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ABSTRACT: We present direct experimental evidence of ultrafast coupling
between ejected electrons and dynamically forming dipole moments in TeO,
captured during the photodetachment of TeO™. By combining high-resolution
cryogenic photoelectron spectroscopy with velocity-map imaging, we assess
previously inaccessible excited states and resolve rich photoelectron angular
distributions (PADs) that encode electron—dipole interactions. Systematic
comparison of PADs from femtosecond and picosecond lasers reveals striking
deviations from free-electron behavior, representing direct evidence of a
transient dipole moment evolving on femtosecond time scales. Quantitative
analysis pinpoints the dipole buildup time to be within ~60 fs, providing real-
time access to the birth of a molecular dipole field. This work establishes a
general approach to probing electron-dipole interactions in their formation
stages, offering fundamental insights into the ultrafast interplay between
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departing electrons and transient polar systems—a process that lies at the core of atomic, molecular, and ultrafast physics.

he interaction between electrons and polar molecules

underlies fundamental processes from electron scattering
to chemical reactivity,' > yet its dynamic aspect, particularly
how a transient dipole field emerges and influences departing
electrons, remain elusive. While electron-dipole coupling are
central to chemical physics, its weak nature renders it difficult
to isolate in conventional photoionization, where stronger
Coulomb interactions dominate.* Photodetachment of molec-
ular anions provides a unique solution: the ejected electron
interacts solely with the developing dipole moment of the
neutral molecule, free from overwhelming Coulomb effects.
Crucially, this anisotropic electron-dipole coupling alters the
angular momentum of the departing electron, imprinting its
signature on the photoelectron angular distribution (PAD).”~”
Although static dipole effects have been studied via total cross
sections, dipole-bound states, and Feshbach resonances,” '*
the real-time formation of dipole fields and quantitatively
linking PAD modifications to ultrafast electron-dipole
interactions remain uncharted territory.

In this work, we leverage the pronounced dipole moment of
the neutral counterpart of TeO~ (3.675 D) to directly probe
the ultrafast interplay between departing electrons and
evolving dipole fields. Using high-resolution cryogenic photo-
electron spectroscopy combined with velocity-map imaging
(VMI), and by systematically varying laser pulse durations
from nanoseconds to femtoseconds, our measurements reveal
that electron—dipole coupling builds up within 60 fs. Ab initio
Dyson orbital' '’ analyses and time-dependent Schrodinger
equation (TDSE) simulations further confirm that this ultrafast
interaction takes place on the femtosecond time scale, within
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which the transient dipole field markedly reshapes the
outgoing electron trajectories. Our results establish a direct
experimental route to clocking and quantifying the femto-
second-scale buildup of molecular dipoles, providing un-
precedented access to the formative stages of fundamental
electron-field interactions.

Photodetachment experiments were carried out using the
homemade cryogenic anion cluster photoelectron spectroscopy
(CRACPES) (Figure $1)."®' TeO~ anions were generated by
collision-induced dissociation of electrosprayed HTeO,~ and
cooled to 13 K in a 12-pole radio frequency cryogenic ion trap
(Figure S2). The resulting cold anions were mass-selected and
photodetached using tunable laser pulses with durations
ranging from nanoseconds to femtoseconds. Photoelectron
images were recorded using a VMI system optimized for
cryogenic operation, enabling simultaneous access to photo-
electron spectra and angular distributions over a broad energy
range.

Figure 1(a) displays the cryogenic photoelectron spectrum
of TeO™ recorded at 193 nm (6 ns), revealing three distinct
features corresponding to the ground triplet state X*~*" and
two previously unobserved singlet states a'A and b'E* of
neutral TeO with electron binding energies (eBEs) of 1.76,
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Figure 1. (a) Cryogenic photoelectron spectrum of TeO™ anion at 13
K using a 193 nm laser (6.424 eV, 6 ns). Vertical sticks represent
calculated excitation energies of neutral TeO states: spin-excluded
(blue) and spin—orbit-coupled (green). (b) VMI spectra of TeO~
anion at 513 nm (2.417 eV, 3.58 ps) and 400 nm (3.100 eV, 60 fs).
Left panels of the images show raw images; right panels display results
reconstructed from polar onion peeling (POP) algorithm. The blue
double arrow indicates laser polarization.

2.35, and 2.88 eV, respectively. These measured eBEs match
well with high-level theoretical predictions,'”*" validating the
electronic structure assignments. The photoelectron spectrum
reveals additional features at higher-energy regions, including a
broader band centered at 4.27 eV (labeled as C) and two
sharper peaks at 5.50 eV (D) and 5.73 eV (E). Calculated
excitation energies [vertical blue sticks in Figure 1(a)] suggest
that band C comprises multiple overlapping neutral states,
whereas D and E correspond to more complex electronic
configurations.

Geometry optimization at the B3LYP-D3(BJ)**~**/aug-cc-
pVTZ(-PP)*>~*’ level yields bond lengths of 1.914 A for TeO~
(X’I1;,) and 1.837 A for TeO (X’X7) (Figure S3), consistent
with prior measurements.'>***" Theoretical adiabatic and
vertical detachment energy (ADE and VDE) agree well with
the experimental values within 0.07 eV (Table S1). Molecular
orbital analyses (Figure S4) and Dyson orbital visualizations
(Figure SS) indicate that the X, a, and b states of TeO arise
from electron detachment from a- highest occupied molecular
orbital (HOMO), f~-HOMO, and a-HOMO-1 orbitals of the
anion, respectively. These orbitals exhibit pronounced Te-
(5sSp)—O(2s2p) hybridization with 7* symmetry (Figure S6),
consistent with the observed PAD features discussed below. To
unambiguously assign all spectral features, we computed
potential energy curves (PECs) for the ground and excited
states of TeO and TeO~ (Figure 2). The vertical detachment
process at 193 nm, represented by the upward arrow from the
minimum of the TeO™ ground state, intersects several TeO
PECs, yielding transition energies that align with experimental
bands upon Gaussian convolution (fwhm = 30 meV). This
treatment provides definitive assignments for nearly all spectral
features, facilitating the investigation of subsequent electron
dynamics.

To account for relativistic and spin—orbit coupling (SOC)
effects critical for heavy elements, we performed spin—orbit-
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Figure 2. Potential energy curves for the ground state of TeO™ and
the low-lyin§ electronic states of neutral TeO, calculated at the
NEVPT2*** /aug-cc-pVTZ(-PP) level of theory. Vertical excitation
energies (black sticks) are projected onto the eBE axis and overlaid on
the experimental spectrum (red curve). Simulated spectrum (gray
area) is generated by applying a uniform Gaussian broadening of 30
meV (suitable for high-lying bands, but considerably small for low
eBE electrons) to account for the experimental resolution.

resolved calculations for excited-state energies of TeO. These
calculations reveal that the X*X™ state splits into two low-lying
components of X;0" and X,1* separated by 584 cm™', shown
as the first two green sticks in Figure 1(a). While these fine-
structure features remain spectrally unresolved at 193 nm due
to limited analyzer resolution, their distinct signatures are
clearly captured using photoelectron imaging at 513 nm (2.417
€V, 3.58 ps) and 400 nm (3.100 €V, 60 fs) [Figure 1(b)]. The
13 K cooling effectively suppresses hot-band populations in
TeO7, resulting in precise resolution for identifying vibrational
structures. The electron affinity (EA, equivalent to the ADE of
the anion, defined by the 0—0 vibrational transition), SOC
splitting, and vibrational frequency of TeO, are measured
directly from the 513 nm spectrum or with multi-Gaussian
fitting for 400 nm (Table 1). To assign vibrational progression,
we performed Franck—Condon Factor (FCF) simulations for
the TeO™ (X’I1;),) — TeO (X’X7, a'A) transitions. As shown
in Figure 3, the highest computed FCF stick for the X,17 series
(blue) is aligned to the strongest peak in the vibrational
progression (1.790 eV) due to the double degeneracy of the
X,1* state, while the FCFs for the X;0" state (green sticks) is
assigned by matching to the first vibrational peak (1.696 V)
accordingly. The a2 state (black sticks) exhibits a similar
progression, dominated by a strong 0—O transition. The
composite result shows excellent agreement with the
experimental VMI spectrum, validating our assignments across
both picosecond and femtosecond excitation regimes.

Table 1 compares the key spectroscopic constants of TeO
extracted in this work with those from prior studies. The
measured EA and vibrational frequency are in good agreement
with earlier spectroscopic results.">***"*°7** The measured
SOC splitting is consistent with reported values,”**** though
our calculations underestimate this splitting by ~176 cm™".
Importantly, the SOC splitting and vibrational frequency are of
comparable magnitude (~770 cm™), resulting in substantial
overlap between the (v+1) level of X,0" and (v) level of X,1*
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Table 1. EA, SOC Splitting, and Vibrational Frequency of TeO (X’X") from This Work, Compared with Prior Studies

Vibrational Freq (cm™)

Expt. Calc. SOC (ecm™)

EA (eV) X,0* X,0* X,1* X,0* X,1* Expt. Calc.
1.696 + 0.014 772 + 50 811° 760 + 50 584" VMI@513 nm
1.696 =+ 0.030 793 + 50 780 + 60 VMI@400 nm
1.697¢ ~790° 802" 801° 750° 923"

797.69,% 797.70% 811 809/ 781.75° 793/

798.030,° 797.821°¢ 789%

797.11; 797.821 679"

“Calculated at the B3LYP-D3(BJ)/aug-cc-pVTZ(-PP) level. Calculated at the NEVPT2/aug-cc-pVTZ-DK level. “Reference 20. “Reference 30.
“Reference 31. Reference 32. SReference 33. "Reference 34. ‘Reference 21. /Reference 15.

b's (0)
Expt.@400nm

Expt.@513nm
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Figure 3. VMI spectra and calculated FCF sticks spectra (X,0" green,
X,1* blue, a2 black). The simulated spectrum on the bottom (gray
filled curve) was obtained by summing the three sets of stick spectra,
convolved with a 50 meV Gaussian width broadening to match the
experimental resolution.

within the experimental energy resolution (~113 cm™).
Despite this overlap, these levels were successfully differ-
entiated through the detailed FCF analyses.

The PAD was quantified through Abel-inverted spectrum
using the standard expression for one-photon detachment:*>*°

I(0) x 1 + pP,(cos 0)

where /3 is the anisotropy parameter (ranging from —1 to 2), P,
is the second-order Legendre polynomial, and @ is the polar
angle denoting photoelectron emission direction with respect
to the quantization axis of laser polarization direction. Through
this analysis, we determined vibrationally resolved f parame-
ters for different electronic states (Table S2).

Initial theoretical predictions using plane-wave expansion
based on Dyson orbitals failed to reproduce the experimental
anisotropy parameter S, highlighting the inadequacy of dipole-
free treatments (shown in Figure S7). Following prior studies
on SO~ and CN~ conducted by Hart et al. and Ru et al.,”® we
incorporated electron-dipole interactions via a multicenter
Coulomb wave expansion,’” assigning effective point charges +
Z to the Te (+Z) and O (-Z) atomic sites of neutral TeO,
generating an effective dipole moment while maintaining
overall charge neutrality. The resulting f parameters, shown in
Figure 4(a) (gray curves), exhibit pronounced sensitivity to the
effective charge parameter Z.

Crucially, we observe that fitted Z values depend on both
the final electronic state and the laser pulse duration. For
femtosecond pulses (400 nm), optimal Z values are

13273
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Figure 4. (a) The f§ values of the PADs obtained from the 400 nm fs
pulse and 513 nm ps pulse experiments as a function of eKE. The
multicenter treatment f curves were computed using the EOM-IP-
CCSD Dyson orbitals (Figure S6) of the X*E~ state, with Z charges
labeled. TDSE (O) calculated f values under femtosecond for the
respective eKE electrons are also shown. More detailed analyses of
value vs eKE and its dependencies on Z charges including a' Astate are
provided in Figure S8. (b) Schematic illustration of the pulse duration
dependent evolution of the f-derived Z value.

significantly larger (0.19 for X*°%7, 0.23 for a'A) than those
derived from picosecond pulses (513 nm: Z = 0.12 and 0,
respectively). The observed variation in effective charge cannot
be explained by intensity effects, as the ponderomotive energy
remains negligible under our experimental conditions (see
calculations in section 2.3 of the Supporting Information).
Furthermore, the influence of electron kinetic energy (eKE)
can be excluded as a primary contributing factor. Both the
X3%” state at 513 nm and the a'Astate at 400 nm exhibit
comparable eKEs and nearly identical Dyson orbitals (Figures
S5 and S8). Despite these similarities, the experimentally
determined f§ parameters differ substantially, with p(fs)
approximately —0.35 and f(ps) approximately —0.93.

Rather, these differences directly reflect the femtosecond-
scale emergence of the dipole field and its subsequent temporal
averaging over the measurement window, as shown in Figure
4(b). The systematic discrepancy of Z values from the pure
electron-dipole case provides compelling evidence for the
dynamic nature of the dipole formation process, where the
measured Z values capture the transient dipole field during its
formative stage rather than the fully developed static dipole
moment. Specifically, all experimentally derived Z values are
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significantly smaller than those predicted by either static dipole
moments (~0.36) or CMS population analysis (0.361)*
(Tables S3 and S4). These predicted values represent the
theoretical upper bound of the electron-dipole interaction
influence on the PAD, as illustrated by the dashed curve (pure
electron-dipole) in Figure 4(b). Furthermore, the presence of
the laser field causes the PAD to progressively converge toward
the dipole-free scenario [dot-line in Figure 4(b)] as the pulse
duration increases. Notably, the fitted Z values obtained with
400 nm femtosecond pulses fall between the two limiting cases,
indicating that the electron—dipole interaction is attenuated on
the ~ 60 fs time scale of the laser pulse. This result shows that,
under our experimental conditions, dipole formation must
occur within the 60 fs duration of the laser pulse; otherwise,
the full electron—dipole interaction (Z = 0.36) would have
been observed.

To directly capture the femtosecond-scale temporal
evolution of electron-dipole interaction during photodetach-
ment, we performed full numerical TDSE simulations of
photoelectron wave packet dynamics in the presence of an
emergent dipole field.” The system was initialized at the
equilibrium nuclear geometry of TeO~, with Dyson-like initial
wave function constructed via imaginary-time propagation.40
For the picosecond regime, we employed the lowest-order
perturbation theory (LOPT) that neglects nuclear motion. For
the femtosecond regime, the initial wave function was evolved
within the full time-dependent Hamiltonian including the laser
field using the split-operator Fourier method, and the final
PAD was extracted from the photoelectron momentum
distribution after the conclusion of the laser field (see
Supporting Information for details). In both femtosecond
and picosecond cases, identical Dyson orbitals served as the
initial electronic wave function, and the PADs were computed
by averaging over all molecular orientations (0° to 180° in $°
increments).

As illustrated in Figure 4(a), the TDSE simulations reveal a
striking temporal evolution in the photoelectron anisotropy
(hollow diamonds). The calculated S values show excellent
agreement with experimental results while exhibiting a clear
monotonic decrease with increasing pulse duration. This trend
directly reflects the ultrafast onset and evolution of electron—
dipole interactions during photodetachment. Remarkably, our
analysis demonstrates that the electron-dipole interaction
becomes effective within tens of femtoseconds following
electron detachment, corroborating the 60 fs time scale that
determined jointly by the laser pulse duration and the above
multicenter treatment analyses. This highlights both the
prompt polarization response of the neutral TeO fragment
and the ultrafast establishment of its internal dipole field.
These findings underscore the temporal sensitivity of PADs to
evolving molecular fields.

The comparison to the effective charge (Z) extracted from
the multicenter Coulomb model further corroborates this
picture. Under femtosecond pulses, larger Z values are required
to reproduce both experimental and TDSE-calculated f values
(hollow diamonds), indicating stronger anisotropic interac-
tions than from a well-established static dipole field. In
contrast, under picosecond excitation, the effective charge Z is
significantly smaller and approaches zero, and all the LOPT
calculated f values (Figure S9) converge to those predicted by
the dipole-free model. This systematic variation demonstrates
that the field’s anisotropic effect is progressively averaged out
over ‘longer’ interaction time window, thus suppressing its

influence on the PAD. Notably, the residual dipole effect with
Z = 0.12 observed even under picosecond laser pulse indicates
that complete elimination of the dipole effect is unattainable,
highlighting the persistent influence of dipole interactions.
Overall, the laser pulse manifests as a tunable temporal filter
for dipole interactions in the PAD, enabling systematic
separation of dynamic electron-dipole interactions through
controlled variation of the experimental time scale of the pulse
duration.

These findings reflect a fundamental interplay between the
real-time formation of a molecular dipole field and the
temporal structure of the probe itself. The Dyson orbital and
eKE determine the intrinsic PAD of the photodetached
electrons. Once the electron is detached, the rapidly forming
dipole moment of the neutral molecule directly modifies this
distribution, rendering the PAD more isotropic. Our experi-
ments and theoretical calculations demonstrate that the laser
field can partially counteract this effect: the PAD observed with
femtosecond excitation [fitted S(Z = 0.19)] is closer to the
dipole-induced limit [#(Z = 0.36)], whereas that with
picosecond excitation [fitted #(Z = 0.12)] approaches the
intrinsic PAD [f#(Z = 0)]. In physical terms, each photo-
detachment event is ultrafast, and the emitted electron samples
the instantaneous dipole of the neutral. In long pulses,
electrons are produced across a broad range of emission
times; although each electron experiences a similar dipole
magnitude, the dipole-induced phases are not phase-locked.
The resulting incoherent average over emission times cancels
the dipole-dependent interaction, inducing the nearly field-free
angular distribution. Therefore, the laser pulse, beyond
triggering the detachment, also acts as a temporal gate that
determines how much of the dipole-induced modification can
be encoded and “seen” by the observer. In this sense, the PAD
becomes not only a probe of internal dynamics, but also a
recorder of when and how these dynamics couple to the
outgoing electrons. This dual sensitivity establishes photo-
detachment PADs as a unique probe for time-resolving weak
interactions in the presence of dominant Coulomb effects.

In summary, we report a time-resolved picture of electron—
dipole interactions in photodetaching a polar molecular anion
of TeO™ beyond revealing new excited states of TeO. Through
systematic comparison of PADs under femtosecond and
picosecond laser excitation, we experimentally resolve a 60 fs
buildup time of the dipole moment of TeO and its influence
on electron emission patterns. The quantitative agreement
among multicenter modeling, TDSE simulations, and exper-
imental anisotropic  parameters establish a complete picture
of how transient dipole fields imprint their signature on
photoelectron wave packets, marking the first direct measure-
ment of the spatiotemporal structure of dipolar molecular
fields acting on free electrons. Importantly, this study uncovers
how subtle electron—dipole coupling can be masked or
revealed depending on specific measurement settings, offering
insight into the interplay between intrinsic dynamics and
experimental observables. This work therefore lay out a
framework for probing weak field-mediated processes with
femtosecond resolution and highlights PAD as a sensitive
spectroscopic tool to interrogate fundamental electron—field
interactions beyond Coulombic regimes.
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B ABBREVIATIONS

PAD photoelectron angular distribution

VMI velocity-map imaging

TDSE time-dependent Schrodinger equation

POP polar onion peeling

CRACPES cryogenic anion cluster photoelectron spectrosco-
py

eBE electron binding energies

PEC potential energy curve

SOC spin—orbit coupling

EA electron affinity

FCF Franck—Condon factor

LOPT lowest-order perturbation theory

eKE electron kinetic energy

HOMO  highest occupied molecular orbital

ADE adiabatic detachment energy

VDE vertical detachment energy.
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