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High harmonics with spatially varying ellipticity
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We present a method of producing ultrashort pulses of circularly polarized extreme ultraviolet (EUV) light through
high-harmonic generation (HHG). HHG is a powerful tool for generating bright laser-like beams of EUV and soft
x-ray light with ultrashort pulse durations, which are important for many spectroscopic and imaging applications in
the materials, chemical, and nano sciences. Historically HHG was restricted to linear polarization; however, recent
advances are making it possible to precisely control the polarization state of the emitted light simply by adjusting the
driving laser beams and geometry. In this work, we gain polarization control by combining two spatially separated and
orthogonally linearly polarized HHG sources to produce a far-field beam with a uniform intensity distribution, but
with a spatially varying ellipticity that ranges from linearly to fully circularly polarized. This spatially varying ellipticity was characterized using EUV magnetic circular dichroism, which demonstrates that a high degree of circularity is
achieved, reaching almost 100% near the magnetic M-edge of cobalt. The spatial modulation of the polarization
facilitates measurements of circular dichroism, enabling us to measure spectrally resolved magnetic circular dichroism
without the use of an EUV spectrometer, thereby avoiding the associated losses in both flux and spatial resolution,
which could enable hyperspectral imaging of chiral systems. Through numerical simulations, we also show the generality of this scheme, which can be applied with either the discrete harmonic orders generated by many-cycle pulses or
the high-harmonic supercontinua generated by few-cycle driving laser pulses. Therefore, this technique provides a
promising route for the production of bright isolated attosecond pulses with circular polarization that can probe
ultrafast spin dynamics in materials. © 2018 Optical Society of America under the terms of the OSA Open Access
Publishing Agreement
OCIS codes: (140.7240) UV, EUV, and X-ray lasers; (300.6300) Spectroscopy, Fourier transforms; (160.3820) Magneto-optical materials;
(190.4160) Multiharmonic generation.
https://doi.org/10.1364/OPTICA.5.000479

1. INTRODUCTION
High-harmonic generation (HHG) is an extreme nonlinear optical process in which an intense femtosecond laser pulse is coherently upconverted to produce ultrashort pulses of extreme
ultraviolet (EUV) and soft x-ray light [1–3]. As a unique tabletop
source of ultrafast and spatially and temporally coherent beams at
short wavelengths, HHG enables novel probes of atoms, molecules, and materials at their natural spatial and temporal scales.
Recent advances include the use of ultrafast photoelectron spectroscopy to uncover the fastest femtosecond to attosecond charge
dynamics known to date in molecules, nanoparticles, and materials [4–9], and the first subwavelength imaging at few-nanometer
wavelengths [10]. Traditionally, HHG is driven by a single
2334-2536/18/040479-07 Journal © 2018 Optical Society of America

linearly polarized laser, which results in linearly polarized high
harmonics [11–13]. However, novel combinations of two differently polarized driving lasers can produce bright circularly polarized high harmonics [14–20]. This polarization control in HHG
has made it possible to study nanoscale dynamics in magnetic,
molecular, and other spin-dependent systems [17,18,21–25].
Here, we present a method of producing circularly polarized
EUV light, which generates a high-harmonic beam with spatially
varying ellipticity (SVE-HHG) through the coherent superposition of two spatially separated and orthogonally linearly polarized
high-harmonic sources. In close analogy to a Young’s double-slit
experiment [26], two spatially separated high-harmonic sources
diverge to overlap in the far field (Fig. 1). If the polarization
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Fig. 1. Experimental setup. A common-path interferometer creates two orthogonally polarized and angularly separated beams, which are focused to
two spatially separated focal spots for driving the high-harmonic generation (HHG) process in a neon gas jet. The interferometer consists of a birefringent
plate and a pair of birefringent wedges (α-BBO), which split an incoming pulse into two orthogonally polarized and angularly separated pulses. The degree
of angular separation is controlled by the rotation of the second wedge about the vertical axis. A lens then focuses the two orthogonally polarized beams
into a gas jet and maps the angular separation into a spatial separation at the focus (exaggerated for clarity). The spatially separated focal spots each
independently drive the HHG process, yielding two orthogonally polarized HHG beams, which diverge to overlap in the far field and thereby produce a
far-field distribution with a spatially varying ellipticity (SVE-HHG). This ellipticity distribution is measured using the extreme ultraviolet magnetic
circular dichroism (EUV MCD) response of a cobalt thin film. The fundamental is blocked with an aluminum filter (not shown) to isolate the
EUV light before the magnetic sample. For clarity, idealized data are shown in the examples here.

vectors of the independent HHG sources are parallel, as in the
typical Young’s experiment, the far-field distribution exhibits intensity interference resulting in the classic fringe pattern [27].
However, if these two sources have orthogonal linear polarizations, then there are no interference fringes in the intensity.
Instead, there is a phase interference that results in a spatially varying ellipticity [28–30]. Therefore, in the far field there is a uniform intensity profile, but the polarization in the transverse plane
varies from linear to elliptical to purely circular polarization
(Fig. 1). We note that this scheme was previously proposed
for HHG in Zerne et al. [27] but to our knowledge has not been
demonstrated to date.
SVE-HHG is an interesting and advantageous geometry for
several reasons. First, both driving lasers are linearly polarized
and independently drive the HHG process, so that both the
single-atom and macroscopic physics of the HHG process are
identical to that of traditional single-beam HHG. This makes
SVE-HHG the first method to produce circularly polarized harmonics with the same cutoff photon energy and photon flux as
linearly polarized HHG. Furthermore, when there are several harmonic orders present, the far-field polarization distribution is the
coherent superposition of the spatially varying ellipticity of each
individual harmonic order. Therefore, for samples that are sensitive to the polarization, a high-harmonic spectrum can be
obtained via Fourier transformation of the spatial polarization
pattern along the direction of the ellipticity variations. We experimentally demonstrate that this ability provides for energyresolved measurements of circular dichroism without the use
of a spectrometer, thus avoiding the associated losses and enabling
spatially resolved spectroscopy of chiral systems. Finally, we show
through numerical simulations that this scheme is general and
can be applied to either discrete harmonic orders driven by
multi-cycle pulses or high-harmonic supercontinua driven by
few-cycle laser pulses. Therefore, SVE-HHG presents an exciting

route for the production of isolated attosecond pulses with circular polarization, enabling the study of the fastest known spin
dynamics in magnetic materials, which can occur on femtosecond
to attosecond timescales [9].
While other HHG approaches, such as the collinear or noncollinear mixing of counter-rotating beams, can also produce isolated attosecond bursts of circularly polarized EUV light [31–33],
there are significant challenges in extending those techniques to
the mid-infrared (IR). Mid-IR-driven HHG is advantageous because the harmonics are produced with higher photon energies
and naturally emerge as isolated attosecond bursts [34,35].
However, noncollinear HHG is hampered by a finite interaction
length and the need for high gas pressures to achieve reasonable
conversion efficiencies [36,37], both of which decrease the achievable flux. Collinear bichromatic HHG, on the other hand, suffers
from polarization degradation and eventual photon energy limits
due to the spectral overlap of oppositely polarized adjacent harmonic orders [18]. In contrast, SVE-HHG can be applied with
the same high conversion efficiency as single-beam HHG at any
wavelength and in any geometry (gas jet, gas cell, waveguide, etc.).
This makes mid-IR-driven SVE-HHG a promising route for
producing bright beams of circularly polarized isolated attosecond
pulses in the soft x-ray region.
2. EXPERIMENT
To experimentally implement this technique, we use a commonpath interferometer to split the driving laser (KM Labs Wyvern
HE, 800 nm, 45 fs, 1 kHz, 8 mJ) into two orthogonally polarized
beams, which are then focused into a gas jet to drive two independent HHG sources (Fig. 1). The common-path interferometer consists of a birefringent plate [α-BBO (beta-barium borate)]
with its extraordinary axis oriented vertically and a pair of birefringent wedges (α-BBO, wedge angle=100 mrad) with their
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extraordinary axes oriented horizontally [38–40]. First, the birefringent plate splits the incident fundamental beam into a timedelayed and orthogonally polarized pulse pair. Following the delay
plate, the beams encounter the first wedge such that one of the
beams is polarized along the extraordinary axis while the other
beam is polarized along the ordinary axis, which introduces an
angular separation between the two orthogonally polarized beams.
The second wedge compensates most of the angular separation
induced by the first wedge; however, small rotations of the second
wedge about the vertical axis leave a controllable amount of
angular separation between the two orthogonally polarized beams.
Additionally, since the extraordinary axis of the delay plate is
orthogonal to those of the wedges, the time delay between the
two fundamental pulses can be precisely compensated by the degree of insertion of the second wedge. Finally, a focusing lens
(f  25 cm, waist ∼40 μm) is positioned after the interferometer such that the angular separation between the two beams
(∼0.2 mrad) is mapped to a spatial separation (∼100 um) at
the focus (i.e., the second wedge is at the back focal plane
of the lens). Each linearly polarized beam independently drives
the HHG process in a neon gas jet, producing two spatially
separated and orthogonally polarized HHG sources (Fig. 1).
These two high-harmonic beams diverge and overlap in the far
field, thereby producing a uniform intensity distribution and a
sinusoidally spatially varying ellipticity.
3. CHARACTERIZATION OF FAR-FIELD
POLARIZATION
We confirm the spatially varying ellipticity of the SVE-HHG
scheme through EUV magnetic circular dichroism (EUV
MCD), in which the magnetic state of a material is probed by
the dichroic absorption of circularly polarized light (Fig. 1)
[41]. The helicity-dependent absorption of light by magnetic materials varies linearly with the degree of circularity of the illuminating field, i.e., with the ratio of the Stokes parameters, S 3 ∕S 0
[42,43]. Therefore, EUV MCD provides a rigorous characterization of the polarization state of this source. We perform EUV
MCD measurements on a 20-nm-thick cobalt film, which is supported on 200 nm of aluminum. An electromagnet magnetizes
the cobalt in the plane of the thin film, which is oriented at 45 degrees with respect to the direction of propagation of the harmonic
beam. This geometry results in a reasonable projection of the inplane magnetization vector along the spin-angular momentum
vector of the incident light. We compare the transmitted EUV
intensity for opposite magnetizations of the film (I ,− ) and
quantify the dichroism signal via the magnetic asymmetry,
A  I  − I − ∕I   I −  [42]. Placing a curved grating
(Hitachi 001-0266) after the magnetic sample spectrally resolves
the harmonics in one dimension while preserving spatial resolution in the dimension of the polarization modulations, thereby
enabling the measurement of the spatially resolved magnetic
asymmetry for each harmonic order individually.
While the transmitted intensity does not directly show any
interference due to the orthogonal polarization of the two harmonic sources [Fig. 2(a)], the spatially varying ellipticity is revealed upon subtraction of the transmitted intensity for the two
opposite magnetizations of the cobalt film [Fig. 2(b)]. This
polarization grating manifests as a sinusoidal variation in the
magnetic asymmetry spatially along the beam profile, which
is visible in several harmonic orders. Since the film is uniformly
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Fig. 2. Spatially varying ellipticity in SVE-HHG is characterized via
EUV magnetic circular dichroism (EUV MCD). (a) The spectrally
resolved intensity of harmonics transmitted through a uniformly magnetized 20-nm-thick cobalt thin film shows a spatially uniform intensity profile. (b) Subtraction of the harmonic intensity transmitted
through the cobalt thin film with two opposite magnetizations shows
a sinusoidal spatial variation vertically along each harmonic profile.
This is due to the differential absorption in MCD, which reveals
the spatially varying ellipticity across the high-harmonic beam profile.
(c) The amplitude of our measured EUV MCD asymmetry (red
circles) is compared with values in the literature (Valencia et al.
[44]) for the magnetic asymmetry expected from a 20-nm-thick cobalt
film [44] (blue line with errors represented by the shaded region) to
determine the maximum ellipticity present in the far-field polarization
distribution. The close agreement with previous measurements indicates a high degree of circularity. The errors on the SVE-HHG data
points represent the statistical errors in the fitting procedure and therefore do not capture any systematic effects. We estimate that the systematic errors present are smaller than the statistical ones shown here.

magnetized, this variation in the asymmetry is due to the spatially varying ellipticity of the high-harmonic light, where zero
asymmetry indicates linear polarization and positive or negative
asymmetry corresponds to either right or left circular polarization, depending on the sign of the MCD response of the
material. Therefore, the amplitude of the sinusoidal variation
in the magnetic asymmetry is directly related to the maximum
ellipticity present in the high-harmonic polarization distribution
[Fig. 2(b) inset]. Additionally, the relative phase of the sinusoidally varying asymmetry between harmonic orders indicates
the relative sign of the EUV MCD (see Supplement 1).
Comparison with literature values for the magnetic asymmetry of cobalt films [44] indicates that the degree of circularity
attained is high [Fig. 2(c)], approaching 100% near the magnetic
M-edge of cobalt (see Supplement 1). There are some discrepancies in the measured asymmetry at the harmonic orders below
the M-edge, especially for H35 at ∼55 eV. However, this difference is likely due to differences in the sample preparation techniques used here versus those in Valencia et al., which could
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modify the magneto-optical constants being probed. These small
modifications would have larger ramifications away from the
M-edge, where the MCD effect is small. While it is possible that
this deviation is due to a lower degree of circularity for H35, it is
physically unlikely that the polarization quality would vary so
much between adjacent harmonic orders. This is because no
such decreased circularity for a single harmonic order was seen
in the numerical simulations presented below, and there is no
resonance in neon or any other factors that we can identify that
would only affect H35.
To confirm these results, we repeated the measurement
with an unmagnetized sample and observed no modulations
in the asymmetry, indicating that these sinusoidal variations
are indeed due to EUV MCD in the cobalt film, thus confirming the spatially varying ellipticity of the high harmonics
(see Supplement 1). We note that reflection off the grating
does have polarization dependence, so that after the grating
the circularity of the harmonics is diminished. However,
the magnetic sample is upstream from the grating, so this does
not affect the MCD measurement. This polarization dependence can impart a fringe structure on the reflected harmonics
depending on the orientation of the polarization of the linearly polarized regions, which is useful for alignment purposes
but is minimized when taking MCD measurements (by rotating the linearly polarized regions to be an equal mixture of
s and p polarization).
4. SPATIALLY RESOLVED MAGNETIC
SPECTROSCOPY
After characterizing the spatially varying ellipticity and high degree of circularity obtained with SVE-HHG, we investigated this
scheme’s applicability for spatially resolved dichroic spectroscopy.
Spatially resolved spectroscopy is possible in SVE-HHG because
the far-field polarization pattern is a coherent superposition of the
sinusoidal ellipticity variation of each harmonic order present,
the spatial frequency of which depends on the harmonic wavelength. Consequently, a Fourier transform of the spatially varying
dichroism signal recovers the harmonic spectrum without the
need for dispersive optics [45], thereby avoiding the associated
losses in both flux and spatial resolution.
To demonstrate this unique capability, we measure the fully
spatially resolved EUV MCD response of the same cobalt thin
film, simply by propagating the harmonic beam directly from
the sample to the CCD without using a grating [Fig. 3(a)].
Again, the magnetic asymmetry shows clear spatial variations
[Fig. 3(b)], which, in this case, are the result of the coherent
superposition of the sinusoidal ellipticity variations of the four
harmonic orders contributing to the MCD signal [Fig. 2(b)].
A Fourier transform of the magnetic asymmetry along the plane
of ellipticity variation recovers the high-harmonic spectrum transmitted through the sample, multiplied by the energy-dependent
magnetic asymmetry [Fig. 3(c); see Supplement 1]. Therefore, by
independently measuring the spectral weights of the individual
harmonic orders transmitted through the sample, we can extract
the energy-dependent EUV MCD asymmetry. This measurement
is in excellent agreement with the MCD values obtained using
a spectrometer to spectrally disperse the harmonic orders
[Fig. 3(d)].
In this work, we measured the spectral weights of the transmitted harmonic orders using a grating. We only measured the
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Fig. 3. Energy-resolved EUV MCD without the use of a spectrometer.
(a) Intensity profile of the high-harmonic beam transmitted through a
thin cobalt film (20 nm). (b) Subtraction of the transmission through
the two opposite magnetizations shows the coherent superposition of
the spatially varying ellipticity of several harmonic orders contributing
to the MCD signal. (c) A Fourier transform (FT) of the spatially varying
EUV MCD asymmetry recovers the transmitted harmonic spectrum
multiplied by the energy-dependent dichroic response of the material
(solid blue curve). Therefore, scaling by the transmitted spectral weights
of the individual harmonic orders isolates the material’s dichroic response
(dotted red curve). (d) The relative EUV MCD asymmetry obtained using a spatial FT to separate the spectral content (blue) is in excellent
agreement with the values obtained by spectrally dispersing the harmonic
orders with a spectrometer (black), indicating that this scheme recovers
the spectrally resolved MCD response of magnetic materials without the
need for a grating. The blue shaded region indicates the standard
deviation in the FT-recovered MCD asymmetry.

spectral region near the cobalt M-edge, instead of the entire highharmonic spectrum, so that only the relative EUV MCD response
between harmonic orders could be calculated. However, measuring the entire transmitted spectrum does enable the recovery of
the absolute MCD response (see Supplement 1). An alternative to
using a grating to measure the transmitted HHG spectrum is to
instead characterize the harmonics by making the polarization of
the two focal spots parallel, which results in an intensity interference that similarly contains the spectral weights.
5. NUMERICAL SIMULATIONS
We further support these experimental characterizations with
theoretical simulations of SVE-HHG including propagation
[46] (see Supplement 1 for details). In the simulations, as in
the experiment, two independent orthogonally polarized focal
spots (800 nm, 10.6 fs pulse duration) drive the HHG process
in neon gas, and the single-atom response is propagated to the far
field, where the beams overlap. The resulting polarization distribution exhibits a sinusoidal spatial variation in the degree of
circularity for each harmonic order, which can be seen by isolating
the projection of the polarization distribution into pure right circular polarization [Fig. 4(a)]. The projection along left circular
polarization is identical except for being spatially phase shifted
by π.
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energy resolution than that attainable with spectrally isolated high
harmonics. In the supercontinuum case, the energy resolution is
limited only by the geometry of both the source and sample and
the subsequent energy resolution obtained from the spatial
Fourier transform. In the present work, we achieved an experimental energy resolution of ∼1.3 eV, which was adequate to distinguish the well-separated high-harmonic orders (∼3 eV
separation). This energy resolution can be increased by both moving the focal spots farther apart to increase the fringe density and
increasing the angular range over which light is detected. Through
these numerical simulations, we have demonstrated good agreement between the true spectrum and the spectrum obtained via
spatial Fourier transform. However, we find small discrepancies
between the two due to the nonuniform intensity distribution
across the Gaussian focal spots and the resulting transversephase-matching conditions [47,48]. These discrepancies could
therefore be mitigated by using flat-top beams to drive the
HHG process (see Supplement 1).
6. DISCUSSION AND CONCLUSIONS

Fig. 4. Numerical simulations of SVE-HHG visualized by taking the
projection of the far-field polarization distribution along pure rightcircular polarization. (a) For multicycle pulses, the HHG emission is
spectrally resolved into well-separated harmonic orders, which each
exhibit a polarization modulation with a spatial frequency that depends
on the harmonic order; (b) for near-single-cycle pulses, an HHG supercontinuum is produced. However, every energy level still exhibits sinusoidally varying elliptictiy with a well-defined spatial frequency that
increases with increasing photon energy. (c) This HHG supercontinuum
corresponds to an isolated attosecond pulse in the time domain, which is
either circularly, elliptically, or linearly polarized depending on divergence
angle (0.02 mrad for circular; see Supplement 1).

After confirming that SVE-HHG does indeed produce a spatially varying ellipticity that reaches pure circular polarization, we
performed similar simulations with near-single-cycle pulses
[2.9 fs; Fig. 4(b)]. Here a quasi-supercontinuum is generated instead of individual harmonic orders, but the unique polarization
properties of this source are maintained. This makes SVE-HHG a
promising route for producing bright isolated attosecond pulses
with circular polarization [Fig. 4(c); see Supplement 1]. While it is
potentially possible to make circularly polarized isolated attosecond pulses via either collinear [31] or noncollinear [32,33] mixing
of two counter-rotating driving lasers, these methods suffer from a
decrease in flux due to either single-atom or macroscopic effects.
Fortunately, in SVE-HHG the HHG process itself is identical to
single-beam HHG, so the attainable fluxes and cutoff photon energies are just as high as in traditional single-beam HHG.
Additionally, since the SVE-HHG supercontinuum still exhibits
a clear sinusoidal polarization modulation at every energy level, a
spatial Fourier transform will still be able to recover the spectral
content. Therefore, SVE-HHG can be extended to HHG supercontinua to measure spatially resolved EUV MCD with greater

In conclusion, we experimentally and theoretically demonstrate that
two spatially separated and orthogonally linearly polarized harmonic
sources can be combined to produce a high-harmonic beam with
sinusoidally spatially varying ellipticity in the far field. We found
that this polarization distribution exhibits regions with a high degree
of circularity, thereby making SVE-HHG a useful technique for
studying circular dichroism in the EUV. Additionally, numerical
simulations show that SVE-HHG is compatible with short-pulse
driving lasers, enabling the production of isolated attosecond pulses
with circular polarization to probe the fastest chiral processes known
to date [9]. Indeed, SVE-HHG is a promising route for producing
circularly polarized isolated attosecond pulses with mid-IR driven
HHG, since it does not suffer from the unfavorable scalings that
hinder the extension of other methods of circularly polarized
HHG into the mid-IR. Furthermore, we have shown that SVEHHG enables spatially resolved spectroscopy of dichroic samples.
This capability arises because energy resolution can be recovered
through the spatial variation in the ellipticity of the source itself without the use of a spectrometer, thereby allowing us to obtain spectral
resolution without sacrificing spatial resolution. One limitation of
SVE-HHG is that the attainable HHG spot sizes are larger than
those achievable in other methods of circularly polarized HHG.
Therefore, although the flux is comparable to that of single-beam
HHG, the fluence on a sample may be lower. This increase in spot
size arises because in SVE-HHG the source cannot be imaged to the
sample without losing the SVE present in the far-field beam.
However, it is possible to instead image the far-field beam to a sample with a large demagnification to maintain the polarization properties upon focusing. While this will indeed result in larger spot sizes
than if the source itself could be imaged, there are many experiments
that do not require the smallest spot sizes or highest fluences in
which SVE-HHG would be applicable. Another situation where
other methods of circularly polarized HHG are better suited than
SVE-HHG is when a pure beam of a single polarization state is required. While there are some experiments where a pure circularly
polarized beam is necessary, such as photoelectron circular dichroism
studies, there are also many situations where spatially varying ellipticity is acceptable or even advantageous.
Looking forward, an exciting extension of this technique is to
combine it with Fourier transform spectroscopy by controlling the
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time delay between the two high-harmonic sources [34,38,49–52].
In that case, the energy resolution achievable would be limited by
the range in time that is scanned instead of the source and sample
geometry, enabling higher energy resolution than can feasibly be
obtained with the current scheme. This increase in energy resolution via Fourier transform spectroscopy is especially useful in combination with short-pulse driving lasers to easily exploit the
energetically dense supercontinuum spectrum. Additionally, controlling the time delay between the two sources is advantageous
because it entails EUV MCD measurements through changing
the local helicity of the light, instead of flipping the magnetization
state of the sample. This capability enables the study of dichroism
in samples that are not uniformly magnetized, such as magnetic
domains and grain boundaries, or high-coercivity samples that
cannot be magnetized along an external magnetic field. Finally,
we note that when the time delay is scanned, SVE-HHG is, in
principle, compatible with coherent diffractive imaging techniques,
enabling nanoscale hyperspectral magnetic imaging.
Note: Certain commercial equipment, instruments, or materials are identified in this paper in order to specify the experimental procedure adequately. Such identification is not intended to
imply recommendation or endorsement by the National
Institute of Standards and Technology, nor is it intended to imply
that the materials or equipment identified are necessarily the best
available for the purpose.
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