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Attosecond photoionization time delays carry direct information about molecular structure, but isolating that
structural contribution remains a central challenge in polyatomic systems. Here, we introduce a single-scattering
framework that separates the ionization process into an iodine giant dipole resonance transition and subsequent
electron propagation. Applied to iodopropane isomers, the method yields angle-resolved amplitudes, phases, and
Wigner time delays, and shows that the delay is controlled by interference between direct and structurally scat-
tered electron waves. We reproduce the experimentally observed isomer-dependent delay differences, showing
that they originate from distinct geometric arrangements. Our results establish a form of attosecond electron
holography in the time domain, identifying structural contributions to attosecond delays in complex molecules.
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Introduction. To understand and control electron
dynamics—central goals in physics, chemistry, and
biology—it is crucial to probe these processes on their
intrinsic timescales, which range from femtoseconds
to attoseconds. Historically, direct observation of the
time-dependent evolution of electron wave packets was
hindered by the lack of sufficiently fast probes. Advances
in ultrashort-pulse technology, particularly the development
of attosecond pulses [1–7], now make it possible to pursue
a central goal of ultrafast atomic, molecular, and optical
physics: probing molecular structural evolution—especially
real-time atomic motion—on attosecond timescales during
transient electronic motion. At the same time, interference
between direct and scattered electron wave packets
underlies both ultrafast photoelectron diffraction [8–12]
and strong-field photoelectron holography [13–15]. In the
perturbative regime, photoelectron diffraction provides a
direct probe of molecular structure through scattering from
multiple atomic centers, whereas in strong-field holography
the interference is shaped by laser-driven electron trajectories
following tunneling ionization. Here, we extend these
concepts to photoionization delay experiments, exploring
attosecond electron holography in the time domain.
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For an accurate description of electron dynamics, time
delay is a quantity of central interest. Attosecond chronoscopy
has revealed small but measurable delays in the photoemission
process. In previous studies, attosecond photoemission delays
have been measured mainly using two approaches: streaking
experiments with isolated attosecond XUV pulses and recon-
struction of attosecond beating by interference of two-photon
transitions with attosecond pulse trains [16–18]. Key aspects
of ionization time delays—including angular dependence,
relativistic effects, and attochirp phenomena—have been sys-
tematically investigated using these methods [19–21]. Most
previous studies of ionization time delays have focused on
atomic targets, while only in recent years have experimental
investigations been extended to molecules [22–24]. However,
a clear physical interpretation for polyatomic molecules is still
lacking. There are several reasons for this difficulty. First,
closely spaced energy levels can produce spectral conges-
tion, complicating the isolation of specific ionization channels
[19,25]. Second, the ionization process generally consists of
two conceptual steps: the initial ejection of the electron and
its subsequent propagation through the molecular framework.
Because these steps are difficult to disentangle, it is challeng-
ing to establish clear criteria for separating structural effects
from the propagation of the photoelectron wave packet.

To address these challenges, we simulate attosecond ion-
ization delays in iodopropane isomers through the I 4d→ ε f
giant dipole resonance (GDR). This choice offers two key
advantages. First, the GDR is an inner-shell effect predom-
inantly localized on the iodine atom [26–28]. Second, the
outgoing f -wave dominates the iodine 4d giant-resonance
region. This is supported by several connected observa-
tions. Calculations for Xe 4d photoionization show that the
4d → εp contribution is much smaller than the 4d → ε f
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contribution, and iodine follows a similar 4d time-delay
trend [29–31]. Iodine photoabsorption also shows a domi-
nant 4d → ε f shape resonance, while CH3I measurements
show an atomiclike I 4d response over the energy range
considered here [32–34]. Together, these results support us-
ing the dominant iodine-centered 4d → ε f launch to isolate
structure-dependent delays from the propyl group [35].

The role of isomerism in molecular ionization time delays
remains largely unexplored. Isomers provide an ideal platform
for such investigations because they share the same chemical
composition but differ in atomic arrangement. This contrast
makes it possible to isolate the influence of molecular geom-
etry on ionization dynamics.

Framework and results. Here, we briefly introduce the
simulation based on a single-scattering model. Further details
can be found in Refs. [9,36–38]. Unless otherwise specified,
atomic units (a.u.) are used throughout.

An XUV photon ionizes an electron from a localized inner
orbital. The emitted photoelectron then scatters off neigh-
boring atoms, producing a diffraction-induced time delay
that encodes the molecular structure [22,23,28,35]. This de-
lay arises from the interference between direct and scattered
electron waves. The structures of the iodopropane isomers
are shown schematically in Fig. 1. In our analysis, the io-
dine atom is placed at the origin of the coordinate system.
The three carbon atoms are labeled C1, C2, and C3 in or-
der of increasing distance from the iodine atom. Structural
parameters for the iodopropane isomers are taken from the
PubChem database (CIDs: 6362 and 33643), which provides
standardized structural data for chemical compounds [39,40].
To simplify the discussion, we define the molecular axis by
the I–C3 bond in 1-iodopropane and by the I–C1 bond in
2-iodopropane. Because of isomerism, electrons emitted from
the iodine atom encounter different propyl groups, leading to
distinct Wigner time delays. Scattering from hydrogen atoms
is neglected because its influence is substantially weaker than
that of carbon. Over the photon-energy range considered here
(60–200 eV), the elastic scattering cross section for hydrogen
is approximately one order of magnitude smaller than that for
carbon [41,42].

Assuming that linearly polarized XUV light along the z
axis ejects an electron from a core orbital localized on the
iodine atom, we adopt the spherical-wave approximation for
the outgoing electron wave packet. In iodine, the GDR induces
photoemission predominantly from the 4d orbital. The escap-
ing wave packet therefore has a dominant f -wave character.
The angular momentum quantum number for the emitted f
wave is 3. In the compact notation used here, the total wave
function in the far-field limit can be written as

�(r, θ, φ,�) ∝ Uatom(r)
∑

m

D3∗
0,m(�)[Y3m(θ, φ)+�pg(θ, φ)],

(1)

�pg(θ, φ) ≈
∑

i

eikRi

Ri
Y3m(θi, φi ) fi(ϑi )e

−ik(θ,φ)·Ri , (2)

where Uatom(r) is the far-field radial atomic wave function and
is independent of the molecular structure. The orientational
dependence is contained in the Wigner D-matrix D3∗

0,m(�),
where � denotes the Euler angles. Here, 0 and m are the

FIG. 1. Schematic illustration of the photoionization process in
iodopropane isomers. An attosecond pulse triggers the initial ioniza-
tion of the iodine atom, generating a reference wave. The emitted
photoelectron then scatters off the distinct propyl-group arrange-
ments shown in the upper and lower panels, producing a scattering
wave. The interference between the reference and scattering waves
encodes the structural differences into a measurable time delay.

magnetic quantum numbers in the laboratory and molecular
frames, respectively; we set the laboratory-frame projection to
0 and sum over m from −3 to 3. Within the brackets, Y3m(θ, φ)
is the direct wave and �pg(θ, φ) is the propyl-group contri-
bution. In Eq. (2), Ri, θi, φi are the spherical coordinates of
the ith scatterer relative to iodine, k is the final photoelectron
momentum, and fi(ϑi ) is the elastic scattering amplitude [41]
with scattering angle ϑi(θ, φ) between Ri and k.

In this compact picture, the iodine-centered GDR launch
acts as the reference emission, while �pg collects the addi-
tional amplitudes and phases generated when the outgoing
electron encounters the surrounding carbon framework. This
separation allows us to attribute changes in the delay primarily
to molecular structure rather than to the initial atomic excita-
tion step.

Equation (1) is therefore a single-channel representation of
the dominant 4d → ε f launch. The weaker 4d → εp chan-
nel is not included. This omitted transition would launch
an outgoing p-wave component. Its inclusion would add di-
rect p- f interference, interference between the direct waves
and their scattered counterparts, and interference between
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FIG. 2. (a) Amplitude and (b) phase distribution of 1-iodo
propane. (c) Amplitude and (d) phase distribution of 2-iodopropane.

scattered p- and f -wave components. These terms can modify
calculated amplitudes, cross sections, photoelectron angular
distributions, and local phase maps, especially where the f -
wave amplitude is small. In the present work, we neglect them
in order to isolate the leading structure-dependent scattering
phase generated by the propyl group.

Notably, our calculations include only single-scattering
events and neglect higher-order scattering contributions.
Although trajectories involving multiple scatterings before
detection are physically possible, this approximation is jus-
tified for two reasons. In the intermediate-to-high energy
regime, the probability of multiple scattering is orders of
magnitude smaller than that of single scattering. Moreover,
previous theoretical benchmarks show that the differences in
computed time delays between single- and multiple-scattering
formalisms are negligible [43]. For the present iodopropane
isomers, the dominant structural phase is therefore expected
to be set by the first encounter of the outgoing electron with
the propyl group, which is precisely the contribution needed
to resolve the isomer dependence.

First, we present the calculated amplitudes and phases for
the two iodopropane isomers at an emitted-electron energy
of 105 eV, consistent with Ref. [35], with the molecular
axis aligned along the polarization direction. Figure 2 shows
the corresponding amplitude and phase maps. The relevant
spherical coordinates (θi, φi ) are marked; C3 in 1-iodopropane
and C1 in 2-iodopropane are not labeled because they lie
on the z axis (θ = 0), for which the azimuthal angle φ is
arbitrary. Each amplitude map is normalized to its own max-
imum. The more symmetric propyl group in 2-iodopropane
produces clear interference fringes reminiscent of a double-
slit pattern, whereas the amplitude and phase distributions of
1-iodopropane are less symmetric. As illustrated in Fig. 2, the
scattering phases are more sensitive to the molecular structure
than the transition amplitudes. Because photoionization time
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FIG. 3. Results computed in the GDR photon-energy range of
about 60–200 eV. The black, blue, red, and green curves corre-
spond to orientation angles β of 0°, 30°, 60°, and 90°, respectively.
(a) Computed τpg(E ,�) for 1-iodopropane. (b) Computed τpg(E ,�)
for 2-iodopropane.

delays are directly derived from these phases, this enhanced
sensitivity allows our time-domain approach to resolve struc-
tural details that are typically inaccessible in conventional
electron diffraction and holography experiments.

These calculations show that the fixed-orientation ampli-
tude and phase fingerprints are set directly by the propyl-
group geometry. This confirms that the observed interference
is generated by molecular structure and provides the basis for
the time-delay analysis below.

Building on the calculated amplitudes and phases, we
determine the Wigner time delay. At a sufficiently large
radial distance, the outgoing wave reaches its asymptotic
form. We then write the energy-dependent outgoing wave as
�(E , θ, φ,�) and define the phase as

ϕ(E , θ, φ,�) = arg [�(E , θ, φ,�)]. (3)

The angle-resolved Wigner time delay is the energy derivative
of this phase [22,27,44,45]:

τw(E , θ, φ,�) = dϕ(E , θ, φ,�)

dE

= τatom(E , θ, φ,�) + τpg(E , θ, φ,�), (4)

where τpg denotes the delay contribution generated by prop-
agation and scattering in the propyl-group environment,
whereas τatom provides the iodine-centered atomic reference.

In principle, the orientation angle � between the molecular
axis (defined as the I–C3 axis for 1-iodopropane and the
I–C1 axis for 2-iodopropane) and the polarization direction
of the incident light can be varied continuously. To exam-
ine its influence, we fix the photon polarization along the
z axis and systematically rotate the molecular axis toward
the y axis within the y–z plane. In this configuration, the
orientation angle � corresponds to (0, β, 0) in the Euler-angle
representation. Varying the orientation angle strongly affects
both the amplitude and phase distributions. Using the resulting
amplitude and phase information, we calculate the theoreti-
cal propyl-group contribution τpg(E ,�) for the two isomers.
These computations cover photon energies from 60 to 200 eV.
The results for β = 0◦, 30◦, 60◦, and 90◦ are shown in Fig. 3.

Within this energy range, our calculations predict positive
time delays that gradually decrease with increasing photon
energy and eventually approach zero, consistent with pre-
vious studies [22,27]. This behavior arises because higher
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FIG. 4. Orientation-averaged observables. (a) Orientation-
averaged time delays. The black and blue curves represent the
orientation-averaged propyl-group time delays for the two isomers
of iodopropane. The red curve represents the atomic ionization
time delay of iodine. (b) The red curve represents the theoretical
calculation of τ2-iodo(E ) − τ1-iodo(E ). The blue symbols with vertical
error bars represent the experimental isomer delay difference taken
from Ref. [35]; the error bars are estimated from the reported
uncertainties of the individual isomer delays.

photon energies impart more kinetic energy to electrons
emitted through inner-shell ionization. Faster, higher-energy
electrons spend less time in the molecular environment
and are therefore less affected by its potential. Conversely,
lower-energy electrons are more strongly influenced by the
molecule, leading to larger delay differences. Our calculations
also show that the time delays are most sensitive to structural
changes at small orientation angles (black and blue lines).
This sensitivity arises because iodine 4d electrons are emitted
primarily along the z axis, i.e., along the polarization direc-
tion. Aligning the molecular axis with this direction places the
carbon atoms directly in the densest part of the electron cloud,
generating a strong diffraction pattern that clearly encodes the
molecular structure. At larger orientation angles, this overlap
is reduced, so the structural contrast is progressively washed
out even though the overall positive delay trend remains.

To compare with experiment, we extend our analysis to the
full three-dimensional space by statistically sampling 10 000
random orientations. In experiments, when the molecules are
not fixed in space, one must average over all possible molec-
ular orientations. When all orientations are equally probable,
we obtain

τw(E ) =
∫
�

τw(E ,�)d�∫
�

d�
. (5)

This gives the orientation-averaged time delay as a function
of energy. Details of the calculation of τatom can be found
in Refs. [26,27]. The iodine atomic delay is isotropic and
unchanged by orientation averaging. Figure 4(a) shows the
orientation-averaged propyl-group delays for the two isomers,
together with the common iodine reference [27]. Figure 4(b)
compares τ2-iodo(E ) − τ1-iodo(E ) with experiment [35].

The isomer delay difference arises from different propyl-
group geometries. Our model qualitatively reproduces the
experimental trend in the 90–120 eV range. The positive delay

difference survives orientation averaging. This shows that the
structural signal is robust, not a fixed-orientation artifact.

Quantitative discrepancies nevertheless remain. The theory
overestimates the delay magnitude and misses the oscillation
amplitudes at 90 and 120 eV. This likely reflects our use
of scattering form factors from isolated carbon atoms, rather
than a correlated molecular environment [46]. Even so, the
model correctly predicts a positive isomer-dependent delay
difference after orientation averaging.

The present model also omits relativistic fine structure,
electron correlation, and exchange [30,47–49]. These effects
can shift absolute delays and modify angular distributions.
Because both isomers share the same iodine-centered ioniza-
tion step, these iodine-core effects are expected to contribute
largely as a common component, although a full multichan-
nel treatment could also modify the detailed angular and
phase dependence. The leading contrast remains the structure-
dependent scattering phase set by the propyl-group geometry.
Future work could include these effects more fully and com-
bine molecular-continuum methods with ab initio molecular
dynamics [50].

Conclusions. In summary, we have developed a theoretical
framework that isolates structural contributions to attosecond
ionization delays in iodopropane isomers. The key mechanism
is interference between direct and scattered photoelectron
wave packets, which converts differences in the propyl-group
geometry into measurable delay shifts. Our calculations show
that even electrically neutral atoms can make an essential
contribution to the scattering-induced delay.

After full orientation averaging, the isomer-dependent de-
lay difference remains positive and agrees qualitatively with
experiment. This shows that the structural signal is robust and
survives beyond fixed-orientation conditions. More broadly,
by accessing structural information through the spectral phase
rather than traditional intensity-based observables, our results
provide a useful framework for interpreting attosecond time
delays. This establishes a form of attosecond electron holog-
raphy in the time domain, enabling structural sensitivity in
complex polyatomic molecules beyond the reach of existing
approaches.
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