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In this work, we demonstrate experimentally the efficient generation and tunability of energetic highly ellip-
tical high harmonics in Ar gas, driven by intense two-color counter-rotating laser electric fields. A bichromatic
beam tailored by a Mach-Zehnder-Less for Threefold Optical Virginia spiderwort (MAZEL-TOV) apparatus
generates high-order harmonic generation (HHG), where the output spectrum of the highly elliptical HHG
radiation can be tuned for an energy range of AE & 150 meV in the spectral range of ~20 eV with energy
per pulse EXUY ~ 400 nJ at the source. Furthermore, we employ time-dependent density-functional simulations
to probe the dependence of the harmonic ellipticity and the strength of the attosecond pulses on the driving-field
parameters and demonstrate the robustness of the HHG with the bichromatic field. We show how, by properly
tuning the central frequency of the second harmonic, the central frequency of the extreme ultraviolet (XUV)
high-harmonic radiation is continuously tuned. The demonstrated energy values largely exceed the output energy
from many other laser-driven attosecond sources reported so far and prove to be sufficient for inducing nonlinear
processes in an atomic system. We envisage that such tunable energetic highly elliptical HHG spectra can remove
the facility restrictions from requirements of few-cycle driving pulses for isolated circular attosecond-pulse
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I. INTRODUCTION

Ultrafast chiral processes can be studied using high-order
harmonic generation (HHG) [1-6]. HHG is an extreme non-
linear process which depends on many parameters, such as
the nonlinear medium, the phase-matching conditions, the
peak intensity, the duration, and the spectral phase of the
driving pulse. By controlling these parameters it is possible to
manipulate the spectral characteristics of the emitted extreme
ultraviolet (XUV) radiation [7-10]. It has been demonstrated
experimentally and theoretically that if we exploit different
mechanisms, the harmonic HHG spectra can be influenced.
Controlling parameters include the temporal chirp of the driv-
ing laser, the ionization-induced blueshift of the driver pulse
in the generating medium [7,10,11], and the tuning of the
central wavelength of the driver using an optical parametric
amplifier [12]. HHG from linearly polarized drivers produces
harmonics with linear polarization, and therefore, severe lim-
itations are imposed on the potential applications of an XUV
HHG source [13]. In this context, the development of a tun-
able highly elliptical XUV source removes this limitation.
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Such sources recently emerged as a central topic of ultra-
fast science, promising invaluable insights into chiroptical
phenomena taking place on ultrashort timescales. Ultra-
short circularly polarized pulses in the XUV domain have
been generated at large-scale facilities, such as free-electron
lasers [14—16] and femto-sliced synchrotrons [17-19]. In an
effort to make such sources more broadly available, tabletop
sources based on HHG have also been developed [20-25].

The energy content of laser-driven highly elliptical or cir-
cularly polarized XUV radiation was limited to the picojoule
range per pulse [20-23] until recently, when energy content
in the nanojoule range was demonstrated in Ref. [24]. It is
known that the recollision mechanism, which describes the
HHG, requires that a stronger chiral response arises at the cost
of a greatly suppressed high-harmonic emission signal [3].
Thus, the generation of energetic highly elliptical polarized
high harmonics is also a decisive step towards chiral-matter
investigations.

In the present work, tunable energetic highly elliptical
HHG in the XUV regime is theoretically studied and experi-
mentally demonstrated, exploiting two-color counter-rotating
electric fields under loose focusing geometry. The output
spectrum of the highly elliptical polarized HHG radiation can
be tuned for an energy range of AE =~ 150 meV in the spectral
range of ~20 eV with energy per pulse EXUY ~ 400 n]J at the
source. This is, to our knowledge, the highest reported energy
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FIG. 1. (a) Experimental apparatus for the generation of highly elliptical polarized energetic tunable XUV radiation. A compact (15-cm-
long) MAZEL-TOV-like device is installed after a 3-m focal length lens (L). The device includes a BBO crystal and a calcite plate (CP; both
mounted independently on rotatable stages with high precision) and a rotatable superachromatic quarter-wave plate (AWP). The two-color
bicircular field beam is focused into a pulsed gas jet filled with Ar (P-GJ). The generated XUV radiation is reflected towards the detection
area by Si plates, which consists of two branches. The first branch hosts a calibrated XUV photodiode (PD), a pulsed gas jet filled with Ar
(D-GJ), and, finally, a pu-metal shielded TOF spectrometer. The second branch hosts a rotating in-vacuum polarizer, and consequently, the
XUV radiation is diffracted by a spherical holographic grating and detected by a microchannel-plate (MCP) detector coupled to a phosphor
screen. (b) Calculated bicircular counter-rotating electric field formed at the output of the MAZEL-TOF-like device based on our experimental
parameters, with fundamental field with a central wavelength A; of 800 nm and three different second-harmonic field wavelengths A, i.e., 399,

401, and 403 nm.

content per laser pulse in the laser-driven highly elliptical,
circularly polarized XUV radiation.

II. ADOPTED METHODOLOGIES: EXPERIMENTS
AND SIMULATIONS

For the experimental implementation, a compact Mach-
Zehnder-Less for Threefold Optical Virginia spiderwort-like
(MAZEL-TOV-like [26]) scheme is used to generate ellip-
tically polarized HHG spectra. The technique is detailed in
Sec. I A and schematically described in Fig. 1(a). In or-
der to understand the spectral and temporal structure of the
generated high-order harmonics our experimental character-
izations and results are supported by theoretical simulations
based on a semiclassical approach, as elaborated in Sec. III D,
and time-dependent density-functional theory, as discussed in
Sec. Il E, along with subcycle dynamics and crucial trends,
revealing the factors in the estimated ellipticity of different
harmonics.

A. Experimental setup

The experiment was performed by exploiting the Megawatt
(MW) beamline of the Attosecond Science and Technology

Laboratory (AST) at Foundation for Research and Tech-
nology Hellas-Institute of Electronic Structure and Laser
(FORTH-IESL). The experiment utilizes a 10-Hz-repetition-
rate Ti:sapphire laser system delivering pulses with up to
400 m]J/pulse energy, t;, =25 fs duration, and a carrier
wavelength of 800 nm. The experimental setup consists of
three areas: the focusing and MAZEL-TOV-like [26] device
chamber, the harmonic-generation chamber, and the detection
chambers (Fig. 1). A laser beam with a 3-cm outer diameter
and an energy of 32 mJ/pulse passes through a 3-m-focal-
length lens with the MAZEL-TOV-like device positioned
1.25 m downstream. The apparatus consists of a beta barium
borate (BBO) crystal, a calcite plate, and a superachromatic
quarter-wave plate. A fraction of the energy of the linear
p-polarized fundamental pulse is converted into a perpen-
dicularly polarized (s-polarized) second-harmonic field in a
BBO crystal (0.2 mm, cutting angle of 29.20° for type-I phase
matching). The conversion efficiency of the BBO crystal was
maximized and it was found ~30% at 403 nm. The run-out
introduced by the BBO crystal for the SHG of 800 nm was
determined to be 38.6 fs. It is noted that by placing the BBO
after the focusing lens ensures that the wave fronts of the
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converging fundamental laser beam are reproduced into that
of the second harmonic field. Therefore, the foci (placed close
to a pulsed gas jet filled with Ar) of the w and 2w fields
coincide along the propagation axis. Additionally, the beam
passes through a calcite plate at almost normal incidence (AR
coated, group velocity delay (GVD) compensation range 310-
450 fs), which precompensates group delays introduced by the
BBO crystal and the superachromatic quarter-wave plate. The
superachromatic wave plate converts the two-color linearly
polarized pump into a bicircular field, consisting of the fun-
damental field and its second harmonic, accumulating at the
same time a group-delay difference of ~253 fs between the
~400- and 800-nm central wavelengths. Assuming Gaussian
optics, the intensity at the focus for the two components of
the bicircular polarized field is estimated to be I, = I, =
1 x 10" W/cm?. After the jet, the produced XUV coprop-
agates with the bicircular driving fields towards a pair of Si
plates, which are placed at 75°, reducing the p-polarization
component of the fundamental and second-harmonic radia-
tion while reflecting the harmonics [27] towards the detection
area. The detection area consists of two branches. In the first
branch, which is placed directly after the first Si plate, a pair
of 5-mm-diameter apertures were placed in order to block the
outer part of the w and 2w beams while letting essentially
the entire XUV through. A 150-nm-thick Sn filter is attached
to the second aperture, not only for the spectral selection of
the XUV radiation but also to eliminate the residual bicircu-
lar field. A calibrated XUV photodiode (XUV PD) can be
introduced in the beam path in order to measure the XUV
pulse energy. The transmitted beam enters the detection cham-
ber, where the spectral characterization of the XUV radiation
takes place. The characterization is achieved by recording the
products of the interaction between the XUV beam and the
Ar atoms. The electrons produced by the interaction of Ar
atoms with the unfocused XUV radiation were detected by
a pu-metal shielded time-of-flight (TOF) spectrometer. The
spectral intensity distribution of the XUV radiation is obtained
by measuring the single-photon ionization photoelectron (PE)
spectra induced by the XUV radiation with photon energy
higher than the ionization energy I, of Ar (/,a, = 15.76 €V). In
the second branch and after the Si plate, a rotating in-vacuum
polarizer is installed, and consequently, the XUV radiation is
diffracted by a spherical holographic grating and detected by a
microchannel-plate (MCP) detector coupled with a phosphor
screen.

B. Simulations
1. Semiclassical approach

In order to have an intuitive picture of the HHG by
two-color bicircular polarized fields, we performed calcu-
lations based on the semiclassical approach, for which the
theoretical framework and a detailed analysis can be found
elsewhere [28]. In our Supplemental Material [29], we present
an abbreviated analysis which is based on strong-field approx-
imation (SFA) [30] adapted in the case of these electric fields.

Within this model, the radiation at orders 3n £ 1 (with n =
1,2, 3,...) emitted from a single atom exposed to an intense
bichromatic driving electric field E(t) with the associated

vector potential A() = — f E(t)dt can be fully characterized
by the Fourier transform of the time-dependent dipole mo-
ment. The details of this analysis can be found elsewhere [31].

2. Time-dependent density-functional formalism

The time-dependent electron dynamics in Ar under the
influence of bichromatic counter-rotating (BCCR) laser fields
is investigated based on ab initio calculation within time-
dependent density-functional-theory (TDDFT) approach [32]
in real-time and real-space grids as implemented in the OC-
TOPUS computational package [33,34]. Thus, a more detailed
and a more complete picture of these dynamics is presented.

The driving laser fields, as described in terms of an electric
field, are polarized in the x-y plane, and the dipole approxi-
mation is considered. In addition, the contributions from the
magnetic component of the electromagnetic field and any
other relativistic terms, such as spin-orbit coupling, are ne-
glected. The combined electric field is a superposition of two
counter-rotating laser fields and is given as

2
E@) = Z E; cos (@) {cos [w;(t — Tp1)]ex

i=1,2 wi
+ a; sin [w;(t — Twl)]ey}» (1)

where e, and e, are the two mutually perpendicular unit
vectors. We considered two counter-rotating fields of a; =
—ay; =1 with E} = E, = Ey. The peak laser intensity is
expressed in terms of field strength Ey: [ = Egla, where
I, = 3.51 x 10" W/cm? is the atomic intensity unit. The
peak intensity is 7 = 1 x 104 W/em?. cos (0;_@))2 denotes
the envelope of the pulse, where 7, is the total duration
of the fundamental pulse, which is defined in terms of
the full width at half maximum of the intensity 7,: 7, =
7,/[2 arccos 2=Y*)], where 7, = 25 fs. 7,9 is the pulse du-
ration of the second-harmonic field, which is defined as 7, =
Tw1/~/2. A central wavelength A; = 800 nm is used for the
fundamental field, and four different wavelengths are used for
the second-harmonic field, which are A, = 399, 400, 401, and
403 nm.

The initial states are obtained from self-consistent solu-
tions of wave functions at the density-functional-theory (DFT)
level. Later, those states are propagated by using the ap-
proximated enforced time-resolved-symmetry method, with
At = 0.3 a.u. time steps. The rest of the TDDFT input pa-
rameters are presented in the Supplemental Material [29]. The
harmonic spectral properties are calculated from the resulting
dipole acceleration signal, which has components that are
both parallel and perpendicular to the laser polarization. The
harmonic spectrum / (w) is obtained from the Fourier transfor-
mation of the time-dependent dipole acceleration a(t) and can
be written as [35,36]

I(w) = ‘]—'(/OO a(t)dt)

where FT is the Fourier transform.

Three of the different bichromatic circularly polarized field
variations with coplanar counter-rotating components that are
used in both experiment and simulations in our work are
shown in Fig. 1(b). Details of the TDDFT setup can be

2
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found in [37-43], summarized in Sec. D of the Supplemental
Material [29].

III. RESULTS AND ANALYSIS

A. Highly elliptical XUV radiation spectral characteristics

For the spectral characterization of the highly ellipti-
cal XUV radiation different PE spectra were recorded as a
function of the angle A6 of the BBO crystal installed in
the MAZEL-TOV-like device. Characteristic highly elliptical
HHG spectra are presented in Fig. 2(a) for three different
positions of Af. An energy shift is clearly observed towards
higher photon energies when the angle A6 between the prop-
agation axis of the IR driving field and the BBO crystal
is increased. Additionally, in Figs. 2(b)-2(e) complemen-
tary measurements of the detectable harmonics by the TOF
spectrometer are presented. Finally, Fig. 2(f) presents highly
elliptical HHG spectra obtained by the vacuum spectrometer
for the sake of completeness. The maximum energy shift
observed is on the order of AE =~ 150 meV. It is revealed
that the central HHG energy indicates an almost linear de-
pendence on the central wavelength of the second harmonic
generation (SHG). Note that the HHG spectra as recorded by
TOF measurements and a vacuum spectrometer [see Figs. 2(a)
and 2(f), respectively] are very different. The photon energy
dependence of the efficiency and throughput of the two instru-
ments differ depending on several parameters and effects. An
important limitation is that the angular distribution of the pho-
toelectrons, and hence the TOF throughput, is harmonically
ellipticity dependent. Thus, a direct comparison of the ratio
of the different shifted peaks is not physical. The observed
blueshift can be attributed to the energy conservation of the
HHG process by two-color BCCR electric fields. From energy
conservation, the harmonic frequencies generated by these
fields are given by

Yinm) = Mo + mpo, (3)

where n; and n, are integer numbers that are associated with
the number of photons involved in the process of HHG at
angular frequencies w and Bw, respectively. On the other
hand, parity and spin angular momentum conservation re-
quires that An = n; — ny = =£1. Therefore, in the case of the
13th harmonic and 1.985 < 8 < 2.005 (which reflects our
experimental conditions), the unique pair (n;, ny) associated
with this harmonic is equal to (5,4). It becomes evident that
a linear dependence of the generated harmonic photon energy
is expected as a function of the parameter § (as confirmed in
Table I).

This dependence is depicted in Figs. 2(b)-2(e), with the
green dashed lines calculated from the energy conservation of
the annihilated driver photons and the emitted XUV photons
(Table I) [44].

Note that the error bars in Figs. 2(b)-2(e) correspond to
one standard deviation of the mean value of a series of mea-
surements for each SHG central wavelength and for each
harmonic. Within the error bars there is a slight deviation
of the measured and theoretical values, which can be at-
tributed to the strong IR central wavelength dependence of the
calculation.
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FIG. 2. (a) Characteristic highly elliptical polarized HHG spec-
tra for three different values of the central SHG wavelength. The
maximum energy shift observed is of the order of AE =~ 150 meV.
(b)-(e) Complementary analysis of the detectable harmonics (11th,
13th, 14th, and 16th, respectively). Linear dependence of the central
HHG energy on the central wavelength of the SHG is observed. The
green dashed line depicts the same dependence calculated from the
energy conservation of the annihilated driver photons and the emitted
XUV photon. (f) Highly elliptical HHG spectra obtained with the
vacuum spectrometer.

From another perspective, this characteristic blueshift can
be interpreted in the framework of the SFA [28,30]. The active
electron acquires a different complex phase in the continuum
for each central SHG wavelength. This leads to constructive
interference at different spectral positions inside the HHG
spectrum, resulting in the observed blueshift in the energy
domain.
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TABLE I. The slope AE /A and g involved in the interaction
for each harmonic order. For each harmonic order, the corresponding
channel is displayed in the second column, where n; is the number
of photons of the fundamental field and #n, is the number of photons
of the second-harmonic field.

Harmonic (ny, ny) AE/AM (eV/nm) qeft

11th 3,4) —0.03086 10.97 £2.74
13th 5, 4) —0.03086 8.62 +2.30
14th 4,5) —0.03858 9.98 +2.63
16th 6,5) —0.03858 12.38 £2.68
17th (5,6) —0.04656

The shift of the harmonics as a function of laser wavelength
can be used in extracting the number of laser photons involved
in the harmonic generation process, as performed spatially by
Hickstein ef al. [23]. Indeed, from the measured energy shift
AE one can extract the equation of the photons involved in
the interaction:

AE
Geft = 3AEw2_1’ wg =3q+ 1, 4)
off =

3ap tL wg=3¢-1,

I

I

e

Harmonic YCiDeld (arb. units)

0 50 100 150 200 250 300 350
\ Rotation angle (deg)

where ¢ =1,2,3,..., AE is the measured energy shift,
and AE,, is the corresponding energy shift of the
second-harmonic frequency. g,, for the detectable harmonics
of our experiment is given in Table 1.

B. Polarimetric investigation

The emitted harmonic radiation after the reflection of
a Si plate is sent through a rotating in-vacuum polarizer,
which consists of two UV-protected silver-coated mirrors
and one UV-protected aluminum-coated mirror mounted on
a common plate. The angle of incidence on each mirror is
75°(Ag)-60°(Al)-75°(Ag). Finally, the harmonic radiation is
diffracted using a spherical holographic grating (platinum
coated, 2400 G/mm) and detected by a MCP detector coupled
to a phosphor screen. The contrast of the rotating in-vacuum
polarizer was extracted by polarimetric measurements of the
linear p-polarized XUV radiation (MAZEL-TOV-like device
out of the beamline), which is presented in Fig. 3(a), and it was
found to be R = 2.2 + 0.1 by fitting the imperfect polarizer
equation under imperfect conditions [45] (for the mathe-
matical extraction of the imperfect polarizer equation under
perfect alignment see the Supplemental Material [29]).
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FIG. 3. (a) Characteristic polarimetric measurement for the 11th harmonic of the linear polarized driver. (b) Polarization scan for the 10th,
11th, 13th, and 14th harmonics used for three different values of the BBO tuning angle A with respect to the propagation axis of the 25-fs
IR laser pulse of the driver and thus different phase-matching SHG central wavelengths.
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FIG. 4. (a) The dependence of ellipticity on the central wavelength of the SHG of the fundamental frequency in the detection area. The
inset shows the angle between the ellipsis major axis and the vector perpendicular to the polarization axis of the linearly polarized field. (b) The
reconstructed ellipticity values at the source. The error bars correspond to one standard deviation of the mean value of a series of polarimetric

investigations for each SHG central wavelength and for each harmonic.

Polarimetric measurements were performed for the 10th, 11th,
13th, and 14th harmonics as a function of the angle Af.
Therefore, polarization scans were acquired during which the
polarizer was rotated between 0° and 360° in steps of ~8°
with an average of 40 pulses per step.

From these scans the ellipticity of the high harmonics as
a function of the BBO angle was derived. The measurement
of the state of polarization of the HHG spectra confirmed
highly elliptical polarization reaching ellipticities up to ~70%
at ~22 eV, as presented in Fig. 4(a). No dependence on the
central wavelength of the SHG was found. Briefly, the polar-
ization state of these highly elliptical polarized harmonics was
extracted by fitting the imperfect polarizer equation [Eq. (10)
of the Supplemental Material [29]] to the raw data of the
polarization scans, keeping as the only known parameter the
contrast of the polarizer R = 2.2 &+ (.1. The angle between the
ellipsis major axis and the vector perpendicular to the polar-
ization axis of the linearly polarized field resulting from the
polarimetric measurements is shown in the inset of Fig. 4(a).
The direction of the ellipse is strongly dependent (i) only
on the phase of the XUV radiation and the delay between
the two-color counter-rotating fields (which can be adjusted
experimentally by rotating the angle of the calcite plate in the
MAZEL-TOV device) at a constant second-harmonic wave-
length and (ii) on the BBO angle if all other parameters are
kept constant. This results in tuning two experimental pa-
rameters, (i) the central wavelength and the amplitude of the
second-harmonic field and (ii) the delay between the funda-
mental and second-harmonic fields, by a small amount. Both
experimental parameters result in a rotation of the rosette field
along the propagation axis. At the same time the harmonic
phase changes since the components of the electric field have
different energy ratios. Details can be found in [46].

In the present configuration used for the characterization
of the harmonic ellipticity the Si plate reflects the harmonic
radiation to the XUV polarimeter. This optical component
provides marginally different reflectivity for the s- and p-
polarization components of the XUV radiation, also affecting
the measured ellipticity of the HHG radiation. By calculating
the reflectivity of the Si plate for the two polarization ori-
entations using the corresponding Fresnel equations and the
refractive indices taken from Palik [47], for each harmonic

component, the values of ellipticity at the source can be es-
timated. Ellipticities up to ~85% at ~22 eV were found, as
shown in Fig. 4(b). These ellipticity values in conjunction
with the high-energy content of the XUV pulses reveal a
source adequate for applications like control and imaging of
ultrafast magnetism in magnetic materials [48—50], in ultrafast
chiral matter investigations [22], and also in the investigation
of circular dichroism in atomic systems [51-53] in which
intense highly elliptical or circularly polarized XUV radiation
is necessary for inducing nonlinear processes [52].

C. Energy-content estimation

The energy content of the XUV radiation was estimated
by applying an experimental procedure similar to the one
reported by Vassakis et al. [24], and it was found to be
EXUY 2 400 nJ per XUV pulse at the source. Briefly, the
energy of the highly elliptical polarized XUV radiation emit-
ted per pulse is estimated at a first step by measuring the
linearly polarized XUV pulse energy by means of an XUV
photodiode and comparing the HHG spectra depicted in the
measured photoelectron spectrum of Ar atoms upon interac-
tion with highly elliptically and linearly polarized XUV light
(see Fig. 5) under the same detection conditions. Additionally,
the single-photon photoelectron angular distributions were
taken into account for each harmonic in the case of Ar [54]
in order to check how they affect the detection in the case of

g 1 OCdLinear HHG
g —Highly elliptical HHG
¥
&
=
505
=
2
h31
2
m o
20 25 30 35 40 45
Photon energy (eV)

FIG. 5. Typical PE spectra of Ar induced by the linear p-
polarized and highly elliptical XUV radiation generated by Ar under
the same detection conditions after the optimization of harmonic
emission is realized in both cases.
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TABLE II. Number of photons per harmonic order per pulse at
the source when Ar is used as the generating medium.

Harmonic order No. of photons per pulse

11th ~1.4 x 10"
13th ~8.4 x 10'°
14th ~8 x 10°
16th ~2.3 x 10°
17th ~3.2 x 108

our experimental configuration. From all of the above, we can
deduce the energy per pulse of the highly elliptically polarized
XUV emission. This major improvement with respect to the
previous reported value (~100 nJ at the source) [24] is due to
the improvement of the focusing conditions and the increased
input laser energy (32 mJ) of the terawatt 10-Hz laser system.
It should be stressed that no depletion of the atomic target
(Ar) was observed during these experimental investigations,
and therefore, a higher energy content of highly elliptical
XUV radiation is expected from increasing the input energy.
Therefore, the limit for the driving laser energy was set by
the possible damage threshold of the optical components. The
estimated number of photons per harmonic per pulse at the
source is shown in Table II.

D. Semiclassical analysis of HHG spectra and phases

According to the semiclassical approach, the HHG from
bicircular harmonic fields has different characteristics than the
case of linearly monochromatic polarized driver fields. Refer-
ence [28] showed that the main contribution to the harmonic
emission comes from electrons with Re(z) < % (where Ty is
the fundamental laser period). Here it should be stressed that
because of the threefold electric field which is raised by the
superposition of the bicircular electric fields, primarily, one
trajectory contributes during the process of HHG, in contrast
to the case of linear monochromatic drivers, in which two
trajectories contribute to harmonic emission, namely, short
and long [55-58].

Figure 6(a) represents the harmonic phase of the 3n + 1
harmonics (n = 4, 5) as a function of the intensity in the case
where [, = I,. The Ar atomic target is used as the genera-
tion medium. The result is that the slope of the phase as a
function of the intensity for each harmonic is small. This is
indicative of a strong collective response when loose focusing
geometry is applied [20,44,59-61]. For equal intensities of
the laser field’s components I, = I, the cutoff law is Eyx =
1.21, 4 3.17U,, where U, = Uy, + Uy, [28,62].

With this semiclassical three-step model [28,30,63,64], the
HHG spectrum was also calculated for different SHG central
wavelengths (399 < A, < 403 nm). It is shown here theoreti-
cally [Fig. 6(b)] and verified experimentally in Sec. IIT A that
the harmonic photon energy follows a linear dependence on
the SHG central wavelength.

E. Probing the dynamical origin of the high-ellipticity
harmonics with TDDFT

In this work, the peak intensities of the fundamental and
second-harmonic fields are taken as 1 x 104 W/cm?. As

0.6 L L
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& & o o
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FIG. 6. (a) Harmonic phase of the 3n £ 1 harmonics (n = 4, 5)
as a function of the intensity of the two components of the bicircular
counter-rotating fields. Parameters used in the calculations are laser
central wavelength of 800 nm, 400-nm second harmonic, and pulse
peak intensity 1, = L, for argon. (b) Harmonic spectra as a function
of the SHG central wavelength. Parameters used in the calculations
are fundamental central wavelength A; = 800 nm, second-harmonic
central wavelength tuned in the range 399 < A, < 403 nm, and pulse
peak intensity I, = I, = 1 x 10'* W/cm? for argon.

shown in Fig. 1(b) the total electric field has a trefoil pat-
tern. The harmonic generation and tunability of the photon
energy of the emitted harmonics in the Ar atom is obtained
by combining a circularly polarized light with a fundamental
frequency w; (A = 800 nm) with its counter-rotating second-
harmonic w, (A, = 399, 400, 401, or 403 nm). The harmonic
radiation is plotted as the sum of the absolute square of the
two polarization components (x and y), as shown in linear
and logarithmic scale in Figs. 7(a) and 7(b), respectively. The
HHG spectrum in Fig. 7(b) displays a distinct structural peak
in the lower frequency range of 15-30 eV.

We find that the emitted harmonic spectral features, such as
the HHG intensity and the polarization states of the harmon-
ics, show strong dependence on the wavelength and intensity
ratio of the two driving-field components in the BCCR field.
The dependence of the generated harmonic spectrum on
the SHG central wavelength, as obtained from our TDDFT
analysis, shows very good agreement with the theoretical cal-
culations presented in Sec. I[II D. A maximum HHG central
energy shift of ~150 meV is also observed by tuning the
second-harmonic wavelength, as shown in Fig. 7(a), support-
ing the experimental results in Sec. IIT A.

We investigate how the ellipticity of the emitted harmonics
varies as a function of the second-harmonic wavelength. For
illustration purposes we show for A, = 401 nm the elliptic-
ity of the 14th emitted harmonic in Fig. 8(a). As shown in
Fig. 8(b), a super-Gaussian filter is applied around the 14th-
harmonic field (red curve), which is shown in Fig. 8(c). A
slice at the peak of the harmonic field is selected, and an
ellipse is fitted to it (blue dashed curve). By taking the ratio
of semiminor and semimajor axes, the ellipticity is calculated.
The dependence of the second-harmonic field wavelength on
the ellipticity of the emitted harmonics is shown in Fig. 8(d).

We observe that by using the peak intensities of the fun-
damental field (1 x 10" W/cm?), the harmonic ellipticity
corresponding to the BCCR field-induced HHG emission is
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FIG. 7. High-order harmonic spectra of an Ar atom in (a) linear scale and (b) logarithmic scale obtained under the influence of a BCCR
laser field. A wavelength of A; = 800 nm for the fundamental laser field is fixed, and the wavelengths of the second-harmonic field are
varied, i.e., A, = 399, 400, and 403 nm. The energy shift in the high-order harmonic spectra as a function of the second-harmonic laser field’s

wavelength is shown in (a).

significantly reduced for all harmonic orders detectable in
the TOF spectrometer, indicating prominent depolarization
effects. In particular, by examining harmonic orders 10 to 14
[see Fig. 8(d)], we find that the calculated ellipticity varies
from 0.65 to 0.98, the same as in our experimental results,
without showing any predictable particular order, while the
10th and 13th harmonics show a close-to-circularity elliptic
nature. The estimated degree of polarization of individual har-
monic orders exhibits gross features and magnitudes similar to
those obtained from our experimental results.

The combined electric field of the bicircular field has a
threefold rosette shape [Fig. 1(b)]. The electron wave pack-
ets released through tunnel ionization close to each field

(a) Ep14(t)

20 35 30 35

. 4
Time [fs] 0

Ellipticity: 0.831

-10 (0] 10
E [10*a.u.]

maximum are accelerated and finally recollide with the parent
ion every 1/3 of the w cycle [28]. In an isotropic and time-
independent medium, this leads to the emission of attosecond
pulses of equal intensity every 7'/3, linearly polarized (along
the recollision direction) with orientation increasing by 120°
every T /3 [65]. This threefold dynamical symmetry imposes
emission of only the 3n + 1 (withn =1, 2, 3, ...) harmonic
orders with circular polarization [20,28]. Some examples of
breaking this dynamical symmetry include (i) amplitudes that
are not exactly equal and imperfect overlap of the » and
2w fields in the experiment [66], (ii) deviation from zero
delay between the w and 2w pulses in the experiment, and
(iii) macroscopic effects [20,67]. Any breaking of symmetry

(b) Harmonic order
10 12 14 16 18 20 22 24 26 28 30 32
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—— 'unfiltered y
=154 |y filter
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3
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FIG. 8. High-order harmonic generation from Ar using a BCCR laser field with A; = 800 nm and A, = 401 nm. (a) Temporal evolution
of the ellipticity of the emitted harmonics super-Gaussian filtered around the 14th harmonic. (b) Computed HHG spectrum from the Ar
super-Gaussian filtered (blue curve) around the 14th harmonic. The green vertical dashed line is the harmonic cutoff. (c) The resulting harmonic
field of the filtered harmonics (in red) is sliced at its maximum and fitted to an ellipse (in blue). (d) Effect of the second-harmonic frequency

on the ellipticity of the harmonics.
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between the three attopulses in the w cycle would result in a
decreased harmonic ellipticity, emission of the 3¢ harmonic
orders, and possibly depolarization [66]. The difference in the
ellipticity values derived from the experimental data in Fig. 4
and those extracted from TDDFT calculations in Fig. 8(d) can
be attributed to the use of ideal conditions in the theory which
are not met in the actual experiment as they are described
above. It is worth noting that our experimental approach can-
not distinguish between circularly polarized and nonpolarized
radiation, thus, small contributions of nonpolarized harmonics
are inevitable. As shown in [66], such breaking can occur
even for perfectly circular driving fields and in an isotropic
medium, when the strong-field interaction leading to the har-
monic emission presents subcycle modulations due to (i) fast
temporal variation of the driving laser fields on the envelope’s
rising and falling edges, causing temporal variations of the
harmonic dipole vector, and (ii) ionization of the medium re-
sulting in a fast decay of the induced dipole strength with time.
Such effects are also not taken into account in the TDDFT
calculations, which thus results in the maximum possible
ellipticity.

IV. CONCLUSIONS

In conclusion, we reported a method to produce tunable
energetic highly elliptical XUV radiation. The approach is
based on gas-phase HHG driven by two-color bicircular po-
larized fields, produced by a MAZEL-TOV-like device. The
approach was applied at the linearly polarized MW XUV
beamline at FORTH-IESL under loose focusing conditions.
By properly tuning the central frequency of the second har-
monic of the fundamental frequency, the central frequency of
the XUV HHG can be continuously tuned. By performing po-
larimetric measurements, ellipticities up to ~85% at ~22 eV
were achieved. No clear dependence on the BBO angle of
rotation was observed. The energy per driving laser pulse in
the spectral region ~20 eV was found to be in the range of
EXUV 2 400 nJ per laser pulse at the source. The maximum
energy shift observed was AE =~ 150 meV, which is in good
agreement with the theoretical calculations.

Overall, by combining state-of-the-art experiments, semi-
classical analysis, and TDDFT simulations, we demonstrated
efficient generation and characterization of highly energetic
and elliptic high-harmonic spectra from Ar and also identified

the dynamical origin and spectral, temporal nature of the
generated elliptic high-order harmonics. We found that the
proposed technique to generate and tune the BCCR field under
suitable focusing conditions can result in highly energetic
(400 nJ at the source) elliptically polarized harmonic spectra,
with a linear dependence of the central HHG energy on the
central wavelength of the SHG. While certain harmonic re-
gions demonstrate a high degree of ellipticity (almost tending
to circularity, for example, the 10th and 13th harmonics), other
detectable high harmonics demonstrate lower ellipticity. Simi-
lar features were also confirmed with our TDDFT simulations.
By suitably tuning and improving the focusing conditions, we
could achieve a high value of the energy content per pulse
of the highly elliptical XUV emission (400 nJ at the source),
which is much higher than previously reported results. Hence,
employing our approach based on a short-pulse driving laser
and by varying the SHG central wavelength, it is possible to
achieve spatially varying elliptically polarized high harmonics
that can be utilized in imaging and spectroscopic applications
in the materials [68], chemical, and nanosciences [69], as well
as to probe chirality-sensitive processes.
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