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Control of spectral chirality in high-harmonic generation using two-color bicircular laser fields
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We have extended the two-color bicircular approach for generating chiral XUV radiation via high-harmonic
generation by combining femtosecond driving laser fields with 1:3 frequency ratio of wavelengths 1200 and
400 nm. With optimized driving-field intensities, we produced highly chiral spectra in which the vast majority
of harmonics sharing the same helicity constitute the vast majority of spectral content. We support these
experimental finding with a numerically comprehensive analytical model that describes the propensity (selection)
rules for emission of circularly polarized high harmonics. We identify and confirm the rules responsible for the
contrast between the allowed odd harmonics of orders 4q + 1 and 4q − 1 (q an integer), which posses opposite
helicities, as well as the complete prohibition of even-order harmonics in the high-harmonic spectra. We further
apply these rules to explain the spectral shape and ellipticity of the emitted odd harmonics as functions of both
the intensity and the ellipticity of the driving-field components. Using XUV polarimetry, we retrieved full Stokes
vector, confirming achieved ellipticities higher than 0.9.
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I. INTRODUCTION

Many frontiers of attosecond science—which investigates
the behavior of electrons in atoms and molecules with un-
precedented temporal resolution on the electron’s natural time
scale—rely primarily on attosecond pulses (1 as = 10−18 s)
produced through high-harmonic generation (HHG). High-
order harmonics from gas targets have attracted considerable
attention in both experiment and theory, establishing the
semiclassical three-step model as the main mechanism for
harmonic generation [1–7]. Naturally, control over the macro-
scopic parameters of the resulting XUV radiation, including
its amplitude, frequency, and polarization, is essential for re-
alizing the full potential of HHG as a source for experiments.
In particular, the availability of circularly polarized attosec-
ond pulses, enabling attosecond-resolved measurements of
chiral-sensitive electron dynamics, remains both a challeng-
ing and an important task. In principle, synchrotron and
free-electron-laser sources with tunable polarization provide
sufficient brightness and cover the spectral range for such
measurements. Although the generation and initial application
of subfemtosecond pulses were recently demonstrated at the
Linac Coherent Light Source [8,9], access to such large-scale
facilities for chiral-sensitive experiments is very limited. This
makes table-top HHG sources highly attractive for broadly
accessible experimental platforms.
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Over the past decade, numerous methods have been
developed to address the challenge of generating the circularly
polarized XUV radiation suitable for producing attosecond
pulses. An overview of these approaches, including various
combinations of driving laser fields and different techniques
for utilizing of generating media, can be found elsewhere
(see Refs. [10,11]). Recently, another HHG scheme driven
by copropagating bichromatic ω + 2ω fields with orthogonal
polarizations has attracted considerable attention. The field
polarizations may be linear or slightly elliptical, with opposite
helicities and perpendicular major axes [12]. Highly helically
polarized harmonics have been reported, emitted without
particular symmetry constraints, i.e., with odd or even
harmonics of comparable strengths [13,14]. As a result, the
overall spectral chirality, where the chirality in spectra refers
to the ability of spectroscopic methods to distinguish between
enantiomers (mirror-image isomers) that exhibit identical
physical properties in an achiral environment, is quite pure,
leading to the low ellipticity of the attosecond pulses train.
To obtain attosecond pulses with polarization close to
circular, it is necessary to ensure that one helicity component
dominates over the other within a specific spectral range.
Such suppression is achieved in a noncollinear scheme [15],
but this approach is inherently accompanied by nonlinear
spatial chirp, spatiotemporal distortions, and transverse
walk-off. In the two-color bicircular (TCBC) approach, which
relies on tailored driving laser fields [16–18], an effective
helicity-dependent filter, favoring harmonics of only one
helicity and producing highly elliptically polarized pulse
trains, can be realized through optimal configuration of the
applied scheme [19–22]. This strategy also paves the way for
generating chiral isolated attosecond pulses [10].

In this paper, we address the challenge of increasing and
controlling the spectral chirality of XUV radiation gener-
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ated in form of high harmonics by exploiting, for the first
time, the TCBC approach in the ω + 3ω configuration of the
driving fields. First, we use results from quantum-mechanical
multielectron theory based on the S-matrix formalism, the
single-active-electron approximation, and the strong-field ap-
proximation (SFA) to formulate specific selection rules, to
model harmonic spectra, and to reveal the characteristic
features of this configuration. Second, we experimentally gen-
erate high harmonics in Ar and Ne and investigate their depen-
dence on the experimental parameters, particularly an ellip-
ticity and an intensity ratio of driving femtosecond radiation.
Finally, we apply XUV polarimetry based on the Mueller-
matrix formalism to determine the polarization state of the
generated harmonics by retrieving the full Stokes vector.

II. SELECTION RULES FOR ELLIPTICAL
DRIVING RADIATION

A theory of high-order harmonic generation by a bichro-
matic elliptically polarized laser field, composed of two
coplanar components with frequencies rω and sω (where r
and s are integers) and defined in the xy plane, was presented
in Ref. [23]. The study employs a decomposition of both the
driving and harmonic fields into circularly polarized compo-
nents with opposite helicities. By invoking the conservation
laws for energy and for the projection of the total angular
momentum of atom, as well as of the laser and harmonic
photons, onto the z axis, the following general selection rule
was derived for circularly polarized driving fields of opposite
helicities (εr = −εs = ±1):

n = q(r + s) + εrεnr, (1)

where q is an integer and εn = ±1 denotes the ellipticity
of the nth harmonic. The selection rule (1) reduces to the
well-known result for a bicircular field composed of two
counter-rotating circularly polarized components with εr = 1.
For r = 1 and s = 2, the harmonics n = 3q ± 1, q = 1, 2, . . .,
having helicities εn = ±1, are emitted, while the harmonics
3q are absent. For the configuration with r = 1 and s = 3, the
allowed harmonics satisfy the condition n = 4q ± 1; i.e., only
odd harmonics are emitted and all even harmonics are forbid-
den. In this case, the neighboring harmonics carry opposite
helicities.

For an arbitrary elliptically polarized bichromatic field,
the dynamical symmetry is broken and the selection rule (1)
no longer applies. The emitted harmonics are elliptically po-
larized and have the frequency nω, where n is an arbitrary
integer. The nth harmonic field En can be expressed as the
sum of two components En+ and En−, with helicities +1
and −1, respectively. These components interfere coherently
to produce an elliptically polarized nth harmonic. Denoting
by p± and q± the integers associated with the number of
exchanged photons of frequencies rω and sω, respectively,
and with their corresponding helicities ±1, the mentioned
angular-momentum conservation leads to the relation

p+ = p− − q+ + q− ± 1. (2)

By additionally applying energy conservation, one arrives at
the following selection rule for the n± harmonic-field compo-

nent [23]:

n± = (2p− + q− − q+ ± 1)r + (q− + q+)s. (3)

For arbitrary integers p−, q−, and q+, the numbers n± can also
be arbitrary integers. The dominant contribution to the gener-
ation of the nth harmonic arises from the smallest values of
|p−|, |q−|, and |q+| that satisfy relation (3). This allows us to
estimate which harmonics are expected to be most prominent
in the spectrum.

In a more straightforward configuration where the ellip-
ticity εs is fixed to +1, while the ellipticity −1 � εr < 0
is arbitrary, we have p− = p, q− = 0, and q+ = q, so the
selection rule takes the form

n± = (2p − q ± 1)r + qs, (4)

where p and q are integer, and n± is the harmonic order n of
the positive or negative helicity of harmonic-field component,
depending on the combinations of p and q. Substituting into
Eq. (4) the values for r and s corresponding to specific config-
urations, we find a remarkable difference in the development
of the spectral shape of generated XUV radiation, when one
of the driving laser fields is elliptical. For the ω + 2ω case,
Eq. (4) leads to n± = 2p + q ± 1 so, both even and odd
harmonics are allowed and emitted, as already observed in
numerous experiments [20,24]. However, it is particularly
notable that for the ω + 3ω configuration the emitted harmon-
ics satisfy n± = 2(p + q) ± 1, i.e., only odd harmonics are
allowed, while even harmonics remain forbidden. The funda-
mental reason for this is the symmetry of this field with respect
to the half cycle of the ω field [25]. This distinctive feature of
the ω + 3ω configuration offers a potential route for improv-
ing the spectral chirality of the generated XUV radiation and
preventing depolarization of the attosecond pulses [26], which
is especially critical for few-cycle laser drivers [10].

III. EXPERIMENTAL SETUP

We performed the experiments using the setup schemat-
ically presented in Fig. 1. A commercial Ti:sapphire-based
laser system with a single-stage regenerative amplifier (SPIT-
FIRE ACE) was used, delivering 35 fs pulses with energies
up to 6 mJ and a central wavelength of λ = 795 nm at 1 kHz
repetition rate. The carrier-envelope phase (CEP) of the pulses
was not stabilized. Because CEP fluctuations cause only an
azimuthal rotation of the combined laser field, without al-
tering its shape or symmetry [27], and because the resulting
change in the field intensity is estimated to be smaller than the
experimental noise, we conclude that CEP fluctuations do not
noticeable influence the parameters of generated radiation.

The original beam was split into two parts in an 80/20
ratio, and each part was compressed separately to achieve
optimal parameters for subsequent nonlinear conversion.
The first beam was directed into an optical parametric
amplifier system (TOPAS, Light Conversion) to generate 50
fs pulses tunable within the 1120–1680 nm spectral range.
The radiation from the second beam was up-converted to
the second harmonic (λ = 400 nm) using a 100 -µm-thick
type-I beta barium borate (BBO) crystal producing pulses of
40 fs duration. Both beams then passed through achromatic
broadband half-wave plate and quarter-wave plate pairs, yield-
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FIG. 1. Experimental setup: (a) TM1–TM6—turning mirrors, PA—attenuator, TIM1–TIM4—telescope mirrors, BBO—beta-barium-
borate crystal for second-harmonic generation, NGVD—mirror pair for precompression, SM—silver mirror, MCP—detector for XUV
radiation, I1–I3—auxiliary iris diaphragm to align and control collinearity of the two-color components of the driving field, (b) XUV
spectrometer, and (c) XUV polarimeter.

ing nearly circular polarization (ε1 ≈ −0.98 ± 0.02) with
clockwise (right-rotating) helicity for the infrared beam, and
ε3 ≈ 0.93 ± 0.02 counterclockwise (left-rotating) helicity
for the 400 nm beam. The two driving beams were carefully
overlapped spatially in collinear geometry and focused with a
single Ag mirror at f /100 into a 0.9-mm-long gas cell filled
with the target gas (Ar or Ne). The cell was initially sealed
with a metal foil, which was burned through by the laser beam
at the start of the experiment. The resulting cell opening,
d0 ≈ 60 µm, was comparable to the focal spot size, allowing
the gas pressure inside the cell to be maintained between 5 and
100 mbar while keeping the vacuum in the interaction cham-
ber at Prest ≈ 10−3 mbar. The waist of the infrared beam (75 ±
10) µm (1/e2 level) was measured to be slightly larger than
that of the 400 nm beam [(60 ± 10) µm]. The beam waists
were carefully adjusted to coincide at the same position along
the propagation axis. The cell was positioned approximately
2 mm after the focus to improve phase-matching conditions
[20]. The maximal achievable peak intensities at the cell
position were estimated to be I1200 ≈ 6.5 × 1014 W/cm2 and
I400 ≈ 1.8 × 1014 W/cm2. After passing through the cell, the
driving beams were blocked by a 200-nm-thick aluminium
foil, and the transmitted XUV radiation was directed to an
XUV spectrometer based on a 1 m toroidal mirror and a 600
grooves/mm plane grating (for details, see Refs. [10,28]),
schematically shown in Fig. 1(b). The spectrally resolved
XUV radiation was detected using a microchannel-plate-
based detector (MCP) with a phosphor screen and recorded
by a fast complementary metal-oxide semiconductor camera.

The relative time delay between the two-color compo-
nents was precisely controlled by translating the fundamental
beam with a motorized delay stage. The XUV radiation was
observed only within the temporal window where the two
driving pulses overlapped and the temporal overlap was opti-
mized to maximize the harmonic signal. The IR beam passes
through a half-wave-plate/polarizer pairs to control its inten-

sity. The intensity of the second-harmonic beam was adjusted
using 1-mm-thick fused-silica beamsplitters with different
split ratios in 10% increments. The harmonic spectra pre-
sented in this work were obtained by integrating the MCP
images along the vertical axis.

IV. EXPERIMENTAL RESULTS

The experimental spectra obtained from the evaluation of
the data sets are presented in this section together with the
corresponding theoretical results, calculated using simula-
tions based on the strong-field approximation. For the spectra
shown in Fig. 2 (Ar) and Fig. 3 (Ne), the total intensity
I = I1200 + I400 of the two-color field was kept approximately
constant at I = (4–5.5) × 1014 W/cm2, while the ratio γ =
I1200/I400 was varied. The generated XUV spectra exhibit the
characteristic shape of the TCBC scheme. According to the
selection rule (1), only odd harmonics are observed for all
values of γ , while even harmonics are forbidden. This is a
distinctive spectral feature of bichromatic HHG in the ω + 3ω

configuration, in contrast to the ω + 2ω case, where the ap-
pearance of forbidden n = 3q harmonics has been reported
in several experiments. For the ω + 2ω bicircular field, only
the harmonics n = 3q ± 1 are allowed according to the se-
lection rule (1), so the n = 3q harmonics are forbidden. The
observations of n = 3q harmonics for bichromatic elliptical
polarization of the driving field have been attributed either
to trapped population in Rydberg states during strong-field
ionization [29], or to the breaking of the dynamical symmetry
of the driving bicircular field [20].

We continued with another experimental series for Ar, in
which the intensity of the IR diving field was kept constant
while the intensity of the 400 nm field was varied. The re-
sults are shown in Fig. 4. Analyzing the results presented
in Figs. 2–4, we draw the following conclusions. First, the
overall harmonics cutoff (on the linear scale [30]) exhibits a
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FIG. 2. XUV spectra of high harmonics generated in Ar using
two-color bicircular driving fields of different intensity. The val-
ues in the insets indicate the driving-field intensities in units of
×1014 W/cm2, with the first value corresponding to the 1200 nm IR
beam and the second to the 400 nm beam. The experimental spectra
are shown by the black solid curves, while the red filled circles
present simulated harmonic spectra obtained under the experimental
conditions. The calculated values of the asymmetry parameter χ for
the corresponding experimental spectra are shown in the legend.

dependence proportional to the total intensity I = I1200 + I400,
but with a more efficient contribution from the 3ω component.
Second, the key parameter governing the suppression of the
harmonics n = 4q − 1, q = 3, 4, 5, . . ., which have helicity
εn = 1 of the 3ω driver, is the ratio γ = I1200/I400, with a
clearly dominant IR component for γ � 3. Such behavior has
already been reported for the ω + 2ω configuration, where the
intensity of specific harmonic lines was controlled by varying
the relative intensities of the two driving fields [19,21]. In our
experiments, we achieve the highest degree of suppression
for γ � 7 in Ar and γ � 4 in Ne. We quantify the degree
of chiral control by calculating the spectral asymmetry in
the form

χ = (I4q+1 − I4q−1)/(I4q+1 + I4q−1), (5)

where I4q+1 and I4q−1 denote the integrated intensities of all
harmonics of the corresponding orders. The spectra are ob-
tained integrating the MCP images along the vertical axis,
within the range of interest for the relevant signal of corre-
sponding harmonic, as described in Sec. III. The values of
χ indicated in Figs. 3 and 4 were calculated for harmonics

FIG. 3. Same as in Fig. 2, but for the XUV spectra generated in
Ne. The shaded area indicates the spectral region where the domi-
nance of the harmonics is reversed.

FIG. 4. Same as in Fig. 2 for Ar, but with the intensity of the ω

component kept fixed.
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H13 and higher for Ar spectra and H19 and higher for Ne
spectra, corresponding to nonshadowed area in figures. Our
experimental results demonstrate that substantial control can
be achieved in the near-cutoff region. In particular, the sup-
pression of the 4q − 1 harmonics can be tuned over a wide
range, down to the level less that 0.1 (corresponding to χ =
0.85) of the intensity of the neighboring 4q + 1 harmonics,
providing a relatively straightforward means for efficiently
controlling the ellipticity of the attosecond bursts. It is worth
noting that the calculated values of the spectral asymmetry
parameter χ represent an upper limit for spectral chirality,
under the assumption that the contributing high harmonics
are circularly polarized without any unpolarized component.
A realistic estimate of spectral chirality requires incorpo-
rating the precise values of the harmonic ellipticity and
polarization state.

As mentioned above, a remarkable feature of the ω + 3ω

configuration is the strong prohibition against the generation
of even-order harmonics. Theory predicts that deviations of
the driving field polarization from pure circular ε = 1 toward
elliptical 0 < ε < 1 do not lift the selection rules that forbid
even harmonics. This behavior contrasts with the ω + 2ω

case, where the harmonics of order 3q, forbidden for bicir-
cular case, appear in the spectrum as soon as ε < 1. Their
emergence is attributed either to modified selection rules [23]
or to the opening of generation channels due to spin angu-
lar momentum conservation [24]. We validate this prediction
experimentaly by performing a series of measurements in
a straightforward configuration where the ellipticity of the
400 nm field is fixed at its maximum available value, ε3 �
0.93, while the ellipticity ε1 of the IR field is tuned over
a wide range. The results are shown in Figs. 5 and 6. The
ionization potential of Ar is 15.76 eV, while for Ne it is
21.56 eV. This explains the higher intensities used in Fig. 6.
As predicted by the selection rules, even harmonics do not
appear in the spectrum as shown in Figs. 5 and 6. In con-
trast, the appearance of forbidden 3q harmonics is routinely
observed in the ω + 2ω configuration in different experiments
when the driving-field polarization is varied from circular
toward elliptical [20,24,31]. This effect can lead to spectral
overlap with neighboring orders, particularly in the cutoff
region, thereby mixing their polarization properties. As a con-
sequence, the harmonic ellipticity associated with emission
over the full pulse duration is significantly reduced, accompa-
nied by a rapid drop in ellipticity and increased depolarization
[26]. Therefore, the commonly proposed simple method for
controlling harmonic ellipticity for applications [32] is not
free from these drawbacks. The remarkable robustness of the
ω + 3ω scheme against the generation of forbidden harmon-
ics, which is in accordance with the selection rule (4) for
bichromatic elliptically polarized driving field, offers a clear
advantage for improving harmonic ellipticity. Furthermore,
we observe a strong dependence of the spectral asymmetry
on the ellipticity ε1 of the IR driving field. As the IR field
ellipticity decreases, the intensity of the 4q + 1 orders remains
approximately constant, while the intensity of the 4q − 1 har-
monic increases, thereby modifying the spectral asymmetry.
Consequently, the harmonic ellipticity can be fully controlled
by adjusting the ellipticity of the IR driver, without detrimen-
tal contributions from forbidden harmonics.

FIG. 5. XUV spectra of high harmonics generated in Ar for
I1200/I400 = (4.5/1.2) × 1014 W/cm2. The black solid curves show
experimental spectra, while the red solid circles represent the simu-
lated harmonic spectra obtained under the experimental conditions.
The values in the legends indicate the ellipticity ε1 and the calculated
asymmetry parameter χ .

V. THEORETICAL RESULTS

The theoretical results presented in proceeding section are
obtained using the method described in Ref. [33]. In this
approach, the HHG spectra are simulated by performing in-
coherent averaging of fixed-intensity SFA results, over the
laser intensity distribution in the focus. By the SFA results
we refer to the calculation of the T -matrix element, which
determines the harmonic intensity. This requires numerical
integration over the ionization and recombination times of
the product of the corresponding dipole matrix elements and
an exponential factor with the strong-field-dependent action.
The dipole matrix element is between the ground-state wave
function, represented in the form of atomic orbitals obtained
by solving the Roothan-Hartree-Fock equations in terms of
Slater-type orbitals, and the laser-dressed continuum Volkov
state. For the Ar and Ne atoms considered here, the ground
state is a p state (orbital quantum number is � = 1). Conse-
quently, the T -matrix element is obtained as a coherent sum
of the contributions corresponding to the magnetic quantum
number m = ±1 [34]:

Tn =
∑

m

∫ T

0
dtrecê∗

k · dm(trec)einωtrec/T, (6)
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FIG. 6. Same as in Fig. 5, but for Ne and I1200/I400 = (6.5/1.5) ×
1014 W/cm2.

where ω = 2π/T is the fundamental laser-field frequency,
êk is the complex harmonic-field polarization vector, and
the T -matrix element Tn is the Fourier component of the
recombination-time-dependent dipole dm(trec), which is cal-
culated by numerical integration over the ionization time tion,
for particular value of the ground-state magnetic quantum
number m. The nth harmonic intensity is Pn ∝ (nω)4|Tn|2.

Figure 7 shows an example of the fixed-intensity SFA
calculations for the Ar atom, which has an ionization poten-
tial Ip = 15.76 eV = 15.25ω. The driving field is bicircular,
with component helicities ε1 = −1 and ε3 = 1, and fixed
component intensities I1200 = 3.4 × 1014 W/cm2 and I400 =
2.0 × 1014 W/cm2. According to the selection rule (1), the
allowed harmonics are n = 4q ± 1, q = 1, 2, 3, . . ., with he-
licites εn = ∓1. Two spectral regions can be distinguished: (1)
the low-energy harmonics, where experimental data are avail-
able, and (2) the high-energy plateau and cutoff region, where
the semiclassical model of Refs. [17,18,23,34–37] provides
an accurate description [38]. The SFA spectra in Fig. 7(a)
show that harmonics with positive helicity dominate for n �
15 and n � 39. A pronounced intensity asymmetry appears
between the εn = −1 and εn = +1 harmonics, especially for
n = 21, 25, 29, 33, all of which have εn = −1. This asym-
metry can be understood by analyzing the partial m = ±1
contributions to the harmonic intensity, shown in Figs. 7 (b)
and 7(c). For harmonics with εn = −1, the m = +1 channel
dominates at low orders (n � 21), whereas at higher orders,
the m = −1 channel becomes dominant (with the exception of
the cutoff region n > 53, where the intensity decreases expo-
nentially). Conversely, for harmonics with εn = 1 in Fig. 7(c),
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FIG. 7. Harmonic intensity as a function of harmonic order for
HHG in Ar driven by a bicircular field with parameters ε1 = −1,
ε3 = +1, I1200 = 3.4 × 1014 W/cm2, and I400 = 2.0 × 1014 W/cm2.
Panel (a) shows the intensities of harmonics with helicities εn = ±1.
Panels (b) and (c) display the partial contributions of the m = ±1
channels for harmonics with εn = −1 and εn = 1, respectively.

the m = −1 contribution dominates at low orders n � 23,
while the m = +1 contribution becomes dominant throughout
the plateau and cutoff region. The coherent sum of the two
m contributions to the harmonic-emission T -matrix element
(6) produces the spectra shown in Fig. 7(a). Overall, our
analysis shows that for n < 33 the m = −1 channel provides
the dominant contribution to the harmonic intensity.

The spectra shown in the right-hand panels of Figs. 2–6 are
SFA simulations performed using incoherent focal-intensity
averaging with the same field parameters as in the experi-
ments. The agreement is notable, both in the overall spectral
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FIG. 8. Result of the SFA simulation for Ar driven by a bicircu-
lar field with I1200 = 4.5 × 1014 W/cm2, I400 = 1.2 × 1014 W/cm2,
ε3 = −1, and variable ε1. Panel (a) shows the harmonic intensities.
Panels (b) and (c) display the partial contributions of the m = +1 and
m = −1 channels, respectively.

shape and in the dependence on the driving-field intensity
and ellipticity. Another characteristic feature, observed exper-
imentally and reproduced by the simulations, is the reversal
in dominance from the harmonics with n = 4q − 1 orders
toward harmonics with n = 4q + 1 orders at the low-energy
edge of the spectrum (shadowed regions in Figs. 3 and 4). For
Ar, this reversal occurs around H11–H13, and for Ne around
H17–H19, indicating a clear dependence on the ionization
potential of the target medium. This behavior is also repro-
duced qualitatively in the theoretical spectra of Fig. 7(a), at
the location marked by the circle.

Results of the simulation with the ε1 as a parameter are
summarized in Fig. 8. Most noteworthy are the results for
the n = 4q + 1 harmonic orders H13, H17, and H21, coro-
tating with 1200 nm driver. For each individual m = +1 or
m = −1 contribution, the intensities of these harmonics are
lower than those of the neighboring n = 4q − 1 harmonics of
opposite helicity, as shown in Figs. 8(b) and 8(c). However,
the total intensities in Fig. 8(a) are unexpectedly higher, most
prominently for H13. This indicates that the m = +1 and
m = −1 channels are in phase for both the x and y com-
ponents, so their contributions add coherently and interfere
constructively. This interpretation is confirmed by calculating
the phases of the corresponding T -matrix-element compo-
nents for m = +1 or m = −1 shown in Fig. 9. For ε1 = 1, the
phases of the T -matrix-element components are nearly identi-
cal for the harmonics H13, H17, H21, H25, and H29. For the
remaining harmonics, the phases differs, with the exception of
n = 15. When ε1 = 0.5, the phases of the two m components
are close only for the x component and only for harmonic
orders n < 27; this is particularly evident for H13, H17,
H21, and H25.

A more insightful semiclassical interpretation of the role
of the magnetic quantum number m and the associated
electric ring current will be provided after introducing the
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FIG. 9. Phase of the T -matrix-element components of the har-
monics calculated for (a) ε1 = 1 and (b) ε1 = 0.5. Other parameters
are as in Fig. 8.

quantum-orbit theory. The integral over the ionization time
tion and the recombination time trec can be evaluated ap-
proximately using the saddle-point method and quantum-orbit
theory [35,39]. The solutions of the corresponding saddle-
point equations are classified by a multiindex (α, β, μ) [40],
with each solution defining a quantum orbit that determines a
specific electron trajectory. The index μ approximately mea-
sures the electron travel time in units of the optical period
T , while the index β enumerates the solutions within the
laser-field period corresponding to the index μ. Finally, the
index α identifies the “short” (α = +1) and “long” (α = −1)
orbits of the pair of solutions characterized by the indices
β and μ (the nomenclature of short and long orbits was
first introduced in Ref. [3]). The dominant contribution to
the T -matrix element arises from the short quantum orbits,
which are characterized by the index μ = 0. Figure 10 illus-
trates the (α, β, μ) classification for the parameters of Fig. 7,
restricted to the case μ = 0. The harmonic photon energy
nω, in units of the ponderomotive energy Up, is shown as
a function of the electron travel time Re τ = Re (trec − tion ),
given in units of the optical period T = 2π/ω. The resulting
curves appear in pairs labeled by α = ±1, with each pair
exhibiting its own characteristic maximum energy (cutoff).
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FIG. 10. Saddle-point solutions (α, β, μ) for μ = 0, obtained for
the same parameters as in Fig. 7.

For the present parameters, there are r + s = 4 such pairs,
indexed by β = 1, 2, 3, 4. Among these, the dominant con-
tribution to the HHG T -matrix element originates from the
shortest quantum orbit (α, β, μ) = (1, 1, 0). In what follows,
we use this orbit to provide a physical interpretation of the ex-
perimental observations and theoretical simulations presented
in Figs. 2–6.

In Fig. 11, we present our semiclassical quantum-orbit
analysis for the harmonic n = 25. The upper-left panel shows
that, for the harmonic H25, the electric field at the ionization
time (denoted by I) is relatively strong and evolves along an
almost linear segment up to the recombination time (denoted

� 3�

H25
j�

j�

FIG. 11. Bicircular electric-field vector (upper-left panel) and
vector potential (lower-left panel) in the polarization plane. The
right panels show the electron trajectory (upper) and velocity (lower)
between the ionization (I) and recombination (R) times correspon-
ingd to harmonic order n = 21. The associated electron probability
current is also shown. Atomic and laser parameters are identical to
those used in Fig. 7.

by R). The presence of such near-linear field segments is
generally crucial for efficient generation of high-order har-
monics. The lower-left panel illustrates the corresponding
evolution of the vector potential. The insets depict the polar-
ization of the two component fields; the smaller blue circle
indicates the lower intensity of the 3ω component of the bi-
circular field. The field, vector potential, electron coordinate,
and velocity at the ionization and recombination times are
marked by filled cyan circles. The upper right panel shows
the electron trajectory between ionization and recombination.
The electron is born a few atomic units away from the nucleus
(located at the origin) and returns to it along the cyan path.
The trajectory is short and differs from those associated with
higher harmonic-photon energies (compare Fig. 11 in Ref.
[37]). After emerging at the tunnel exit, the electron initially
moves in the positive y direction. A positive initial velocity
tion is required to compensate the positive value of the field
component Ey, ensuring that the electron can return to the
origin and recombine. For t > tion, the force −E(t ) causes
vy to decrease while vx increases. When the x component of
the electric field changes sign, vx begins to decrease, while
vy continues to decrease until recombination, at which point
the electron has sufficient kinetic energy to emit the n = 25
harmonic. As shown in Fig. 7(b), the probability of ionization
from the atomic ground state having m = −1 is higher for n =
25. The corresponding electric ring current jm = j− ∝ mêϕ

(with êϕ the unit vector in spherical coordinates) is displayed
in the right-hand panels of Fig. 11. Since x(tion ) < 0, the y
component of j− is positive, making it more likely for the
electron to emerge with a large positive vy(tion ) than in the
m = +1 case. This explains the stronger harmonic intensity
for m = −1 observed in Fig. 7. Furthermore, recombination
is more probable when the bound state corotates with the
circular field of the emitted harmonic, i.e., when m = −1
and εn = −1, which is indeed the case for n = 25. A similar
analysis applies to other harmonics. For example, for n = 15
the trajectory resembles that in Fig. 11, but the electron does
not encircle the origin, instead y < 0 throughout the excur-
sion. In this case, the electron returns with a positive velocity
component vx(trec) = 0.4 a.u.

In conclusion, our theoretical analysis leads to the follow-
ing interpretation of the experimental results. Both Ar and Ne
have a p-ground state, and ionization and recombination in
the HHG process can occur for either the m = +1 or m = −1
state. Consequently, the T -matrix element is a coherent super-
position of these two contributions, Eq. (6). Their interference
varies across different harmonic-order ranges, as illustrated in
Fig. 7 where the partial m contributions are also shown. This
interpretation is further supported by Figs. 8 and 9, which
demonstrate that for certain harmonics and laser parameters
the T -matrix contributions from the m = +1 and m = −1
channels become in phase. Additional insight is obtained us-
ing quantum-orbit theory and analyzing the electron trajectory
associated with the dominant, shortest quantum orbit (see
Fig. 11). The enhanced intensity of a specific harmonic for
a given value of the ground-state magnetic quantum num-
ber m is linked to the corresponding electric ring current,
which causes a more likely emergence of the electron with the
velocity required for emission of that harmonic. Moreover, re-
combination is more probable when the bound state corotates
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with the circular polarization of the emitted harmonic. Such
an analysis does not apply to atoms with an s ground state and
m = 0, such as He.

VI. XUV POLARIMETRY

Exact knowledge of the polarization state of radiation is
crucial for a quantitative understanding of the underlying
physical processes in a chiral environment, because chiral
effects are proportional to the degree of circular polarization.
The polarization of light is completely characterized by the
Stokes vector �S whose elements are four Stokes parameters
S0, S1, S2, and S3, defined by [41,42]

�S =

⎛
⎜⎜⎝

S0

S1

S2

S3

⎞
⎟⎟⎠ =

⎛
⎜⎜⎝

Ix + Iy

Ix − Iy

I+45◦ − I−45◦

IR − IL

⎞
⎟⎟⎠, (7)

where Ix, Iy, and I±45◦ are the intensities measured after a
polarizer aligned along x, y, and ±45◦ directions, respectively,
and IR (IL) is the intensity measured along the +45◦ (−45◦)
direction after a π/2 retardation. In this work, we define the
light polarized along the x direction as p polarized and light
polarized along the y direction as s polarized. For conve-
nience, we use the normalized Stokes parameters, defined by
S̃i = Si/S0, i = 1, 2, 3. Moreover, the Stokes parameters allow
one to describe partially polarized light, with the degree of
polarization

η =
√

S̃2
1 + S̃2

2 + S̃2
3 � 1, (8)

where η = 1 for fully polarized light.
To perform classical measurement of the Stokes parame-

ters, a phase plate that introduces a known phase retardation
between the two electric-field components, and an analyzer
that preferentially transmits a single linearly polarized com-
ponent have to be applied. A polarization measurement also
requires independent rotation of both elements about the
direction of light such that the polarization state is mod-
ified by the first element and subsequently analyzed by
the second. In the standard measurement scheme, known
as rotation-analyzer (polarizer) ellipsometry, the transmitted
light intensity is recorded when the position of wave plate (po-
larizer) is constant, while the transmission axis of the linear
polarizer (wave plate) is rotated around the propagation axis.
Fitting a model function for the transmitted intensity, with
the Stokes vector elements as parameters, to the experimental
polarization curve [10,43–45], or determining the coefficients
by Fourier transformation [46], yields the normalized Stokes
parameters as well as the polarizing properties of the op-
tical elements used. The ellipticity, orientation angle, and

degree of depolarization can then be obtained from standard
relations.

In this work, we refer to the Mueller-matrix formalism,
which describes the interaction of the input Stokes vector �Sin

with an optical element, to define a model for the transmitted
intensity. The Stokes vector �Sout of the light after passing
through the setup is then given by

�Sout = R(α)Mψa,�a R(−α)R(β )Mψp,�pR(−β )�Sin, (9)

where R(β )Mψp,�pR(−β ) and R(α)Mψa,�a R(−α) describe
the action of the rotating polarizer and rotating analyzer,
respectively. The first element of the �Sout Stokes vector,
S0,out, is proportional to the transmitted intensity Iout. The
measured transmitted intensity together with the model
function is then used to reconstruct the Stokes vector of the
incident field.

Precise knowledge of the phase retardation introduced by
each element of the setup, as well as their reflective properties,
is crucial for a reliable evaluation. In the UV, visible, and near-
IR spectral ranges, numerous well-characterized polarizing
elements operating in transmission offer good opportunities
for routine measurements. In the VUV, where no transpar-
ent materials exist, one must instead use multiple-reflection
systems whose incidence angles and coatings are optimized
to achieve effective polarizer or analyzer performance [45].
The major drawback of such multireflection systems is their
very low overall transmission, which can be as little as a few
percent.

Here, we experimentally apply a modified version of
rotating-analyzer ellipsometry to determine the ellipticity,
helicity, and degree of polarization of the generated high har-
monics. For the polarimetric measurements, the MCP detector
[Fig. 1(b)] located after the VUV spectrometer was removed,
and a polarizer [Fig. 1(c)] was inserted into the beam path
at the image plane of the toroidal mirror. The analyzer is
based on a single reflection from a GaAs crystal with (001)
orientation, which provides a highly suitable extinction ratio
rp/rs in the spectral range of the generated harmonics and is
mechanically more robust than unprotected metal surfaces.
The GaAs plate was set at an incidence angle of approxi-
mately 40◦, corresponding to the Brewster angle for radiation
near the midpoint of the spectral range of interest.

The XUV radiation generated in the gas jet propagates
toward the GaAs polarimeter through the XUV spectrometer,
undergoing two reflections from the gold-coated surfaces of
the toroidal mirror and the grating. Each of these reflections
introduces not only an intensity modification determined by
the extinction ratio, but also a phase shift between the p and
s components. Mathematically, this action is described by
a 4 × 4 Mueller matrix, which in its most general form is
given by

Mψ,� =

⎛
⎜⎜⎜⎝

1 − cos 2ψ 0 0

− cos 2ψ 1 0 0

0 0 sin 2ψ cos � sin 2ψ sin �

0 0 − sin 2ψ sin � sin 2ψ cos �

⎞
⎟⎟⎟⎠, (10)
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where ψ = arctan(|rp|/|rs|) and � is the introduced phase
shift. This matrix is also applied to the GaAs analyzer, to-
gether with the rotation Mueller matrix:

R(α) =

⎛
⎜⎜⎝

1 0 0 0
0 cos 2α sin 2α 0
0 − sin 2α cos 2α 0
0 0 0 1

⎞
⎟⎟⎠, (11)

where α is the azimuthal rotation angle of the analyzer. The
Stokes vector after passing through the entire setup then is

�Sout = R(α)Mψa,�a R(−α)Mψs,�s
�Sin, (12)

where Mψs,�s describes the spectrometer components and
R(α)Mψa,�a R(−α) represents the rotating analyzer. Since the
MCP detector is not phase sensitive, we set the phase shift
introduced by the analyzer to �a = 0. The MCP detector
measures the total light intensity I ≡ I (α; S̃1, S̃2, S̃3), which
corresponds to the first component of �Sout, yielding

I ∝ 1 − S̃1 cos 2ψs

+ cos 2ψa cos 2α(S̃1 − cos 2ψs)

+ sin 2α sin 2ψs(S̃2 cos �s + S̃3 sin �s). (13)

The experimental ellipticity ε and the ellipse orientation an-
gle θ can also be expressed in terms of the components
of the Stokes vector ε = tan[arctan(S3/

√
S2

1 + S2
2 )/2], θ =

arctan(S2/S1)/2 [10].
Equation (13) contains the unknown parameters of the

optical system ψs,�s, and ψa. These can be determined by
a least-squares fit to the measured data in a self-calibrating
procedure, which enables simultaneous characterization of
the incident light and determination of the polarizing prop-
erties of the optical elements used [44]. Alternatively, they
can be obtained from the tabulated reflection coefficients of
the corresponding materials. However, these values depend
critically on the angle of incidence and on the optical quality
of the reflecting surfaces. In this work, we determined the
parameters ψa, ψs, and �s, thereby experimentally calibrating
our optical system using radiation with well-defined Stokes
vectors. We exploit the property of HHG driven by a linearly
polarized mid-IR laser beam to follow the polarization of the
driving laser, whose polarization can be precisely controlled.
The transmitted intensity was recorded for each harmonic
as a function of the analyzer angle for four distinct linear
polarization states of the high-harmonic radiation: p- and
s-polarized light, �Sp/s = (1,±1, 0, 0)T (T indicates the trans-
pose), and polarization angles 45◦ [�S45◦ = (1, 0, 1, 0)T ] and
−45◦ [�S−45◦ = (1, 0,−1, 0)T ].

The intensity of the transmitted beam was measured as
a function of the analyzer’s azimuthal angle over a full 2π

rotation, with a step size of 5◦. It is important to emphasize
the necessity of performing measurements over the entire 2π

range. The polarimetric curves recorded with the polarimeter
must exhibit π symmetry, I (α) = I (α + π ) with, α ∈ [0, π ].
This symmetry provides a crucial indication of correct ana-
lyzer alignment, as its rotation axis must be strictly collinear
with the propagation axis of the analyzed radiation. Any devi-
ation from collinearity leads to a variation of the incidence
angle α during rotation and results in asymmetric curves,

TABLE I. Parameters |rp|/|rs| = tan ψ and �s evaluated for each
individual harmonic. The indices a and s refer to the analyzer and the
spectrometer, respectively.

tan ψa tan ψs �s (rad)

H17 0.418 ± 0.006 0.78 ± 0.04 2.19 ± 0.04
H19 0.320 ± 0.009 0.88 ± 0.03 2.31 ± 0.05
H21 0.374 ± 0.008 0.65 ± 0.02 2.38 ± 0.05
H23 0.392 ± 0.008 0.88 ± 0.03 2.29 ± 0.08

i.e., I (α) �= I (α + π ). Consequently, performing only a π

scan can cause poor convergence of the fitting procedure and
significant errors in the evaluation of the Stokes components.
The evaluated parameters of the setup are listed in Table I.

The present experimental geometry does not allow polari-
metric measurements for harmonics H13 and H15, because of
violation of the polarimeter collinearity condition at the edge
of the grating’s angular orientation. Using another grating
with larger free dispersion range or rearrangement of the po-
larimeter position can help to meet the colinearity requirement
for low order harmonics.

In the next step, we switched to generating high harmonics
in the TCBC scheme using circularly polarized drivers. The
harmonics were generated in Ar with the driver configuration
corresponding to the optimal spectral asymmetry, as shown
in Figs. 2 and 4. Typical polarimetric curves obtained under
these conditions are shown in Fig. 12.

The curve-fitting procedure (e.g., curve f it package in
Python) can yield a unique solution for the Stokes vector
only if the degree of polarization η is assumed to be known.
Because unpolarized and circularly polarized radiation can-
not be distinguished using a single analyzer, the polarimetric
curves can be fitted with different combinations of η and ε,
and therefore do not provide a unique solution. To overcome
this ambiguity, a phase retarder must be inserted into the
beam path, and polarimetry must be performed for several
compensator settings with well-defined phase shifts. A unique
solution can then be obtained by recording at least two po-
larization curves. However, the limited space in the current
setup does not allow the insertion of an XUV compensator,
which typically consists of a stack of three or more mirrors.
An additional drawback is the significant loss of transmitted
radiation caused by the multiple partial reflections in such a
device.

We have proposed an alternative technique [10] that ex-
ploits the polarization properties dictated by the symmetry of
the driving fields in the TCBC approach for chiral HHG. In
this scheme, the helicity of each harmonic can be reversed
simply by interchanging the helicities of the driving fields.
Under identical generation conditions for both helicities, it is
reasonable to assume that changing the sign of the helicity
affects only the sign of the Stokes parameter S3 in Eq. (13).

Figure 12 presents the polarimetric curves of harmonic
H21 recorded for positive and negative helicities. The same
measurements were performed for harmonics H17, H19, and
H23. Reliable measurements for harmonics of order higher
than H23 were not achieved due to their low intensity.
The polarimetric curves in Fig. 12 demonstrate that, after
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FIG. 12. Polarimetric curves for H21 recorded for positive (red
line and solid symbols) and negative (blue line and open symbols)
helicity. The lines represent fits using Eq. (13), while the symbols
show the experimental data.

propagation through the spectrometer, the polarization at the
analyzer position is no longer circular. By reversing the optical
path and applying Eq. (12), one can infer the original state of
polarization before the spectrometer.

We evaluated the Stokes parameters by fitting the model
function coupled for both positive and negative helicity, i.e.,
I+(α; S̃1, S̃2,+S̃3) and I−(α; S̃1, S̃2,−S̃3) on basis of Eq. (13),
to the combined in the same way experimental data for each
harmonics. The chi-square value X 2, which quantifies how
well a given model function or parameter set reproduces the
measured data, was calculated for the datasets.

The results of the Stokes-vector evaluation, together with
the corresponding ellipticity and degree of polarization, are
summarized in Tables II and III. The most intense harmonics,
H17 and H21, whose helicities follow that of the IR driver
and which determine both the spectral asymmetry and the
energetic content of the pulse, are found to be nearly circu-
larly polarized and exhibit a very high degree of polarization.
Table III lists only the absolute values of ε, since the helicity
can be either positive or negative depending on the specific
combination of the driving fields. The X 2 values for H17, H19,

TABLE II. Components of the normalized Stokes vector and the
corresponding likelihood estimates in the form of X 2, retrieved from
the evaluation of the polarimetry measurements.

S̃1 S̃2 S̃3 X 2

H17 0.041 0.026 −0.999 78 ± 2
H19 −0.072 −0.106 0.279 40 ± 2
H21 0.015 −0.014 −0.966 82 ± 2
H23 0.31 0.004 0.39 87 ± 25

and H23 are very close to the number of data points (72),
providing confidence in the goodness of fit. In contrast, the
weaker harmonics H19 and H23, which carry the opposite
helicity, show a substantial unpolarized component despite
their moderate ellipticity. The relatively small X 2 value for
H19 can be attributed to the larger standard deviation of the
measurements, caused by the reduced signal-to-noise ratio
when the analyzer must operate at high gain to detect these
strongly suppressed harmonics. Considering the dominant
contribution of the 4q + 1 harmonics, with their high ellip-
ticity and high degree of polarization, and almost negligible
contribution of the suppressed 4q − 1 harmonics to the forma-
tion of the attosecond pulse train, we can conclude that highly
chiral attosecond pulses (ε > 0.85) are successfully formed
in the time domain. The resulting chirality is expected to be
only slightly lower than the spectral chirality χ within the
corresponding spectral range. Appropriate spectral filtering
within the range of interest will further support the generation
of circularly polarized attosecond pulses.

VII. ELLIPTICITY: THEORETICAL APPROACH

The large unpolarized content and the relatively low el-
lipticity of the high harmonics corotating with the 3ω driver,
as obtained from polarimetry, are unexpected and require ad-
ditional analysis and clarification. As established in Sec. II,
the dynamical symmetry is violated for an arbitrarily ellipti-
cally polarized bichromatic field, leading to the formulation
of the general selection rule given by Eq. (3). It should be
noted that this selection rule was derived by considering spin
angular momentum and energy conservation in the conver-
sion of many pump photons into a single harmonic photon
[23,34], taking into account the decomposition of the driv-
ing bicircular field into four circularly polarized components.
Equation (3) simplifies for ellipticities −1 � εr � 0 and εs =
+1, as shown in Eq. (4). Substituting r = 1 and s = 3 into
Eq. (3) for the experimentally relevant case (εr = −1, 0 �

TABLE III. Ellipticity ε, orientation angle θ , and degree of po-
larization η calculated for the harmonics generated using the TCBC
approach.

ε θ η

H17 0.92 ± 0.02 76◦ ± 14◦ 1.0 ± 0.02
H19 0.64 ± 0.04 62◦ ± 6◦ 0.30 ± 0.05
H21 0.98 ± 0.03 −28◦ ± 17◦ 0.94 ± 0.02
H23 0.48 ± 0.03 0◦ ± 2◦ 0.49 ± 0.02
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TABLE IV. Possible combination for the numbers of exchanged
photons from the two-color elliptical driving laser field for harmonics
generated with TCBC approach.

(p−, q+, q−)

H17− (2, 3, 2) (5, 4, 0) (−1, 2, 4) (8, 5, −2) · · ·
H17+ (−1, 3, 3) (2, 4, 1) (−4, 2, 5) (5, 5, −1) · · ·
H19− (1, 3, 3) (4, 4, 1) (−2, 2, 5) (7, 5, −1) · · ·
H19+ (1, 4, 2) (4, 5, 0) (−2, 3, 4) (7, 6, −2) · · ·
H21− (0, 3, 4) (3, 4, 2) (6, 5, 0) (9, 6, −2) · · ·
H21+ (0, 4, 3) (3, 5, 1) (6, 6, −1) (9, 7, −3) · · ·
H23− (−1, 3, 5) (2, 4, 3) (5, 5, 1) (8, 6, −1) · · ·
H23+ (−1, 4, 4) (2, 5, 2) (5, 6, 0) (8, 7, −2) · · ·

εs � 1) yields the following selection rule:

n± = 2(2p− + 3q−) ± 3, (14)

where we used Eq. (2) for p+ = 0, and where p− and q− are
arbitrary integers corresponding to the number of exchanged
photons with frequencies ω and 3ω, respectively, and helicity
−1. We note that the allowed harmonic orders n± remain
odd. The applied decomposition represents the driving laser
field as a combination of one circularly polarized beam at
frequency ω and two circularly polarized beams at frequency
3ω, having different intensities and opposite helicities. The
number of exchanged photons of a given frequency and he-
licity contributing to a specific harmonic order n is governed
by the selection rule in Eq. (14) and can be expressed as a set
(p−, q+, q−), where p− denotes the number of exchanged ω

photons with helicity −1, and q+ and q− denote the numbers
of exchanged 3ω photons with positive and negative helicity,
respectively, subject to the condition q+ = p− + q− ± 1. For
a given harmonic order n, numerous such sets exist for both
positive (n+) and negative (n−) helicities. Table IV lists all
possible combinations of exchanged photons for the two-color
driving field. The bold-highlighted sets, (5, 4, 0) for H17−,
(4, 5, 0) for H19+, (6, 5, 0) for H21−, and (5, 6, 0) for
H23+, are the only allowed channels for ε3 = +1, since this
condition enforces q− = 0. Consequently, for ε1 = −1 and
ε3 = +1, H19 and H23 acquire ellipticity +1, while H17 and
H21 acquire ellipticity −1, in agreement with the selection
rule (1), which yields n± = 4q ∓ 1.

For elliptically polarized driver radiation, additional gen-
eration channels listed in Table IV become accessible and
can participate in the harmonic-generation process. The total
field of the nth harmonic, En, can be presented as a coherent
sum of two components, En+ and En−, carrying helicities +1
and −1, respectively. Their interference produces an ellip-
tically polarized nth harmonic. Although the selection rule
of Eq. (14) specifies which channels are allowed, determin-
ing the exact weight of each contributing channel remains
challenging. Consequently, only the total harmonic intensity,
summed over all allowed channels, can be reliably compared
with experiment.

Figure 13 presents numerical results for the configu-
ration ε1 = −1 and 0 � ε3 � 1. The harmonic intensities
exhibit distinct trends as ε3 adjusted toward ε3=1: Harmonics
corotating with the ω driver increase in strength, whereas

FIG. 13. XUV spectra of high harmonics generated in Ar for
I1200/I400 = (4.5/1.2) × 1014 W/cm2 as a function of ε3. Panel
(a) shows the simulated spectra, while panel (b) presents the cor-
responding harmonic ellipticities.

counter-rotating ones diminish. This behavior is consistent
with experimental observations. A particularly notable feature
is that for ε3 < 1, the ellipticity of the harmonics corotating
with the 3ω field, H15, H19, and H23, changes signifi-
cantly, while the ellipticity of H13, H17, and H21 remains
close to −1.

To gain deeper insight into the experimental observations,
numerical modeling was performed using the exact param-
eters of the bicircular field employed in the measurements.
The simulation results are shown in Fig. 14. For the right-
polarized harmonics (εn < 0) with orders n− = 4q + 1 (H17,
H21, H25, H29, . . .), the contribution from the m = −1
component dominates. This leads to large ellipticities (cir-
cles), reaching nearly perfect circular polarization for H25,
where ε25 = −0.991. In contrast, for the harmonics n = 4q −
1 (H15, H19, H23, H27, . . .) the final polarization state is
determined by a coherent superposition of the m = −1 and
m = +1 components in the T -matrix. This mixing produces
a pronounced minimum at H27, where ε27 = 0.522. The el-
lipticity of the left-polarized harmonics H19, H23, H27, and
H31 (squares) remains close to 0.6. These results indicate
that the coherent interplay between the m = +1 and m = −1
channels is the key factor shaping the final polarization state
of the emitted harmonics. The ellipticities obtained from the
numerical simulations for H19 and H23 (Table III) agree well
with the values extracted from the polarimetric measurements.
This agreement provides strong support for the necessity of a
multielectron theoretical description to correctly interpret the
experimental results [34]. The substantial unpolarized fraction
observed for H19 and H23 can be attributed to the large
number of open generation channels for these harmonics,
whose interference with irregular phases (see Fig. 9) leads to
depolarization.

VIII. CONCLUSIONS

We demonstrate the first successful implementation of
the two-color bicircular scheme for generating circularly
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FIG. 14. Results of numerical modeling in Ar for a bicircu-
lar field with the following parameters: ε1 = −0.97, ε3 = +0.93,
I1200 = 3.4 × 1014 W/cm2, and I400 = 2.0 × 1014 W/cm2. Panels
(a) and (b) show the harmonic intensities and ellipticities, respec-
tively, together with the partial contributions from the m = ±1
components.

polarized attosecond pulses using the ω + 3ω (1200 nm +
400 nm) combination of the driving femtosecond laser fields.
The generation process was simulated using an SFA-based
numerical procedure with fixed intensity and an incoherent
focal-averaging method. A key advantage of the ω + 3ω con-
figuration is the strong suppression of even-order harmonics,
observed in both the simulated and experimental spectra, even
for driving fields with reduced ellipticity. This suppression
paves the way for enhanced chirality of the generated XUV

radiation. Apart from a slight deviation at low harmonic
orders, the theoretical spectra accurately reproduce the ex-
perimentally observed trends in spectral asymmetry under
conditions corresponding to different values of the intensity
ratio γ = I1200/I400. A particularly compelling demonstration
of the excellent agreement between theory and experiment
is the predicted and observed reversal of dominance from
harmonics of order n = 4q − 1 to those of order n = 4q + 1,
occurring around H11–H13 for Ar and H17–H19 for Ne. The
experimentally obtained spectral chirality of χ ≈ 0.9 ranks
among the highest reported to date. Achieving such high
chirality relies on maintaining an intensity ratio 3 < γ < 7
between the components of the bicircular field, favoring the
IR driver.

The predicted circular polarization of the dominant har-
monics H17 and H21, with the helicity determined by the
IR component and initially inferred solely from the spectral
shape, was further confirmed by polarization characterization
using XUV polarimetry to retrieve the full Stokes vector, as
well as by numerical modeling. We identify additional gen-
eration channels that become active for elliptically polarized
driving fields as the primary origin of the reduced ellipticity
and lower degree of polarization observed for the 4q − 1
harmonics H19 and H23.

Considering the dominant contribution of the 4q + 1 har-
monics, which exhibit high ellipticity and a high degree
of polarization, and the negligible influence of the sup-
pressed 4q − 1 harmonics on the formation of the attosecond
pulse train, we conclude that highly chiral attosecond pulses
(ε > 0.85) are successfully generated in the time domain.
The experimental results, supported by numerical simula-
tions, provide a strong foundation for further ultimate proving
helicity-dependent studies in chiral media, which we plan to
pursue in the near future.
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[12] D. B. Milošević and W. Becker, X-ray harmonic generation
by orthogonally polarized two-color fields: Spectral shape and
polarization, Phys. Rev. A 100, 031401(R) (2019).

[13] E. Bordo, O. Kfir, S. Zayko, O. Neufeld, A. Fleischer, C.
Ropers, and O. Cohen, Interlocked attosecond pulse trains
in slightly bi-elliptical high harmonic generation, J. Phys.
Photonics 2, 034005 (2020).

[14] B. Ghomashi, S. Walker, and A. Becker, Enabling elliptically
polarized high harmonic generation with short cross polarized
laser pulses, Sci. Rep. 13, 12843 (2023).

[15] D. D. Hickstein, F. J. Dollar, P. Grychtol, J. L. Ellis, R.
Knut, C. Hernández-García, D. Zusin, C. Gentry, J. M. Shaw,
T. Fan, et al., Non-collinear generation of angularly isolated
circularly polarized high harmonics, Nat. Photonics 9, 743
(2015).

[16] H. Eichmann, A. Egbert, S. Nolte, C. Momma, B.
Wellegehausen, W. Becker, S. Long, and J. K. McIver,
Polarization-dependent high-order two-color mixing, Phys.
Rev. A 51, R3414 (1995).
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