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counterrotating circularly polarized laser pulses

D. Kohnke ®, T. Bayer ®, and M. Wollenhaupt

Institute of Physics, Carl von Ossietzky university of Oldenburg, Carl-von-Ossietzky-Straf3e 9-11, D-26129 Oldenburg, Germany

® (Received 11 June 2025; accepted 15 July 2025; published 4 August 2025)

Shaped free electron vortices (SEVs) have recently been studied using atomic (1 + 2) resonance-enhanced
multiphoton ionization (REMPI) by oppositely chirped counterrotating circularly polarized (OC-CRCP) fem-
tosecond laser pulses. By transitioning from the perturbative to the nonperturbative REMPI regime, we identify
an adiabatic excitation mechanism in a resonant V-type three-level system, termed V-RAP due to its similarities
to rapid adiabatic passage (RAP). Experimentally, we observe a pronounced change in the shape of the measured
three-dimensional (3D) photoelectron momentum distribution (PMD), which we trace back to this mechanism
via analytical calculations and numerical simulations of the bound state and ionization dynamics. In V-RAP,
the atom adiabatically follows the OC-CRCP field, with the two excited states driven in antiphase, leading to
an adiabatic cancellation of specific ionization pathways and explaining the observed changes in the PMD. In
the experiment, we combine supercontinuum polarization pulse shaping to generate OC-CRCP femtosecond
laser pulses with velocity map imaging-based photoelectron tomography to reconstruct the 3D PMD. The
reconstructed PMDs are decomposed by 3D Fourier analysis into SEVs of different rotational symmetry,

revealing a significant enhancement of the cg-symmetric contribution, which is the signature of the V-RAP.

DOI: 10.1103/78w7-wc89

I. INTRODUCTION

Tailored ultrashort laser pulses are key to coherently con-
trolling ultrafast quantum dynamics [1-3]. Among the various
pulse shapes routinely generated today by ultrafast pulse-
shaping techniques [4—13], chirped pulses have played a
central role in ultrafast science since the development of the
first ultrafast laser sources. Chirped pulses are not only the
fundamental basis for the generation of intense femtosec-
ond laser pulses by chirped-pulse amplification, developed
by Strickland and Mourou, who were awarded the 2018
Nobel Prize in Physics [14,15]; they have also served as a
testbed to demonstrate the adaptive compression of femtosec-
ond pulses by shaper-based dispersion compensation [16,17].
Early on, the chirp was utilized as a control parameter to
manipulate ultrafast atomic and molecular dynamics. For
example, chirped pulses have been employed for the coher-
ent control of molecular excitation both in the gas phase
[18] and in the condensed phase [19]. In the perturbative
regime, Cornu spirals emerge in the coherent transients of
atomic excitation with resonant chirped pulses [20-22]. In
the search for basic mechanisms underlying coherent control,
two-dimensional control landscapes of atomic excitation were
mapped out by combining the chirp with other physically
motivated control parameters [23,24]. In the nonperturba-
tive regime, intense chirped pulses are the cornerstone of
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adiabatic passage techniques, enabling robust and efficient
population transfer between near-resonantly coupled states
[25-27]. Rapid adiabatic passage (RAP) has been exploited
in numerous strong-field control schemes, including the ma-
nipulation of spin-orbit wave-packet dynamics in atoms [28],
ladder climbing in atoms [29,30] and molecules [31], the
selective excitation of atomic [32,33] and molecular states
[34-36], and the control of the Autler-Townes doublet [37] in
the photoelectron spectrum from resonance-enhanced multi-
photon ionization (REMPI) [38]. Today the chirp of advanced
light sources, such as attosecond laser pulses from high-
order-harmonic generation (the so-called attochirp) [39,40]
and ultrashort XUV pulses from free electron lasers [41], is
attracting increasing interest in attosecond science. In par-
ticular, chirped XUV pulses have recently been used [42]
to demonstrate strong-field quantum control in the extreme
ultraviolet.

The use of polarization-tailored ultrashort laser pulses adds
another degree of freedom to the coherent control of co-
herent dynamics in order to exploit the vectorial character
of light-matter interactions [43]. The generation and manip-
ulation of free electron vortices (FEVs) [44,45] are recent
examples of the use of polarization-controlled laser pulses to
manipulate light-matter interactions. FEVs are spiral-shaped
photoelectron wave packets created by photoionization of
atoms [46-54] or molecules [55-59] using sequences of
counterrotating circularly polarized (CRCP) pulses. FEVs are
characterized by a distinct rotational symmetry in the laser po-
larization plane, i.e., the number of spiral arms. The creation
of FEVs by oppositely chirped CRCP (OC-CRCP) pulses
was recently proposed theoretically for the single-photon
ionization (SPI) of helium atoms [60] and demonstrated ex-
perimentally in the (1 4+ 2) REMPI of potassium atoms [61].

Published by the American Physical Society
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This new class of shaped FEVs (SEVs) exhibits paraboli-
cally shaped spiral arms that reverse their sense of rotation
at a controlled photoelectron energy and were hence termed
“reversible electron spirals” in Ref. [60]. In REMPI, the in-
terference of multiple ionization pathways generally leads to
the superposition of various SEVs with different rotational
symmetries resulting in the total three-dimensional (3D) pho-
toelectron momentum distribution (PMD). Specifically, in
(1 +2) REMPI, a cg-symmetric SEV is superimposed by a
c4- and a cp-symmetric SEV. In Ref. [61], we reported on the
retrieval of the SEVs from the measured PMD using a 3D
Fourier analysis method, specifically adapted to the azimuthal
symmetry properties of the SEVs. This initial experimental
demonstration of the SEV was performed in the perturbative
regime. In contrast, in this paper, we study the creation of
SEVs by (1 + 2) REMPI using intense OC-CRCP pulses. We
observe a distinctive change in the shape of the 3D PMD at the
transition from the perturbative to the nonperturbative regime
by increasing the laser intensity. Specifically, the SEV with
c¢ symmetry is significantly enhanced relative to the contribu-
tions with ¢4 and ¢, symmetry. This observation is confirmed
quantitatively by the 3D Fourier analysis of the measured
PMDs. Employing an essential three-state model, we ana-
lyze the bound-state dynamics of the nonperturbative (1 + 2)
REMPI process. Our analysis reveals an adiabatic excitation
mechanism in the V-type resonant subsystem, which we term
V-RAP. In the paper, we discuss the mechanism in different
physical pictures, including the bare-state picture and the
adiabatic dressed-state picture. Analysis of the ionization dy-
namics shows that the V-RAP mechanism causes destructive
interference of certain multiphoton ionization (MPI) pathways
that contribute to the c4- and the c;-symmetric SEVs. The
destructive interference explains the suppression of the cor-
responding symmetry components observed in the 3D PMD.

Our results show the potential of SEVs for probing of
strong-field-induced quantum dynamics. We demonstrate how
the 3D Fourier analysis method is used to reveal detailed
information about the controlled dynamics, enabling us to
uncover the V-RAP mechanism.

II. PHYSICAL MODEL

In this section, we describe our physical model for the
nonperturbative (1 + 2) REMPI of potassium atoms by in-
tense OC-CRCP pulses. First, we introduce our notation for
the laser electric field of the polarization-shaped pulses. Next,
we briefly describe the induced bound-state dynamics in the
resonant V-type three-level system. Then, we describe the
two-photon ionization (2PI) process mapping the bound-state
dynamics into the photoelectron spectrum. Finally, we discuss
the bound-state and ionization dynamics for the transition
from the perturbative weak-field regime to the nonperturbative
adiabatic interaction regime.

A. Oppositely chirped CRCP pulses

The OC-CRCP pulses are generated by spectral
phase modulation of a transform-limited input pulse
E~(t) = &, (t)e ! ey, with a real-valued temporal envelope
Ein(t) of duration Atz [full width at half maximum (FWHM)

of the intensity] and a carrier frequency wp. The following
description focuses on the envelope of the laser electric field
in the time and frequency domain. The spectrum of the input
pulse envelope is denoted by gin(w) = Fl&n(1)](w). Next the
spectrum of the OC-CRCP pulses is expanded in the spherical
basis as

E (0) =& (@)es + & (w)e_. (1)

The fields SNq‘ (w), with g = %1, describe the left-handed
circularly polarized (LCP) and the right-handed circularly
polarized (RCP) pulse component, respectively. Introducing
the spectral phase modulation function ¢(w) = % @ w?, with
the spectral chirp parameter ¢,, the pulse components are
written as

£ (@) = En(@)e' ™. 2)

For a positive chirp parameter, ¢, > 0, the LCP pulse compo-
nent (¢ = +1) is up-chirped and the RCP pulse component

(g = —1) is down-chirped. The spherical basis vectors are
defined as
1 .
ex = ﬁ(ey + ie), 3)

ensuring that for zero chirp, ¢, = 0, the field is linearly polar-
ized parallel to the input pulse (in the y direction). In the time
domain, we decompose the envelopes of the chirped pulse
components into an envelope Eyoq(¢) and the temporal phase

L(t) as
E; () = FE (@)](t) = Emoa(t)e ). (4)

For a real-valued symmetric input pulse spectrum &, (—w) =
En(w), the two pulse components are complex conjugates;
ie., £ ,(t) =[EZ,()]*. Otherwise, both pulse components
acquire the same additional time-dependent phase due to the
asymmetry of the spectrum. Expanded in the cartesian basis,
the vectorial field envelope reads

E(1) = Emoa(?) {sin[¢(1)]ey + cos[£ (1)]ey}. (&)

The total real-valued electric field E (¢) is obtained by multi-
plying the envelope £(¢) with the carrier oscillation cos(wot ).
The cartesian representation shows that the pulse is linearly
polarized at every time ¢ with a continuously rotating po-
larization vector. The direction of the polarization vector
is determined by the temporal phase ¢(¢), which describes
its angle measured relative to the y axis in the polarization
plane. For the specific example of a Gaussian-shaped input
pulse, some analytical details are provided in Appendix A.
In this case, the temporal phase is a quadratic function of
time [see Eq. (A2)]. Therefore, the angular velocity of the
rotation varies linearly with time and changes its sign at
t =0 [see Eq. (A7)]. Figure 1(a) illustrates the OC-CRCP
pulses described by Egs. (1) and (5) for the example of a
Gaussian-shaped input pulse of duration Ar = 6 fs that is
spectrally phase modulated with a chirp parameter of ¢, =
60 rad/fs>. The green line shows the real-valued vectorial
laser electric field E (7). The orange line showing its envelope
E(t) highlights the twisting of the linear polarization about
the propagation direction. The rotational characteristics of
the OC-CRCP pulses are reminiscent of an optical centrifuge
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FIG. 1. Physical system. (a) Illustration of a Gaussian-shaped
OC-CRCP pulse resulting from an input pulse of duration At = 6 fs
spectrally phase modulated with a chirp parameter of ¢, = 60 fs.
The total polarization-twisted pulse (right-hand side) arises from
the superposition of an up-chirped LCP and a down-chirped RCP
pulse component (left-hand side). (b) (1 +2) REMPI scheme of
the potassium atom interacting with an OC-CRCP pulse. The blue
box shows the resonantly driven V-type three-state bound system.
The bound-state dynamics is mapped via different 2PI pathways
into four angular momentum partial wave packets, whose pairwise
interference gives rise to SEVs of ¢;, ¢4, and ¢ symmetry.

[62,63]. The major difference between both types of pulses
lies in their temporal symmetry. While optical centrifuges
are asymmetric in time, starting at ¢t = 0 and accelerating
indefinitely under their envelopes, the OC-CRCP pulse is
time symmetric, decelerating during the first part of the pulse
(t <0) and accelerating during the second part (z > 0).
Finally, we note that the instantaneous frequency of the OC-
CRCP pulse is constant in time and equals the laser central
frequency wy.

B. Bound-state dynamics

The excitation scheme for OC-CRCP pulses interacting
with potassium atoms is shown in Fig. 1(b). The LCP
and RCP pulse components resonantly couple the ground
state |0) = |4s,m = 0) to the degenerate excited states
[+1) = |4p, 1) and |—1) = |[4p, —1), respectively. The three
states form a V-type linkage pattern [26,27], as indicated
by the blue box in Fig. 1(b). Choosing ¢, > 0, the state
|+1) is excited by the up-chirped pulse component &, (¢),

while the state |—1) is excited by the down-chirped pulse
component &7 (t). To describe the light-induced
dynamics, we start with the time-dependent Schrodinger
equation (TDSE) for the state amplitudes ¢(¢) =
[co(t), c41(t), c_1()]T in the interaction picture [27].
Assuming resonant excitation, § = wy — w44, =0, and
applying the rotating wave approximation (RWA), the TDSE
reads

g [ 0 Q1) O\ [ o
i e | = —h Q*t) 0 0 ca |, ©)
\e Q) 0 0 c_y

with the complex-valued Rabi frequency Q(r) = Qq(t)e*®.
Its real-valued envelope is given by Qo(t) = ’%5 (t), where
we dropped the index “mod” of the modulated field envelope
for brevity. The couplings i, = (£1|®|0) are the dipole
matrix elements evaluated in the spherical basis. In writing
the coupling elements of the Hamiltonian as complex conju-
gates, we additionally assumed the spectrum of the input pulse
Ein(w) to be symmetric, as discussed in Sec. II A [cf. Eq. (4)].
Starting from the initial condition ¢(—o00) = (1,0, 0)” and
applying the short-time evolution operator U/(¢; 8¢) specified
in Eq. (B2) of Appendix B, we infer two general charac-
teristics of the dynamics from the Hamiltonian. First, for
the real-valued initial state considered here, the ground-state
amplitude co(¢) remains real valued throughout the interac-
tion. Second, the excited-state amplitudes c(¢) and c_(t)
are always negative conjugates of one another; i.e., ¢4 (¢) =
—c*,(¢) for all times 7.

In the weak-field regime, an approximate solution of the
TDSE is obtained by first-order time-dependent perturba-
tion theory, yielding the excited-state amplitudes ¢, (), with
g = =*1,as

t
c ) =i % / Ee 4 Way, (7)

In the strong-field regime, which is characterized by non-
perturbative interaction dynamics, analytic solutions are
generally not readily available. However, if the time evolution
is adiabatic [26], then the total system, consisting of the V-
type bound system dressed by the OC-CRCP pulse, remains
in an eigenstate throughout the entire interaction. In this case,
the TDSE can be solved in the dressed-state picture, as we
show in Appendix B. The condition under which the time evo-
lution is adiabatic is also derived in Appendix B. Expressed
by the Rabi frequency €2o(¢) and the instantaneous detuning
A(t) = ¢ (t), the adiabatic condition for the degenerate V-type
system reads

3/2

" 8)
The only difference from the adiabatic condition obtained for
aresonantly driven two-state system [26] is the additional fac-
tor 2 on the right-hand side. By introducing the dimensionless
parameter

1Q0A — QoA| < (295 + A?)

1204 — QA

a(t) = ——————7,
(223 + A2)™

9

we obtain a quantitative measure of the transient adiabatic-
ity of the interaction. If a(r) <« 1 is satisfied for all times
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t, then the time evolution is fully adiabatic and the system
remains in the initially populated dressed state throughout the
interaction. The selective population of dressed states, briefly
termed SPODS, is a fundamental strong-field control mech-
anism [38,64,65], which in the context of adiabatic quantum
dynamics manifests as adiabatic following [26,27,66]. After
solving the TDSE in the dressed-state picture, we transform
the solution back to the interaction picture to obtain the adia-
batic bare-state solution:

—/2cos[O(1)]
sin[O()] e ® |. (10)
— sin[O(t)] €®

c(t) = —

V2

The mixing angle ®(¢) is defined by the relation

tan[O(1)] = M. (11)
A1)

The bare-state solution for the adiabatic dynamics in Eq. (10)
showcases the general characteristics mentioned above; i.e.,
the ground-state amplitude c((¢) is strictly real valued and
the excited-state amplitudes c,(¢) and c_;(z) are negative
conjugates of one another, for all times ¢. Moreover, the
solution reveals that, under adiabatic conditions, the excited-
state amplitudes c;;(f) and c_;(¢#) synchronize in phase
and antiphase with the corresponding pulse components, re-
spectively.! These two simultaneous realizations of adiabatic
following, well known from the traditional RAP scheme
[65,67], are essential characteristics of the present scenario.
RAP is commonly implemented by driving a two-level sys-
tem with an intense chirped pulse. Similarly, the adiabatic
dynamics in the V-type system, consisting of two two-level
systems coupled by a common ground state, are driven by
the chirped components of the OC-CRCP pulse. Owing to the
similarities to RAP, we refer to the adiabatic dynamics in the
V-type system as V-RAP. If the input pulse envelope &i,(r)
is temporally symmetric, i.e., &,(—1) = &n(f), then, unlike
in the traditional RAP scheme, the amplitudes also exhibit
time-reversal symmetry:? cq4(—t) = c4(t). Consequently, the
atom is robustly steered back into its ground state by the end
of the interaction. This process is known as coherent popula-
tion return [27,68]. However, we emphasize that the V-RAP
mechanism (adiabatic following accompanied by coherent
population return) is also effective for temporally asymmetric
input pulse shapes.

C. Ionization dynamics

In the experiment, the bound-state dynamics is mapped
into the photoionization continuum by simultaneous 2PI from
the excited bound states |go) = |£1). The nonperturbative
excitation step is accounted for by inserting the analytically
determined 4p state amplitudes into the perturbation integral,
completing the (1 4+2) REMPI process. The different 2PI

"For ¢, < 0, the role of the excited states is exchanged.

Note that for the inversion of Eq. (11) the two-argument arctangent
needs to be applied. Hence, one obtains ®(—t) = —O(¢) + 7 and
therefore sin[@(—¢)] = sin[O()].

pathways, opened up by the mixing of LCP and RCP photons
from the two OC-CRCP pulse components, are indicated in
Fig. 1(b) by one-headed violet and turquoise arrows. Refer-
ring to the propensity rules for electric dipole transitions [69],
we consider the A¢ = 41 transitions. Then, 2PI creates pho-
toelectron partial wave packets in the four different angular
momentum continua |ef, +1) and |ef, £3). We characterize
each ionization pathway by a vector ¢ = (q1, g») where the
first (second) component indicates the circularity (1) of the
first (second) absorbed photon.

The two continua |e f, £3) are each coupled to the bound
states by a single 2PI pathway, characterized by the absorption
of either two LCP photons from state |+1) [¢ = (41, +1)] or
two RCP photons from state |—1) [g§ = (—1, —1)]. Therefore,
these continua are not subject to multipathway interference.
In contrast, the two continua |¢ f, 1) are each coupled to the
bound states by three different 2PI pathways. For example,
the continuum [ef, 1) is coupled to the |+1) state by two
pathways involving the mixing of one LCP photon and one
RCP photon [q = (+1, —1) and (—1, 4+1)], and to the |—1)
state by an additional pathway involving the absorption of two
LCP photons [g = (+1, +1)].

If the coupling to the continuum is sufficiently weak,
the energy-dependent amplitudes of the photoelectron partial
wave packets created along the different 2PI pathways are de-
scribed by second-order time-dependent perturbation theory
[30,70-72]. In general, the photoelectron amplitude created
by 2PI from the state |qo) via the pathway q = (q1, ¢2) is
given by

1 o0 : .

a(({%uqz)(e) — e / I{%]l«‘]z)(t)el(s—so)n dr, (12)
with the pathway-specific, time-resolved (1 + 2) REMPI am-
plitude

—00

(q1,92) — 1, (q1,92) - -
T8 (1) = 0, (DE (DE, (). (13)

Assuming adiabatic interaction conditions, we insert the
excited-state amplitudes c,,(¢) from Eq. (10) and make use
of the electric fields from Eq. (4) to write the ionization
amplitudes explicitly as

a0

V2

I;OQI ,qz)(t) — Mt(zqol 1q2) sin[O(¢ )]52 (¢ )e*i(qurm +a2)¢(1)
(14)

Specifically, the ionization amplitude to the continuum |g f, 3)
then reads

I(ﬁlarl)([) = % sin[@(t)]gz(t)e*3i€(f), (15)

serving as a reference. Two of the three ionization amplitudes
of the continuum |¢ f, 1) cancel each other exactly:

1 .
IS:II,H)(;) = E Sin[@(l‘)]c‘fz(z)e—‘g(’) (16)

= -7, (17)

This implies that the corresponding 2PI pathways, g =
(—1, +1) from state |[+1) and ¢ = (+1, +1) from state |—1),
interfere destructively throughout the interaction. This phe-
nomenon occurs only when the V-RAP mechanism is realized
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FIG. 2. Simulated bound-state and ionization dynamics, induced by a Gaussian-shaped OC-CRCP pulse with a transform-limited duration
of At =5 fs and a spectral chirp parameter of ¢, = 80 fs? (up-chirp). Three different interaction regimes are compared. [(a)—(d)] The first
row shows the perturbative regime with a peak Rabi frequency of €2y = 10 mrad/fs. [(e)—(h)] The second row shows an intermediate regime
with a peak Rabi frequency of 10€2y. [(i)—=(1)] The third row shows the adiabatic regime with a peak Rabi frequency of 50€2,. In the adiabatic
limit, the V-RAP mechanism is observed. V-RAP is characterized by the selective population of the intermediate dressed state throughout the
interaction. Because this dressed state is always associated with the atomic ground state, the atom undergoes a coherent population return to its
initial state. Transiently, the bare-state amplitudes align adiabatically in phase (¢ = +1) and antiphase (¢ = —1) with the LCP and RCP pulse
component, respectively. As a consequence, the ionization amplitudes IE:II’“)(Z) and I(j”l)(l) evolve strictly in antiphase to one another.
Hence, they always interfere destructively and cancel each other in the photoelectron wave packet.

in the bound-state system. It will be referred to as adiabatic
cancellation (AC) of REMPI pathways in the following. If the
AC mechanism applies, then only the pathway ¢ = (+1, —1)
from state |4-1) contributes to the |¢ f, 1)-type photoelectron
partial wave packet, with the ionization amplitude

sin[O(1)]E2(1)e W,

V30

As a consequence, the photoelectron yield in the continuum
lef, 1) is significantly suppressed. The analysis of the inter-
play between bound and ionization dynamics reveals how the
V-RAP mechanism is encoded in the |e f, 1)-type partial wave
packet. The same conclusions apply to the continua |¢ f, —1)
and |e f, —3), due to the symmetry of the excitation scheme.
The nature of destructive interference, which gives rise to
AC, can already be understood at the (1 + 1) photon level, i.e.,
in the intermediate state |i) at the top end of the diamond-type
linkage pattern highlighted in Fig. 1(b). The state |i) is ac-
cessible from the ground state |0) via two different excitation

V) = (18)

pathways, each of which is composed of one LCP and one
RCP photon. Each pathway evolves through one of the ex-
cited states |go). In the AC case, the excited-state amplitudes
¢g, () effectively mimic the role of the first absorbed photon
by adiabatically synchronizing with the corresponding pulse
components. However, one state has an in-phase amplitude
with the pulse component, while the other has an antiphase
amplitude. Therefore, the absorption of the second photon
(of the respective other kind) leads to the same probability
amplitudes of both pathways, one of which is phase shifted
by m, which explains the destructive interference.

Our analysis shows that, under adiabatic conditions, the
photoelectron partial wave packets created in the continua
lef, £1) are significantly suppressed relative to those cre-
ated in the continua |ef, £3). As a result, the amplitudes
of the ¢;- and c4-symmetric SEVs, which consist of su-
perpositions with the |ef, &1)-type partial wave packets,
are significantly reduced relative to the amplitude of the
ce-symmetric SEV in the PMD. Conversely, the relative
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FIG. 3. Illustration of the data analysis to extract the yield of the individual SEVs, which are superimposed in the created photoelectron
wave packet, from the measured PMD. The PMD shown on the left-hand side is first decomposed into the cg-, ¢4-, and c;-symmetric SEVs
using the 3D Fourier analysis method. The SEVs themselves are shown as colored isosurface plots in the top row of the center frame. The
bottom row shows the retrieved 2D amplitudes C;(e, ©#). In the second step, the amplitudes are integrated over the region of interest (ROI) to
obtain a scalar measure for the contribution of each SEV to the PMD. The resulting yield is shown as a bar plot on the right-hand side.

enhancement of the cg-symmetric SEV is the hallmark of the
V-RAP scenario which should be observable in the experi-
mental PMD.

D. From the perturbative to the nonperturbative regime

In this section, we discuss the bound-state and ionization
dynamics induced by the OC-CRCP pulses, focusing on the
transition from the perturbative to the nonperturbative regime.
Figure 2 illustrates three different interaction regimes, orga-
nized into different rows. The first row shows the dynamics
in the perturbative regime. The peak Rabi frequency is set
to €9 = 10 mrad/fs. According to the population dynamics
|cq(t)|2, shown in the top frame of Fig. 2(a), only 10% of the
ground-state population (¢ = 0) is transferred to the excited
states (¢ = £1), which confirms the perturbative interaction
conditions. The coherent transients, i.e., the real and imag-
inary parts of the complex-valued excited-state amplitudes
¢4(t), described by Eq. (7), are shown in the parametric plot
in Fig. 1(b). They display the well-known Cornu spirals start-
ing from the origin of the complex plane [20,22]. The top
frame of Fig. 2(c) shows the chirped bare-state eigenenergies
(thin dotted lines) alongside the corresponding dressed-state
eigenenergies, labeled as A, () (bold solid lines). As the pulse
rises, all energies approach each other. At + = 0, where the
detuning vanishes, the bare-state energies intersect whereas
the dressed-state energies form a bow-tie avoided crossing
[26,33]. Due to the small peak Rabi frequency €2, the
dressed-state energy splitting AAQ(0) = /872 = 20 meV
is hardly discernible at# = 0. It is only visible in the magnified
inset. Accordingly, the adiabaticity parameter «(f), shown
in the bottom frame of Fig. 2(c), peaks sharply at r =0,
exceeding a value of 100. At the center of the pulse, the
strong nonadiabatic coupling of the dressed states is evident
from the rapid change of the dressed-state population de-
picted in the bottom frame of Fig. 2(a). This observation
confirms the nonadiabaticity of the dynamics. As a con-
sequence, the time evolution of the ionization amplitudes

I:L_II‘H )(t) and I(_Jql””)(t), shown in Fig. 2(d), is qualitatively
different.

To illustrate the dynamics in the intermediate-field regime
(see the second row of Fig. 3), the peak Rabi frequency is
increased by an order of magnitude to 10€2. In this case, the
interaction is no longer perturbative since the ground state in
Fig. 2(e) is transiently depleted (around ¢ = 0). However, it
recovers most of its population after some ringing at the end
of the interaction. The excited-state amplitudes in Fig. 2(f)
form intricate spiral patterns that no longer resemble Cornu
spirals, while the ground-state amplitude remains strictly real
valued. The dressed-state splitting in Fig. 2(g) increases with
the field intensity, reaching a value of IAQ =0.2eV at
t = 0. The adiabaticity parameter decreases significantly
around ¢ = 0 and remains smaller than 1 throughout the in-
teraction. However, as illustrated in Fig. 2(e), there is still
substantial population transfer between the dressed states,
indicating that the condition for fully adiabatic time evolu-
tion [a(t) < 1] is not yet met. On the other hand, the time
evolution of the ionization amplitudes, shown in Fig. 2(h),
is already quite similar. The two amplitudes form propeller-
shaped loops in different directions of the complex plane,
visualizing the phase shift between them.

The third row of Fig. 2 shows the dynamics in the adiabatic
regime. To this end, the peak Rabi frequency is increased to
50€2. As with RAP, the dynamics of the bare-state population
shown in Fig. 2(i) are characterized by smooth time evolution,
with no ringing observed in the ground or excited states.
However, unlike in RAP, the dynamics are fully symmetric
in time, which is a characteristic of the V-RAP scenario. As a
result, the atom returns coherently to the ground state by the
end of the interaction. The excited-state amplitudes, depicted
in the complex plane in Fig. 2(j), start off on spiral-shaped
trajectories that are fully analogous to those of the traditional
RAP scheme. The amplitudes adiabatically synchronize with
the corresponding pulse components in phase (¢ = +1) or
antiphase (¢ = —1), respectively. For direct comparison, the
complex envelopes of the pulse components are displayed in
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the inset. At ¢ = 0, the trajectories reverse their direction and
return to the origin following exactly the same trajectory on
which they were excited. This behavior contrasts with that
of the traditional RAP scheme, in which the amplitudes do
not reverse and continue to increase at the expense of the
ground-state amplitude until population inversion is reached.
Again, the ground-state amplitude evolves strictly along the
real axis. It crosses the origin at + = 0 and converges to-
ward —1 as t — oo. The adiabatic synchronization of the
excited-state amplitudes with respect to the driving pulse com-
ponents, including the 7 phase shift, is the central signature of
the V-RAP scenario. The dressed-state spitting, shown in Fig.
2(k), is now substantial, exceeding FAQ = 1.0eV at t = 0.
The adiabaticity parameter is on the order of 1072 at all times
t. This is sufficiently small to ensure fully adiabatic interaction
conditions, as confirmed by the dynamics of the dressed-state
population, shown in Fig. 2(i). There is virtually no population
transfer between the dressed states, which implies that the
total system remains in its initially populated dressed state
throughout the entire interaction. As a result of the adiabatic
following in the bound system, the ionization amplitudes in
Fig. 2(1) evolve along identical spirals that are rotated by
m with respect to each other. Therefore, their coherent sum
vanishes at all times #, giving rise to the AC of the associated
2PI pathways.

In Fig. 5 in Appendix C we show that increasing the
field intensity further to 1002, does not alter the dynami-
cal features of the V-RAP scenario. As is characteristic for
adiabatic time evolution, the adiabatic following and the AC
mechanism become more robust when higher field amplitudes
and/or larger chirp parameters are used [26], as confirmed by
the sensitivity analysis presented in Appendix D (see Fig. 6).

III. EXPERIMENTAL SETUP AND METHODS

The experimental setup and the 3D Fourier analysis
method are described in detail in Ref. [61]. Briefly, we
combine femtosecond white light polarization pulse shaping
[6,73,74] with velocity map imaging (VMI)-based [75] pho-
toelectron tomography [76,77]. The primary light source is a
chirped pulse amplification system (FEMTOLASERS RAIN-
BOW 500, CEP4 Module, FEMTOPOWER HR CEP) with
a central wavelength of 790 nm, a repetition rate of 3 kHz,
and a pulse energy of 1.0 mJ. The infrared laser pulses are
used to seed a neon-filled hollow-core fiber at an absolute
pressure of 2 bars for the generation of a white light super-
continuum (WLS). Using a home-built 4 f polarization pulse
shaper, based on a dual-layer liquid crystal spatial light mod-
ulator (LC-SLM, Jenoptik SLM-S640D), the spectral phases
of two orthogonal linearly polarized WLS components are
modulated by quadratic spectral phase functions. Using a
superachromatic A/4 wave plate, the orthogonal linearly po-
larized components are converted into the CRCP components,
resulting in the OC-CRCP output pulse. In addition, a 1/2
wave plate is used to rotate the output pulse for the tomo-
graphic reconstruction of the 3D PMD [76]. The intensity
of the OC-CRCP pulses is adjusted using a motorized iris
aperture.

The polarization-shaped pulses are focused by a spherical
mirror (f = 250 mm) into the interaction region of a VMI
spectrometer filled with potassium vapor from a dispenser
source (SAES Getters). The photoelectron wave packets cre-
ated by atomic MPI are projected onto a microchannel plate
which amplifies the photoelectron signal for visualization on
a phosphor screen. The image of the screen is recorded by a
charge-coupled device (CCD) camera (Lumenera LW165M)
using an exposure time of 400 ms. To tomographically recon-
struct the PMD, the 1 /2 wave plate is rotated in increments of
2° from 0° to 90°, which rotates the PMD effectively by 180°.
Each projection is measured by averaging over 200 CCD
images each exposed for 400 ms for every PMD orientation.
From the recorded 45 projections, the 3D PMD is retrieved by
application of the Fourier slice algorithm [78].

Our 3D Fourier analysis method [61] is based on the
decomposition of the measured 3D PMD P(e, ©#, ¢) into az-
imuthal standing waves. The approach is motivated by the
azimuthal parts ¢™? of the created angular momentum partial
wave packets, whose pairwise interference gives rise to SEVs
of different rotational symmetry j. The PMD is described as a
Fourier synthesis:

P, v, ¢) = Z Ci(e,P)cos[jo + DPj(e,0)]. (19)

j=0,2,4.6

The sum runs over the even azimuthal standing waves with
a maximum value of j = 6, because three-photon ionization
from the s-type potassium ground state creates wave packets
with m = 1 and m = £3. The azimuthal symmetry of the
SEVs resulting from the interference of the partial wave pack-
ets is determined by the difference of their magnetic quantum
numbers. The decomposition is performed for each energy &
and polar angle ¥, yielding the two-dimensional (2D) ampli-
tudes C;(e, ) and phases ® (e, ¢) of the azimuthal standing
waves. The procedure is illustrated in Fig. 3 on the example of
the PMD created by an intense OC-CRCP pulse with a chirp
parameter of ¢, = —40 fs?. The left-hand side displays the
measured total PMD. The individual SEVs of ¢,, ¢4, and cg
symmetry are shown in the center frame (top row), together
with the retrieved 2D amplitudes C; (¢, ©) (bottom row).
According to our discussion in Sec. IIC, the essential
signature of the V-RAP mechanism encoded in the PMD is
the suppression of the c,- and c4-symmetric SEVs relative to
the cg-symmetric SEV. The yield of the SEVs is obtained by
integrating the retrieved 2D amplitudes over the energy and
the polar angle as
C; // Ci(e, ¥) & sin(¥)dedd. (20)
R
The region of interest (ROI) denoted by R is chosen around
the maximum photoelectron signal, to minimize the influence
of noise from regions with low signal. Along the energy axis,
the ROI is centered around the point of reversal of the SEVs
[61] at gy = 3hiwy — Vip =~ 0.5 eV, with a width of de =
0.3 eV. In the polar direction, the ROI is centered around
Y9 = 90°, i.e., in the x-y plane, with a width of §9 = 40°.
The ROI is visualized in the center frame as a torus-shaped
transparent volume of Fig. 3 and indicated by dashed lines
in the 2D plots. The yield of the different SEVs, shown as bar
plot on the right-hand side of Fig. 3, serves as a scalar measure
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FIG. 4. Experimental results. (a) Measured power spectral density (PSD) of the white light supercontinuum used in the experiment,
together with the applied quadratic spectral phase functions for a chirp parameter of |@,| = 40 fs?. The bottom row shows tomographically
reconstructed PMDs (left frames) and numerically simulated photoelectron densities (right frames) together with their cartesian projections for
(b) perturbative and (c) nonperturbative (1 + 2) REMPI by OC-CRCP pulses. (d) Quantitative evaluation of the experimental and simulation
results from (b) and (c) retrieved by 3D Fourier analysis. The bar plots display the yields of the SEVs of different symmetry superimposed in
the measured PMD (solid) and simulated density (faded) from perturbative (left) and nonperturbative (right) REMPI.

for the quantitative comparison between the PMDs measured
in the different interaction regimes.

The experiment is supported by numerical simulations to
analyze the physical mechanism behind the nonperturbative
creation of SEVs by intense OC-CRCP pulses and to validate
our analytical model of the V-RAP scenario. The simula-
tions are based on an essential state model including the
potassium ground state 4s (m = 0) and the two excited states
4p (m = %£1). The bound-state dynamics induced by the OC-
CRCP pulses are calculated by iteratively solving the TDSE
in Eq. (6) on a discrete temporal grid using the short-time
propagation technique [79]. The numerical solution is used
to calculate the energy-dependent amplitudes of the created
photoelectron partial wave packets in the angular momentum
continua |¢ f, £1) and |ef, £3) according to Eq. (12). The
angular part of the partial wave packets is given by the spher-
ical harmonics Y ,,(¢, ¢). The coherent superposition of all
partial wave packets describes the total photoelectron wave
packet (e, ¥, ¢). The corresponding probability density
| (e, ¥, ¢)|? is compared to the measured PMD P(e, ¥, ¢)
in energy representation.

IV. RESULTS

To demonstrate the V-RAP mechanism in the (1 +2)
REMPI of potassium atoms, we measured PMDs created by
OC-CRCP laser pulses in the perturbative and nonperturbative
REMPI regime. The PMDs are analyzed and compared both
qualitatively and quantitatively regarding their composition of
SEVs.

The supercontinuum input pulses have a transform-limited
pulse duration of about At = 6 fs. A measured spectrum of
the WLS is shown in Fig. 4(a) together with the (generic)
phase modulation functions ¢.;(w) (dotted lines) applied to
the orthogonal WLS components. The spectral chirp parame-
ter was set to || = 40 fs? and the spectral phase modulation
function was applied with respect to the potassium 4s — 4p
resonance at wy = W44, = 2.45 rad fs~!. The PMDs were
recorded at peak intensities of about /; &~ 5 x 10! W/cm?,
corresponding to perturbative REMPI conditions [80], and
I, =~ 8 x I corresponding to nonperturbative REMPI. Prior to
the tomographic reconstruction, the measured 2D projections
of the PMDs were symmetrized along the y and the z direc-
tions, since PMDs created by single-color MPI are expected
to be left-right and forward-backward symmetric with respect
to the laser propagation direction [53]. The redundancy of
the experimental data was used to improve the measurement
statistics.

The experimental results obtained in the perturbative and
nonperturbative REMPI regime are presented in Figs. 4(b) and
4(c), respectively. The left-hand panels show the measured
and reconstructed 3D PMDs in energy representation together
with their projections along the cartesian axes. The right-hand
panels show the corresponding simulated photoelectron den-
sities. The perturbative PMD was measured using a positive
chirp parameter of @, = +40 fs?. To measure the nonpertur-
bative PMD, we changed the sign of the chirp parameter to
@, = —40 fs2, in order to demonstrate control over the rota-
tional sense of the SEVs [47,61] in addition.

We start with a qualitative comparison of the PMDs
from perturbative and nonperturbative REMPI. In the per-
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turbative regime, Fig. 4(b), the measured PMD exhibits two
pronounced main lobes and two ring-type side lobes in be-
tween. Hence, the PMD strongly resembles that of a rotated
le f, 0)-type wave packet—as created by three-photon ion-
ization with a linearly polarized pulse [81,82]—slightly
smeared out in the azimuthal direction. In the nonpertur-
bative regime [see Fig. 4(c)], the polar ring structure of
the side lobes disappears, resulting in a more localized 3D
density around the polarization plane (the x-y plane), rem-
iniscent of the cg photoelectron vortex reported in Ref.
[45]. This distinctive structural change in the photoelectron
distribution is also evident in the simulated photoelectron
densities, which accurately reproduce the experimental re-
sults. The suppression of the ring lobes can already be
clearly seen in the x projection of the PMDs and is,
therefore, directly accessible in the experiment. In the x
projection of the perturbative PMD, the rings are clearly
visible as isolated signal contributions, marked by the green
arrows. In contrast, these signal contributions are barely
visible in the x projection of the nonperturbative PMD,
as indicated by the orange arrows. The vanishing of the
ring lobes and the localization of the nonperturbative PMD
around the polarization plane point toward the suppression of
le f, £1)-type contributions, which is the signature of the AC
mechanism. The visual inspection of the z projections consis-
tently yields an apparent enhancement of the cg symmetry of
the nonperturbative PMD. The relative suppression of the c;-
and c4-symmetric contributions to the PMD indicates the AC
in the 2PI process, thus mapping the V-RAP scenario in the
bound system.

Additionally, the change in sign of the chirp parameter
reverses the direction of rotation of the measured PMD and the
simulated density. This type of chirp control of the shape of
the SEVs has recently been demonstrated in the perturbative
regime [61]. Our results demonstrate that chirp control of
the PMD’s rotational sense extends into the nonperturbative
regime.

Next, we quantify the structural changes in the photoelec-
tron distribution using the 3D Fourier analysis. To this end, we
quantitatively investigate the contributions of the individual
SEVs to the PMDs in both REMPI regimes by determining the
yields C; as described in Eq. (20). The corresponding bar plots
in Fig. 4(d) show the experimental results (solid bars) in direct
comparison to the simulated results (faded bars). In the pertur-
bative regime, the results of the experiment and the simulation
are in excellent agreement, validating our numerical model.
In the nonperturbative regime, the experiment and model are
still in reasonable agreement. In both cases, we observe an
increase in the yield of the cg-symmetric SEV relative to the
yields of the ¢;- and c4-symmetric SEVs, as indicated by the
horizontal dashed lines. The numerical model shows a more
pronounced relative increase in the cg-symmetric SEV than
the experimental results. In general, strong-field effects are
more challenging to observe experimentally as they tend to
be masked by the averaging of the focal intensity distribution.
Besides this general issue, we identify two specific causes of
the discrepancies between the experiment and the idealized
model. First, the WLS spectrum used in the experiment [see
Fig. 4(a)] is not symmetric. This would have been necessary in
order to implement an ideal V-RAP mechanism, as discussed

in Sec. II B, relating to the Hamiltonian in Eq. (6). Hence,
the input pulse already exhibits a time-dependent phase, im-
plying that the two OC-CRCP pulse components coupling
the two excited states to the common ground state are not
exact complex conjugates. While this additional phase does
not reduce the effectiveness of the V-RAP mechanism, which
is robust with respect to moderate variations of the pulse pa-
rameters, it does affect the AC mechanism. The excited-state
amplitudes synchronize with the different phase dynamics
of the pulse components and, hence, are not perfectly in
antiphase. As a consequence, the destructive interference of
2PI pathways discussed above is incomplete. Second, due to
the ultrabroad bandwidth of the WLS, higher-lying bound
states of the potassium atom, such as the 3d and the 4d
states, become resonantly accessible [83]. These states are not
considered in our essential state model. These intermediate
resonances introduce additional ionization phases along the
2PI pathways, which predominantly affect the AC mechanism
rather than the bound-state dynamics in the resonant V-type
system. Despite these limitations, the destructive interference
of 2PI pathways leading to the |f, +1) continua is clearly
observed in the experimental results, and even more so in
the numerical simulation. We conclude that the pronounced
changes observed in the PMD confirm the V-RAP scenario in
the potassium 4s-4p system.

V. CONCLUSION

In this paper, we studied the creation of SEVs by OC-
CRCP femtosecond laser pulses in the (1 4+2) REMPI of
potassium atoms, transitioning from the perturbative to the
nonperturbative interaction regime. The OC-CRCP pulses
were generated by supercontinuum polarization pulse shaping
and the 3D PMDs were measured by VMI-based photoelec-
tron tomography. Applying a 3D Fourier analysis method,
we showed that the created photoelectron wave packet is a
superposition of SEVs exhibiting ¢;, ¢4, and cg rotational
symmetries. Comparing the 3D PMDs measured for both
the perturbative and nonperturbative REMPI revealed dis-
tinctive structural changes in the photoelectron distribution.
Quantitative evaluation of the symmetry contributions yielded
a relative increase of the cg-symmetric SEV in the PMD
from nonperturbative REMPI. The corresponding suppression
of the c¢;- and c4-symmetric SEVs was traced back to the
destructive interference of 2PI pathways in the REMPI by
intense OC-CRCP pulses. An analytical investigation of the
nonperturbative (1 + 2) REMPI process in both the bare-state
and dressed-state pictures revealed that the destructive inter-
ference of the ionization pathways is caused by an adiabatic
excitation mechanism in the resonant V-type three-level sys-
tem, termed V-RAP. Our analysis of the V-RAP mechanism
showed that the excited-state amplitudes are adiabatically
driven in antiphase with one another by the OC-CRCP pulse
components, resulting in an adiabatic cancellation of specific
ionization pathways throughout the interaction. The antiphase
relationship of the excited states accompanied by the coherent
population return of the atom into the ground state at the
end of the interaction are the central signatures of the V-RAP
mechanism.
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Our results demonstrate the potential of SEVs as pow-
erful and highly sensitive tools for the differential analysis
of ultrafast excitation and ionization dynamics in different
light-matter interaction regimes. In the near future, we plan
to experimentally and theoretically investigate the nonpertur-
bative bound-state dynamics induced by OC-CRCP pulses.
In the experiment, we will use our multichromatic polariza-
tion shaping scheme [54] to generate an additional ultrashort
probe pulse of a different color to perform shaper-based
polarization-sensitive pump-probe experiments for the time-
resolved background-free imaging of the V-RAP dynamics.
Specifically, we will split the supercontinuum into a chirped
resonant pump pulse and a transform-limited probe pulse of a
different color. We estimate a reasonable duration of the com-
pressed probe pulse on the order of 10 fs, whereas the duration
of the pump pulse and hence the dynamics can be stretched
to several hundred femtoseconds depending on the chirp
parameter. A linear spectral phase function will be used to
vary the pump-probe time delay. Thus, we will be able to ac-
curately probe the population dynamics in the resonant V-type
system with sufficient temporal resolution and directly map
the V-RAP dynamics into a separate energy window in the
photoelectron spectrum. Using a circularly polarized probe
pulse reduces the number of multiphoton ionization pathways,
to provide a clearer picture of the induced bound-state dy-
namics. In addition, we will carry out numerical quantum
dynamics simulations of the V-RAP scenario employing our
ab initio 2D TDSE model [83]. The model inherently incorpo-
rates all intermediate states with consistent couplings, offering
insights into both the induced vectorial dipole dynamics in the
bound system and the multiphoton ionization dynamics at the
level of the wave function. We currently employ the model
to investigate in a realistic system the role of higher-lying
intermediate states, as well as the robustness of the V-RAP
mechanism with respect to different pulse parameters of the
OC-CRCP pulses.
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APPENDIX A: CHIRPED GAUSSIAN-SHAPED PULSES

The description of the OC-CRCP pulses and the V-RAP
scenario in the main text is largely general and valid for
a large class of input pulse shapes. For the discussion of
specific physical properties and their illustrations, we have

used Gaussian-shaped pulses for which an analytical de-
scription of second-order spectral phase modulation is avail-
able. Gaussian-shaped input pulses are characterized by an
envelope of the form

En(t) = Epe "W). (A1)

As detailed, for example, in Ref. [10], the modulated field
resulting from second-order spectral phase modulation is
also Gaussian shaped, with a temporal phase function ¢ ()
given by

£@6) = x1* = gu. (A2)
The temporal chirp parameter reads
I ¢

==, A3

T2y (A9

Ar?
In(16)°

i ()
@9 = Zarctan | — |.
2 4

The modulated envelope &g (?) is temporally stretched due
to the chirp by a factor of

with the abbreviation y =
stant phase is

and the chirp-dependent con-

(A4)

Aty :
Afmod _ [} (ﬂ) . (AS)
At y
Its peak amplitude is decreased by
& 1
0,mod _ ( A6)

50 4/1+(%)2.

In the main text, we describe that the OC-CRCP pulses are
linearly polarized with a continuously rotating polarization
vector [cf. Eq. (5)]. The polarization direction relative to the y
axis is determined by the temporal phase ¢ (¢). For a Gaussian-
shaped pulse we obtain the angular velocity of the rotation
explicitly as

st
o5ty
The angular velocity hence varies linearly in time and changes
sign (direction) at t+ = 0. The rate of change depends nonlin-

early on the chirp parameter ¢,. For a given pulse duration At,
the maximum rate of change is obtained for a chirp parameter

of o = y.

c@t) = (A7)

APPENDIX B: BOUND-STATE DYNAMICS

In this Appendix, we describe the theoretical basics for our
discussion of the V-RAP mechanism in the bound system and
its manifestation in the photoelectron spectrum. In particular,
we derive the adiabatic condition that ensures that the total
interacting system, consisting of the V-type atomic three-level
system and the OC-CRCP pulse, remains in an eigenstate
throughout the interaction. Different physical pictures are em-
ployed to highlight various aspects of the interaction. The
perturbative MPI process is considered in the interaction
picture. The bound-state dynamics are described in a frame
rotating with the laser instantaneous frequency, as is common
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for chirped excitation [26]. The adiabatic condition is derived
in the corresponding dressed-state picture. Under adiabatic
conditions, the TDSE decouples in the dressed-state picture
and is therefore readily solved. Finally, this solution is trans-
formed back into the interaction picture for the calculation of
the photoelectron amplitudes.

We start with the TDSE for the state amplitudes
c(t) = [co(t), c41(t), c_1(t)]" of the V-type three-level sys-
tem in the interaction picture [27]. Assuming resonant
excitation, § = wy — w454, = 0, and applying the RWA, the
TDSE reads

d [ <o 0 Q@) Q@) { co
lhd— Cy1 =—h Q*(t) 0 0 Cy1 |, (Bl)
\e Q) 0 0 c_y

with the complex-valued Rabi frequency Q(t) = Q(t)e’*®
and the real-valued envelope Q2y(f) = ‘%5 (t). The interac-
tion picture Hamiltonian on the right-hand side of Eq. (B1) is
denoted by H.(z).

By defining the differential pulse area 6(¢;6t)
= +/2Q0(t)5t and using the abbreviation B(r) = \/Lze_"“’),

the short-time-evolution operator (t;8t) = =17 @) s
written as (arguments suppressed for better readability)

cos (9) —pB*sin (0) Bsin ()
U=\ Bsin(@) cos? (%) 22 sin’ (%)
—p*sin(@) 2(8*)*sin® (%) cos? (%)

(B2)

One verifies generally that for any state vector ¢(¢) fulfilling
co(t) € R and cy(t) = —c*,(z), these properties are pre-
served under the propagation by U (¢; §t). Assuming the initial
condition ¢y = ¢(—00) = (1, 0, 0)7, the solution to Eq. (B1)
exhibits these properties in any interaction regime, i.e., irre-
spective of the pulse parameters.

Next we determine the Hamiltonian in the frame rotating
with the laser instantaneous frequency by applying the unitary
transformation

1 0 0

Te)y=10 o o |, (B3)

0 0 0

which yields

H =THT —inTT" (B4)

0 Q0 0
=—hlQ A 0 (B5)

Q 0 -—A

Here we have introduced the instantaneous detuning A(r) =
¢(¢). The second term in Eq. (B4) arises due to the trans-
formation of the time derivative on the left-hand side of the
TDSE in Eq. (B1). The initial condition is not altered under
this transformation; i.e., c(] = Tco = ¢p. Next, we diagonalize
‘H'(¢t) to obtain the corresponding dressed-state Hamilto-
nian. The eigenvalues of 7'(¢), describing the time-dependent

eigenenergies of the dressed states, are given by

ro() =0, (B6)
Aa1(t) = FhyJ2Q3(1) + A2(1) =: FhS2(1), B7)
with  the  generalized Rabi frequency  Q,(t) =
\ /29(2)(t) + A2(t). Defining the mixing angle ®(¢) through
V2Q(1)
tan[O(#)] = ——, B8
an[O(1)] AQ) (B8)
the unitary matrix
cos(®) % sin(®) % sin(®)
D= _JLE sin(®)  cos? (2)  —sin? (2) (B9)
% sin(®) sin® (%) —cos? (%)

diagonalizes ' (¢) and yields the Hamiltonian in the dressed-
state picture as

Haa = D'H'D — ikD'D (B10)
=—n —\%2@ Q, 0 (B11)
—75 & 0 —Qg
The initial condition is transformed to
-1
ap = lim [D'(t)c)]=| O (B12)
t——00
0
From Eq. (B11), we derive the adiabatic condition as
|
— 10@)] K Q4(1), (B13)
\/E 8
which reads explicitly
1Q0A — QA| < (292 + A%, (B14)
Introducing the dimensionless parameter
204 — QA|
a@) = e (B15)
(225 + A?)

we obtain a quantitative measure for the transient adiabaticity
of the interaction according to Eq. (B14). If «(f) < 1, then
the interaction is adiabatic and the solution of the TDSE in
the adiabatic picture remains constant in time with a(t) = ay.
Inverse transformation into the instantaneous frequency pic-
ture then yields the bare-state solution

—AQ)
Qo(?)
—Q0()

) =Dt)al) =

B16
20 (B16)

Finally, the solution in the interaction picture under adiabatic
conditions is obtained as

—A@)
Q1)
—Q(r)

ct)=T't)t)=

B17
20 (B17)
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Expressed via the mixing angle, this result reads

—/2cos[O(1)]
sin[@(¢)] e % ®
—sin[®(f)] €€ ®

c(t) = —

B18
7 (B18)

The bare-state solution described by Eqs. (B17) and (B18),
respectively, reveals explicitly (i) that the ground-state am-
plitude co(¢) is strictly real valued throughout the interaction
and (ii) that the excited-state amplitudes c41(¢) and c_;(t) are
negative conjugates of one another, i.e., ¢4 (t) = —c*(¢) for
all times ¢. These properties are characteristic for the V-RAP
scenario.

APPENDIX C: IONIZATION DYNAMICS

In this Appendix, we utilize the adiabatic bare-state solu-
tion from Eq. (B18) to calculate the photoelectron amplitudes
created by 2PI from the excited bound states using time-
dependent perturbation theory. Perturbative 2PI from the
states |[+1) = |4p, +1) and |—1) = |4p, —1) creates photo-
electron partial wave packets in the continua |ef, £1) and
lef, £3) along various 2PI pathways depicted in Fig. 1(b).
The 2PI pathways arise from the mixing of photons from
the RCP field £Z,(r) and the LCP field £, (¢), in differ-
ent combinations. Each pathway is characterized by a vector
q = (q1, q2), where the first (second) component describes
the circularity (1) of the first (second) absorbed photon.
Second-order time-dependent perturbation theory predicts the
photoelectron amplitude created from the bound excited state
|go) along any 2PI pathway as

IR

with &9 = &4, + 2hiwg — ep and qo, g1, go = £1. The pref-
actor u%"‘”) is the effective two-photon dipole coupling
for transition from the bound state |gy) to the continuum,
addressed via the pathway g = (q1, ¢»). Its angular part is
determined by the product of the Clebsch-Gordan coeffi-

cients associated with the individual single-photon transitions,

(q1,92)
/qul q2

(iny?

agh®(e) = Ca(DE (E, ()i di,

(ChH

=

Population dynamics

(b)

which are related to the Wigner 3 symbols:

11 2
(91.92) ~
Hao (Q() a1 —(qo+ q1)>

2 1 3
.
% (QO +a1 @ —(+q+ cn)) 2

Assuming adiabatic interaction conditions in the bound sys-

tem and making use of Eq. (B18), the excited-state amplitudes
are written explicitly as

q0

Cqo(1) = 7

Together with the explicit form of the pulse components given

in Eq. (4), the photoelectron amplitudes are then expressed as

Sin[©(t)]e 40t ®, (C3)

1
(q1.92) —
aqz] q2 (5) — (lh)Z

with the time-resolved and pathway-specific (1 4+ 2) REMPI
amplitude as

o0
/ T () =0k dr,  (C4)

[e¢]

a0

V2

I;Z"qZ)(l‘) — ILE;{JMH) sin[@(t)]é'z(t )e—i(qo+q1+<12)§(l).

(C5)

This result is the basis for our discussion of the adiabatic
cancellation mechanism in Sec. II C in the main text.

APPENDIX D: SENSITIVITY ANALYSIS

A key feature of adiabatic methods, such as RAP and
stimulated raman adiabatic passage (STIRAP), is their robust-
ness with respect to variations in the experimental parameters
[25,26]. In this section, we use our essential state model
to carry out a systematic sensitivity analysis of the V-RAP
and the AC mechanism with respect to the relevant pulse
parameters, i.e., the chirp, the field amplitude (i.e., the Rabi
frequency), the polarization purity, and the asymmetry of the
laser spectrum. The influence of the polarization purity is
studied by modeling the quarter-wave plate (QWP), which
converts the orthogonal linearly polarized components into
a CRCP pulse sequence (see Sec. III). By tuning the an-
gle ;4 of the optical axis, we vary the ellipticity of the
two oppositely chirped pulse components. For «; /4 = 45°,
the two pulse components are circularly polarized, while for
a;/4 = 0° and 90°, the components are linearly polarized. The

bl

Bare states

PO

Dressed states

la_1(t) 2

Bare state amplitudes (c) Eigenenergies and adiabaticity (d) lonization amplitudes (norm.)
J——— 0.1 /\+1([> 11 J———
=
@ I“luw(f)
&
E I

Adiabaticity
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FIG. 5. Simulated bound-state and ionization dynamics analogously to Fig. 2, obtained for a peak Rabi frequency of 100€, i.e., even

further into the adiabatic regime.
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effect of an asymmetric spectrum is studied by superimpos-
ing a normalized antisymmetric (odd) spectrum defined as
Eo() x w&(w) onto the initial symmetric (even) spectrum
ge(a)) = gin(a)). The total spectrum is then parametrized as
follows:

() = cos(B)Ee(w) + sin(B)Eo(w).

The angle 8 determines the variable mixing ratio between the
odd and even spectral contributions. The additional temporal
phase introduced by the spectral asymmetry is obtained by
considering the symmetry properties of the Fourier transform
yielding

(D1)

Im[&,(1)]
Ee(1)

where &£/o(t) denote the inverse Fourier transforms of the
even and odd spectra, respectively. As discussed in Secs. II A
and II B, the additional time-dependent phase &,(¢) breaks the
symmetry between the up-chirped and the down-chirped pulse
components; i.e., they are no longer complex conjugates of
one another.

To quantify the effectiveness of the AC mechanism and,
hence, the manifestation of the V-RAP scenario as a func-
tion of the pulse parameters, we use the contrast C between
the photoelectron yields of the continua |f, £3) and |f, £1)
as a scalar metric. The contrast depends on the peak Rabi
frequency 2, the chirp parameter ¢,, the rotation angle of
the QWP, «; /4, and the asymmetry mixing ratio f, and is
defined by

Lo(t) = arctan < tan(fB )), (D2)

Az t+As— (A +A)

C(Q, 2, 03,4, B) = ,  (D3)
ZjAj
with
AiS :/l(liﬁlqilnzds,
Asi =/|aﬁ”“+a§"*"+a$§"i1>|2ds, (D4)

describing the energy-integrated photoelectron amplitudes of
the partial wave packets with different quantum number .

Figure 6 shows two 2D maps of the contrast C in depen-
dence of the chirp ¢, versus the peak Rabi frequency Q for
a symmetric spectrum (8 = 0) and an ideally aligned QWP
(ap /s = 45°) [Fig. 6(a)] and the QWP alignment «;, /4 versus
the spectral asymmetry B for fixed chirp ¢, = 80 fs> and
peak Rabi frequency & = 508 [Fig. 6(b)]. For comparison,
the parameter combinations used in simulations presented in
Figs. 2 and 5 are indicated by the green crosses.

04 06 0.8 0.7 0.8
(a) ) (b) )
100 C($, 2, 7/4,0) C(50820, 80 fs%, ay /4, B)

100 g
@60 'g,
s s
40 8
20

20 40 60 80 100 -n/8
Q2 (Qo)

-T[/I 16 (I) T[/I16 /8
B (rad)

FIG. 6. Sensitivity analysis of the V-RAP scenario and the AC
mechanism employing the essential state model. The bound-state
and ionization dynamics are calculated analogously to Figs. 2 and 5.
The two maps show the contrast between the photoelectron yields in
the continua | f, +3) and | f, 1) as a function of (a) the chirp vs the
peak Rabi frequency and (b) the ellipticity of the pulse components
vs the spectral asymmetry.

In Fig. 6(a), the contrast increases monotonically for
small Rabi frequencies or small values of the chirp parame-
ter, i.e., in the perturbative regime or near-transform-limited
pulses. However, once the parameters exceed the respective
thresholds of €2~ 209 and ¢, ~ 20 fs?, respectively, the
contrast enters an extended plateau. This behavior is char-
acteristic for adiabatic time evolution and indicates that the
V-RAP mechanism is highly robust with respect to the chirp
and the peak Rabi frequency, as expected due to its similarities
with traditional RAP.

Figure 6(b) shows a pronounced contrast maximum cen-
tered around the ideal parameters 8 = 0 and «;,/4 = 45°. The
maximum is elongated in the 8 direction, indicating that the
V-RAP mechanism is relatively robust with respect to the
spectral asymmetry. In the o, 4 direction, the contrast shows
gentle slopes, indicating a smooth dependence on the ellip-
ticity of the pulse components. Note that the range for a; /4
was chosen so that the polarization states of the pulse com-
ponents switch from linear via circular to orthogonal linear
polarization.

In conclusion, the sensitivity analysis of the V-RAP mech-
anism reveals a high degree of robustness against moderate
variations of all pulse parameters within the framework of
our essential state model. The sensitivity of the mechanism
to additional intermediate states in more realistic quantum
systems, however, remains to be investigated.
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