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High-repetition rate attosecond pulse sources are indispensable tools for time-resolved studies of electron dynamics, such as
coincidence spectroscopy and experiments with high demands on statistics or signal-to-noise ratio, especially in the case of
solid and big molecule samples in chemistry and biology. Although with the high-repetition rate lasers, such attosecond pulses
in a pump-probe configuration are possible to achieve, until now, only a few such light sources have been demonstrated. Here,
by shaping the driving laser to an annular beam, a 100 kHz attosecond pulse train (APT) is reported with the highest energy so
far (51 pJ/shot) on target (269 pJ at generation) among the high-repetition rate systems (>10kHz) in which the attosecond
pulses were temporally characterized. The on-target pulse energy is maximized by reducing the losses from the reflections and
filtering of the high harmonics, and an unprecedented 19% transmission rate from the generation point to the target position
is achieved. At the same time, the probe beam is also annular and low loss of this beam is reached by using another holey
mirror to combine with the APT. The advantages of using an annular beam to generate attosecond pulses with a high-average
power laser are demonstrated experimentally and theoretically. The effect of nonlinear propagation in the generation medium
on the annular-beam generation concept is also analyzed in detail.

1. Introduction

Since the first experimental realizations of an attosecond pulse
train (APT) [1] and an isolated attosecond pulse (IAP) [2] at
1kHz in 2001, attosecond pulses have been widely used to
investigate electron dynamics in gases [3], liquids [4], and solids
[5]. Nowadays, more effort is put towards scaling up the flux of
APTs and IAPs using lasers of high repetition rate. One route is
multipass high-harmonic generation (HHG) in a laser cavity or
a resonant enhancement cavity [6]; in which cases, the lasers
with a low pulse energy (nJ~uJ) and a very high repetition rate
(>MHz) are used. Another route is single-pass HHG [7]. In this
case, since the laser energy is close to that of a typical kHz sys-
tem (~mJ), one can keep the same pump-probe ability of the
kHz system and at the same time increase the repetition rate

to 100 kHz. For the applications in which it is crucial to avoid
space charge effects, such as the photoemission spectroscopy
[8], and in time-resolved coincidence measurements which
require few events in each laser shot [9, 10], in order to achieve
a high signal-to-noise ratio, a high repetition rate and a moder-
ate attosecond pulse energy are preferred. Furthermore, because
the time necessary for data collection can be shortened, high
repetition rate is beneficial in a wide range of experiments such
as coherent diffraction imaging [11], transient absorption [12],
and attosecond pump-probe spectroscopy [13]. For example,
it will enhance the scope of single-particle structural dynamics
studies [14] and allows to investigate the newly emerged Schro-
dinger cat states using strong laser fields [15, 16]. Thanks to the
continuous development of laser technology, high-repetition
rate and high-average power lasers have become available, and
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FiGurek 1: Typical energies per shot of high-order harmonics at the repetition rates ranging from 10 Hz to 200 MHz. Hollow symbols show
attosecond pulses with measured attosecond duration. Solid symbols show high harmonics without temporal characterization. Circle/
square/diamond/triangle represents the technologies used as follows: Fiber-CPA/Ti:Sapphire/OPA/Cavity. The three blue lines show the
photon numbers at 40 ¢V at different repetition rates. The black/green/red colors differentiate by the photon energy range covered.

as a result, there is a continuous increase in the achievable pho-
ton flux. In this work, we call high-order harmonics with a mea-
sured attosecond temporal duration as attosecond pulses and
call those without temporal characterization as high harmonics.
We make this distinction because temporal characterization is a
demonstration of the attosecond pump-probe capability. As
shown in Figure 1, single-pass HHG can provide high har-
monics [17-36] up to tens of nJ per shot at 1 MHz by using
powerful driving lasers with an average power up to ~100 W
[37-43] and the attosecond pulses [44-55] up to hundreds of
pJ per shot at 100 kHz. Intracavity HHG can deliver the high
harmonics with the repetition rates up to hundreds of
MHz [56-63].

For single-pass HHG, two difficulties emerge when the
flux of high-order harmonics is scaled up by increasing the
average power of such high-repetition rate driving lasers.
In a typical attosecond beamline, the incident laser beam is
divided into a driving beam for HHG and a probe beam used
in extreme ultraviolet-infrared (XUV-IR) pump-probe
schemes for either temporal characterization of attosecond
pulses or for studying dynamics in the attosecond regime.
The first challenge is to remove the high-average power
residual laser beam after the generation process without
attenuating the attosecond pulses drastically. Convention-
ally, a metal foil with a thickness of a few hundred nanome-
ters is used to block the residual driving laser, allowing the
transmission of the attosecond pulses with some losses. This

method fails when the laser power increases because the thin
foil is destroyed. The second difficulty arises due to the probe
beam, the energy of which should be high enough for prob-
ing the system, such as what is needed for temporal charac-
terization of the attosecond pulses. Most energy of the laser
is given to the driving beam and only a small portion is in
the probe beam. Conventionally, a holey mirror is used to
combine the high-order harmonics which are transmitted
through the central hole and the probe beam which is
reflected. Because of a prominent energy loss due to the cen-
tral hole, the energy of the probe beam available at the target
is even lower.

In this work, by shaping the driving laser to an annular
beam, we present a record-high APT energy in our 100 kHz
attosecond beamline and demonstrate the advantages of utiliz-
ing annular beams to generate and characterize attosecond
pulses with high-average power IR laser beams. We show a
proper technique with which the residual annular driving
beam can be easily filtered out after HHG. We use an IR probe
beam which is also annular at the holey recombination mirror.
In this way, it can be combined with the attosecond pulses
with low loss, so an even bigger fraction of the driving laser
energy can be used for HHG, which altogether results in a
higher XUV flux. With this configuration, we demonstrate
51 pJ energy of the 100kHz attosecond pulses at the experi-
mental target position. As shown in Figure 1, to the best of
our knowledge, this is the highest energy of attosecond pulses
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FIGURE 2: Schematic representation of attosecond pulse generation and measurement using an annular beam. (a) Ray tracing of the beam
path. HSM: holey splitting mirror; FM: focusing mirror; HDM: holey dump mirror; HRM: holey recombination mirror. The red beam is the
fundamental laser beam. The blue beam is the high-order harmonic beam. (b-d) Show the simulated electric field of the generating pulsed
laser beam at different positions. (b) In the front of the FM, (c) at focus, and (d) in the front of the HDM. (e) Is the electric field of the probe
beam at the HRM. TOF: time-of-flight electron spectrometer; PD: photodiode. The hole sizes of the HSM, HDM, and HRM are the same

(6 mm in diameter).

with temporal characterization at the target achieved with
high-repetition rate systems. The 19.0% transmission rate
from generation to target is also the highest rate achieved so
far in cases of using a high-average power laser in the 100 W
regime. The full width at half-maximum (FWHM) duration
of the APTs was measured to be 166 as.

2. Methods

We used a 100kHz fiber laser system as the input to this
beamline to drive the HHG process (see Section 1 in the sup-
plementary material for the details).

Figure 2 is a schematic of the beamline analyzed in this
work which illustrates the XUV-IR pump-probe configura-
tion. Figure 2(a) shows the results of ray tracing of the beam
path based on geometrical optics. Figures 2(b)-2(e) show the
electric field calculated using the paraxial wave equation at
different positions. Red and blue colors represent positive
and negative amplitudes, respectively, while the white color
shows zero amplitude. The laser beam is magnified to
11mm FWHM before reaching the beamline (blue arrow
in Figure 2). A holey splitting mirror (HSM) splits the input
laser into a reflected annular beam (generation beam) and a
transmitted central beam (probe beam). The generation
beam is focused by the focusing mirror (FM) with the focal
length of 0.9m onto a spot at the gas cell to generate high-
order harmonics, as shown in Figure 2(c). The gas cell is a
home-made water-cooled gas cavity designed to be used in
combination with high-average power laser beams [64]. This

generation beam propagates to an annular shape with a hole
at the center after HHG shown in both Figures 2(a) and 2(d),
so it can be reflected off fully by another holey mirror, the
holey dump mirror (HDM). The XUV goes through the cen-
ter without any attenuation. It must be noted that based on
ray tracing, the generation beam is perfectly annular every-
where except at the focus in Figure 2(a). However, wave
propagation gives a different behavior. The shape of the gen-
eration beam is a diffraction pattern evolving along the beam
path with substantial energy at the center. A typical pattern
is shown in Figure 2(b). The perfect annular shape with no
energy at the center can be observed only in a small range,
which is the suitable place for the HDM. The probe beam
goes through the central hole of the HSM. After the delay
stage and the telescope, the magnified and delayed IR beam
is combined with the high-order harmonics using a holey
recombination mirror (HRM). As indicated in Figure 2(a),
there is some energy loss in the probe beam after the HRM
as the transmitted central part is lost through the hole. How-
ever, wave propagation predicts an annular shape of the probe
beam at the HRM, shown in Figure 2(e), therefore, the energy
loss can be avoided. After the recombination, the high-order
harmonics and the probe beam are focused into the time-of-
flight (TOF) electron spectrometer for the temporal character-
ization of the XUV. An XUV photodiode (PD) and an XUV
spectrometer placed after the TOF are used to measure the
energy and the spectrum of the XUV. The XUV beam path
and the measurement of the flux can be found in the supple-
mentary material (Figure S1 and S2 in Section 2).
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FiGure 3: Simulation. (a) Beam propagation after the gas cell
using paraxial wave equation. z=0 is set as the image plane of
the FM with the HSM as the object. (b) Radial intensity profile
of the beam at different z positions. Blue: z =0, the image plane
of the HSM; black: z=0.2m; red: z=-0.2m. The positions of
z=+0.2m are marked with the white arrows in (a). (¢) The
central part of the beam (around r=0). (d) The intensity
distribution inside the hole.

The propagation of the infrared beam is simulated using
the Huygens-Fresnel integral and paraxial wave equation
without the source term in free space [65, 66] (see Section
3 for the details in Supplementary Material). While analyz-
ing the spatial profile of the beams, we found that in the
studied aspects, a monochromatic beam and a pulse yield
the same conclusion, so from now on, we will only consider
the monochromatic beam for simplicity. In the following, we
will describe the evolution of the generation beam and the
probe beam based on the wave equation and show the
proper arrangement of optics for dumping the generation
beam and for recombining the XUV and probe beams.

3. Results

3.1. Generation Beam (XUV Arm). In order to block the
residual generation beam, two methods have been proposed
so far for high-average power driven HHG: (i) one method is to
use plates with special coating to reflect the attosecond pulses
and transmit the driving laser. The reflection of two fused silica
plates is as low as 17% at 30eV, and the attosecond pulses
retain only 10% of their energy after filtering [21]. Further-
more, the coating must be individually designed to fit the laser
spectrum and it is challenging especially in the case of few-cycle
lasers with a broad spectrum. The other method (ii) is to use an
annular beam to generate high-order harmonics [67, 68]. The
annular beam converges at focus to generate high harmonics
and becomes annular again, so it can be reflected off easily by
a holey mirror or blocked by a holey plate after HHG. Attose-
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FIGURe 4: Experiment. (a) The measured beam profile of the
residual generation beam at the HDM using a CMOS camera. (b)
The beam profile recorded on an IR card of the probe beam in
front of the HRM.

cond pulses have already been generated and characterized
using this approach with a 1kHz laser [69] having a much
lower average power (1 W). Generally, a small portion of the
driving laser always copropagates with the XUV, so the residual
driving laser beam cannot be fully blocked. In case a low-power
laser is used, this small portion can be neglected. However, with
the increase of laser power, this portion will become stronger
and it must be considered. In the high-repetition rate regime
of ~100kHz, several laboratories have used annular laser
beams to generate high-order harmonics [27, 70], while the
measurement of the attosecond temporal duration was only
reported in our previous work at ELI-ALPS [52].

Figure 3 shows beam propagation after the gas cell for a
monochromatic beam of 1030nm wavelength. In
Figure 3(a), we observe that at the positions of z < —0.2m,
the beam profile considerably differs from the geometrically
expected central shadow, exhibiting substantial intensity of
diffraction rings. In the range from z=-0.2m to z =0, the
beam evolves gradually from the diffraction pattern to an
ideal annular beam as predicted by geometrical optics. At
the position of z=0, i.e., the image plane of the HSM (the
FM mirror serving as the imaging optic), the beam has a per-
fect annular shape with no light at the center, as can be seen
in Figures 3(c) and 3(d). After further propagation towards
z > 0, the beam again shows substantial diffraction in its pro-
file. In Figures 3(a) and 3(b), we observe the Arago spot
before and after the image plane of the HSM (z = 0). In addi-
tion, at the position of z = 0 there is a circular on-axis area of
the beam with no light inside it, as shown in Figures 3(c) and
3(d). However, when z=0.2m and z=-0.2m, a consider-
able amount of light can still be observed at the center.
When low-average-power laser beams are used [69], the
Arago spot and the diffraction rings do not have sufficient
intensity to cause practical issues. However, when the aver-
age power of the laser is increased, these diffraction rings
must be considered, since they can damage the optical ele-
ments and detectors and can produce unwanted noise in
the signal. In order to reflect such a beam fully with a holey
mirror, the mirror must be put at the image plane. Practi-
cally, the mirror must be placed in the diamond-shaped dark
area in Figure 3(a). In our case, the HDM can be located
within 10 cm around z = 0. We have also simulated the cases
when focusing mirrors with different focal lengths between
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FI1GURE 5: Simulation. The beam profile of the driving laser at the HDM (see position in Figure 2) at different pressures of the Ar medium
(p4,) in the gas cell. The ideal imaging (dashed gray curve) shows the case of free propagation in vacuum without diffraction on any obstacle.
The transmission percentages () in the legend provide the ratio of the beam energy transmitted through the central hole of the HDM with
respect to the input beam energy reaching the beamline. The solid blue curve corresponds to the experimental case.

0.5m and 3m are used. The results have shown that the
optimal position range is not directly related to the focal
length and it is between 10 cm and 30 cm in the case of all
studied focal lengths. Researchers aiming to design such a
beamline must simulate beam propagation using the wave
equation instead of ray tracing to find the appropriate range
and must experimentally measure the beam profile to check
the correctness of the positions. In order to directly record
the beam profile, we put a CMOS sensor at the position of
the HDM and measured the beam profile at low power
(1W) and atmospheric pressure. As shown in Figure 4(a),
the beam is perfectly annular, so it can be fully reflected by
the HDM.

In the above discussion, we only considered the pulse
propagation in vacuum. If the spatiotemporal distribution
of the generation beam is not prominently changed by the
medium, ie., from all the possible nonlinear effects, only
the process of HHG takes place, the conclusion of this work
is valid without restrictions. In real experiments, if HHG
works under the usual phase matching conditions, where
the ionization is lower than the critical ionization rate (usu-
ally less than a few percent) [71], the driving laser can be
considered unmodified by the gas and our conclusions are
not affected by these effects. However, in the case of high
ionization, the shape of the laser beam during propagation
will be modified by the electrons in the medium [33,
72-74] and the far-field shape of the laser beam profile is
expected to change relevantly. To analyze the effect of ioni-
zation of the generation medium, we carried out additional
simulations (see Section 3 in Supplementary Material for
the details). In the simulations, a gas cell with a 4 mm length
and 1.2mm diameter was put at the position of the laser
focus, matching the experimental conditions. We changed
the pressure of argon and calculated the beam profile at the

position of the HDM in Figure 2. As shown in Figure 5, by
increasing the pressure, the transmitted energy also increases.
Using the same parameters as in the experiments, when the
pressure is ~ 200 mbar in the gas cell, the transmitted energy
is below 1%. In the case of using a 100 W laser, the transmitted
power is below 1 W (the same level as in a 1 kHz system) and
can be safely blocked by a metallic filter. At higher pressure
of ~ 500 mbar and higher free electron density, the transmitted
energy is still below 2%. It should be noted that there is a certain
percentage of beam energy always transmitted through the hole
of the HDM because the cell aperture acts as a spatial filter dis-
torting ideal imaging conditions (see details in Section 4 for the
Supplementary material). Also, the almost unchanged trans-
mission percentages (¢) and beam profiles in Figure 3 up to a
medium pressure of p, ~ 10 mbar suggest that at these pres-
sures with our focused laser intensities, the situation is identical
to propagating in vacuum. In a recent theoretical work, Jin et al.
also investigated HHG in the overdriven regime (high ioniza-
tion) using an annular beam and indicated that XUV and IR
can be separated in the far field [75].

3.2. Probe Beam (IR Arm). To match the focus of the attosecond
and IR pulses in the pump-probe setup, the probe beam is
recombined with the attosecond pulses by a holey mirror. The
attosecond pulses propagate through the central hole, while
the IR is reflected. This scheme wastes the central part of the
IR probe causing a relevant loss in its energy during recombina-
tion. Although the average power of the laser is high, the energy
of the individual pulses is low (below m] or even 100 yJ in most
of the currently available systems). In order to perform a
reconstruction of attosecond beating by interference of two-
photon transitions (RABBITT) [1] or a streaking measure-
ment [2], the laser intensity of the probe pulse must be above
10" W-cm™, so these losses need to be minimized.
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FIGURE 6: Simulation. (a) The amplitude of the probe beam after
the HSM with a 6 mm diameter hole. L1 =0 is the position of the
HSM shown in Figure 2. The telescope is positioned to image an
annular part of the propagating beam. The entrance of the
telescope is around the position of L1 =4.1 m. (b) The amplitude
of the annular probe beam after the telescope. L2 =0 is the exit of
the telescope, also shown in Figure 2. The amplitudes in the two
pictures are in linear scale.

In our beamline, shown in Figure 2(a), the probe beam is
magnified by a telescope and then combined with the high-
order harmonics using the HRM, where a substantial amount
of energy at the center would be lost. However, diffraction
allows for system optimization. As shown in Figure 2(a), the
transmitted probe beam from the HSM (L1 = 0) evolves as a
diffraction pattern. The central intensity exhibits an oscillating
behavior along the laser propagation direction. For certain posi-
tions of the HRM, e.g., at z =3 m, most energy would be lost
through the hole. However, by positioning it at z=4.5m,
almost the entire energy of the beam could be preserved after
reflection, since the transmitted central part is a hole with a
low portion of energy. However, as the position of HRM cannot
be set completely arbitrarily in most beamlines, therefore, we
use a telescope to position the annular profile of the probe beam
to a suitable geometrical position.

We build the telescope at the position of L1 =4.1m in
Figure 6(a), where the probe beam exhibits an annular shape.
The telescope has threefold magnification, and the propagation
distance is virtually reduced by 70cm as a result of imaging.
L2 =0 is defined as the output of the telescope in Figure 6(b)
(see also Figure 2). The magnified beam propagates further
and keeps its annular shape within 2 meters, as shown in
Figure 6(b). Figure 4(b) shows the annular beam profile of
the probe beam on an IR card in front of a holey mirror. In
our experiment, the hole diameter of HRM was 6 mm and
the loss due to reflection was 15%. According to our simula-
tions, this loss can be decreased to 3.5% by reducing the hole
diameter to 4 mm.
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FIGURE 7: Experiment. (a) Measured RABBITT trace (linear scale).
(b) The FWHMs of the Fourier-transform-limited pulse (red) and
the reconstructed pulse (blue). Both the red line and blue line
were normalized to the peak of the red line.

3.3. Attosecond Pulse Duration Measurement. To demonstrate
the performance of our system optimized according to the
description above, high-order harmonics were generated in a
4mm gas cell filled with 200 mbar argon gas. The generated
harmonic beam propagates through a 100 nm aluminum (Al)
foil and combines with the delayed IR beam. The two beams
are focused to ionize neon (Ne) gas from a gas jet in front of a
TOF spectrometer that collects the emitted electrons. By chang-
ing the delay between the two beams, we can record the delay-
dependent electron kinetic energy spectrogram, i.e., RABBITT
trace, shown in Figure 7(a). The photon energy covered by
the APT was between 30eV and 70 eV. As a result, the electron
kinetic energies were ranging from 8eV to 48 eV, obtained by
subtracting the 21.56 eV ionization potential of Ne. The whole
temporal range of the trace is approximately ~ 70fs, which is
consistent with the 40 fs duration (FWHM) obtained from an
independent measurement of the driving laser [52]. The recon-
struction gave an average FWHM duration of 166 + 12 as of the
attosecond pulses in the APT, as shown in Figure 7(b) (blue
line). After the TOF, a photodiode was inserted in the beam
path to measure the energy of high-order harmonics at the tar-
get position. The pulse energy was measured to be 51.0 + 3.1 pJ.
The pulse energy at generation was calculated to be 269.0 p]J.
Further details of the beamline and the laser system can be
found in our previous works [52, 68]. Details of the energy mea-
surement of the high order can be found in Figure S1 and
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Figure S2 in Section 2 of the supplementary material.
Compared to our previous work [52], we optimized the
experimental conditions by using a new water-cooled gas
cell, performing an extensive parametric optimization of
phase matching conditions and improving the stability of
the laser. We reached a five-fold decrease in necessary
integration time while also improving the signal-to-noise
ratio. These improved results demonstrate the possibility to
carry out attosecond pump-probe measurements at a
100kHz repetition rate with our beamline at XUV fluxes
not available before.

4. Conclusion

In conclusion, in this work, we have reported the generation
and temporal characterization of attosecond pulses using the
high-average power HR laser of ELI-ALPS. In our approach,
a holey mirror is used to split the laser into two independent
beams. The reflected annular beam is used for attosecond
pulse generation, while the transmitted central part serves
as the probe beam for experiments and temporal character-
ization. After HHG, the generation beam becomes annular
again upon further propagation. As predicted by wave
optics, if a holey mirror is placed at a proper position, the
residual annular IR beam can be almost fully reflected and
the harmonics can be transmitted through the central hole.
This way, the possible damage of the optics and detectors
by the residual generating IR beam can be avoided and the
unwanted background in the signal can also be suppressed.
Since the diffracted central probe beam also becomes annu-
lar, it can be recombined with the XUV beam via reflection
on a holey mirror with minimal energy loss, provided that
this mirror is placed at the correct position. This ensures a
sufficiently intense probe beam for pump-probe experiments
such as RABBITT or streaking measurements. These assump-
tions have been verified both by experiments and simulations
and have provided guidance in finding the proper positions of
the key mirrors in our beamline. As a result, we could optimize
HHG and delivered 51.0p] attosecond pulse trains with an
average duration of 166 as to the target position after transmis-
sion through a 100 nm thick Al metal foil. This is the highest
pulse energy of attosecond pulses with temporal characteriza-
tion achieved so far on target using a laser with a repetition
rate higher than 10kHz and an average power in 100 W
regime. As a future step, we plan to compress the laser pulses
further to a few-cycle duration [76]. We expect that this
approach will even increase the conversion efficiency and the
flux of the attosecond pulses. With this 100 kHz high-energy
attosecond pulse, we believe that many experiments which
need both the high repetition rate and enough energy can be
performed now, especially for the studies of solid samples
and big molecules.
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