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Abstract: High-harmonic generation (HHG) is a unique tabletop light source with femtosecond-
to-attosecond pulse duration and tailorable polarization and beam shape. Here, we use counter-
rotating femtosecond laser pulses of 0.8 µm and 2.0 µm to extend the photon energy range of
circularly polarized high-harmonics and also generate single-helicity HHG spectra. By driving
HHG in helium, we produce circularly polarized soft x-ray harmonics beyond 170 eV—the highest
photon energy of circularly polarized HHG achieved to date. In an Ar medium, dense spectra at
photon energies well beyond the Cooper minimum are generated, with regions composed of a
single helicity—consistent with the generation of a train of circularly polarized attosecond pulses.
Finally, we show theoretically that circularly polarized HHG photon energies can extend beyond
the carbon K edge, extending the range of molecular and materials systems that can be accessed
using dynamic HHG chiral spectro-microscopies.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

High harmonic generation (HHG) is the most extreme nonlinear optical process observed to date,
[1,2,3] upconverting femtosecond laser light into short-wavelength high harmonics that can span
>5000 orders [4]. When optimally phase matched, [4,5,6,7,8,9] HHG is a robust tabletop-scale
source of bright, coherent, extreme ultraviolet (EUV) and soft X-ray (SXR) beams, [10,11] with
pulse durations in the femtosecond and attosecond range [12,13,14,15] that can capture the fastest
charge, spin, and phonon interactions in molecules and materials [16,17,18,19,20]. Moreover,
the high spatial and temporal coherence of HHG sources has enabled powerful new capabilities
in nanoscale functional imaging [21,22,23,24,25,26].

In HHG in gases, an electron wavepacket is liberated from the ground state of an atom,
then accelerated by the laser field, before recombining with the parent ion via a radiative
dipole transition from laser-dressed continuum states back to the ground state [3,27,28]. As
a result, the properties of the emitted HHG radiation are exquisitely sensitive to the driving
laser field [29] and the electronic structure of the HHG medium. These principles have been
successfully exploited to tailor the spectral, temporal, spatial, and polarization properties of high
harmonics, enabling the generation of circularly polarized EUV/SXR radiation [30,31,32,33,34],
high-harmonics with unique spatial angular momentum structure [35,36,37], single attosecond
pulses [13,15,28,38], and bright phase-matched high-harmonics spanning from EUV to keV
photon energies [4,5,7,11,12].
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In particular, when HHG is driven by a “bicircular” laser field composed of two circularly
polarized, counter-rotating laser fields (bicircular) [39,40], selection rules for the conservation
of spin angular momentum lead to the emission of pairs of harmonics, each with left and right
circular polarization. Initial works used a bichromatic laser field composed of a fundamental
laser (ω1) field and its second harmonic (ω2=2ω1), which results in a characteristic three-fold
symmetric driving laser field [31,41]. This results in good phase matching and bright HHG
emission, [31,32] since the shape of the driving laser field remains constant with propagation—in
contrast to driving HHG with a linearly-polarized bichromatic field. Moreover, by adjusting the
relative intensity of the individual laser fields, the ellipticity of the underlying attosecond bursts
can be controlled [42,43], providing elliptically polarized EUV waveforms for spectroscopy of
chiral systems [44,45,46]. However, the bright HHG photon energy cutoff is reduced compared
to linearly polarized fields. Pushing beyond these limits involves the use of optimized phase-
matched geometries with long interaction lengths, as well as using longer wavelength lasers
in the mid-infrared (MIR). For instance, Fan and coworkers showed that BHHG driven by
non-commensurate 0.8 µm and 1.3 µm lasers leads to emission of elliptical high-harmonics in
the SXR region, which enabled x-ray magnetic circular dichroism (XMCD) measurements at the
Gd N edge (∼145 eV) [32].

In this work, we demonstrate that high harmonics driven by bicircular MIR laser fields can
exhibit a photon energy cutoff that extends well into the SXR region. By driving high harmonics
from He in a waveguide geometry with bicircular laser fields of 0.8 µm and 1.3 µm, we generate
bright, highly elliptically polarized high-harmonic spectra up to 170 eV. This photon energy
range spans many of the N absorption edges of rare-earth ferrimagnetic materials (e.g., Gd, Tb,
Dy), enabling new regimes of magnetic spectroscopies from table-top sources. We also reveal
new physics in the vicinity of the Cooper minimum electronic resonance in Argon gas: with
optimal phase matching, an HHG spectrum composed of a single helicity is obtained beyond the
Cooper minimum in Ar, spanning the M edges of many 3d magnetic materials. In previous work,
circularly-polarized HHG spectra generated in Ar exhibit a characteristic helicity reversal near the
Cooper minimum [45,47] (as also observed in this work), but harmonics of both helicities were
still present after the Cooper minimum. Here we utilize a phase-matched waveguide geometry to
exploit this reversal and, for the first time, synthesize a high-harmonic spectrum composed of a
single helicity. These results clearly demonstrate the advantages of employing bicircular fields
with MIR components, while also providing unique light sources capable of probing chiral and
electronic dynamics in materials, nano and molecular systems.

2. Experimental and theoretical methods

2.1. Experimental methods

In our experiment, circularly polarized high harmonics are generated in He, Ne, or Ar via collinear
mixing of circularly polarized near-infrared (NIR) (0.8 µm, 45 fs, right circularly polarized
(RCP)) and MIR laser fields (1.3 or 2.0 µm, left circularly polarized (LCP)) in a hollow-core,
gas-filled capillary waveguide (see Fig. 1).

Approximately 90% of the output of a single-stage Ti:sapphire laser amplifier (9 mJ, 45 fs,
1 kHz, KMLabs Inc.) is sent into a home-built three-stage optical parametric amplifier (OPA)
[48] to generate the MIR driving field, while the residual 10% of the output is utilized for the
NIR driving field. The signal (1.3 µm, 45 fs, 1.7 mJ) and idler waves (2.0 µm, 50 fs, 0.9 mJ)
are generated via nonlinear mixing in three beta-barium borate (BBO) stages in the OPA. The
NIR and MIR fields are then passed through a Mach-Zhender interferometer, with waveplates
(λ/2 and λ/4) inserted in each arm to produce circularly polarized beams of opposite helicity
(an NIR beam of RCP and an MIR beam of LCP)). Additional waveplate-polarizer pairs are
used to control the intensity prior to focusing the combined NIR (maximum coupled pulse
energy of 0.4 mJ) and MIR (maximum coupled pulse energies of 1.5/0.7 mJ, for the 1.3/2.0
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Fig. 1. (a) Experimental setup for HHG driven by a near-IR and mid-IR bicircular laser field.
Highly elliptically polarized high harmonics are generated in a high-pressure hollow-core
waveguide, and the emitted radiation is imaged onto a CCD camera. The inset depicts
the transverse field profile of the bicircular field composed of 0.8 and 1.3/2.0 µm pulses,
plotted over 2 cycles. (b) Bicircular HHG spectra produced in Ar and Ne with a 0.8+ 2.0
µm field with a backing pressure of 350 and 500 Torr, respectively (total intensities of
IAr = 9.3 × 1013 Wcm−2 and INe = 1.7 × 1014 Wcm−2) and in (c) He using a 0.8+ 1.3
µm bicircular field with a backing pressure of 600 Torr (IHe = 2.3 × 1014 Wcm−2). HHG
in Ar easily extends beyond the Cooper minimum (dashed grey line), while HHG in He
extends beyond the N absorption edges of 4f rare-earth ferromagnetic elements.

µm beams) beams into the hollow-core waveguide. For all BHHG spectra presented here, the
intensity ratio of the bicircular field is set to Iω1/Iω2 ∼ 2.0, by adjusting the pulse energies prior
to coupling into the waveguide (where Iωi is the intensity of the NIR (i=1) or MIR field (i=2)).
This yields the following estimated intensities for each media: for Ar, Iω1 = 6.1 × 1013 Wcm−2

and Iω2 = 3.2 ×1013 Wcm−2 for Ne, Iω1 = 1.1 ×1014 Wcm−2 and Iω2 = 6.9 ×1013 Wcm−2, and
finally for He, Iω1 = 1.2 ×1014Wcm−2 and Iω2 = 1.1 ×1014Wcm−2. The exit of the waveguide is
directly imaged onto an X-ray CCD camera (Andor, DO940PN) via an X-ray imaging spectrometer
composed of a flat grating and a pair of Kirkpatrick-Baez mirrors (Hettrick Scientific). Thin
aluminum and zirconium foils are placed into the beam path before the spectrometer to reject
the intense bicircular driving field and also to calibrate the spectrum. All BHHG spectra are
corrected for the (theoretical) transmission of the beamline (e.g., filters, spectrometer optics, and
grating efficiency) and the source flux is estimated by converting CCD counts to incident photons
using the manufacturer specifications of the CCD camera.

2.2. Theoretical simulations

In order to gain insight into the capability of MIR sources to extend the BHHG cutoff towards the
SXR region, we have performed theoretical simulations based on the Strong Field Approximation,
without resorting to the saddle point approximation [29,49,50,51,52]. Note that it is known that
the SFA gives better agreement, both qualitatively and quantitatively, against the solution of
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the time dependent Schrodinger equation [53], and that in the case of the bicircular field, the
complexity of the classical trajectories hinders the application of the saddle point approximation
[54]. The driving field is described as a superposition of two counter-rotating circularly polarized
laser pulses, with central wavelengths of λ1 and λ2 (λ1 >λ2). The temporal envelope of each
pulse is modelled with a trapezoidal function with two cycles of linear turn-on, four cycles of
constant amplitude and two cycles of linear turn-off (in terms of cycles of λ1). The choice of
a trapezoidal envelope function (as opposed to more complex pulse shapes) is to reduce the
computational demand of the simulations, while still providing good agreement with experimental
BHHG spectra. The electric field amplitudes of each driver have an associated intensity of
I1 = I2 = 2 × 1014W/cm2, which is commensurate with the achievable intensities from current
high-intensity, table-top MIR light sources and also allows us to safely neglect effects from
overionization of the He medium and other nonlinear effects.

3. Results and discussion

3.1. Generation of bright, spectrally dense, and high-energy circularly polarized high
harmonics

The use of bichromatic NIR and MIR circularly-polarized driving laser fields offers unique
advantages. First, the NIR-MIR bicircular fields inherently yield a dense harmonic spectral comb,
which is a direct result of the spin-constrained upconversion process. Spin-conservation results
in a spectrum of HHG doublets consisting of peaks with alternating helicity, separated by regions
where HHG is spin-forbidden, at least for perfectly circularly polarized laser fields [32]. While
we do not measure the polarization of the high harmonics in this work (which would require a
well-calibrated spectrometer and polarimeter over a wide energy range), we note that the strong
suppression of spin-forbidden peaks indicates that the resulting harmonics are at least highly
elliptically polarized. The helicity of the harmonic peaks is easily determined by the relative
helicities of the components of the bicircular field. The lower (higher) energy peak in each doublet
co-rotates with the lower (higher) frequency component of the bichromatic field, while the peaks
are separated by their difference in photon energy (ω1-ω2, Figs. 1(b)-(c)). Additionally, each
peak in the doublet is separated by a neighboring doublet by the sum of the photon energies of
the two drivers (ω1+ω2, Figs. 1(b)-(c)) [31,32,41,55,56]. This yields a high density of harmonic
peaks when using NIR-MIR bicircular fields (Figs. 1(b)-(c)). Additionally, the longer wavelength
of the MIR field significantly increases both the single-atom and the phase-matched cutoff photon
energy. This results in SXR harmonics in He that span the N absorption edges of many 4f
rare-earth magnetic elements (Fig. 1(c)). Meanwhile, the MIR component results in a shorter
temporal-phase-matching window [5,7,14,32] that serves to broaden the harmonic peaks, which
increase their spectral coverage for applications in spectroscopy or imaging.

Aside from these general characteristics of NIR/MIR bicircular-driven BHHG, the comparison
of all three spectra highlight the unique physics inherent to BHHG as compared to single-color
linear HHG, in particular the propensity rules that govern the relative intensity of LCP and RCP
harmonic peaks [42]. First, we note that in Ar the intensity of RCP harmonics is higher than those
of LCP harmonics until ∼50 eV, which corresponds to the Cooper minimum (discussed further
below). This preference for harmonics co-rotating with the NIR driver is a result of the higher
intensity of the NIR component of the bicircular field, and can be used as a control parameter
to tailor the ellipticity of the underlying attosecond pulse trains [42,43]. In Ne; however, the
opposite is observed; intensities of RCP harmonics are lower than those of LCP harmonics
(except near the cutoff) despite the higher intensity of the NIR field. The difference in Ar and Ne
is due to the differing phases and amplitudes of the recombination dipole matrix elements, which
tend to favor harmonics that rotate with the lower-frequency driver in Ne, as also observed in Ref.
[42]. Finally, in He we observe a similar intensity of RCP and LCP harmonic orders, which is
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due to the electrons being ionized from an initial s state and thus leads to similar amplitudes for
the recombination matrix elements, and thus similar RCP and LCP harmonic intensities.

3.2. Bright, single-helicity high harmonics covering M-absorption edges of ferromag-
netic materials

One of the more striking features of the HHG spectrum in Ar driven by 0.8 µm+ 2.0 µm fields
is the sharp reversal of the spectral intensities of RCP and LCP harmonics at photon energies
around ∼50 eV, corresponding to the Cooper minimum in Ar (Figs. 1(a) and 2(a)). This Cooper
minimum-induced helicity reversion in Ar was observed in Ref. [45,47], and is attributed
to the different amplitudes and phases of the transition dipole matrix elements for electron
recombination from laser-dressed continuum states. Destructive interference in the vicinity
of the Cooper minimum typically results in a characteristic spectral dip in the HHG spectra
[45,47,57,58,59]. However, unlike previous studies, we do not observe a decrease of the overall
HHG yield near the Cooper minimum (aside from a slight decrease in LCP harmonic intensity
near 45 eV, also observed in Ref. [42]). Instead, we observe a smooth variation of the HHG
intensities across the entire harmonic envelope––the harmonic peaks remain discrete, while also
retaining their spectral width (Figs. 1(b),2(a)). This absence of a dip could be the result of the
concerted effects of phase matching [5,7,59] in the hollow core capillary and the exact parameters
of the bicircular field [60]. This unique characteristic allows us to actively reshape the spectrum,
by driving the HHG process at high pressure. In this case, we observe an intensity reversal
and near complete suppression of RCP harmonics beyond the Cooper minimum, resulting in
a high-energy spectrum consisting of harmonics of a single helicity. The presence of a single
helicity supports a train of circularly polarized attosecond pulses, which can be obtained by
filtering for the near cutoff harmonics. Finally, we note that the single helicity portion of the HHG
spectrum in Fig. 2(b) naturally coincides with the M absorption edges of 3d transition-metal
ferromagnets (e.g., Fe, Co, and Ni).

3.3. Comparison of BHHG and linearly polarized HHG cutoffs and extension of BHHG
cutoffs into the “water window”

In order to explore the photon energy limits to which bright, phase matched, circularly-polarized
HHG can extend, we experimentally determined the high-energy harmonic cutoff in Ar, Ne,
and He employing either 1.3 or 2.0 µm as the MIR component of the bicircular field. To date,
the observed cutoffs lie somewhere between the linearly polarized cutoffs of the constituent
laser fields. However, a rigorous experimental study is still lacking. To explore the cutoffs
for combined NIR-MIR driving lasers, we first optimize the HHG spectrum for suppression of
spin-forbidden peaks and for brightness. We then change the helicity of one laser to linear and
record the experimental cutoff for each beam in the bicircular field without changing the pulse
energy in the beam. As expected, we find that the experimental HHG cutoffs lie between the
cutoffs obtained for the linearly polarized fields (Fig. 3(a)).

To further probe the photon energy limits for bright circular HHG, we employ theoretical
simulations to show that by using a combination of counter-rotating MIR lasers, the HHG spectra
can extend into the water window region, beyond the carbon K edge (Figs. 3(b)-(d)). Moreover,
the lower photon energies of MIR drivers lead to a much higher spectral density of the emitted
harmonics. This can enable chiral spectroscopies and imaging of organic compounds with a
higher spectral resolution than in previous studies employing circularly polarized HHG sources for
chiral spectroscopies and imaging. High-pulse energy MIR sources based on optical parametric
chirped pulse amplification (OPCPA) technology, along with advances in MIR polarization
optics, can thus be used produce bright, circularly-polarized SXR light.

The use of non-commensurate NIR-MIR bicircular fields thus has the clear advantages of
accessing higher HHG photon energies and higher spectral density; however, there are practical
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Fig. 2. (a) Comparison of the experimental (open symbols) and theoretical (filled symbols)
circularly polarized HHG cutoffs for a NIR-MIR bicircular driving field (open squares), as
well as the linearly polarized cutoffs for each laser wavelength (open diamonds 2µm, open
triangles 1.3µm, open circles 0.8µm). The theoretical cutoffs for the MIR-MIR bicircular
field extend beyond the carbon K edge, well into the water window of the SXR region. (b-d).
Theoretical HHG spectra obtained in He with a MIR-MIR bicircular fields, exhibiting a
dense spectrum spanning the carbon K absorption edge (dashed-gray line).

aspects that must be considered when constructing a bicircular field with a MIR component for
bicircular HHG. For instance, the spectral density increases with increasing the wavelength of the
MIR component, because the separation between adjacent harmonics in each doublet decreases.
Additionally, harmonic peaks arising from channels where an additional photon of the “wrong”
polarization is absorbed can appear very close to the main right and left circularly polarized
harmonic doublets [32], and suppressing these harmonic peaks requires sufficient spectral
resolution so that they can be discerned from the main doublets. This places strict demands
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Fig. 3. (a) High-pressure circularly-polarized HHG spectrum in Ar, exhibiting a complete
suppression of right circularly polarized harmonic orders just beyond the Cooper minimum
(dashed grey line). (b) Intensity asymmetry (A = (ILCP − IRCP)/(ILCP + IRCP)) of each
harmonic doublet in (a), at different pressures.

on the accuracy of waveplates and the spectral resolution of the spectrometer. Additionally,
MIR drivers require higher pressures for proper phase matching as compared to NIR laser fields,
which requires optimized geometries and vacuum systems to obtain bright, high-energy spectra.
Despite these technological challenges, schemes employing MIR components for driving BHHG
should be highly successful for producing coherent, circularly polarized SXR radiation into the
water window and potentially to the L absorption edges of magnetic materials containing 3d
transition metals.

4. Conclusion

In summary, we have experimentally and theoretically demonstrated the unique advantages of
employing an optimized phase matching geometry coupled with bicircular fields possessing MIR
components for producing high energy, highly elliptically polarized high harmonics. Such a
combination has allowed us, for the first time, to generate a high-harmonic spectrum consisting
of a single helicity without the need of additional optics or beamline components. This unique
spectrum should also stimulate additional theoretical investigations into the quantum dynamics
of Cooper minimum-induced phenomena in HHG. We have also shown that high-energy spectra
obtained in He span the N absorption edges of 4f rare-earth ferromagnetic elements, which
provides for a bright, tabletop source for studying spin dynamics in emerging spintronic devices
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and materials. Additionally, we have utilized these results to provide a roadmap for scaling
of photon energies in BHHG, and shown via advanced theoretical simulations that circularly
polarized SXR harmonics can be generated that span the carbon K edge. As such, these results
not only provide for unique tabletop sources of highly elliptically polarized EUV and SXR
light, but should also stimulate the development of MIR bicircular schemes for producing high
harmonic spectra beyond the water window that reach the L absorption edges of 3d transition
metals.
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