoseconds. The ALS has four XUV beamlines for
different end-stations that aim to study the ultrafast dynam-
ics in atoms and molecules, condensed matter, surfaces, and
nano-plasmonic structures, which are similar to Extreme Light
Infrastructure (ELI) Attosecond Light Pulse Source (ELI-
ALPS).[102] The first beamline is a high energy sub-100-as
XUV beamline with a center photon energy of approximately
90 eV, which is driven by high-energy sub-10-fs laser pulses
at a repetition rate of 1 kHz. The beamline is designed to com-
bine with an attosecond streaking camera and an XUV spec-
trometer to perform attosecond streaking spectroscopy and
transient absorption spectroscopy for characterizations of the
electron dynamics in atomic and molecular gases, condensed
matter, and surfaces. The second beamline has a high repeti-
tion rate and a narrowband XUV spectrum, driven by a high-
power femtosecond fiber laser at repetition rates of 200 kHz to
1 MHz. The beamline is designed to integrate a monochroma-
tor and an ARPES system as an end-station to realize angle-
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and time-resolved photoelectron spectroscopy for studying the
dynamics of excitons in solid-state structures and investigating
the band structures near the Fermi level in strongly correlated
materials in real time to obtain an in-depth understanding of
the superconductivity. The third beamline is a single attosec-
ond broadband XUV beamline driven by CEP-stabilized sub-
10-fs Ti:sapphire laser pulses at a repetition rate of 10 kHz.
This beamline is designed to employ attosecond pulses with
COLTRIMS for attosecond transient photoelectron–photoion
spectroscopy coupled with coincidence measurement pump–
probe spectroscopy to investigate laser-induced molecular dis-
sociative ionization by measuring 3D momentum vectors of
all dissociation fragments. The fourth beamline can produce
broadband XUV attosecond pulses with a higher repetition
rate, driven by CEP-stabilized sub-10-fs OPCPA laser pulses
at a repetition rate of 100 kHz. This beamline is designed to
employ single attosecond XUV pulses with PEEM to realize
transient measurements of the plasmonic structure and nanos-
tructure with high temporal and spatial resolutions.

2. Design of ALS

The XUV radiation based on HHG has unique properties
of spatial and temporal coherence with tunable central pho-
toenergy ranging from 10 eV to hundreds of eV and pulse
duration ranging from tens of attoseconds to tens of fem-
toseconds and is an ideal light source for probing and con-
trolling ultrafast phenomena such as electron dynamics. In
the ALS, the four XUV beamlines are designed to integrate
different end-stations with corresponding XUV sources for
momentum-resolved and spatially resolved (simultaneously or
independently) measurements of ultrafast dynamics in atoms,
molecules, and condensed matter on timescales ranging from
tens of femtoseconds to hundreds of attoseconds and form
a comprehensive experimental platform to investigate elec-
tron dynamics by such ultrafast XUV coherent radiation co-
ordinated with precisely tailored femtosecond laser fields, as
shown in Fig. 1.

Femtosecond laser

Photoelectron Spectroscopy, Momentum,
and Spatial- resolved detector 

as or fs XUV pulses 

Gas target

fs NIR or IR  pulses

Target
Time delay 

Fig. 1. (color online) Principle of attosecond pump–probe spectroscopy.

The concept of the attosecond pump–probe scheme is as
follows. One femtosecond laser pulse is split into two with a
variable time delay. The first laser pulse is focused into a no-
ble gas to generate an XUV pulse, which, after spectral selec-
tion and/or temporal stretching/compressing, is focused onto
a gas or solid target to excite or ionize an electron or initiate
a charge migration process in the cation of the target. After
a well-controlled amount of time, a second laser pulse further
excites or ionizes the target or modulates the momentum of the
already ionized photoelectron with a precisely tailored short
NIR or IR laser field. The measurements are repeated for a
series of time delays between the two pulses. A stroboscopic
movie of electronic movement or charge-transfer processes is
then obtained to study the ultrafast dynamics in atomic, molec-
ular, and condensed-matter systems.

The four beamlines in the ALS serve four complex appa-
ratuses: (i) electron time-of-flight (e-TOF) with a high energy
resolution and a flat-field XUV spectrometer for attosecond
streaking and transient absorption measurements to charac-
terize single attosecond pulses and investigate attosecond re-
solved dynamics of electrons in atoms, molecules, and con-
densed matter; (ii) ARPES for attosecond time-resolved pho-
toelectron spectroscopy (tr-ARPES) utilizing the high momen-

tum and energy resolutions of ARPES to measure the dynam-
ics of excitons in solid-state structures and investigate band
structures near the Fermi level in strongly correlated mate-
rials in real time to obtain an in-depth understanding of the
superconductivity; (iii) COLTRIMS for attosecond transient
photoelectron–photoion spectroscopy with capabilities of co-
incident measurement and pump–probe spectroscopy to inves-
tigate laser-induced molecular dissociative ionization by mea-
suring 3D momentum vectors of all dissociation fragments;
and (iv) PEEM for attosecond transient surface photoelec-
tron spectroscopy, combining the high temporal resolution of
the XUV radiation with the high spatial resolution of PEEM
to study the ultrafast electron dynamics on the surface or in
nanostructures.

Considering current state-of-the-art applications of at-
tosecond XUV radiation and future development of attosec-
ond science, four attosecond and femtosecond light sources
in the XUV range are developed to drive the experimental
end-stations described previously, including two beamlines for
atomic, molecular, and optical physics (attosecond streak cam-
era and COLTRIMS) and two beamlines for condensed-matter
physics and material science (PEEM and ARPES), as shown
in Fig. 2.

074203-6



Chin. Phys. B Vol. 27, No. 7 (2018) 074203

High repetition fs laser

0.1 mJ/30 fs/1 MHz

High repetition Ti:Sa fs laser

0.5 mJ/5 fs/CEP/10 kHz

High repetition fs laser

0.1 mJ/10 fs/CEP/200 kHz

High energy fs laser

0.1 mJ/5 fs/CEP/3 kHz

Narrow band fs XUV

Attosecond XUV

Driving lasers End stations

Time-resolved

ARPES

Attosecond-resolved

COLTIMS

Attosecond-

resolved PEEM

Attosecond streaking

spectroscopy

PEEM 

COLTRIMS 

Attosecond XUV

Attosecond XUV

ARPES

TOF

Fig. 2. (color online) Layout of the ALS.

The driving laser for the attosecond streak camera (At-
toSC) beamline is a CEP-locked sub-10-fs laser with a repe-
tition rate of 1 kHz and a pulse energy of 3 mJ. The gener-
ated broadband single attosecond XUV pulse is collimated,
recombined with a part of the femtosecond pulse, and fo-
cused together onto the second target to produce photoelec-
trons that enter the time-of-flight (TOF) of the attosecond
streak camera. At the same time, the XUV spectrum trans-
mitted through the target is measured by an XUV spectrom-
eter to obtain transient absorption spectra. The femtosecond
driving laser for the ARPES beamline has a repetition rate of
1 MHz. A monochromator is employed to pick an appropriate
narrow band (< 100 meV bandwidth) from the XUV radiation,
which is then focused by a toroidal mirror into the ARPES an-
alyzer to perform time- and angle-resolved PES. The driver
of the COLTRIMS beamline is a CEP-locked sub-10-fs laser

with a repetition rate of 10 kHz and a pulse energy of 1 mJ.
The generated broadband single attosecond pulse is recom-
bined with a small part of the driving laser pulse and enters
the COLTRIMS detector for atto-COLTRIMS experiments to
study transient atomic and molecular structures and electron
correlation mechanism with attosecond temporal resolution.
In the PEEM beamline, the attosecond XUV pulses driven by a
CEP-locked sub-10-fs laser with a 100-kHz repetition rate are
focused by a toroidal mirror into the PEEM detector to conduct
atto-PEEM measurements to investigate ultrafast phenomena
on atomic scales with unprecedented temporal and spatial res-
olutions. The four beamline in the ALS will have fluxes of
109 to 1012 photon/s in a tunable range of 20 eV to 100 eV
for versatile end stations. Table 2 compares the specifications
of the ALS with those of other HHG beamlines, seeded FELs,
and SASE FELs.

Table 2. Comparison of ALS (SECUF) and other XUV light sources based on HHG, seeded FEL, and SASE FEL.

Generation Duration Flux/(photons/s) Tuning range/eV Rep. rate Peak power/GW Ref.
ELI-ALPS HHG < 100 as 1.25×1012 10–120 1–100 kHz 10−3 [102]

ALS (SECUF) HHG < 100 as to 200 fs 109–1012@20–30 eV 20–100 1 kHz to 1 MHz 10−3 this paper
Artemis (RAL) HHG 10–50 fs (APT) 1.8×109@30 eV 10–100 1 kHz unspecified [103]
LCLS (SLAC) SASE FEL 10–1000 fs 1014 500–800 120 Hz ∼ 60 [104]

Dreamline (SSRF) SASE FEL unspecified 3.5×1011@800 eV 20–2000 2 Hz unspecified [105]
FLASH (DESY) SASE FEL 50–200 fs 1012–1014 24–310 10 Hz ∼ 2.5 [106], [107]

FERMI (Elettra ST) seeded FEL 150 fs 3.7×1013 15.5–62 10 Hz 0.2 [108]
DCLS (Dalian) seeded FEL 30/130/1000 fs > 2.5×1013 8.3–25 unspecified 0.1 [109]

The details of the design for each beamline are presented
as follows.

2.1. Beamline for attosecond streaking and transient ab-
sorption spectroscopy (AttoSC)

The beamline is designed to generate IAPs at approxi-
mately 90 eV, which are collinearly collimated with the NIR
beam and focused onto a second target (gas or solid) to per-

form attosecond streaking experiments, and the transmitted
XUV light is detected by an XUV spectrometer to perform
attosecond transient absorption experiments. The characteri-
zation of a single attosecond pulse can be realized in the beam-
line, and the measurements of the electron dynamics in atomic,
molecular, and condensed matter systems can be performed
using an attosecond streak camera and/or a transient absorp-
tion spectrometer.
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The beamline is composed of the driving laser, the HHG
chamber, the filter and toroidal mirror chamber, the e-TOF
chamber, and the XUV flat-field spectrometer. The layout of
the beamline is shown in Fig. 3.

The driving laser for the single attosecond beamline is a
CEP-stabilized sub-10-fs laser with a pulse energy of 3 mJ,
which is produced by spectral broadening in a hollow fiber
and compression with chirped mirrors. The CEP of the laser
system is controlled by two separated feedback loops, one of
which is a fast loop to stabilize the laser pulses from the oscil-
lator and the other is for stabilization of the amplified pulses by
controlling the displacement of one prism in the compressor
according to the feedback signal from an f –2 f spectral inter-
ferometer installed after the hollow fiber. The singleshot CEP
fluctuation is < 300 mrad. XUV HHG radiation is generated
by focusing the driving laser pulses into a quasi-static gas cell,
and IAPs are produced via the AG scheme. The continuous
spectrum in the HHG cutoff region is selected by a metallic
filter to obtain a single attosecond pulse, which is recombined
with a small part of the NIR pulse and focused onto the second
target (gas or solid). The attosecond XUV pulses first ionize
the second target to produce photoelectrons, and then the pho-
toelectrons are shifted in the momentum space by an amount

that depends on the vector potential of the NIR field at the time
when the XUV and IR pulses overlap in space and time. To
stabilize the time delay between the XUV and IR pulses, an ac-
tive interferometer stabilization scheme is adopted. A single-
mode green laser is used to pass through all the same opti-
cal components of both pump and probe arms in the XUV–IR
pump–probe configuration, which is a Mach–Zehnder inter-
ferometer, to produce interference patterns in real time. By
sending a feedback signal derived from the interference pat-
tern to a piezo translation stage in the pump beam to control
the time delay between the XUV and IR pulses, long term sta-
bility with sub-100-as (RMS) is realized. With the active in-
terferometer stabilization, by scanning the time delay between
the XUV and IR pulses, the modulated photoelectron energy
spectra at a series of delays form an attosecond streaking spec-
trogram. Characterization of the single attosecond pulse and
transient measurements of the electronic dynamics in matter
can be achieved via the attosecond steaking trace. Regarding
the transmitted XUV pulses, a spectrometer is employed to
obtain absorption spectra at different delays between the XUV
and IR pulses, which compose a transient absorption spectro-
gram.

3 mJ/<10 fs/CEP/1 kHz

HHG chamber

Delay line

XUV 

spectrometer

Toroidal 
mirror MCP

TOF

CCD 

Green laser

Soft-x ray 

CCD 

filter

target

Fig. 3. (color online) Beamline for single attosecond pulse generation, attosecond streaking spectroscopy, and transient absorption
spectroscopy.

The beamline will have pulse durations of < 100 as at
the XUV spectral range of 30 eV to 100 eV. It can facilitate
research on attosecond streaking spectroscopy and transient
absorption spectroscopy.

2.2. Beamline for attosecond time-resolved photoelectron
spectroscopy with ARPES

ARPES is the most intuitive tool for studying material
band structures and is potentially the most powerful device for
exploring crucial physical phenomena in high-Tc superconduc-
tivity studies. Via momentum and energy measurements of the
photoelectrons with ultrahigh resolutions, the kinetic energy
and momentum of the excitons inside the materials may be

obtained. Extending ARPES to the ultrafast timescale makes
it possible to observe the electron dynamics in real time and
to distinguish various excitations on different timescales, pro-
viding a new route to study quantum materials. Tr-ARPES
is capable of collecting multidimensional data regarding the
energy, momentum, and time of the electron dynamics in dif-
ferent momentum spaces by capturing movies of the electron
energy spectra during phase transitions, thus revealing the for-
mation of superconducting Cooper pairs. This type of data
may reveal key features of the insulator–superconductor phase
transition and provide direct experimental evidences for the
high-Tc superconducting mechanism.

Tr-ARPES is a new type of measurement combining the
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temporal resolution of a pump–probe configuration and the en-
ergy and momentum resolutions of ARPES. To avoid degra-
dation of the energy resolution caused by the space-charge ef-
fect of the photoelectrons, it is necessary to reduce the pho-
ton number in each XUV pulse and to increase the repetition

rate simultaneously to maintain an adequate average flux of the
photoelectrons for experimental data acquisition. The repeti-
tion rate must be at least 100 kHz for the driving femtosecond
laser. A schematic of the beamline for tr-ARPES based on
HHG is shown in Fig. 4.

Driving laser

0.1 mJ/30 fs/0.1~1 MHz 

HHG chamber
Monochromator

ARPES

Hole mirror

Delay stage

XUV 
spectrometer

Grating

Manipulator

LEED

MBE

Sample 
transfer

Preparation  
chamber

Slit

MCP

XUV 
spectrometer

Toroidal Toroidal Toroidal 

BBO

Green laser

Fig. 4. (color online) Schematic of the beamline for tr-ARPES.

The beamline for tr-ARPES comprises a high-repetition
rate femtosecond laser, an HHG chamber, a monochromator,
an XUV spectrometer, a toroidal focusing chamber, and an
ARPES analyzer.

As described previously, narrowband XUV pulses at a
very high repetition rate are crucial for tr-ARPES; therefore,
a high-power femtosecond fiber laser is employed, which has
a pulse energy of 0.5 mJ with 40-fs pulse duration at a repeti-
tion rate of 1 MHz, but CEP stabilization is not necessary. The
laser pulses are focused onto an Ar target in the HHG chamber
to generate XUV pulses that have energies ranging from 20 eV
to 50 eV. A monochromator is designed to obtain a very nar-
row band from the HHG. The monochromator has two toroidal
mirrors, two grating groups, and two slits. The HHG beam is
collimated by the first toroidal mirror and deflected onto the
grating. The diffracted HHG is then refocused by the sec-
ond toroidal mirror onto the slit to obtain narrowband XUV
light. The selected narrowband HHG is relay-imaged by an-
other toroidal mirror onto the target in the ARPES analyzer.
The pump beam is split from the main laser or a synchronized
IR optical parametric amplification (OPA), recombined with
the XUV beam through a delay line, and collinearly focused
onto the same target to measure the photoelectron dynamics.
An active interferometer stabilization scheme using a single-
mode green laser is also implemented for long term stabiliza-
tion between the pump and probe pulses in the beamline.

The monochromator is the key component in the tr-
ARPES beamline. It is used to obtain a very narrowband XUV
spectrum from a single harmonic in HHG. The monochro-
mator design is based on a single-grating diffraction scheme,
but gratings with different groove densities will realize dif-
ferent spectral resolutions. Considering that both a high en-

ergy resolution and a high temporal resolution must be re-
alized by the monochromator, two groups of gratings with
a double-switching configuration are employed.[110,111] One
grating group is aligned in the classic diffraction geometry
for obtaining a high spectral resolution but with longer XUV
pulse durations, and the other group is aligned in the off-plane
geometry for preserving shorter pulse durations but with low
spectral resolution. The minimum spectral resolution of the
classic geometry is calculated to be < 60 meV, while the tem-
poral resolution is < 200 fs when the grating groove densi-
ties of 150 mm−1, 300 mm−1, and 600 mm−1 are adopted
for the energy range of 20–60 eV. For the off-plane geometry,
the temporal resolution will be < 100 fs and the energy reso-
lution will be > 100 meV when the grating groove densities
of 500 mm−1, 900 mm−1, and 1800 mm−1 are adopted for
the same energy range. The double configurations of the grat-
ing mounts can be switched by a motorized translation stage
according to the experimental requirement of a high energy
resolution or an ultrafast response.

The specifications of the ARPES analyzer are that the
energy resolution is < 3 meV at 20–30 eV, the angular res-
olution is < 0.1◦, and the sample temperature can be as low
as ∼ 4.2 K. When this XUV beamline is integrated with the
ARPES analyzer, tr-ARPES can provide a temporal resolution
of < 200 fs and an energy resolution of < 60 meV in the range
of 20–50 eV simultaneously for measurements of band struc-
tures in solid-state materials.

2.3. Beamline for attosecond transient photoelectron–
photoion spectroscopy with COLTRIMS

Combining a supersonic cold target, charged parti-
cle detectors, and 3D momentum measurement techniques,
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the COLTRIMS is capable of completely and coincidently
quantifying the kinematics of ions and electrons to ob-
tain 3D momentum imaging of all final fragments of each
laser–atom/molecule interaction event. Key components of
COLTRIMS include (i) an ultra-high vacuum (UHV) target
chamber, (ii) a supersonic atomic or molecular beam, (iii) TOF
systems, (iv) 2D position-sensitive detectors, (v) front-end
electronics, and (vi) a data-acquisition system. The ultrahigh-
density gas target from the supersonic atomic or molecular
beam interacts with intense laser pulses. The end product of
the interaction, including ions and electrons, travels through
the corresponding TOF system to be captured by the corre-
sponding position-sensitive detector. The geometric and quan-
tum configurations of atoms or molecules at the time when

the ionization, dissociation, or collision occurs can be derived
from the positions and TOFs of the charged particles detected
in coincidence. By using the acquired data, the fragmentation
dynamics of atoms and molecules initiated by ultrashort laser
pulses can be fully analyzed. In the beamline, the combina-
tion of single attosecond XUV pulses with COLTRIMS is de-
veloped to investigate the ultrafast dynamics of electrons and
nuclei in highly excited molecular ions with sub-femtosecond
temporal and high momentum resolutions.

The schematic of the beamline for COTRIMS is shown
in Fig. 5. The beamline comprises a driving laser system with
CEP-controlled 5-fs pulses at 10 kHz, an HHG chamber, trans-
port and focusing chambers of the XUV beam, a COLTRIMS
system, and an XUV spectrometer.

0.4 mJ/5 fs/CEP/10 kHz 
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MCP Holey mirror
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Fig. 5. (color online) Attosecond transient photoelectron–photoion spectroscopy with COLTRIMS.

A CEP-locked 1-mJ sub-5-fs laser operating at a 10-kHz
repetition rate is employed to drive single attosecond XUV
pulse generation. The sub-5-fs laser pulses will be obtained
via spectral broadening and compression by chirped mirrors,
and the CEP stabilization will be realized by two control-
ling loops using f –2 f spectral interferometry techniques. The
laser pulse is focused onto a noble-gas target to drive HHG.
Using AG, the continuous spectrum in the HHG cutoff re-
gion can be selected using a metallic filter, which corresponds
to an IAP. The XUV pulse is recombined with a small part
of the driving laser split from the main beam and focused
by a toroidal mirror onto the supersonic cold target in the
COTRIMS system to perform XUV–IR pump–probe experi-
ments. An XUV spectrometer is located behind the COTRIMS
system to obtain the spectrum of the XUV pulses. A single-
mode green laser is used to implement the active interferome-
ter stabilization scheme to realize long-term stability between
the pump and probe pulses with sub-100-as (RMS). With
the actively stabilized interferometer, the beamline will have
the following specifications: a temporal resolution less than
200 as and a momentum resolution (COLTRIMS) of < 0.1 a.u.
(atomic unit) for ions and 0.05 a.u. for electrons. Moreover, it

will allow users to analyze time-resolved 3D momenta of all
the fragments from laser–atom or laser–molecule reactions.

2.4. Beamline for attosecond transient surface photoelec-
tron spectroscopy with PEEM

PEEM can provide highly spatially resolved measure-
ment; thus, it has important applications in research areas such
as thin-film growth, nano-plasmons, surface chemistry, sur-
face magnetism, and surface electronic structures via in situ
and real-time imaging. With the development of surface sci-
ence and time-resolved measurement technology, researchers
wish to discover not only the distribution of surface electrons
but also the change of the characteristics in time, giving rise to
tr-PEEM. The main idea of the beamline is to generate an iso-
lated attosecond XUV pulse for the PEEM to realize high spa-
tial and temporal resolutions in measurements. A schematic
of the beamline for attosecond time-resolved PEEM is shown
in Fig. 6.

The beamline comprises a CEP-locked femtosecond laser
with a pulse energy of 0.1 mJ at a repetition rate of 100 kHz, an
HHG chamber, a toroidal mirror chamber, a PEEM analyzer,
and an XUV spectrometer.
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Fig. 6. (color online) Beamline for attosecond time-resolved PEEM.

To eliminate the space-charge effect in the interaction
area and improve the spatial resolution of PEEM, as described
in the introduction section, a laser operating at a repetition
rate of > 100 kHz that delivers CEP-controlled sub-10-fs
pulses with energy of 0.1 mJ is employed to generate single
attosecond pulses. The laser is developed according to the
optical parametric chirped-pulse amplification (OPCPA) tech-
nique, whose seed is a passively CEP-stabilized pulse obtained
from differential frequency generation of the supercontinuum.
The seed pulse is amplified in three non-collinear OPA stages
pumped by high-power picosecond 515-nm laser pulses. The
amplified laser pulse has energy of 0.15 mJ with a spectral
range of 700–1000 nm and is compressed to sub-10-fs by
chirped mirrors. After the compression, an f –2 f interferome-
ter is employed to further stabilize the CEP, and the fluctuation
of the CEP will be < 210 mrad for single-shot measurements.

The few-cycle OPCPA laser is focused onto a noble gas
target by an off-axis parabolic mirror in the HHG chamber
to generate an IAP using AG. The attosecond pulse passing
through a metal filer is selected and recombined with the pump
beam, which is derived from the main beam or the IR OPA at
a central wavelength ranging from 1.1 µm to 2.6 µm. The

attosecond beam and the pump beam are collinearly focused
onto the target in PEEM to form the pump–probe configura-
tion and realize attosecond time-resolved and nanometer spa-
tially resolved measurements. An active interferometer stabi-
lization scheme between the pump and probe beams using the
aforementioned single-mode green laser is employed to ensure
long-term stabilization of the pump–probe pulses. A Si plate
installed on a motorized translation stage is used to reflect
XUV pulses to a spectrometer to obtain the XUV spectrum. A
TOF-PEEM is used to detect the photoelectrons with special
energy selective filtering; thus, the electron optical aberration
will be reduced, and the spatial resolution will be improved.
Attosecond streaking spectroscopy can also be realized using
this TOF-PEEM to characterize the attosecond pulses.

The beamline using high-repetition rate few-cycle laser
pulses is designed for PEEM, which allows measurements
with a spatial resolution of < 30 nm and a temporal resolution
of 200 as to study the ultrafast dynamics of nano-plamonic
structures and surfaces.

To supplement the aforementioned design details, the
specifications for the four beamlines in the ALS are summa-
rized in Table 3.

Table 3. Specifications of the beamlines in ALS-SECUF.

Rep. rate Spectral range Duration
Flux Energy/momentum Spatial

End station
/(photon·s−1) resolution resolution

Beamline 1 1–3 kHz 30–100 eV < 100 as ∼ 109–1010 < 0.5 eV unspecified e-TOF/XUV spectrometer
Beamline 2 1 MHz 20–80 eV, tunable < 200 fs 1011 < 50 meV unspecified ARPES

Beamline 3 10 kHz 50–100 eV < 200 as 1010 < 0.1 a.u. (ion)
< 100 µm COLTRIMS

< 0.05 a.u. (electron)
Beamline 4 100 kHz 60–96 eV < 200 as 1011 < 80 meV < 30 nm PEEM

3. Research progress

Supported by the National Natural Science Founda-
tion of China (NSFC), Ministry of Science and Technology
(MOST) of China, and the Chinese Academy of Sciences,
our team has been involved in research on the generation,

characterization, and applications of attosecond pulses since

2003. Because a few-cycle laser pulse with CEP stabiliza-

tion is crucial for the generation of isolated attosecond XUV

pulses, our research started with the development of a CEP-

stabilized driving laser. We successfully constructed sub-10-
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fs Ti:sapphire oscillators[112,113] and developed an optical fre-
quency comb using f –2 f and f –0 interferometry.[114,115] The
CEP-stabilized seed pulses were amplified to a high energy
and then spectrally broadened and compressed to 3.8 fs using
a differentially pumped gas-filled hollow-core fiber[116,117] or
solid thin plates[118] and chirped mirrors as the compressor.
The CEP of the amplified pulse was stabilized using f –2 f
spectral interferometry, and the feedback signal was used to
control the displacement of a prism in the laser compressor to
realize CEP stabilization with fluctuations of < 200 mrad for
single shot measurements.[119–121] With the CEP-controlled
sub-5-fs driving laser, we performed studies on HHG and ob-
tained the HHG spectra as a function of the CEP and pulse
duration,[122–124] as shown in Fig. 7.

On the basis of the development of the CEP-stabilized
sub-5-fs laser, the first attosecond beamline at the Institute of

Physics, Chinese Academy of Sciences (IOP-CAS) was con-
structed in 2010, as shown in Fig. 8.
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Fig. 7. (color online) High-order harmonic spectrum dependence on
the CEP. XUV spectra for the CEPs of ϕ = 0, ϕ = π/4, ϕ = π/2,
ϕ = 3π/4, ϕ = π are shown in panels (a)–(e), respectively. Adapted
from Ref. [121].

Fig. 8. (color online) Schematic of the existing attosecond beamline at IOP-CAS.

Fig. 9. (color online) Photograph of the existing attosecond beamline at
IOP-CAS.

The driving laser pulse was sub-5-fs with energy of

0.4 mJ, and the CEP fluctuation was < 200 mrad for single
shot measurement, as described above. The vacuum system
of the attosecond beamline is composed of an HHG chamber,
a streaking camera chamber, an application chamber, and an
XUV flat-field spectrometer. A photograph of the beamline is
shown in Fig. 9.

Using the attosecond beamline, we performed the gener-
ation and characterization of single attosecond XUV pulses,
attosecond time-resolved measurements, and attosecond tran-
sient absorption experiments. The first attosecond streaking
trace was successfully recorded in 2012, as shown in Fig. 10.

The retrieved single attosecond pulse duration is 160 as at
82 eV, as shown in Fig. 10(c),[125–127] and the e-field of the IR
pulse is reconstructed as shown in Fig. 11.
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Fig. 10. (color online) (a) Attosecond streaking trace composed of photoelectrons from a Ne target as a function of the delay between
the XUV and IR pulses, (b) FROG-CRAB reconstruction, and (c) the retrieved temporal amplitude and phase of the attosecond pulse.
Adapted from Ref. [125].
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Fig. 11. (color online) The e-field of the femtosecond IR pulse re-
constructed from the attosecond streaking spectrogram. Adapted from
Ref. [125].
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Fig. 12. (color online) (a)–(f) Experimental arrow-like high-order har-
monic spectra with different CEPs. (g) Schematic of the driven laser
field when CEP = 0. All the colorbars are the same as in (f), on a log
scale. Adapted from Ref. [128].

Using the established attosecond beamline, we performed
studies on full quantum resolved trajectories in HHG, as
shown in Fig. 12. The short and long trajectories were clearly
resolved in space and time.[128] The results elucidate the dy-
namics of the ionization and recombination for the generation
of XUV radiation.

4. Conclusion and perspectives
To overcome the limitations of the current beamlines re-

ported in the literature, the four XUV beamlines in the ALS
are designed specifically for applications to study the ultrafast
dynamics in atoms, molecules, and condensed matter. The
purpose of integrating attosecond broadband XUV pulses and
femtosecond narrowband XUV pulses with e-TOF, ARPES,
COLTRIMS, PEEM, and XUV spectrometers is to develop
one of the most sophisticated platforms that will enable ver-
satile attosecond to femtosecond time-resolved measurements
of ultrafast processes in matter with momentum and spa-
tial resolutions simultaneously and allow researchers to probe
and control microscopic ultrafast electron dynamics in atoms,
molecules, surfaces, and bulk solid-state materials. This will
eventually pave the way for comprehension and applications
of related macroscopic phenomena covering multiple research
disciplines in physics, chemistry, and biology.
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