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Ultrafast laser pulses generated at the attosecond timescale
represent a unique tool to explore the fastest dynamics in
matter. An accurate control of their properties, such as
polarization, is fundamental to shape three-dimensional
laser-driven dynamics. We introduce a technique to gen-
erate attosecond pulse trains whose polarization state
varies from pulse to pulse. This is accomplished by driving
high-harmonic generation with two time-delayed bichro-
matic counter-rotating fields with proper orbital angular
momentum (OAM) content. Qur simulations show that
the evolution of the polarization state along the train can be
controlled via OAM, pulse duration, and time delay of the
driving fields. We, thus, introduce an additional control into
structured attosecond pulses that provides an alternative
route to explore ultrafast dynamics with potential appli-
cations in chiral and magnetic materials. © 2020 Optical
Society of America

https://doi.org/10.1364/0L.404402

The most fundamental mechanisms in atoms, molecules, or
solid systems are governed by dynamic interactions occurring
at the attosecond timescale. The quest of obtaining light pulses
at such short timescales, in order to drive, prove, and observe
such dynamics, has driven the scientific community’s efforts
towards the development of coherent high-frequency light
sources during the last two decades. As a consequence of the
uncertainty principle, ultrashort pulses must contain coherent
radiation spanning into the extreme-ultraviolet (XUV) or x-ray
regimes in order to reach the sub-femtosecond timescale. While
recently it has been shown that high-energy sub-femtosecond
pulses can be obtained from free-electron lasers, highly coherent
light bursts emitted at the attosecond timescale can be obtained
through high-order harmonic generation (HHG). Shortly after
the first demonstration of the comb of high-order harmonics
driven by intense lasers [1,2], Farkas and Téth theoretically
forewarned of their characteristic sub-femtosecond duration
[3]. Since its experimental confirmation by several groups in the
early 2000s [4,5], HHG stands as the most robust tool not only
to generate pulses down to few tens of attoseconds, but also to
gain control on the properties of XUV radiation with unprec-
edented accuracy. Attosecond pulse trains provide extraordinary
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possibilities as quantum stroboscopes [6] for the time-control
electron dynamics and the imaging of the electron’s quantum
state.

The success of HHG to produce attosecond pulses resides in
its extraordinary coherence. At the microscopiclevel, the process
is well understood from a semiclassical approach [7]. First, the
driving laser field ionizes an electronic wavepacket, which is
subsequently steered away from its parent ion. When the driv-
ing field reverses its sign, the wavepacket is driven back to the
parent ion. Upon recombination, the kinetic energy acquired
during the wavepacket excursion is released as high-order har-
monics of the driving laser. This sub-femtosecond process is
repeated at each half-cycle of the driving pulse, thus leading to
the generation of a train of attosecond pulses.

One of the properties of HHG attosecond pulses whose con-
trol has been elusive for many years is spin angular momentum
(SAM), associated with polarization. The generation of high
harmonics and attosecond pulses with different polarization
states is of great interest as a tool to probe the fastest spin dynam-
ics in materials, and to uncover fundamental understanding on
spin scattering and transport on attosecond timescales. Until
recently, the dynamics leading to HHG were restricted along the
direction of the linear polarization of the driving field, thus lim-
iting the harmonic photons to linearly polarized states. If driven
elliptically, the recombination probability diminishes, drasti-
cally reducing the yield of the high-order harmonic emission
[8]. Fortunately, different techniques have recently exploited
the extremely coherent nature of HHG to generate high-order
harmonics—and attosecond pulses—with polarization states
from linear to circular [9]. The use of non-symmetric targets,
such as molecules or solids [10,11], or the use of proper combi-
nations of linearly polarized drivers with different frequencies
[12] enable the generation of elliptically polarized harmonics.
Other approaches made use of proper macroscopic configura-
tions, such as the use of non-collinear counter-rotating driving
beams with the same color [13]—which allowed for the produc-
tion of circularly polarized attosecond pulses for the first time
[14,15]—or the combination of two HHG sources [16,17].

The first technique that allowed the generation of circularly
polarized high-order harmonics used a driving field composed
of two-color, counter-rotating, circularly polarized laser fields—
the so-called bi-circular driver [18-20], which can present
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high ionization and recombination rates [21]. This technique
stands nowadays as an efficient method to generate circularly
polarized harmonics with brightness and energies comparable
to single-color linearly polarized HHG [22,23]. The primary
spectral feature of bi-circular HHG is the generation of pairs of
circularly polarized harmonics with opposite helicity—right
circular (RCP) and left-circular (LCP)—due to SAM conser-
vation. The generation of both LCP and RCP harmonics from
bi-circular HHG driving results in the emission of linearly
polarized attosecond trains of pulses, where the polarization tilt
angle rotates from pulse to pulse.

Recently, the introduction of orbital angular momentum
(OAM) in the driving pulses, has allowed us to not only to
generate circularly polarized harmonic vortex beams, but also
to control the polarization of the attosecond pulse trains in
the bi-circular scheme [24]. However, up to now, SAM—or
the polarization state— has been introduced at the attosec-
ond timescale as a time-independent variable. To the best
of our knowledge, there is no proposal—nor experimental
demonstration— yet to produce attosecond pulse trains with
controlled, well resolved, time-ordered polarization. We note,
however, that some recent works have reported the generation of
high harmonics whose polarization state slightly changes along
the course of the pulse as a result of the highly nonlinear nature
of HHG [11,25].

In this Letter, we introduce a technique to generate trains of
attosecond pulses with different—and controlled—polarization
states from pulse to pulse, thus presenting time-ordered SAM
along the pulse train. The control knob lies on the proper choice
of the combination of two time-delayed bi-circular driving
fields, with different OAM content. Very recently, HHG has
been proven to introduce time-dependent OAM into a light
beam, denoted as self-torque [26]. In this work, we demonstrate
that driving HHG with two time-delayed bi-circular vortex
beams with properly chosen OAM content results in trains of
attosecond pulses of the SAM state changing sequentdially from
pulse to pulse. Similar schemes that make use of time-delayed
pulses with different SAM, instead of OAM, are now widely
used, such as the polarization gating technique [27].

It is already known that introducing OAM in bi-circular
driving results in high-order harmonics with opposite helicity,
that can be spatially separated in the far-field into a double ring
profile [24], as we schematically illustrate in Fig. 1(a). If we
consider an OAM bi-circular field composed of two pulses with
fundamental (@;) and doubled frequency (w; = 2wy ), counter-
rotating (07 =—1 LCP, 03 =1 RCP) and with topological
charge—or OAM content—of £; and ¢, respectively, the dif-
ference in divergence in the far-field between the LCP and RCP
harmonics is given by AB o (2¢1 — €3)[€1 + £2]/(£1 +£2)
[24]. As a general trend, the spatial separation between the LCP
and RCP harmonic rings increases for larger differences between
£; and £,, if £; and £, have opposite signs. The outer (inner)
ring—with larger (smaller) divergence— exhibits the same
helicity as that of the driving pulse with higher (lower) |£]. For
the convention adopted in this work, if [£1| > |£;], the far-field
outer ring is composed of LCP harmonics, whereas if £5| > €],
it is composed of RCP harmonics, as illustrated in Fig. 1(a).
From the temporal point of view, by selecting the high-order
harmonics emitted at each of the rings, attosecond pulse trains
with LCP or RCP states are generated with a time-independent
polarization state.
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Fig. 1.  (a) Scheme of polarization control of HHG driven by
an OAM bi-circular field (w;, £;, LCP; 2w;, £,, RCP). The HHG
spectrum is composed of pairs of circularly polarized harmon-
ics with opposite helicity, separated in divergence in the far-field.
(b) Generation scheme of trains of attosecond pulses with time-ordered
polarization states. In this case, HHG is driven by two time-delayed
OAM bi-circular fields, 4 and B, where, for this example, we have
chosen [€{1| > |¢4] and €8] < |[€Z]. As a consequence, in the outer
(inner) ring, the polarization of the harmonics—and the attosecond
pulses—varies continuously in time from LCP (RCP) to RCP (LCP),
as shown schematically in the right panel.

In order to introduce a temporal dependency into the polari-
zation state of the attosecond pulses within the train, we drive
HHG with a combination of two time-delayed OAM bi-
circular beams with opposite topological charges [see Fig. 1(b)].
If we denote each of the OAM bi-circular beams as A and B, we
require an OAM combination of |¢4!] = [¢F] and ¢8| = |¢4!|,
maintaining £1 and £, with opposite signs, as mentioned before.
The temporal delay between the two OAM bi-circular beams,
t4, causes the emitted high-order harmonics in each of the rings
to evolve from LCP (RCP) to RCP (LCP), as depicted schemati-
cally in Fig. 1(b). For this figure, we have selected |€{| > [£4']
and |[€8| < €3], and, thus, the polarization state of the emitted
attosecond pulse trains will evolve from LCP (RCP) to RCP
(LCP) at the outer (inner) harmonic ring. The pace of SAM
changes can be controlled through the OAM of the driving
pulses and their temporal properties (pulse duration and time
delay).

We have performed simulations of macroscopic HHG in an
argon gas jet, including propagation. Our calculations combine
the strong-field approximation with the electromagnetic-
field propagator [28]. This theoretical approach successfully
describes the macroscopic HHG in several configurations
involving SAM and/or OAM [13-16,24,26]. We model the
driving pulses with a sin® envelope, with central wavelengths of
800 nm (400 nm) for the w; (2w;) driver and a peak intensity
of 1.4 x 10" W /cm? each. The spatial structure of the laser
beams is represented as a Laguerre—Gaussian beam propagating
in the z direction, with topological charge £ and radial nodes
index p. The beam waist, wy, of each laser beam is chosen so
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Fig.2. (a) Spatial intensity profile of the HHG beam obtained with
an OAM bi-circular field with KA 3, ZA —2 (and, thus, 6{5 =2,
£8 = —3). The helicity of the inner and outer rings changes along
time. In panels (b) and (c), we show the HHG spectrum of the outer
and inner rings, whereas in panels (d) and (e) we show the correspond-
ing attosecond pulse train envelopes (purple), ellipticity (green), and
tilcangle (orange).

that the different OAM modes overlap at the rings of maximum
intensity.

In Fig. 2, we present the results of the simulations when
considering ¢4 =3, ¢4/ =—2 (and thus ¢& =2, ¢5 =-3),
all of them with p =0. The pulse duration of each driver is
7.7 fs in full width at half-maximum (FWHM) in intensity, and
the temporal delay between the A and B drivers is ; = 7.7 fs.
The waist of the driving beams, wy, is 30 um for £ = %2 and
24.54 pum for £ ==£3. Looking at the spatial intensity pro-
file of the HHG beam in Fig. 2(a), integrated over harmonic
orders above the 10th, we distinguish two spatial rings. In
Figs. 2(b) and 2(c), we show the far-field HHG spectrum of
the outer ring (detected at 1.6 mrad) and that at the inner ring
(detected at 0.6 mrad), respectively. In both HHG spectra, we
can already distinguish the pairs of LCP (red line) and RCP
(blue line) harmonics, a well-known result of SAM conserva-
tion in HHG driven by the bi-circular field [22]. Note that we
observe a frequency shift in the harmonics, which is induced
by the pulse envelope through the time-dependent variation
of the intrinsic phase. Computing the inverse Fourier trans-
form of the HHG spectra above the 10th harmonic order, we
can retrieve the attosecond pulse trains shown in purple in
Figs. 2(d) and 2(e), for the outer and inner rings, respectively.
The polarization state of the attosecond pulse trains can be
monitored through the temporal evolution of the Stokes param-
eters [29]. The time-dependent ellipticity can be thus described
as €(¢) = tan [0.5 arctan(S3(¢) /v/ S () + S3(2)) ], while the
time-dependent tilcangleis 0 () = 0.5 arctan[ S, () / $1(2)].

In Figs. 2(d) and 2(e), we show the time-dependentellipticity,
€(2), in green and the time-dependent tilt, 6(¢), in orange for
the outer and inner rings, together with the attosecond pulse
train envelope in purple—which corresponds to the Stokes
parameter So(#). We can see how the polarization state of the
attosecond pulses evolves from LCP (RCP) to RCP (LCP)
along the train for the outer (inner) spatial ring. The tilt angle
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exhibits a rotation from pulse to pulse and also within each
individual pulse. When driven by a single bichromatic counter-
rotating field, the tilt angle is known to rotate 120 deg from
pulse to pulse. In contrast, in this scenario, the rotation is more
complicated due to the overlap of the two time-delayed fields.
The structure of the trains remains almost invariant within a
divergence angle width of 0.5 mrad, approximately. Finally, we
note that the time-dependent degree of polarization, defined as
P(t)= \/Slz(t) + S3(t) + S3(2)/So(2), is constant and equal
to one for all of the cases presented in this work, as expected from
the coherence of the HHG process.

To have a better insight into the origin of the temporal struc-
ture of the attosecond pulse trains, we present in Fig. 3 the
time-frequency analysis for the two cases depicted in Fig. 2.
At the outer ring (left column), the LCP harmonics dominate
at the front part of the pulse train, whereas RCP harmonics
dominate at the rear part of the pulse. This behavior is reversed
at the inner ring (right column). Note that the temporal delay
between the OAM bi-circular drivers A and B is chosen to be
equal to the FWHM of the driving pulses in order to obtain a
homogeneous and linear variation of the ellipticity over time.
A different choice of the time delay can be used to customize
the temporal variation of the ellipticity of the attosecond pulse
train. Analogously, the choice of the driving pulse lengths, and
their OAM, allows for a custom control of the time-dependent
polarization structure of the attosecond pulse train. To show
the versatility of this technique, we have performed simula-
tions with few-cycle driving laser pulses and a different OAM
combination. In Fig. 4, we present the simulation results when
considering Laguerre—Gauss beams with €1 =2, ¢ =—1
(and, thus, Ef =1, Ef = —2), all of them with p =0. The
driving pulse length is 1.9 fs FWHM, and the temporal delay
between the A and B drivers is ; = 1.9 fs. The waist of the
driving beams is wy =30 um for £ ==+1 and wy =21.4 um
for £ = 2. Now, the number of attosecond pulses in the train
is reduced—as expected—, and, thus, the variation rate of
the ellipticity in time increases. In this case, we present the
attosecond pulse train emitted at an intermediate divergence
angle (detected at 1.7 mrad) in order to illustrate the possibil-
ity of obtaining a polarization evolution from linear to highly
elliptical, in contrast to the elliptical-to-elliptical polarization
variation in the outer and inner rings. On the other hand, the
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Fig. 3. Time-frequency analysis for RCP (first row) and LCP

(second row) projections of the harmonic emission at the outer (left
column) and inner (right column) rings, depicted in Fig. 2. The outer
(inner) ring LCP (RCP) harmonics precede temporally the RCP (LCP)
ones. The spectral width of the Gaussian mask used to perform the
time-frequency analysis is ;..
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Fig. 4.  Attosecond pulses—envelope (purple), ellipticity (green),

and tilt angle (orange)—obtained with a few-cycle OAM bi-circular
field with 6{1 =2, E; = —1 (and, thus, Zf; =1, (f = —2) for an
intermediate divergence angle (top) and inner ring (bottom) emission.
The two-dimensional (2D) evolution of the attosecond electric fields is
depicted in the right column.

inner ring consists of two elliptically polarized attosecond pulses
with opposite helicities (detected at 1 mrad).

In conclusion, we have presented a scheme for the generation
of attosecond pulse trains with time-ordered polarization states.
By driving HHG with two time-delayed OAM bi-circular driv-
ers, two spatially separated rings of harmonics are generated,
each with polarization evolving from LCP to RCP and vice
versa. The proper choice of the OAM, pulse length, and time
delay of the driving pulses allows for custom control over the
temporal evolution of the SAM of the pulses within the train.

We, thus, introduce a novel structured ultrafast light source
by adding a new degree of freedom, time-ordered SAM, or
polarization into the quantum stroboscope scheme. Similarly,
time-ordered OAM—or self-torque—was introduced recently
into the family of structured light beams thanks to HHG
[26]. By adding this temporal dependency into the SAM of
attosecond EUV beams, this work opens the route towards new
probing scenarios—such as the study of ultrafast dynamics in
chiral systems, pump-probe experiments with polarization
varying states, or time-dependent polarization x-ray magnetic
circular dichroism—that provide an alternative route to probe
the ultrafast dynamics of matter systems at the nanoscale.
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