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High-harmonic generation is typically thought of as a sub-laser-cycle process, with the electron’s
excursion in the continuum lasting a fraction of the optical cycle. However, it was recently suggested that
long-lived Rydberg states can play a particularly important role in high harmonic generation by atoms
driven by the combination of the counterrotating circularly polarized fundamental light field and its second
harmonic. Here we report direct experimental evidence of very long and stable Rydberg trajectories
contributing to high-harmonic generation in such fields. We track their dynamics inside the laser pulse
using the spin-orbit evolution in the ionic core, utilizing the spin-orbit Larmor clock. We confirm their
effect on harmonic emission both via microscopic simulations and by showing how this radiation can lead
to a well-collimated macroscopic far-field signal. Our observations contrast sharply with the general view
that long-lived Rydberg orbits should generate negligible contribution to the macroscopic far-field high

harmonic response of the medium.

DOI: 10.1103/PhysRevLett.129.173202

The interaction of the electron’s spin with its orbital
motion, the spin-orbit coupling (SOC), is important in
atoms, molecules, and solids. Excitation of the spin-orbit-
split states upon ionization can either induce ultrafast hole
dynamicsin theion [1-3], or generate entanglement between
the ion and the photoelectron [4], depending on the degree of
coherence created upon ionization [ 1,4—6]. The latter can be
fully controlled with modern attosecond technologies [7].

Yet, the role of spin-orbit interaction in high-harmonic
generation (HHG), the process lying at the core of atto-
second technologies, and the opportunities it presents for
time-resolved spectroscopy of systems in strong laser
fields, have largely remained unexplored. In the three step
picture of HHG [8,9], field-induced tunneling at time ¢; is
followed by acceleration of the released electron and
radiative recombination with the ionic core at ¢,. The delay
T =1, —t;, during which the hole can evolve, generally
lasts only a fraction of the laser cycle, 7 ~ 1/w, too short
[10] for resolving spin-orbit dynamics in typical HHG
media, such as argon or neon in which 7Agy < 1, unless
very long-wavelength drivers are used [10]. Furthermore,
even if electron trajectories long enough to resolve the spin-
orbit dynamics existed, their large excursion time 7 ~
1/Agq > 27/ is believed to induce extremely large
spatiospectral spreading of the macroscopic HHG signal,
preventing its observation.
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Here we use the built-in Larmor clock offered by spin-
orbit interaction [11] to identify both the surprisingly
prominent contribution of long-lived Rydberg orbits to
the macroscopic HHG signal and the physics responsible
for their appearance. Our Letter also confirms the results
proposed in [12] that Rydberg states lead to the generation
of symmetry-forbidden harmonics.

We study HHG in argon, where coherent excitation of
the spin-orbit-split doublet of the P3/, and P, core states
(splitting Ago = 0.177 eV) leads to the precession of the
spin of the hole with a period Tgq = 23.5 fs. If the tunneled
electron returns to the core when the hole spin is flipped,
recombination is quantum-mechanically prohibited. As a
result, the photorecombination amplitude is temporally
modulated by the factor 1+ exp(—iAgg7). If 7 spans at
least 7 ~ Tqq, this temporal modulation of the emission will
spectrally split the harmonic lines by Agq. In contrast, if the
recombination events contributing to HHG occur within a
fraction of the laser cycle with @ > Agp, no spin-orbit
splitting will be seen [10]. Experimentally, we observe
well-collimated high harmonic emission split by Agg in Ar
driven by circularly polarized 800 nm fundamental field
and its counterrotating second harmonic. Our results show
that this splitting can only occur due to long-lived electron
orbits lasting at least T'gg =~ 23.5 fs. It allows us to show
how multiphoton Freeman resonances [13,14] shape the

© 2022 American Physical Society


https://orcid.org/0000-0002-8547-0073
https://orcid.org/0000-0003-2316-2224
https://orcid.org/0000-0003-2116-7187
https://orcid.org/0000-0003-0474-0551
https://orcid.org/0000-0002-9098-7421
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.129.173202&domain=pdf&date_stamp=2022-10-18
https://doi.org/10.1103/PhysRevLett.129.173202
https://doi.org/10.1103/PhysRevLett.129.173202
https://doi.org/10.1103/PhysRevLett.129.173202
https://doi.org/10.1103/PhysRevLett.129.173202

PHYSICAL REVIEW LETTERS 129, 173202 (2022)

B 2N © - < 1.0x10?
Energy A (a) A '
0.8x 102
g+(N+1)w
g+Nw 0.6x10?
Ry g g
2t g 0.4x10?
L 14 L 14
5 s
Ev En 0.2x 102
g - Z 10 L1
i —+—>» Time 00

th 2 ts ta

FIG. 1.

55 60 65 70 75 80 85 90 95
Time (fs)

8

6

55 60 65 70 75 80 85 90 95
Time (fs)

The role of the Rydberg state in multicycle bicircular HHG. (a) Resonant multiphoton transitions to Stark-shifted Rydberg

states can occur at the rising (#1) or falling edges (#4) or near the pulse peak (#,, #3) (see text for details). (b),(c) Calculated Gabor
spectrogram (Gaussian window of FWHM = 2z /w) of the harmonic emission obtained by solving the TDSE in argon. The time-
dependent energy of the ponderomotive-shifted ionization potential (dashed black line), 2p>3d state (green solid line) and 2p34s state
(red solid line) are also shown. Inset [(b) and (c)]: Time-dependent emission of selected harmonics, i.e., symmetry-allowed H13 and
forbidden H12 and H15. The intensity envelope of the two pulses are shown in the topmost panel. In (b) the 2w field precedes the w field
(r = 6 fs), vice versa in (c) (r = —6 fs). Both fields have an ellipticity of ¢ = 0.9.

harmonic emission in time and space, and how their
contribution emerges in the far field.

Figure 1(a) shows how resonantly populated Rydberg
states participate in the HHG process at the single atom
level [15,16]. They are populated through light-induced
Freeman resonances [13,14], the frequency-domain
counterpart of the time-domain frustrated tunneling [17].
Resonances can arise on the rising and falling edges of the
pulse, or near its peak [times ¢; of Fig. 1(a)], when

E,+U,(t) = E;, = n,o + ny,2w, (1)

where n,,, is the number of absorbed photons from the r@
field, E, is the field-free energy of the Rydberg state, and
the ac Stark shift is approximated by the ponderomotive
energy U, (t) = Uy(t) + U3*(¢), with  UP(r) =
E2,(1)/2(rw)*.

Concomitant with resonant excitation at times ¢, reso-
nant emission from Rydberg states can occur, also
enhanced by constructive cycle-to-cycle interference.
Indeed, for a Rydberg orbit, the relative phase ¢ accumu-
lated between the two successive emission events separated
by the optical cycle Ty is ¢ = (E, + U, — E,) Ty Their
constructive  interference  requires ¢ = (E, + U,—
E )Ty =2nm, ie., E,+U,—E,=mo, optimizing
emission from the Rydberg states at integer harmonic
orders and on resonance with the ground state.

Importantly, Rydberg excitations can lead to the emis-
sion of symmetry-forbidden (e.g., parity forbidden) har-
monics, which in the specific case of bicircular (w,2w)
fields are harmonics with order 3N [12]. Let excitation on
the rising edge [time ¢, in Fig. 1(a)] populate a Rydberg
state that can recombine via a dipole transition to the
ground state. After excitation, the excited Rydberg state is
shifted up in energy [green line in Fig. 1(a)]. At a later time

[t, or t; in Fig. 1(a)], the Rydberg state again enters a
multiphoton resonance with the ground state. Even if the
resonant energy formally corresponds to symmetry-for-
bidden harmonic lines, radiative recombination can occur
without violating conservation rules since the parity and the
angular momentum of the Rydberg state is conserved by
the ponderomotive shift. Forbidden harmonic generation is
thus an evidence of a supercycle Rydberg trajectory that
starts at a resonant time 7, and recombines later at a resonant
time #,. The combination of the cycle-to-cycle interference
and the ponderomotive shift of the Rydberg state thus
effectively act as a temporal gate on the dipole moment
d(¢), enhancing the harmonic emission near the resonant
times #;, at both allowed and forbidden frequencies.

To support this picture we have performed TDSE
simulations in Ar using the code of Patchkovskii et al.
[18]. We use a bicircular field composed of two Gaussian
pulses centered at 800 and 400 nm, both of 15 fs FWHM
duration, with peak intensities of [, =1,, =
7 x 10'3 W /cm?. To account for experimental polarization
state artifacts, we consider pulses with ellipticity €, =
€3, = 0.9 (calculations for circularly polarized light €, =
€5, = 1.0 show no qualitative differences). At the peak of
the pulse, the total ponderomotive shift is U, ~7w.
Figures 1(b) and 1(c) show the Gabor spectrogram of
the dipole acceleration d(¢) obtained using a Gaussian
window function with FWHM of one optical cycle
Teye = 2m/w. As shown in Ref. [12], harmonic generation
from Rydberg states is enhanced in a bicircular pulse when
the pulses are not overlapping and when the 2w pulse
precedes the @ one. We thus construct a time-frequency
spectrogram (the Gabor spectrogram) of the harmonic
emission for two relative delays: 7 =6 fs in Fig. 1(b)
where 2w precedes w, and 7 = —6 fs in Fig. 1(c), when @
precedes 2w one.
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The dashed black line shows the ponderomotive shift of
the ionization potential, while the solid red and green lines
show the ponderomotive shift of the Rydberg states 2p’4s
and 2p’3d, respectively. The top panel shows the time-
dependent emission for H12, H13, and H15, obtained by
integrating the Gabor spectrogram around the correspond-
ing energies, in the +0.25® range. For both forbidden
harmonics H12 and H15 the contribution of Rydberg states
is more visible than for the allowed HI13, where short
trajectories dominate the emission. Because of imperfect
circularity of the pulses, absorption of counter-rotating
components from either field can now lead to 3N harmonic
orders. Nonetheless, resonant enhancement of these orders
is clearly observed in Figs. 1(b) and 1(c).

When the second harmonic precedes the fundamental
pulse [Fig. 1(b)], enhanced emission of both H12 and H15
is observed near —7 fs. At this time, the Rydberg states just
below the ionization threshold, and the 2p’4s state enter
resonance with the two adjacent harmonics. In agreement
with Fig. 1(a), we interpret the enhancement as a signature
of Rydberg states excited by a multiphoton resonance that
can later recombine at a “forbidden” harmonic. Similarly at
around O fs, enhancement of H12 and H15 is due to the
multiphoton resonance of the 2p°3d state at the HI5
energy. On the falling edge (~7 fs) the H12 is enhanced
again due to the resonance with the 2p33d state.

When the fundamental pulse precedes its second har-
monic [Fig. 1(c)], the shape of the temporal gate changes
drastically: resonant enhancements are seen mainly on the
falling edge. In agreement with Refs. [12,19], this change
reflects the reduction (when compared to the case of 2w
preceding w) in the associated very long trajectories. The
time the trapped Rydberg population spends inside the
pulse is thus longer when the 2w field precedes the
one (positive delays).

We now take advantage of this temporal gating of the
HHG emission to resolve the spin-orbit hole dynamics in
the core. The well-defined start of the spin-orbit clock is
provided by the light-induced multiphoton resonance: the
time window during which the ponderomotive shift brings
a Rydberg state into a multiphoton resonance with the
ground state is much shorter than the pulse duration. Upon
excitation, the emission from the Rydberg state is modu-
lated in time with the spin-orbit period, leading to the
splitting of the harmonic lines by Agq (see Fig. 2). The
appearance of the splitting is the evidence of the long-lived
Rydberg orbits. As noted above, the time spent by the
trapped Rydberg orbits during the pulse is substantially
longer when 2w precedes the w: this is where the spin-orbit
splitting is expected to appear.

We performed experiments in argon, with Agg =
0.177 eV corresponding to Tgg = 23.5 fs, using the setup
described in the Supplemental Material [20]. Figure 3(a)
shows the ratio between selected forbidden and allowed
harmonic orders as a function of the relative time delay,

T, =2m/A,

<

Harmonic emission

CD@ <T><l> o0

FIG. 2. Spin-orbit temporal modulation of the emission leading
to spectral splitting of the harmonic lines. Radiative electron-hole
recombination is temporally modulated due to the precession of the
spin of the hole, leading to a spectral splitting of the harmonic lines.

where for positive time delays the 2w field precedes the w
one. The delay dependence of the forbidden harmonics
confirms the behaviour predicted in [12] and our TDSE
simulations: the participation of Rydberg states in HHG is
optimized when 2w precedes . Figure 3(b) shows the far-
field spatially resolved harmonic spectrum at positive and
negative delays. At positive delays we see strong enhance-
ment of forbidden 3N orders due to Rydberg states.
Moreover, we observe spectral splitting of most harmonic
lines, consistent with the spin-orbit energy of argon. The
thin gas jet used in the experiment excludes longitudinal
phase matching and propagation effects. Therefore we
conclude that, by trapping the Rydberg electron for
~24 fs at intensities of I ~2 x 10 W/cmz, we resolve
the spin precession of the electron hole in the core. The
absence of the spectral splitting at negative time delays is
consistent with the discussion above: when @ precedes 2w,
trapping occurs at the falling edge of the pulse, leaving
insufficient time to resolve the spin-orbit-induced
modulation.

Thus, our experiment shows collimated far-field con-
tribution of trajectories spending ten (or more) cycles in the
Rydberg states. However, such trajectories should accu-
mulate a large intensity-dependent phase (see, e.g.,
Refs. [21-23].) Because of spatiotemporal intensity dis-
tribution in the focal region, one would therefore expect
large spectral broadening and large divergence of the
corresponding signal. Yet, we see a collimated harmonic
signal in the far field. How is that possible? Our explanation
is associated with the resonant nature of the process, which
selects a specific spatial region in the laser focus, where the
resonance(s) with Stark-shifted Rydberg state(s) is
achieved. The intensity of the driving field is approximately
constant along this ring. There, the resonant contribution to
the harmonic emission is maximally enhanced, and,
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FIG. 3. Experimental results. (a) Measured delay-dependent
total harmonic yield (black) and ratio between 3N and 3N — 2
harmonics: H12/H10 (red), H15/H13 (green), H18/H16 (blue).
(b) Far-field HHG spectrum with o field preceding (z = —75 fs)
or following (z = 55 fs, 85 fs) the 2w field. For 7 = 55, 85 fs,
enhanced generation of forbidden harmonics and spin-orbit
splitting of most harmonics are observed.

moreover, the phase of the emission is fixed, leading to a
collimated far-field pattern. The same spatial region pro-
vides the dominant contribution to Freeman resonances in
photoelectron spectra [14,24]. Thus, resonances with
Rydberg states provide an addition spatial gating to the
harmonic emission, see Fig. 4(a), complementary to the
time-domain gating explained earlier.

To confirm this picture, we model high-harmonic gen-
eration from an excited state using the two-level system
(TLS) described in the Supplemental Material [20]. The TLS
includes the ground and pondermotively shifted excited
state. To mimick the spin-orbit modulations, we multiply
the obtained dipole moment by the oscillating term
[1 4+ exp(—iAgot)], where Ago = 0.007 a.u. is the spin-
orbit energy. The near-field profile of H15 [Fig. 4(b)] shows
resonant enhancements when the multiphoton resonance is
reached near the peak of the field. The residual population of
the excited state, shown above the near-field profile in red,
peaks at the same positions. In the far field, Fig. 4(c), we
observe a well-collimated, spin-orbit-split harmonic line.

Rydberg
population

harmonic
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1/ 17
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/ / / 7

PN %4 Fi 4 )

transversal coordinate at focus

1.00

0.75

S 0.50
0.25

0.00

= —0.25
-0.50
-0.75
-1.00

23

092 23.247 23.402 23.557
Energy (eV)

laser intensity

Y (um)
freq. (a.u.)

Spa

-40 -20 0 20 40
X (um)

FIG. 4. The role of spatiotemporal gating in the generation of
collimated spin-orbit split harmonics. (a) Spatial gating: multi-
photon resonances with Stark-shifted Rydberg states lead to
resonant enhancements of a given harmonic at positions X;,
defining onion shells where the harmonic phase is large but
constant. (b),(c) Results from the two-level system model; (b) the
near-field profile of H15, (c) the spin-orbit splitting of H15 in the
far field. The top panel in (b) shows the spatial distribution of
the residual population in the excited state at the end of the pulse.
The top panel in (c) shows the frequency-resolved, spatially
integrated distribution in the far field of H15 when spin-orbit
modulations are included, while the right panel in (c) shows the
frequency-integrated, spatially resolved far-field H15 line.

Our Letter sheds new light on the role of Rydberg states
in the HHG process. The influence of excited states in HHG
has been the subject of many experimental [15,25-28] and
theoretical studies [29-31]. On very short timescales,
Rydberg excitations followed by ionization and recombi-
nation into the ground state lead to a delayed (by a few
femtoseconds) emission of an attosecond pulse train [15].
On longer timescales, the population of Rydberg states can
induce hyper-Raman lines [27,32] if a dressing laser field is
added. On the timescales much longer than the laser pulse
duration, a Rydberg wave packet generates coherent XUV
free-induction decay (FID) [26,33]. Here we work in an
intermediate range, where we demonstrate the coherent
emission of XUV radiation through strong-field driven
electron trajectories lasting several tens of femtoseconds.
The identified mechanism provides a link between the

173202-4



PHYSICAL REVIEW LETTERS 129, 173202 (2022)

Freeman resonances and the HHG process [13,29,34]. Our
Letter shows that the spin-orbit Larmor clock allows one to
monitor the presence of Rydberg orbits living at least
~24 fs inside a laser pulse with intensities of 200 TW /cm?,
opening the perspective of probing the dynamics of
electronic wave packets over tens of femtoseconds by
extending HHG spectroscopy beyond the optical cycle.
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