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Abstract. After decades of supremacy of the Titanium:Sapphire technology,
Ytterbium-based high-order harmonic sources are emerging as an interesting
alternative for experiments requiring high flux of ultrashort extreme ultraviolet (XUV)
radiation. In this article we describe a versatile experimental setup delivering XUV
photons in the 10-50 eV range. The use of cascaded high-harmonic generation enables
us to reach 1.8 mW of average power at 18 eV. Several spectral focusing schemes
are presented, to select either a single harmonic or group of high-harmonics and
thus an attosecond pulse train. In the perspective of circular dichroism experiments,
we produce highly elliptical XUV radiation using resonant elliptical high-harmonic
generation, and circularly polarized XUV by bichromatic bicircular high-harmonic
generation. As a proof of principle experiment, we focus the XUV beam in a
coincidence electron-ion imaging spectrometer, where we measure the photoelectron
momentum angular distributions of xenon monomers and dimers.

1. Introduction

Since its discovery at the end of the 1980s [I], 2], the production of coherent ultrashort
extreme ultraviolet (XUV) radiation by high-order harmonic generation (HHG) has
led to many applications in atomic, molecular and solid state physics, with temporal
resolution down to the attosecond range [3, [, [5l [6]. These achievements were
made possible thanks to the combination of fundamental research discoveries and
the emergence of new laser technologies. The first high-order harmonic spectra were
produced using 36 ps pulses at 1060 nm from a Nd:YAG laser [2], and sub-ps pulses
at 248 nm from a dye laser [I]. The developments of Ti:Sa lasers were a major
breakthrough, and these sources are to date the most widely used in HHG experiments.
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Ti:Sa lasers combine the advantage of delivering short pulses (typically 25 fs) with high
energy (1-100 mJ), at repetition rates in the 10 Hz - 10 kHz. These pulses can efficiently
be converted into extreme ultraviolet by HHG up to the microjoule level [7, [§], and be
used for non-linear XUV photoionization experiments [8, [0, 10, 1T]. The postcompression
of laser pulses down to the sub-5 fs range in hollow core fibers [12], associated with the
active stabilization of the carrier-envelop phase [I3], enables the generation of single
attosecond pulse [14], 15]. High energy radiation, reaching the water window (282-533
eV), can be produced by converting the pulses to the mid-infrared range using optical
parametric amplifiers [16], [17].

Despite all these impressive achievements and the numerous applications, one
important goal remained out of reach of the HHG sources based on Ti:Sa technology:
the production of high repetition rate XUV pulses, beyond 100 kHz. Increasing the
repetition rate of a source can have many benefits for applications which require a high
average flux, but not necessarily a high XUV intensity. This is for instance the case
of coincidence electron-ion experiments, in which the number of events per pulse is
restricted to 1/10 to avoid false coincidences [I8]. High repetition rate XUV sources
are also beneficial for time-resolved angle-resolved photoemission spectroscopy from
surfaces, where a high number of photons per pulse produces space-charge, leading
to detrimental shifts and broadening of the photoelectron spectra, but where the
multidimensional detection scheme requires a high counting statistics, thus requiring
a large number of pulses/second [19, 20, 21].

Ti:Sa systems suffer from the short upper state lifetime, their large quantum defect
and the fact that they must be pumped with high brightness green lasers. This
limits the efficiency, output average power, and prevents repetition rate scaling to
drive strong field physics experiments. The technological breakthrough that made high
repetition rate HHG possible is the advent of Yb-doped amplifiers. These lasers can
reach higher average powers than Ti:Sa, up to the kW level for both bulk and fiber
amplifiers [22, 23]. Moreover, Yb-doped fiber amplifiers (YDFA) can produce short
pulses, down to typically 120 fs [24, 25]. On the other hand, the propagation in long
fibers restricts the maximum energy per pulse that can be obtained, typically in the few
100 pd range.

The first demonstration of HHG from YDFA sources was achieved in 2009 [26]. The
low energy and long pulse duration impose tighter focusing conditions than experiments
relying on Ti:Sa sources. This was initially thought to be detrimental, but the works
of Rothhardt et al. [27] and Heyl et al. [28] demonstrated that the HHG efficiency
remains the same whatever the focusing conditions, as long as the generating medium
parameters (gas jet length and pressure) are properly scaled. The optimization of high
repetition rate HHG thus led to the generation of XUV beams with average flux of several
100 W [291 30]. Note that higher XUV fluxes, in the mW range, were reported based
on a completely different technology, namely intra-cavity HHG at 77 MHz[31].

In this article we aim at describing an XUV beamline for coincidence electron-ion
imaging of gas-phase photoionization. Our goal is to produce bright ultrashort radiation
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with controlled polarization state in the 10-50 eV range. We are particularly interested
in the low energy range, in the outer valence ionization region of many molecular species,
where molecular chirality can be probed with high sensitivity by photoelectron circular
dichroism using circularly polarized radiation [32, 33 34]. After the general description
of the beamline and its requirements, we discuss the optimization procedure of the high-
harmonic source by cascaded harmonic generation. Section 3 describes different cases
of spectral selection of the harmonic radiation, using metal foils and a normal incidence
polarization-preserving monochromator. Next, we raise the issue of producing circularly
polarized XUV radiation and present the results of two experiments, elliptical HHG and
bicircular bichromatic HHG. Last, we present a coincidence electron-ion measurement
of the photoionization of Xe atoms and dimers by high-order harmonics.

2. Overview of the beamline

Our beamline is based on the BlastBeat laser system, which is made of two synchronized
Tangerine Short Pulse Yb-doped fiber amplifiers seeded by the same oscillator
(Amplitude). Each amplifier delivers a 50 W average power beam of 135 fs pulses
centered at 1030 nm, with a repetition rate tunable between 166 kHz and 2 MHz. The
highest energy per pulse is thus 300 pJ at 166 kHz. The dual configuration aims at using
one amplifier to generate spectrally-tunable pump pulses by frequency conversion, and
the other one to produce XUV radiation as probe pulses through HHG. In this article
we focus on the probe XUV beamline, using a single 50 W beam.

High-order harmonics can be directly produced from the output of the laser
amplifier, or after frequency conversion. Our setup can produce the second, third and
fourth harmonics of the laser, using non-linear crystals (for a detailed description see
[35]). The resulting beam parameters are listed in Table [1]

Harmonic 1 2 3 4
Laser frequency wr | 2wy, | 3wr, | 4wy,
Wavelength (nm) 1030 | 515 | 343 | 257.5
Photon energy (eV) 1.2 | 24 | 3.6 | 438
Average power (W) 50 19 | 95 2
Energy per pulse (uJ) | 300 | 115 | 57 12
Conversion efficiency - 1 38% | 19% | 4%

Table 1. Characteristics of the frequency conversion of the laser at 166 kHz.

In order to control the spot size and to avoid non-linear and/or thermal effects in
the vacuum chamber entrance window, each beam can be expanded by an all-reflective
telescope, before being focused by a lens into a vacuum chamber pumped by a 600
m? /h roots pump, where it interacts with a continuous gas jet. The beam magnification
before focusing enables us to keep all optical elements outside the vacuum chamber,
simplifying the alignment procedure and minimizing thermal effects on the optics and
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Figure 1. Overview of the beamline. The beam from an YDFA is frequency
upconverted before being focused into a vacuum chamber to produce high-order
harmonics. A telescope made of two spherical XUV mirrors can be inserted to
spectrally select some harmonics, and refocus them 3 m away into the interaction
chamber of a COLTRIMS. The typical pressures in the different chambers are indicated
at the bottom of the figure.

optical mounts, which are much more critical under vacuum. The nozzle position with
respect to the laser focus is adjusted using motorized translation stages. A differential
pumping hole (located 3 mm away from the laser focus, with an increasing diameter from
0.5 mm to 5 mm over a 8 cm length), ensures that the generated high order harmonics are
not strongly reabsorbed by the relatively high pressure of the HHG chamber (typically
5 x 1072 mbar).

A CCD camera monitors the plasma produced during the high-order harmonic
generation process, enabling us to retrieve the absolute density profile of the gas
jet[30, B7]. The plasma light emission is calibrated by filling in the chamber with a
static pressure of argon, and measuring the plasma light intensity as a function of gas
density. The resulting calibration curve is used to determine the gas jet profile, giving
access to the exact macroscopic HHG parameters (typically 350 pum medium length,
2.5 x 10'® atoms/cm?® density) with a remarkably simple scheme.

The driving laser and XUV beams enter a second vacuum chamber, pumped by a
500 1/s turbomolecular pump down to 5 x 10~7 mbar, where different elements can be
inserted. A spherical mirror (f = 60 cm) can be placed onto the beam path to collimate
the XUV beam, which is then focused by a second XUV mirror (f = 300 cm) into the
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COLTRIMS (COLd Target Recoil Ion Momentum Spectrometer), located at the end
of the beamline. The mirrors are placed into motorized mounts, and the first one is
on a motorized translation stage to adjust the focus position in the COLTRIMS. The
magnification of the refocusing telescope is 5. With a typical size of the high-harmonic
source of 10 pum, the spot size of the XUV in the COLTRIMS is thus in the range of 50
pm. The mirrors can ensure a spectral selection of the high harmonics, but they also
partly reflect the fundamental laser beam. Additional spectral filtering is thus necessary,
and can be achieved by inserting thin metal foils (Al, In). To protect these foils from the
laser power, fused silica plates with a NbyO5 coating can be inserted under 20° grazing
incidence. The couple of plates reflects 42% and 0.7% at 1030 nm beam in s and p
polarizations respectively, and 60% and 0.7% at 515 nm. In the XUV range, from 20 to
45 eV, the two plates reflect between 20 and 50% in s polarization and between 10 and
30% in p [35].

At the exit of the second vacuum chamber, a calibrated photodiode can be
used to measure the absolute photon flux. This photodiode is placed behind two
aluminum filters, which can be alternatively removed and whose transmission can thus
be calibrated. The third vacuum chamber is devoted to XUV spectrum measurement.
It contains a gold-coated grating with variable groove spacing (1200 mm~! average),
which images the spatially-resolved spectrum on a set of chevron microchannel plates
with a fast (P46) phosphor screen. The decay time of the phosphor (500 ns to reach
10% of the signal) is lower than the temporal spacing between two consecutive laser
pulses (6 us at 166 kHz), avoiding saturation of the screen. The grating is placed on a
mechanical translation stage and can be removed to let the beam reach the COLTRIMS
apparatus. The XUV beam then goes through the hole of a drilled mirror under 45°,
which can recombine the pump and the probe (XUV) beams.

Between the spectrometer and the COLTRIMS chambers, a differential pumping
stage (3 mm hole, 300 L/s turbo pump) is placed. The background vacuum in the
COLTRIMS target chamber is 5 x 10719 mbar and is insensitive to the pressure in the
HHG chamber. Two consecutive optical skimmers with diameters 9 and 6 mm are
placed along the differential pumping stage. Their centering can be finely adjusted, to
filter out stray XUV light. At the exit of the COLTRIMS, an inverted optical skimmer
is placed, and the beam is reflected by a 45° XUV mirror and directed into a beam
dump. This avoids backscattering by the COLTRIMS exit window, which can induce
significant signal on the electron detector.

The target gas is introduced into the COLTRIMS by a 30 um nozzle, which can be
heated to introduce compounds that were initially solid or liquid, pushed by a carrier gas.
The center of the supersonic gas jet is selected using a 200 pym diameter skimmer placed
9 mm away from the nozzle. The selected gas jet goes travels through the interaction
chamber until a double stage beam dump. In the interaction chamber, the electron-ion
spectrometer is made of a stack of electrodes producing a homogeneous electric field
(8.2 V.em™!) over a 29.1 cm flight tube on the electron side and 4.1 ¢cm on the ion side.
An homogeneous magnetic field (8.25 Gauss) generated by Helmholtz coils shapes the
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electron trajectories to ensure that all electrons reach the 80 mm diameter detector. The
geomagnetic field is compensated using additional correction coils. The photoelectron
signal is amplified with a stack of two microchannel plates (MCP) and detected with
hexagonal (6 channels) delay lines, which provide the position and time-of-flight of the
particles. The photoions are detected on the other side using MCPs and square (4
channels) delay lines. The ions and electrons can be detected in coincidence, and their
momentum can be fully reconstructed in three dimensions as the detection is position-
and time-of-flight-sensitive [18§].

3. Cascaded high-harmonic generation

Cascaded high-harmonic generation consists in producing high-order harmonics from
low-order harmonics of the fundamental frequency. We have described in Section |2| the
generation of second, third and fourth harmonics from the 1030 nm pulses. Using these
harmonics to drive the HHG process has several advantages.

3.1. Advantages

Increased efficiency: This is the most obvious advantage of cascaded HHG. Many
theoretical and experimental studies [38] 39, 40, [4T], 42| 29, 43] have established that the
harmonic dipole moment dyp¢ scales with the driving laser wavelength A7, (and driving
laser frequency wry) as :

dHHG X )\Za = dHHG X w% (1)

where a varies between 4 and 8 depending on the spectral range and generating
conditions.  Quadrupling the laser frequency may potentially increase the HHG
conversion efficiency by a factor ranging from 256 to more than 65000. This gain
will partly be mitigated by the limited conversion efficiency of the optical harmonic
generation, but the situation should be beneficial in all cases.

Increased spectral interval: A second advantage of cascaded high-harmonic
generation is the increased spectral separation between consecutive harmonics. High-
order harmonics are separated by twice the laser frequency, i.e. 2.4 eV at 1030 nm, and
9.6 eV at 257 nm. Driving the HHG process with shorter wavelength thus makes the
spectral selection of an isolated harmonic easier, using multilayer mirrors or metal foils.
Furthermore, photoionization experiments from polyatomic molecules often produce
congested photoelectron spectra, because each photon energy opens many ionization
channels. The increased spectral interval between harmonics eases the assignment of
such spectra.

Lower laser power: A side benefit of the increased efficiency of the HHG process
is that less laser power is necessary to produce the XUV radiation. Handling several
tens of Watts of laser power can indeed be problematic. The laser beam can heat the
XUV optics, inducing beam deformation, pointing drifts and even damaging them. This
can be handled by using thick substrates with good thermal properties, such as Si, and
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cooling the optical mounts. More critically, many experiments use thin metal foils to
remove the fundamental laser, and spectrally select the harmonics of interest. From
our experience, a 150 nm self-supported aluminum foil melts as soon as it is exposed
to more than 5 W/cm? of radiation. With 50 W of available laser power to drive
HHG at 1030 nm, this sets a severe constraint on the set-up. The laser beam can be
strongly attenuated by using XUV-laser beamsplitters, such as the SiOy plates covered
with NbyO5 described in Section [2] However these plates are incompatible with the
generation of circularly polarized high-order harmonics, since they do not preserve the
polarization state when reflecting elliptical radiation. An appealing solution consists in
producing high-harmonics from an annular beam, which can be blocked by a pinhole
transmitting the XUV light. This solution was successfully applied to a 5 W beam [44],
but producing an annular beam with several tens of W of average power could become
a challenging task. Starting from a shorter wavelength driver, with low power, is thus
technically interesting.

3.2. Drawbacks

Despite all these benefits, cascaded high-harmonic generation also presents a number of
drawbacks:

Lower cutoff: The highest photon energy that can be produced in HHG is
determined by the maximum kinetic energy an electron can gain in the driving laser
field. This energy scales as the square of the driving wavelength. Consequently, cascaded
HHG produces lower photon energies. Note that if the laser intensity is high enough to
fully ionize the medium and produce significant HHG from the ions, this limitation can
be overcome [43].

UV optics: Handling high power femtosecond laser beams in the ultraviolet range
is difficult because of linear and non-linear absorption effects in transmitting media.
This issue can be partly circumvented by using all-reflective optics to focus the laser
beam, but in any case it has to go through a vacuum window to reach the gas jet.
The optical quality of this window becomes a critical parameter in experiments. We
have tested several windows using our 2 W beam at 257 nm, and found out that only
high quality CaFy could handle more than 8 hours of operation without showing the
appearance of colored centers.

3.3. Optimized harmonic photon flux

In a previous work, we have quantitatively investigated the scaling of the HHG efficiency
with driving laser wavelength [35]. The results are summarized in Fig. [2/ and Table
At wy, the XUV photon flux reaches almost 10! photons/s near 35-40 eV (500 nW
average power), from 45 W of laser power. Doubling the frequency of the generating
pulse increases the XUV flux by two orders of magnitude, providing 2.1 x 10'® photons/s
(90 uW) at 26.4 eV starting from 19 W of 2w;,. The HHG process is even more efficient
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Figure 2. Scaling of the cascaded HHG process in argon with driving wavelength.
(a) Flux measurement and (b) efficiency with a power fit for the first three wy. These
measurements were presented in [35]. The dark blue crosses on (a) and (b) correspond
to new measurements of the optimized third harmonic generation from the 4wy, at
14.4 eV.
wr, Photon energy (eV) 25.2 (H21) | 39.6 (H33) | 44.4 (H37)
1030 nm || Photon flux (x10'° photons/s) | 1.2+0.2 8.2£1.5 1.440.3
45 W Power (nW) 50£10 520+100 100£20
2wy, Photon energy (eV) 21.6 (H9) | 26.4 (H11) | 31.2 (H13)
515 nm | Photon flux (x10' photons/s) | 2.3+0.4 2.1+0.4 0.3£0.05
19 W Power (uW) 80%15 90420 15+3
3wy, Photon energy (eV) 18 (H5) 25.2 (HT7) -
343 nm || Photon flux (x10' photons/s) | 6.64+1.3 0.5£0.1 -
73 W Power (mW) 1.940.4 0.2040.04 -
4wy, Photon energy (eV) 14.4 (H3) 24 (H5) -
257 nm || Photon flux (x10'? photons/s) 9+£2 0.8£0.2 -
2W Power (uW) 21+ 4 3+1 -

at 3wy, producing 6.6 x 10* photons/s at 18 eV from 7.3 W of 3wy. This raises the
HHG source to the mW range, with 1.9 mW of average power at 18 eV.
When the laser frequency is further increased to 4wy, the benefit from the cascade

Table 2. Measured XUV photon flux in optimized conditions obtained by cascaded
HHG from a fundamental at 1,2,3 et 4 wy. The most relevent photon energies are

presented.
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does not seem to be that strong : the flux drops to 8 x 10! photons/s (3.3 uW) at 24 eV,
from 2 W of 4wy, which is still higher than the flux at w; but with a much lower scaling
than observed at 2 and 3wy. The low conversion efficiency from the 257 nm may seem
surprising at first sight. However, one has to keep in mind that the ponderomotive
energy at this wavelength is very low, such that the harmonic cutoff frequency at an
intensity of 1.5 x 101 W.cm™2 is expected to be around 17 eV, much below the energy of
harmonic 5 (24 eV). We thus repeated the measurements by optimizing the generation
and detection of harmonic 3 (14.4 eV). We obtained a flux of 9 x 10'2 photons/s (21 uW),
from 0.7 W of 4w, in conditions in which harmonic 5 was hardly detected. As we will
see in section 4, this configuration is quite interesting for applications in near-threshold
molecular photochemistry.

Finally, we investigated the wavelength dependence of the harmonic conversion
efficiency, defined as the fraction of laser power converted in the XUV range. The max-
imum conversion efficiency is obtained by generating harmonics with the 3wy, (343 nm),
and reaches 2.6 x 107 at 18 eV. The high value of this efficiency indicates that using
rather long femtosecond pulses (135 fs) is not detrimental for the HHG conversion, at
least in the low photon energy range. Our results show that the conversion efficiency
scales as w{, with a = 7.7 £ 0.4. The scaling is more abrupt than the one predicted by
resolving the time dependent Schrodinger equation [39] (A5 = w??®) . We interprete
this deviation as the result of the strong ionization of the medium, which perturbs less
shorter driving wavelengths, as established by Popmintchev et al. [43].

Our results can be compared with the recent works on high repetition rate
HHG. Figure |3| shows the state of the art of high-order harmonic sources emitting
in the 10-100 eV range in terms of mean power at specific photon energy and repetition
rate. This figure is inspired from the one presented in [45]. Klas et al. [30] measured
a conversion efficiency of 7 x 1076 from a 120 W - 300 fs YDFA, and generated
0.83 mW at 21.3 eV in krypton after a post-compression stage. Porat et al. [46]
reached a conversion efficiency of 2.5 x 10~° by generating harmonics in xenon using an
enhancement cavity with a 80 W - 120 fs YDFA, producing 2 mW at 12.7 ¢V and 0.9
mW at 19.7 eV. These two impressive results are based on optical schemes which require
a high level of expertise, and use costly gases. The overall efficiency of our cascaded
HHG process, given by the ratio between the 1.9 mW of XUV energy produced at
18 eV by the initial 50 W of fundamental laser power, is (3.840.8) x 107°. The cascaded
harmonic generation thus enables a clear global increase in efficiency. Furthermore the
optical setup is a simple non-linear optics scheme, followed by a conventional HHG
setup, ensuring a high robustness for long campaigns of experimental measurements, as
we will show in section 4 and 6.

4. Spectral selection and refocusing

The fluxes presented in Fig. [3| correspond to the number of photons generated by the
high-harmonic sources. However for most applications, it is necessary to filter out the
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Figure 3. State of the art of high-order harmonic sources. The fundamental lasers
used from 10 Hz to 1 kHz are Ti:Sa, from 100 kHz to 1 MHz are TDFA, and above 1
MHz are enhancement cavities.

generating laser beam, and often perform a spectral selection of a given harmonic or a
bunch of high harmonics for attosecond spectroscopy. We present several possibilities
that we have implemented on our beamline, for the selection of a single harmonic of low
energy, the broadband selection and refocusing of harmonics between 15 and 25 eV, and
the selection and refocusing of a single harmonic line at 35 eV.

4.1. Low energy monochromatization

We have seen that the high-order harmonic generation process starting from the fourth
harmonic (257 nm) of the laser was not very efficient, because of the low ponderomotive
energy of the electrons at this short wavelength, which imposes a low cutoff of the high-
harmonic spectrum. Nevertheless, the production of the third harmonic of the 4wy, can
be achieved with a rather good efficiency, reaching 3 x 1075 in argon at a intensity
of ~ 2 x 10" W/cm? The photon energy of this harmonic, 14.4 eV, can initiate
photochemical processes, mimicking the absorption of extreme ultraviolet radiation
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by the upper atmospheres of planets. Such photochemical processes are generally
investigated with discharge lamps, which are bright (10'* photons/s/cm?), but do not
cover the 14-15 eV range [57]. Full tunability is offered by synchrotron radiation, which
delivers up to (1027 photons/s/cm?) [58], but with a restricted access which limits the
possibilities of systematic investigations. It was recently demonstrated that high-order
harmonics from a Ti:Sa could be bright enough to trigger photochemical processes over
a few hours of irradiation [59]. Cascaded high-harmonic generation could provide a
brighter source for such investigations.

A monochromatic source at 14.4 eV can be easily obtained by selecting the third
harmonic of the 4w; of the YDFA. A 150 nm thick indium foil has a measured
transmission of 15% around 14.4 ¢V, and completely blocks the fundamental radiation
at 257 nm. It can thus be used to monochromatize the XUV light. The cascaded scheme
is very advantageous, because only 0.7 W of laser power are used to drive the harmonic
generation. However, indium has a very low melting temperature, and we found out
that even at this low power, the laser beam has to be attenuated before hitting the foil.
A single SiO, plate under 30° grazing incidence was inserted between the source and
the foil, reflecting only ~ 20% of the s polarized 257 nm. We measured the photon flux
after the plate and the foil, and obtained 4 x 10'! photons/s. This beam can directly
be used for photochemical investigations which do not require refocusing, such as the
astrochemistry experiments described above.

4.2. Broadband spectral selection and refocusing — 15-25 eV

In the 15-25 eV spectral range, which is of interest for near-threshold photoelectron
spectroscopy, it is extremely difficult to produce highly reflective XUV multilayer mirrors
with a low enough bandwidth to isolate one harmonic in the HHG spectrum. However,
there are many applications where using several harmonics can be important, e.g. for
attosecond spectroscopy. Our beamline is thus equipped with a set of two SiC-coated
spherical mirrors under quasi normal incidence, which image the harmonic source into
the COLTRIMS chamber. In Fig. 4| (a), we present the measured reflectivity of the pair
of mirrors. The measurements were taken using high-harmonics from the fundamental
1030 nm laser beam, to maximize the number of sampled photon energies. The black
line is a polynomial interpolation of the experimental data. The reflectivity shows a
rather broad peak, above 2% between 17 and 25 eV. This scheme can be used to select
a few harmonics of the 2wy, (515 nm) or 3wy, (343 nm) beams. The photon energies of
these harmonics are shown in Fig. [f(a). An aluminum foil can be added after the two
mirrors to eliminate the fundamental radiation, and we plot the resulting transmission
in Fig. [] (a). Figure [b-c) shows the spatially resolved harmonic spectra produced by
the 2wy, and detected directly (b) or after being reflected by the pair of SiC mirrors
(c). Two harmonics dominate the selected spectrum, with photon energies 21.6 eV
and 24 eV.

The reflectivity of the SiC mirrors is much lower than what could be achieved
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Figure 4. Broadband spectral selection of high-harmonics by SiC mirrors at 0°
incidence. (a) Measured reflectivity of two mirrors (dots), interpolated reflectivity
at the energy of the harmonics of the 515 nm and 343 nm, with and without 150 nm
filter. Spatially resolved HHG spectrum before (b) and after (c) the two SiC spherical
mirrors, showing both the spectral selection and focusing.

using a grazing incidence toroidal mirror. However such optics can strongly modify the
polarization state of the radiation, such that their use in circular dichroism experiments
requires extreme caution [60]. The advantage of our scheme is the exclusive use of
normal-incidence optics, which preserve the polarization state of the HHG. Despite the
losses induced by these mirrors, our beamline delivers typically between 5 x 10! and
5 x 10 photons/s around 20 eV on target, starting from typically 103 —10'* photons/s
at the source (see Table |3]), which is more than enough for many applications.

4.3. Narrowband spectral selection and refocusing — 35 eV

The monochromatic source we have produced by isolating the third harmonic of the 4wy,
(257 nm) at 14.4 eV is interesting for various purposes, but it is not refocused and thus
cannot be used in the COLTRIMS. We have thus developed an alternative solution to
obtain monochromatic XUV radiation, using highly selective multilayer mirrors. The
reflectivity of these mirrors peaks at 35 eV, with a 1.5 eV full width at half maximum
(FWHM) bandwidth (Fig. [pfa)). They can thus isolate harmonic 29 (34.9 eV) of the
fundamental 1030 nm laser. The spatially resolved harmonic spectra obtained without
and with two spherical multilayer mirrors are shown in Fig. [f(b-c). The reflectivity of
the mirror pair is above 5%, leading to a flux around 1 x 10° photons/s on target.

As we will show in the next section, these mirrors can also be used to select
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Figure 5. Spectral selection of 35 eV high-harmonic by multilayer mirrors. (a)
Calibrated reflectivity of a set of two 35 eV mirror at 0° incidence. We place on
this reflectivity curve the position of HHG generated from linearly polarized 1030 nm
and from 515 + 1030 nm bicircular HHG. Spatially resolved HHG spectrum before (b)
and after (c¢) multilayer mirrors, showing both the spectral selection and focusing.

a circularly polarized high-harmonic produced by a combination of counter-rotating
bicircular bichromatic fields [61, [62].

5. Generation of circularly polarized high-order harmonics

The generation of circularly polarized high-order harmonics has become an important
topic in the past few years. Circularly polarized XUV radiation is a very interesting tool
to investigate molecular chirality [34] or magnetic materials [63]. Specific synchrotron
beamlines are fully dedicated to XUV circular dichroism experiments. The femtosecond
and attosecond temporal resolutions offered by high-order harmonic sources carry the
promise to extend these dichroism experiments to the ultrafast regime. However
generating circularly polarized high-harmonics is not straightforward, because the HHG
process has a natural preference for linearly polarized laser fields, decaying exponentially
with laser ellipticity. One solution to this issue is to introduce polarization-shaping
elements onto the XUV beamline. Typically, a set of four mirrors under well-chosen
incidence can play the role of an XUV quarter-waveplate, producing radiation with high
degrees of ellipticity [64, 65, [66]. An alternative elegant solution consists in producing
two collinear phase-locked high-order harmonic sources, with orthogonal polarizations.
The polarization state of the resulting XUV radiation can be tuned by adjusting the
delay between the two sources, which is analogous to changing the thickness of a
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birefringent crystal in the optical domain [67]. While very versatile, this solution is
quite demanding in terms of interferometric stability. In the following, we present two
schemes in which the HHG process in a single source is manipulated to directly produce
circularly polarized high-harmonics.

5.1. Resonant high-harmonic generation

One solution to produce highly elliptical XUV radiation directly from the HHG process
is to perform resonant-HHG [68]. It was shown that high-harmonics generated in SFg
molecules by a laser field with moderate ellipticity (20%) could be highly elliptical (80%),
if the harmonics were emitted in an energy range where a resonance was at play in the
generating process. This method being very straightfoward, we tried to extend it to
the case of HHG from YDFA lasers. Unfortunately, we did not manage to produce any
significant HHG signal from SFg molecules using 1030 nm or 515 nm pulses. We did
not observe any significant plasma emission either. This could be surprising, because
SF¢ has the same ionization potential as Ar, and should at first sight be ionized at the
same laser intensity. However, the molecular orbitals of SFg have many nodes, which is
an obstacle to efficient strong-field ionization [69) [70]. The previous HHG experiments
in this molecule were using 800 nm and 400 nm pulses. These wavelengths are close to
resonance with the interval between the lowest cationic states of the molecule, which
could result in a strong enhancement of the ionization probability [71]. The 1030 nm
and 515 nm fields may be too far from this ionic resonance to enable strong ionization
of the molecules, preventing them to efficiently generate high-order harmonics. Other
targets should thus be chosen to achieve highly elliptical XUV generation by resonant
HHG - for instance rare gases below their ionization threshold [71], [72].

In argon, the generation of highly elliptical XUV radiation was achieved by
producing the fifth harmonic of a 400 nm laser beam. The photon energy of this
harmonic is 15.5 eV, lying just below the ionization threshold of Argon (15.76 eV).
The resonant excitation of the Rydberg states lying in this spectral region was found to
explain the high ellipticity of the XUV radiation [71]. In order to study the possibility
to produce highly elliptical XUV radiation with our YDFA source, we performed a
ellipticity resolved-HHG experiment. We controlled the ellipticity of the laser by rotating
a half waveplate in front of a fixed quarter waveplate. This allows to keep the main axis
of the fundamental polarization ellipse unchanged. In order to measure the ellipticity
of the XUV, we built an XUV polarizer made of 4 unprotected gold mirrors under
20° grazing incidence. This polarizer has a measured extinction ratio between s and
p polarisation above 20 in the 15-30 eV range. It can be rotated under vacuum to
provide Malus’ law curves, from which the polarization direction and ellipticity of the
radiation can be extracted, under the assumption that the light is fully polarized [72].
We have to keep in mind that this assumption is not always valid, and that in the
end only the measurement of a dichroic signal [73], [60] or the use of an XUV quarter
wave plate [74] can provide the accurate value of the ellipticity, the current method only
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providing an upper bound €,,,,. Figure @(a) shows the polarimetry measurements of
harmonics 7 and 9 of the 2wy, (515 nm). The laser ellipticity was scanned from —55%
to +55%, and the polarizer was rotated from -200° to 200°. When the laser ellipticity
increases from 0 to 40%, the harmonic signal decreases by one of magnitude. The signal
decays exponentially with laser ellipticity e, [75], following I,(er) o< e~PL | where By
is the decay rate for harmonic ¢. Gaussian fits of the data presented in Fig. [6](a) give
B = 13.3 and g = 11.6. These rather low values characteristic of a low intensity, short
wavelength HHG process. They are very similar to those obtained by Budil et al. for
harmonic 9-13 of 600 nm pulses generated in Xenon. The harmonic maximum ellipticity
extracted from the Malus law increases quasi linearly with €7, but remains low, reaching
only 15% at e, = 30% for H7, and remaining quasi null for H9. This is characteristic
of non-resonant HHG. Indeed, H7 and H9 correspond to photon energies of 16.8 and
21.6 eV, at which the absorption/emission spectrum of argon atoms do not present any
particular resonant feature. In these conditions, the high-harmonic ellipticity is known
to be lower than that of the driving laser pulse [72].
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Figure 6. Elliptical high-harmonic generation driven by 515 nm pulses in argon.
Intensity (shaded area) and maximum ellipticity extracted from Malus’ law (red line)
of harmonic 7 (left) and 9 (right), using 130 fs pulses or postcompressed 20 fs pulses.

We repeated this experiment with shorter laser pulses, bringing the 515 nm pulses
from 130 nm down to 20 fs by postcompression in a hollow core fiber. The details of this
scheme will be described elsewhere. This postcompression broadens the laser spectral
width from 18 meV FWHM to 260 meV FWHM. The polarimetry measurements of H7
and H9 from the 20 fs - 515 nm pulses are presented in Fig. [6,. While the signal decay rate
is similar to the long driver case for H9 (89 = 10.6), H7 shows a much lower decay rate
B7 = 6.4. Furthermore, the harmonic maximum ellipticity reaches 50% at e;, = 30%.
These results are quite intriguing : Why would the harmonic decay with ellipticity
be sensitive to pulse duration? How could highly elliptical harmonics be generated in
the absence of a resonance 7 We believe that this is due to the AC-Stark shift of the
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Rydberg states by the strong generating field. At an intensity of 1 x 10 W.cm™2,

the ponderomotive potential is U,= 2.5 eV. This shift is a good approximation of the
AC-Stark shift of the ionization potential of the atom and high lying Rydberg states.
Harmonic 7, at 16.8 eV, can thus be in the vicinity of Stark-shifted Rydberg states. The
broad bandwidth of the pulses, achieved thanks to the postcompression, increases the
probability to hit a resonance and to produce highly elliptical XUV light. This situation,
in which the influence of below-threshold states is visible above the ionization threshold,
is similar to the one observed in high-harmonic generation from aligned molecules [76].
It constitutes an interesting manifestation of dynamical Stark-shifts in HHG. However,
since the process strongly depends on the laser intensity, we expect that the polarization
state produced will vary in time, leading to a partial depolarization of the XUV light.
This scheme may thus not be optimal for future circular dichroism experiments.

5.2. Bicircular bichromatic HHG

Another solution to produce circularly polarized high-harmonics is to use tailored laser
fields. Combining a circularly polarized fundamental pulse and its counter-rotating
second harmonic creates an electric field with a clover structure, which can efficiently
generate high-harmonics. The selection rules of this scheme are such that harmonics
3n £ 1, where n is an integer, are produced [61]. Interestingly, since the fundamental
and second harmonic beams are circularly polarized, the consecutive harmonics are
also circularly polarized, with alternating helicity [77]. This scheme is particularly
appealing for circular dichroism measurements based on absorption, such as XMCD,
because opposite helicities are probed simultaneously at neighbouring photon energies.
On the other hand, in photoionization of polyatomic molecules, the congested nature of
the photoelectron spectra can lead to an overlap of the signals from the counter-rotating
harmonics, leading to potential canceling of circular dichroism effects, as well as to huge
difficulties in energy assignment of the spectroscopic structures. For such applications,
it is necessary to select one harmonic only. This can actually be performed with the
monochromator presented in the previous section. A bicircular bichromatic HHG with
1030 nm and 515 nm fields produces harmonic 28 (33.7 eV) and 29 (34.9 eV), with
opposite circular polarization. The monochromator should select the latter, the former
being 20 times weaker (see Fig. [f]).

To produce the bicircular high-order harmonics, we used an in-line setup called
Mazel-Tov, developed by Kfir et al. on Ti:Sa systems [62]. The 1030 nm beam with
50 W average power (3.7 mm waist FWHM) goes through a 1-mm BBO crystal to
generate 15 W of second harmonic, which is orthogonally polarized with respect to
the remaining 35 W of 1030 nm. The temporal overlap of the two beams is set by
propagation in a 1-mm calcite crystal, and finely adjusted through propagation into a
pair of thin fused SiO wedges (about 2 mm length, finely tunable). A superachromatic
quarter waveplate (300-1100 nm) converts the two orthogonal linear polarizations into
two counter-rotating circular polarizations. The bichromatic bicircular beam is then
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Figure 7. Bichromatic bicircular HHG. (a) Intensity dependency of the HHG
spectrum. Spatially resolved bichromatic bicircular HHG spectrum before (b) and after
(c) multilayer mirrors at 35 eV, showing both the spectral selection and refocusing.

focused in the HHG chamber by two dual band dielectric mirrors in order to avoid
chromatic aberration. Due to the tight focusing condition and the need to work at 0°
incidence to preserve polarization states, the focusing optics are set under vacuum, close
to the gas jet. The intensity at focus can be tuned either by decreasing the focal length
of the focusing mirror (typically 150 mm), or by enlarging the beam before the quarter
waveplate with a telescope made of dual band mirror (typical magnification x2).

We present the spectrum obtained at different intensities at 515 nm in Fig. [7| (a).
The first spectrum was obtained at low intensity (about 2 x 10" W/cm?), resulting in
a low cutoff (24 eV), way below the targeted 35 eV. We thus increased the intensity by
changing both the telescope and the focusing mirror in order to increase U, and thus the
cutoff (Eyae = 1,+3.17U, [78]). We observe a clear saturation of the cutoff around 35 eV
when the laser intensity reaches 3 x 10* W/cm?. We interprete this as the result of
the saturation of ionization by the 515 nm [79, [80]. This limitation is intrinsic to the
relatively long duration of our laser pulses (135 fs). Nevertheless, the spatially resolved
spectrum shown in Fig. [7|(b) has a clean spatial profile, with significant signal at 35 eV.
In Fig. (c), we present the spectrum obtained after the two multilayer mirrors.
Harmonic 29 is clearly dominant with a estimated flux of 10'° photons/s. This scheme
thus opens the route to photoelectron circular dichroism experiments at this photon
energy.
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6. Coincidence electron-ion imaging

Coincidence electron-ion detection is a very powerful spectroscopic tool, with many
applications in a wide variety of fields, ranging from channel-resolved strong field
ionization [81], molecular orbital imaging [82], state-resolved photoelectron circular
dichroism in chiral molecules [83], to the measurement of orientation-dependent
attosecond Wigner delays in molecules [84]. The double electron-ion imaging offered
by COLTRIMS detectors enables for instance distinguishing the photoelectron spectra
from monomers and clusters [85], and to record molecular-frame photoelectron angular
distributions [86, R7]. In addition to this coincidence capacity, the use of delay-line
anodes in the COLTRIMS also enables the direct measurement of 3D photoelectron
angular distributions, without any symmetry asumption as required in velocity map
imaging. We recently used this property, combined with the benefit of the high
repetition rate of our YDFA laser, to record 3D photoelectron angular distributions
of chiral molecules ionized by an elliptically polarized laser field [36], or to investigate
chiral photoionization by tailored laser fields with sub-cycle chirality variations [8§].
While such laser-based studies are of undeniable interest, single-photon ionization by
XUV radiation remains the spectroscopic method of choice for many investigations. In
this section we thus present the coupling of our cascaded HHG XUV source with the
coincidence imaging electron-ion spectrometer.

As an illustration of the potential of the beamline, we studied the XUV
photoionization of xenon atoms and clusters. High-order harmonics were produced
using 7.5 W of 515 nm radiation at 166 kHz, and argon as the generating gas, leading
to a flux on target after the SiC mirrors of ~ 10 photons/s, as presented in section
4. This flux was sufficient to reach a 15 kHz count rate in the COLTRIMS, leaving a
significant margin of improvement in the case where processes with lower cross-sections
would be investigated. No elements were required here to filter out the 2wy field as
the 3 m focal length of the refocusing mirror prevents the appearance of multiphoton
processes.

Part of the events acquired are not usable in the final photoelectron angular
distribution for several reasons (noticeably the ion detector efficiency, the events coming
from the gas background in the interaction chamber and the events that come from a too
wide spatial extension of the beam along its propagation axis due to the lose focusing).
Moreover, at high repetition rate, the time between two consecutive laser shots becomes
shorter than the ion time-of-flight (about 12 us with Xe™ in our configuration). This can
increase the probability to record two events at a time without having the possibility
to unambiguously assign the corresponding electrons and ions. This can strengthen the
limit on the ionization per shot probability when using high repetition rates. 150M
counts were recorded in total in about 3 hours. Only 1.5M of them have been used
here as a damage on the ion MCPs limited the detection efficiency. We estimate that
replacing the detector would provide us with 30 times more usable signal.

Fig. shows the photoelectron angular distribution experimentally measured,
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Figure 8. Halves of the 3D photoelectron angular distribution recorded by ionizing
xenon with high harmonics of 515 nm pulses. Distributions associated with Xe
monomers (a), Xe dimers (b) and without coincidence filter (¢). The harmonics are
linearly polarized along z and propagate along x.

respectively in coincidence with the Xe monomers (a), the Xe dimers (b) and without
coincidence filter (c). In the clustering conditions used (the jet was produced by backing
the nozzle with 1 bar of xenon at room temperature), the ratio between monomer and
dimer counts was about 100:1. Photoelectrons associated with Xe monomers represent
97.8% of the signal, and appear with two peaks of kinetic energy centered at 3.3 eV and
4.6 eV. This corresponds to the ionization to the 5s25p° 2PY and 5s%5p° 2P§ states (of

respective ionization thresholds of 13.44 eV and 12.13 V) byche 7th harmonic of the 515
nm field (centered at 16.85 eV). The electrons produced by Xe dimers (2.2% of the signal)
show a kinetic energy distribution centered at 0.15 eV, and are produced by absorption
of the 5" harmonic centered at 12.04 eV, revealing the well-known ~ —0.24 eV
shift in the Ip of the dimer compared to the monomer [89].

This example typically illustrates the capacity of the photoelectron-photoion
coincidence imaging detection to disentangle the different contributions in a
photoelectron distribution, revealing the signal from a minority species in a mixture.

7. Conclusion

The combination of robust, turn-key laser technology with simple non-linear optics
and high-order harmonic generation results in an efficient and versatile source of
XUV radiation. The cascaded HHG process enables very high conversion efficiencies,
producing up to 1.8 mW of radiation. Various spectral selection configurations can
be implemented for different applications. In particular, the generation of circularly
polarized radiation at 35 eV, associated with the coincidence electron-ion imaging of
the COLTRIMS, opens the way to a broad range of investigations in time-resolved
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photoelectron circular dichroism [90].
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