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Ultrafast extreme-ultraviolet (EUV) and soft X-ray beams 
carrying spin angular momentum are used in many dif-
ferent fields of science due to their ability to temporally 

investigate the structural, electronic and magnetic properties of 
materials. For example, ultrafast circularly polarized beams are 
particularly important in the study of chiral molecules, making 
it possible to discriminate between enantiomers and resolve their 
dynamics. Bright ultrafast beams with adjustable polarization have 
recently been produced using both free-electron laser (FEL) facili-
ties1–4 and tabletop high-harmonic generation (HHG) set-ups5–9. 
Several schemes to generate circularly polarized beams have been 
implemented at X-ray FELs, including converting linearly polar-
ized beams to circularly polarized beams using a phase retarder, 
or by using special undulators to precisely control the motion of 
electrons, and thus the polarization of the emitted radiation. FEL 
X-ray pulses are emitted with pulse durations as short as tens of 
femtoseconds10. However, although FEL radiation is well known 
for its brightness, the high cost of such large-scale facilities results 
in limited access.

A tabletop alternative to FELs is the extreme nonlinear optical 
process of HHG, where infrared light from a femtosecond laser can 
be coherently upconverted to produce fully coherent beams in the 
EUV and soft X-ray regimes with sub-femtosecond or attosecond 
pulse durations. HHG is a non-perturbative process that has both 
microscopic and macroscopic character. Microscopically, an atom 
is first ionized by the driving field, then the electronic wave packet 
is accelerated and finally driven back to recollide with the parent 
ion11,12. In this last step, the kinetic energy acquired from the laser 
field is released as high-frequency harmonics of the fundamental 
laser. Macroscopically, the phase relationship between harmon-
ics radiated from different atoms in the target becomes crucial for 
determining both the efficiency and the spatio-temporal properties 
of the emitted coherent radiation13–17.

Although tremendous progress has been made in generating 
and using linearly polarized high-harmonic beams, until recently 
it was not possible to directly generate bright circularly polarized 
HHG pulses. This is because when HHG is driven by a linearly 
polarized laser, the ionized electronic wave packet accelerates on a 
linear trajectory and therefore easily recollides with the parent ion. 
In contrast, with circularly polarized driving lasers (or elliptically 
polarized lasers with large ellipticity), the probability of electron 
recollision is strongly suppressed and therefore no harmonics are 
emitted18,19. Alternatively, EUV waveplates could be used to convert 
linearly polarized harmonics to circular polarization; however, this 
is extremely inefficient and is restricted to narrow bandwidths20.

Recent work has demonstrated the synthesis of bright circularly 
polarized high-harmonic attosecond pulse trains by modifying the 
microscopic physics of HHG through the combination of collin-
ear counter-rotating beams with different frequencies and macro-
scopic phase matching5,6,8,9,21. More recently, by using non-collinear 
counter-rotating circularly polarized driving lasers for HHG (NCP-
HHGs), circularly polarized trains of attosecond pulses were exper-
imentally generated that emerge as angularly separated beams22. 
Furthermore, numerical simulations suggest that isolated attosec-
ond bursts of circularly polarized light can be generated in NCP-
HHG, provided that the driving laser pulse duration is reduced to 
the few-cycle regime23.

Here we experimentally generate circularly polarized high-
harmonic EUV supercontinua, spanning photon energies from 20 
to 45 eV, and thus supporting 190 as (transform-limited) isolated 
pulses. As discussed in more detail in the following, although the 
single isolated high-harmonic burst is predicted to be linearly 
chirped to ~330 as, it represents, to our knowledge, the broad-
est coherent circularly polarized supercontinuum generated 
so far. This experiment is realized by the use of few-cycle pulses 
synthesized from compressed multiple thin-plate supercontinua 
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(MPContinua)24. The unique scalability of the MPContinuum tech-
nique enables the realization of almost identical near-single-cycle 
driving pulses without using split mirrors or a second compressor 
set-up. To characterize the isolated circularly polarized high-har-
monic pulses, the pulse temporal contrast is characterized using an 
EUV Fourier-transform field autocorrelation, which is a reliable 
technique to distinguish an isolated EUV pulse from a train of such 
pulses25. Most importantly, we show that this work provides the first 
polarization control of isolated high-harmonic pulses. We smoothly 
control the ellipticity of isolated EUV pulses, from linear through 
elliptical to circular polarization, while retaining the conversion 
efficiency. Remarkably, the polarization control is based on the non-
perturbative nature of HHG, as we unequivocally demonstrate that 
the polarization state of the isolated EUV pulses depends strongly 
on the quantum trajectory followed in the HHG process. The polar-
ization state of the isolated high-harmonic pulses is fully analysed 
with a rigorous and reliable polarimeter composed of two rotat-
able sets of triple-reflection polarization analysers, which unam-
biguously determine their ellipticity (the ratio of the minor axis to 
the major axis of elliptically polarized light), helicity (left-handed 
or right-handed circular polarization) and degree of polarization 
(the energy portion of pulses that is polarized). The generation and 
characterization of arbitrarily polarized high-harmonic pulses rep-
resents a major breakthrough in attosecond science, enabling the 
real-time measurement of energy and angular momentum transfer 
in magnetic materials and the symmetry-dependent characteristics 
of chiral molecules.

Polarization control of isolated high-harmonic pulses
To control the ellipticity of high-harmonic EUV pulses εEUV, two 
identical elliptically polarized few-cycle fundamental laser beams 
with equal ellipticity εIR (but opposite helicity) were prepared and 
focused into a gas jet in a non-collinear geometry (Fig. 1). These 
two electric fields can be written as
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where EIR,R (EIR,L) represents right-handed (left-handed) ellipti-
cally polarized infrared (IR) light, k =  2π /λIR is the fundamental 
wavevector, λIR is the wavelength of the driving laser, θ is the half-
crossing angle between the two fundamental laser beams, x and z 
are the transverse and longitudinal distances away from the cen-
tre of the focal plane, respectively, τ is the full-width at half-max-
imum (FWHM) pulse duration, D is the delay between these two 
Gaussian-shaped electric fields, ω is the angular frequency of the 
driving laser, and ΦCEP is the carrier-envelope phase of the funda-
mental pulses.

At the focal plane (z =  0) and for perfect temporal overlap (D =  0), 
the electric field Efocus becomes
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Therefore, E-field vectors are created on the focal plane rotating 
across the transverse direction �x  with a period of 2π /(ksinθ). For any 
specific position x, the local E-field oscillates linearly, which is ideal 
for efficient single-atom HHG. In the far-field, the high-harmonic 
field distribution and vector varying with time can be numerically cal-
culated with the ‘thin slab model’ (TSM)26,27, a semiclassical method 
based on Fraunhofer diffraction (see Supplementary Section 2 for 
details). The diffraction integral of the linearly polarized oscillating 
high-harmonic field distributed along �x  (Fig. 1) results in two ellipti-
cally polarized EUV beams. Because both the amplitude and phase of 
HHG on the focal plane are coherently scaled and spatially imprinted 
by the driving IR field, εEUV can be well controlled by εIR, forming 
the ellipticity scaling as ε ε ε∝ −. .

EUV IR
4 5

IR
4 8, as discussed in more detail 

in the section ‘Complete polarization control of isolated EUV pulses’.

isolated, circularly polarized EuV pulses
The output of a Ti:sapphire amplifier (30 fs, 1 kHz, 480 μ J) was split 
into two beams using a slightly misaligned Mach–Zehnder interfer-
ometer (Fig. 1). Both linearly polarized laser beams were focused into 
an array of individual thin quartz plates of 50 μ m thickness to coher-
ently broaden the pulse bandwidth (Supplementary Section 1 and 
ref. 24). The resulting MPContinua were simultaneously compressed 
using the same chirped mirrors to ~3.6 fs (1.3 cycles), as confirmed 
by polarization gating cross-correlation frequency-resolved opti-
cal gating28. The NCP-HHG was implemented by inserting quarter 
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waveplates into the two laser beams to produce counter-rotating 
polarization states. The two laser beams were then focused in a 
crossed-beam geometry onto a continuous-flow Ar gas jet placed in 
a vacuum chamber. The half-crossing angle was ~17 mrad, and the 
pulse energies were ~70 μ J. Two 200 nm Al filters were used to reject 
the residual laser light, and the HHG output was spectrally dispersed 
using an EUV spectrometer, calibrated to better than 0.3 eV reso-
lution. When both driving pulses overlapped in time and space, a 
continuous high-harmonic spectrum was observed (Fig. 2), because 
both driving pulses are near single cycles. To optimize the EUV con-
tinuum, the two counter-rotating driving pulses were delayed with 
respect to each other, to narrow the linear-polarization temporal-
gating window and thus obtain an isolated high-harmonic pulse23,29 
(Supplementary Section 3). Figure 2a presents the spatially resolved 
high-harmonic supercontinua for a relative time delay of 1.8 fs. The 
two HHG spectra with right and left circular polarization obtained 
with the NCP-HHG technique are clearly distinguishable. The gen-
erated photon flux of each beam is ~3 ×  107 counts per second over 
the whole EUV spectrum. Note that low-order harmonics below 
24 eV are mainly reabsorbed in the Ar generating medium.

To measure the temporal coherence and to distinguish the gen-
eration of an isolated EUV pulse from a train of pulses, we imple-
mented a Fourier-transform field autocorrelation, as has previously 
been done for linearly polarized pulses25. One of the circularly polar-
ized EUV beams was spatially selected and sent to a split mirror, 
separating the beam into two halves. A piezo actuator controlled 
the relative time delay between the two halves of the beam with 
sub-nanometre resolution. The resulting interference pattern was 
measured by an EUV charge-coupled device (CCD) as a function 
of time delay, providing the autocorrelation trace of the HHG beam 
(Supplementary Video 1). The HHG autocorrelation trace in Fig. 2c  
shows that the main EUV pulse has a high-amplitude contrast 
compared to the adjacent pulses and a coherence length of 380 as. 
Although the carrier-envelope phase (ΦCEP) of IR pulses was not 
stabilized in our experiment, our simulation results demonstrate 
that isolated high-harmonic pulses are still generated by controlling 
the linear-polarization temporal-gating window (Supplementary 
Section 3). Figure 2d shows a comparison between the spectrum 
extracted from a Fourier transform of the field autocorrelation  
trace and that experimentally measured by the grating-based  

spectrometer. The consistency between the two spectra indicates 
that all circularly polarized EUV light has been successfully deliv-
ered and spatially overlapped at one focal spot, which is an essen-
tial criterion for circularly polarized attosecond pulse generation. 
The observed bandwidth supports 190 as transform-limited pulses, 
while our theoretical simulations predict that isolated chirped 
pulses of 330 as are produced (Fig. 4 and Supplementary Fig. 4). It is 
worth noting that using a field autocorrelator, we can clearly show 
that the supercontinuum corresponds to an isolated pulse, while the 
good spectrum and beam observed indicate high temporal and spa-
tial coherence of the circularly polarized pulses.

Complete polarization control of isolated EuV pulses
Furthermore, by adjusting the ellipticity εIR of the two counter-rotat-
ing driving pulses, we demonstrate full control of ellipticity of iso-
lated high-harmonic EUV pulses, while keeping the high-harmonic 
beam quality and conversion efficiency (Fig. 3, Supplementary 
Fig. 8 and Supplementary Table 1). To maintain linearly polarized 
E-fields at the focal plane, as shown in equation (2) and Fig. 1, we 
prepared two counter-rotating driving pulses with identical ellip-
tical polarization εIR,R =  εIR,L =  εIR. The resulted polarization state 
of the right-handed and left-handed EUV pulses, εEUV,R and εEUV,L, 
were measured separately by one reflection polarimeter consist-
ing of two independent rotatable sets of triple-reflection polarizers, 
with the first set acting as the phase shifter and the second acting 
as a linear-polarization analyzer as shown in Fig. 3a30. Such a polar-
imeter unambiguously determines the ellipticity and helicity of the 
EUV pulses, as well as discriminating between unpolarized and 
polarized light by retrieving the Stokes parameters (Supplementary 
Section 7). While those two polarizer sets are set in the same rotat-
ing angle (α =  β), the polarimeter becomes a great EUV polariza-
tion analyser with an extinction ratio of ~80:1. Figure 3c shows the 
angularly resolved intensity of the high-harmonic pulses recorded 
under different orientations of the analyser axis, together with a 
table showing the ellipticity of the high-harmonic pulses retrieved 
by the polarimeter. It is worth mentioning that we experimentally 
observed almost identical ellipticity and tilt over the entire HHG 
spectra, clearly indicating that full polarization control of a very 
broad bandwidth of several tens of electronvolts is straightforward 
with the NCP-HHG geometry (Supplementary Section 8).
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To verify the working principle behind this method, we per-
formed numerical simulations of the NCP-HHG technique using 
two theoretical methods: (1) calculations of HHG including prop-
agation, using a combination of the fully quantum strong-field 
approximation (SFA) and the electromagnetic field propagator31; 
and (2) a semiclassical HHG approximation, the TSM, based on 
Fraunhofer diffraction26,27. Figure 4a presents εEUV,R/L versus εIR for 
experimental (dots), quantum SFA theory (stars) and TSM results 
with (pink crosses), and without (yellow crosses) the dipole har-
monic phase. We see that the ellipticity scaling obtained by SFA 
with propagation ε ε∝ .( )EUV IR

4 5  or the TSM ε ε∝ .( )EUV IR
4 6  agrees well 

with that observed in the experiments ε ε∝ .( )EUV IR
4 8 . The excellent 

agreement allows us to obtain a very straightforward ellipticity con-
trol that contrasts with all other approaches for polarization con-
trol of high-harmonic pulses so far, which are restricted to narrow 
bandwidths, low yields or cannot support isolated attosecond pul
ses5–9,20,32–35. Here, the quantum SFA simulations including propaga-
tion were performed using the 3.6 fs driving field as characterized 
in the experiment, applying a time delay between the non-collinear 
pulses of D = + 1.8 fs (+ 0.7 cycles of IR). The εEUV is calculated for 
the far-field harmonic signal detected at ± 1.0 mrad, integrating 
over a 1 mrad spatial window, mimicking the experiment (for more 
details of the simulation parameters see Supplementary Section 2).

The experimental results also show that the orientations of the 
two counter-rotating high-harmonic beams are mirror-symmetri-
cally tilted with respect to the major axis of the fundamental beams 
(Fig. 3c). Figure 4a presents the scaling of the tilt angle versus εIR for 
experiments (dots) and quantum SFA theory (stars). To gain insight 
into the scalings of the ellipticity and tilt angle, we performed semi-
classical simulations using the TSM. One of the advantages of the 
TSM is that it allows us to identify the role of the intensity-dependent  

dipole harmonic phase, which is the phase acquired by the elec-
tronic wave packet in the microscopic HHG process. In Fig. 4a,  
the TSM results are plotted including (pink crosses) and deliberately 
neglecting (yellow crosses) the dipole harmonic phase. The present 
results correspond to a photon energy of 33 eV, which is the cen-
tral energy of the harmonic pulses, integrated over a 1 mrad win-
dow in the far-field, centred at ± 1.0 mrad (for more details about 
the TSM calculations see Supplementary Section 2). Our TSM sim-
ulations unequivocally show (1) the relevance of the dipole phase 
in the ellipticity scaling, and (2) that the tilt is induced mainly by 
the intensity-dependent dipole phase of HHG. Thus, both the ellip-
ticity and tilt angle of the harmonic pulses depend strongly on the 
quantum trajectory followed in the HHG process. According to  
equation (2), when the driving fields are elliptically polarized (εIR <  1) 
at the focal plane, not only does the direction of the linearly polarized 
E-field rotate, but there is also a field-amplitude modulation with a 
period of 2π /(ksinθ) along the transverse �x  direction. Because the 
dipole harmonic phase depends on the field intensity, such ampli-
tude modulation induces an additional dipole phase modulation 
along the �x  direction. In short, the field-amplitude modulation on 
the focal plane actually induces an additional phase shift between the 
far-field �x  and ŷ harmonic-field components, modifying the EUV 
ellipticity and rotating the major axis of the high-harmonic pulses.

Finally, Figure 4b–d presents numerical simulations of the time 
evolution of the high-harmonic pulses obtained for εIR =  1.0 (Fig. 4b), 
εIR =  0.9 (Fig. 4c) and εIR =  0.8 (Fig. 4d), for right-handed (blue) and 
left-handed (green) helicities, with a time delay of D = + 0.7 cycles of 
IR. These results were obtained with our quantum simulations (SFA 
and propagation) using the 3.6 fs driving field as characterized in the 
experiment, and a time-gating delay of 1.8 fs. As can be observed, iso-
lated attosecond pulses with controlled ellipticity are obtained. Note 
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that each panel is normalized to the same quantity, so the upcon-
version efficiencies are similar for each εIR, agreeing well with our 
experimental observations (Supplementary Table 1). The simula-
tions also indicate that, for each εIR, the pulse durations of resultant 
circularly or elliptically polarized attosecond pulses are very similar 
and linearly chirped to approximately 330 as because of the attochirp; 
however, these could be compressed to near their transform limit of 
~190 as using chirped multilayer mirrors or metal-foil filters36.

In summary, we demonstrate a robust polarization control scheme 
of isolated high-harmonic EUV pulses by exploiting non-collinear 
HHG driven by two counter-rotating few-cycle laser beams. The cir-
cularly polarized supercontinuum is produced in the photon energy 
range from 20 eV to 45 eV, with a high > 0.90 degree of ellipticity. 
The isolation and temporal coherence of high-harmonic bursts was 
measured by EUV interferometry, and the polarization state of the 
pulses was characterized with an EUV polarimeter. Our simula-
tion results provide clear insight into the three-dimensional electric 
field vector on attosecond timescales, revealing a pulse duration of 
~330 as. Furthermore, by adjusting the ellipticity of the two counter-
rotating driving pulses simultaneously, we achieve full control of the 
polarization state of high-harmonic pulses from circular through 
elliptical to linear polarization, while retaining the conversion effi-
ciency. We unequivocally identify that the non-perturbative dipole 
phase of HHG is essential in the ellipticity and tilt angle scaling of 
HHG pulses, obtaining an ellipticity scaling rule of ε ε ε∝ −. .

EUV IR
4 5

IR
4 8.  

This new technique presents an accessible and reliable route for 
the generation of isolated arbitrarily polarized attosecond EUV 
pulses. Because of the importance of this new capability for ultrafast  

dynamics in angular momentum transfer in atoms, chiral molecules, 
and 2D and magnetic materials37–49, where very fast dynamics are 
known to occur and are not currently understood, our work repre-
sents an experimental breakthrough with several new aspects and 
impacts. This work can therefore motivate future work on methods 
to fully characterize the three-dimensional electric-field vector on 
attosecond timescales, which is currently a great challenge.

Data availability. The data that support the plots within this paper 
and other findings of this study are available from the correspond-
ing author upon reasonable request.
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