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We introduce bicircular high-harmonic spectroscopy as a new method to probe dynamical symmetries of
atoms and molecules and their evolution in time. Our approach is based on combining a circularly polarized
femtosecond fundamental field of frequency @ with its counterrotating second harmonic 2w. We
demonstrate the ability of bicircular high-harmonic spectroscopy to characterize the orbital angular
momentum symmetry of atomic orbitals. We further show that breaking the threefold rotational symmetry
of the generating medium—at the level of either the ensemble or that of a single molecule—results in the
emission of the otherwise parity-forbidden frequencies 3qw (¢ € N), which provide a background-free

probe of dynamical molecular symmetries.

DOI: 10.1103/PhysRevLett.116.123001

Symmetry is a fundamental concept in science and plays
a central role in our understanding of matter. Its close
connection to conservation laws has been established in
Noether’s theorem [1]. Symmetry is also at the origin of
selection rules that govern spectroscopy. These rules have
been essential in determining molecular structures [2,3].
Access to symmetry on subfemtosecond time scales
would open new avenues in time-resolved spectroscopy.
Symmetry breaking is the source of a myriad of important
physical effects. Famous examples include parity violation
through the weak nuclear force, which results in energy
differences between enantiomers of a chiral molecule [4],
and the Jahn-Teller effect, which is the key to under-
standing the structure and dynamics of many molecules,
transition-metal complexes, and solids [5,6].

Whereas the potential of high-harmonic spectroscopy
(HHS) to probe the structure and dynamics of matter on the
subfemtosecond and subangstrom scales has been well
established [7—14], its ability to probe the symmetry of the
medium on these time and length scales has not been
addressed. High-harmonic generation from a linearly
polarized driver is sensitive to inversion symmetry, the
breaking of which leads to emission of even harmonics
[15,16] that characterize the time-dependent electronic
asymmetry of the studied sample [14,17]. In this Letter,
we generalize the sensitivity of HHS to rotational sym-
metries of atoms and molecules and their time-dependent
breaking by introducing bicircular HHS (BHHS), driven by
a circularly polarized fundamental field of frequency @ and
its counterrotating second harmonic 2. This scheme,
which was theoretically proposed [18-21] and experimen-
tally demonstrated [22] nearly two decades ago, has only
recently been fully characterized and exploited as a light
source [23,24]. Here, we establish the principles of
self-probing spectroscopy based on this scheme and intro-
duce the theoretical foundations for its interpretation. The
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time-dependent electric field driving high-harmonic emis-
sion describes a Lissajous figure with a threefold spatio-
temporal symmetry, resembling a clover leaf [see Fig. 1(a)].
This field causes ionization, electron acceleration, and
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FIG. 1. Sensitivity of BHHS to electronic symmetry. (a) Lissa-
jous curves of the electric field amplitude for one optical cycle of
the fundamental field. The field amplitude ratio of the two drivers
(800 nm/400 nm) is 1:1 in the left and 4:3 in the right-hand
panel. (b) Illustration of the p orbitals of neon in the Cartesian
(px, py) and the spherical (p,, p_) basis. (c),(d) Experimental
high-harmonic spectra generated in helium (c) and neon (d) under
identical conditions. (e),(f) Results of 3D TDSE calculations for
helium and neon. The dashed lines indicate the position of the
first ionization threshold. The TDSE calculation employs a RCP
field (800 nm) and a LCP 400 nm field with intensities of
3.0 x 10" and 1.8 x 10'* W/cm?, respectively. The pulse is
modeled as a 15-cycle cos? pulse.
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recombination three times per optical cycle of the funda-
mental field. When acting on an isotropic medium, the
dynamical symmetry of the electric field translates into the
emission of a comb of harmonics from which every third
one, with frequency 3q®, is missing. The explanation of
these selection rules has recently attracted considerable
interest [23,25-27].

We demonstrate that this property induces sensitivity to
symmetry at two levels—the single-particle and the ensem-
ble level. We show that the symmetry of atomic orbitals
translates into pronounced variations of the relative inten-
sities of allowed neighboring harmonics 3¢+ 1 and
3g + 2. Further, starting from isotropic gas-phase samples
and imposing macroscopic order that violates the threefold
symmetry of the driving field leads to the generation of
forbidden 3¢ harmonic orders, which provide a back-
ground-free probe of the dynamic system under study. In
addition, BHHS is shown to be sensitive to the instanta-
neous symmetry of molecules, which is used to probe
internal dynamics occurring at the single-molecule level.

The experimental setup consists of a chirped-pulse
amplified Ti:sapphire laser system and a vacuum chamber
for the generation and characterization of high-harmonic
radiation. The 1 kHz laser system delivers linearly polarized
25 fs pulses centered at 800 nm with a bandwidth of 50 nm.
A portion of the beam serves as the pump arm for the pump-
probe experiment, whereby a pair of thin-film-polarizer
plates and wave plates is introduced for a fine adjustment of
the intensity. The remaining part of the beam passes a
100-um-thick #-BBO crystal for frequency doubling. The
second harmonic is centered around 400 nm. The two
frequencies are separated and temporally synchronized in
a Mach-Zehnder-type interferometer. The polarization of
each beam is set to nearly circular via a combination of
achromatic zero-order half- and quarter-wave plates. After
recombination, the two collinear beams are focused by a
spherical Al mirror (f/50 or f/40) into the vacuum
chamber, where they intersect a thin atomic or molecular
beam generated by supersonic expansion in vacuum. This
configuration minimizes the effects of phase mismatch and
reabsorption, leading to the observation of a quasi-single-
atom response. The distance of the focus and the orifice
(@ =250 ym) of the nozzle is kept at 0.1 cm or at
0.5-0.8 cm, depending on the requirements concerning
the rotational temperature. Harmonic radiation is recorded
using an extreme ultraviolet (XUV) grating, a microchannel
plate detector, and a charge-coupled device camera.

Figures 1(c) and 1(d) display high-harmonic spectra
generated in helium or neon under identical conditions
I,~33x10" W/em?, I,,~1.7x 10" W/cm?). In
contrast to He, the spectra generated in Ne display a
pronounced asymmetry in the intensity distribution of
the 3¢+ 1 and 3¢ + 2 harmonic orders. As we show
below, this observation results from the different sym-
metries of the highest-occupied orbitals (s versus p). Our

observations confirm the recent theoretical prediction made
in Ref. [28]. Previous work has shown that careful
manipulation of the phase-matching conditions can be
used to modify the relative intensities of neighboring high
harmonics [24]. However, the positioning of the focus well
before the gas jet as well as the very thin atomic beam
employed in our experiment provide a configuration
deliberately aimed at excluding the influence of propaga-
tion effects. The detailed analysis of the phase-matching
criteria presented in the Supplemental Material [Sec. I [29]]
indicates that macroscopic effects can safely be neglected
in our experiments.

In the following, we describe a simple model that
quantitatively accounts for the experimental observations.
For this, we resort to the spherical-basis representation of
the three degenerate p orbitals of Ne: p, = —p,/ V2 -
ipy/V2, p_=p/V2~ipy/V2, po=p. [Fig. 1)l
Since the p, orbital has a node in the polarization plane
of the electric field, its contribution to the harmonic
emission is negligible (see also Fig. S2 of Supplemental
Material [29]). Here and in the remainder of this Letter, we
assume without loss of generality, that the driving field
consists of a right-circularly polarized (RCP) fundamental
and a left-circularly polarized (LCP) second harmonic. In
this configuration, an electron in a p orbital (m = +1)
circulates in the same sense as the fundamental field, while
the p_ orbital (m = —1) is counterrotating.

Following the reasoning behind the three-step model
[48] and the factorization of the high-harmonic-generation
(HHG) process [49-51], we treat the HHG process as a
chronological sequence of ionization, propagation, and
recombination steps. We first study the ionization yields
from the three p orbitals. The solution of the 3D time-
dependent Schrodinger equation (TDSE) (Supplemental
Material, Sec. II [29]) shows that, in contrast to the case of
one-color circularly polarized fields [52-54], ionization
from the corotating orbital p_ is favored, but only by a very
small amount [~1% under the conditions of Fig. 1(f)].

By invoking the principle of detailed balance [55],
photorecombination (PR) can be treated as the time reverse
of photoionization [10,51]. A symmetry analysis shows
that harmonics 3¢ + 1 are RCP, whereas the 3¢q + 2
harmonics are LCP (or, in general, corotating and counter-
rotating with respect to the fundamental field, respectively)
[20]. High-harmonic emission at these frequencies can
therefore be described as the time-reversed single-photon
ionization by correspondingly polarized radiation. We
therefore represent the intensity of each harmonic as the
coherent sum of two contributions arising from the p, and
p_ orbitals. Conservation of angular momentum implies
that photorecombination to the orbital rotating in the
direction opposite to the emitted field can occur from both
s- and d-wave continua whereas the continuum symmetry
is restricted to d waves for the corotating orbital
(Supplemental Material, Sec. III [29]). The coherent
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addition of these terms can give rise to constructive or
destructive interference, depending on the phase of the
angular part of the matrix elements.

In contrast to HHG driven by linearly polarized fields,
the angle between the direction of ionization and that of
recollision can cover a large range (10°-130° in our
experiments, Fig. S3(b) of Supplemental Material [29]).
The angular part of the photorecombination matrix ele-
ments therefore plays a key role. Taking all of these aspects
into account, our numerical calculations (Figs. S4 and S5 of
Supplemental Material [29]) show that the 3¢ + 2 har-
monic orders of Ne are suppressed in the spectral region of
H16-H30 by a destructive interference between the con-
tributions of the corotating and counterrotating orbitals,
explaining both the experimental observations in Fig. 1(d)
and the TDSE calculations in Fig. 1(f).

A further implication of our analysis is the fact that the
orbital symmetry (s versus p) is not the only determining
factor for the observed intensity distribution. The
experimentally obtained [Fig. S7(a) [29]] and calculated
[Fig. S7(b) [29]] high-harmonic spectra of argon, another
atom with a highest-occupied orbital of p symmetry, display
a very different intensity distribution compared to neon. We
show (Supplemental Material, Sec. III [29]) that this
behavior is the consequence of ~x rad phase difference
between the radial matrix elements of the s and d continua of
Ar below the Cooper minimum (53 eV).

These results can be summarized in the following
picture. When orbitals of s symmetry dominate HHG,
only one partial wave of the continuum (p) contributes to
the emission, there is no possibility for destructive inter-
ference, and, therefore, the intensities of neighboring
harmonic orders are similar. When orbitals with Z > 1
dominate HHG, two partial waves contribute to emission
from the orbital rotating opposite to the driving electric
field, which enables both constructive and destructive
interferences. The location of these interferences depends
on the relative phase of the radial matrix elements and the
angle of recollision. Therefore, the intensity ratio of
neighboring harmonics may substantially deviate from 1,
as observed in Ne and predicted to occur at energies above
the Cooper minimum in Ar (Supplemental Material,
Sec. III, and Fig. S5 [29]).

‘We now outline how BHHS can be applied to study time-
dependent molecular symmetries. The rationale behind our
approach is to break the symmetry of the medium in a
controlled way and to follow the intensity evolution of the
symmetry-forbidden 3¢ harmonics, thus utilizing them as a
background-free probe. We choose BHHS of aligned N,
molecules to showcase the potential of this idea. A
nonresonant linearly polarized laser pulse (0.6 0.1 x
10" W/cm?) is used to excite a rotational wave packet
in gaseous N, molecules via impulsive stimulated
Raman scattering. The rotational distribution is interro-
gated by the bicircular probe (I, ~ 2.7 x 10* W/cm?,

I, ~ 1.5 x 10" W/cm?) around a delay of 4 ps, which
corresponds to the first rotational half-revival. The induced
alignment is quantified in terms of the expectation value of
cos?(0) [Fig. 2(b), with € being the angle between the laser
polarization direction and the molecular axis], obtained by
solving the rotational time-dependent Schrédinger equation
using the experimental pulse parameters. Figure 2(c)
provides a visual interpretation of the macroscopic sym-
metry-breaking concept. The transient alignment imposed
upon the molecular ensemble is axially symmetric with
respect to the polarization vector of the pump [taken along
the X axis in Fig. 2(c)] and the spatial symmetry of the
ensemble around the revival maximum (minimum) [4.0 ps
(4.3 ps)] can be classified as D,. At pump-probe delays
outside of the fractional revivals, the distribution is close to
spherically symmetric (K). However, in the presence of the
bicircular probe field, the overall sample plus field sym-
metry is reduced to Cj (isotropic sample) or C; (aligned
sample). The deviation of threefold symmetry in the
aligned case lifts the selection rules and allows for the
emission of harmonics at all integer multiples of @ [27].
This effect is clearly visible in Fig. 2(a). At the alignment
maximum (C; symmetry) the harmonic orders 3g have
intensities comparable to those of the neighboring har-
monics, whereas a nearly isotropic distribution (C5 sym-
metry) leads to the expected near-complete suppression of
the 3¢ orders.

The variation of the intensity with the pump-probe
delay for a selected set of harmonic orders is presented
in Fig. 2(d), with the harmonics 3¢ shown in the leftmost
column and several (3¢ + 1) orders displayed in the third
column. The harmonics 3¢ display a very pronounced
modulation with a contrast > 10, whereas the remaining
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FIG. 2. Probing the ensemble symmetry of a rotational wave
packet. (a) Harmonic spectra of aligned (4.0 ps) and quasi-
isotropic (6.0 ps) N,. (b) Plot of the calculated time evolution of
the cos?(d) expectation value. (c) Sketch of the dynamical
symmetry (system plus electric field) for an isotropic ensemble
(C5 symmetry) and an aligned sample (C; symmetry). (d) Mea-
sured and calculated intensities of a selected range of harmonic
orders in aligned N, as a function of the pump-probe delay.
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harmonics display a weak modulation that inverts as a
function of the harmonic order. We analyze these results by
extending the approach introduced in the preceding section
in the context of atoms to the molecular case. To account
for the dependence of the PR-matrix elements [Fig. S7(b)
[29]] on the molecular orientation, the BHHS process is
treated on a subcycle time scale. Within one full cycle of the
fundamental field, the sequence of ionization, propagation,
and recombination is repeated three times, resulting in the
emission of three temporally shifted attosecond bursts. In
the case of an anisotropic molecular-axis distribution, the
three bursts differ in amplitude and in phase. We therefore
obtain the harmonic emission over one full cycle by first
averaging the emission amplitude for one subcycle event
over the calculated alignment distribution and subsequently
adding the three contributions coherently. In the case of an
isotropic axis distribution, this procedure leads to an exact
cancellation of the harmonic orders 3¢. In the case of an
aligned ensemble, recollision under different angles in the
molecular frame removes the destructive interference of the
3gw frequency components, resulting in strong emission at
these frequencies. We note that our model predicts a
dependence of the harmonic intensities on the phase delay
between the @ and 2w fields in the case of partially aligned
samples. However, this effect could not be identified
experimentally, most likely because of insufficient inter-
ferometric stability.

The results of our calculations are presented in the
second (3¢g) and the last (3¢ &= 1) columns of Fig. 2(d).
The revival pattern of the 3¢ orders, consisting of a global
maximum at 4.0 ps followed by two local maxima at 4.35
and 4.75 ps, is well reproduced by the model. Maxima in
the high-harmonic emission reflect maximal deviations of
the axis distribution from the threefold symmetry of the

driving field [Fig. S7(d) [29]]. The global maximum at
4.00 ps corresponds to the sharp localization of the wave
packet in the equatorial plane (defined with respect to the k
vector of the bicircular field), while the two smaller
maxima correspond to the symmetric splitting of the
wave packet between the two poles at ~4.3 ps and
the subsequent relocalization in the polarization plane after
4.75 ps.

The set of 3¢ =1 harmonics presented in Fig. 2(d)
display a progression from a minimum at 4.0 ps, followed
by a maximum at 4.3 ps, to an inverted pattern. This results
from an interplay between the orientational dependence of
the photorecombination amplitudes and the alignment
distribution. At energies below =27 eV (H17), photo-
recombination favors molecules aligned parallel to the
probe k vector. The probability for a molecule to be found
in such an orientation maximizes at 4.3 ps, which is
consistent with the experimentally observed signal of
HI1. In the region between 26 and 37 eV (H17-H23),
the PR cross sections exhibit a local maximum at 90° and
the modulation pattern inverts. We show in the
Supplemental Material [29] that this behavior is a conse-
quence of the 26, — ko, photoelectron continuum shape
resonance of N,.

Finally, we show that BHHS can be applied to probe
dynamical symmetry breaking induced by intramolecular
dynamics. The SFs molecule possesses Raman-active
vibrational modes of A, (=775 cm™), E, (2643 cm™),
and T,, (%525 cm™') symmetries [Fig. 3(a)]. We use a
strong linearly polarized 28 fs pulse (6.5 4 0.4 x
103 W/cm?) preceding the bichromatic probe (7, ~ 2.2 x
10" W/cm?, I,,~ 1.3 x10'* W/cm?) to impulsively
excite these vibrational modes [56]. The E, mode is only
weakly Raman active and does not appear in the current

FIG. 3. Distinction of symmetry-
breaking and symmetry-preserving
molecular vibrations. (a) Sketch of
the structure of the SFg molecule.
The blue arrows indicate the nuclear
distortions along the three Raman-
active modes. (b) HHG spectrum of
SFjg in the absence of the pump pulse.
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experiment, as evident from Fig. 3(c). Vibrations along the
totally symmetric A;, mode preserve the O, symmetry of
the molecule and, therefore, also its C5 axial symmetry. In
contrast, the T,, vibrations break this symmetry, as
illustrated in Fig. 3(c). Experimentally, we find that the
intensities of the allowed harmonics 3¢ + 1 and 3g + 2 are
only modulated at the frequency of the A, symmetry-
preserving mode. Interestingly, this observation differs
from previous HHS experiments using linear drivers
[56-58]. In all of those experiments, the A;, and T,
modes were observed with comparable contrasts, the 75,
mode even dominating in some harmonic orders. This
comparison shows that the self-probing properties of
BHHS differ from those of traditional HHS. Most impor-
tantly, however, BHHS systematically discriminates
between symmetry-breaking and symmetry-preserving
vibrations. This is very clearly demonstrated through the
fact that the intensities of the forbidden harmonics 3¢ are
additionally modulated at the frequency of the symmetry-
breaking 7, modes.

Bicircular HHS as introduced in this Letter has a broad
range of innovative applications. The sensitivity of the
polarization of the emitted harmonic radiation to the
angular momentum of the highest-occupied orbital of
the generating medium provides a convenient pathway
for isolating XUV radiation with a specific helicity.
Potential applications of this aspect include the generation
of isolated elliptically polarized attosecond pulses [28,59].
Extending BHHS to molecules, we demonstrated its
extreme sensitivity to both electronic structure (shape
resonance in N,) and symmetry breaking at the ensemble
level. Working with vibrationally excited molecules, we
showed that BHHS discriminates between symmetry-
breaking and symmetry-preserving modes. These princi-
ples can be applied as a background-free probe of
symmetry-breaking process, such as the Jahn-Teller effect.
The two-dimensional nature of the electron trajectories and
the wider range of recollision angles spanned by the
returning electron provide new pathways for developing
the self-imaging aspect of HHS, which will give access to
attosecond time scales. These properties are expected to
extend to BHHS of solids [60,61], where it will open up
promising directions, such as the time-resolved study of
symmetry and symmetry breaking in crystals.
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