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The detailed understanding of electronic coherence in quantum systems requires measurements on the
attosecond timescale. Attosecond x-ray pulses enable the study of electronic coherence in core-excited
molecular systems. Here we report on the coherent motion of electrons in the 1,1-difluoroethylene ion
following ionization of the K shell of the two nonequivalent carbon sites with a subfemtosecond x-ray
pulse. Using the angular streaking technique to track the Auger-Meitner decay, we observe temporal
modulations of the emission, indicating the electronic coherence of the core-excited ionic states, and extract
a 6.5� 0.8 fs average lifetime of the core-level vacancies. A quantum-mechanical model is employed to
interpret the measurement, and we find the observed temporal modulations are independent of charge
density oscillations. This work opens a new regime of coherent electronic motion, beyond charge
migration, where electronic coherence manifests in the nonlocal quantum correlation between atomic sites
while charge density oscillation is absent. Our results broaden the landscape of electronic coherence in
molecular systems.
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I. INTRODUCTION

The direct observation of coherent electronic motion
is now possible given recent advancements in attosecond
x-ray technology [1–5]. Many important processes, such as
solar light harvesting and DNA damage in living cells, are

initiated by the interaction of light with matter [6,7]. This
light-matter interaction, in which energy is transferred to
the electrons in a system, can produce exotic states of
matter that can only be described by quantum properties
such as coherence and entanglement. Although these states
typically exist on extremely short timescales, their proper-
ties may have a fundamental effect on the final outcome of
the process, such as the generation of a photocurrent or the
breaking of a chemical bond.
Coherently populating a superposition of electronic

excited states initiates ultrafast electron motion resulting
from the interference between the quantum states. One
notable method for creating such a superposition state
in molecular systems is ionization by broad coherent
bandwidth, short-wavelength radiation. The evolution of
such superposition states is typically accompanied by the
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migration of electric charge, which is exemplified by
oscillations in the electronic density due to the beating
between electronic states [8,9]. This interpretation has suc-
cessfully described many previous measurements [10–13].
Notably, these previous measurements have all studied
superposition states involving valence electrons, whose
orbitals are highly delocalized and thus exhibit interference
effects across the entire spatial extent of a molecule.
In the x-ray domain, the interaction of a molecule with

subfemtosecond pulses produces superpositions between
states that involve core-level vacancies [14,15]. In the case
of ionization, the superposition will exist between ion-
electron pairs. A high degree of coherence in the ion can be
achieved using broad bandwidth x-ray pulses to produce
significant overlap in the associated photoelectron wave
functions [16,17]. For core-level electrons, the binding
energy is dependent on screening from the other electrons
which bind the molecule, and when an x-ray pulse has
sufficient bandwidth to span the energy difference (or
“chemical shift”) between core-level orbitals, the interaction
can now form a superposition between states with core-level
vacancies at different atomic sites [18]. Core-level orbitals
are typically highly localized around specific atomic sites,
except for several atypical cases of systems with a very high
degree of symmetry [19,20]. One intriguing consequence of
this localization is that the contrast of electronic density
modulation produced by a superposition of core vacancies at
different atomic sites is expected to be very low. This raises
the possibility of coherent electron motion in the absence of
charge migration, and leads to the following question: How
can electronic coherence be observed experimentally in the
near absence of charge density oscillations?
To this end, we probe the electronic coherence created by

carbonK-shell ionization of 1,1-difluoroethylene (CH2CF2),
which has two nonequivalent carbon sites, CF andCH, with a
K-shell binding energy difference of ΔIC ¼ 4.77 eV
[21,22]. We employ angular streaking [14,23] to measure
the time-domain behavior of the Auger-Meitner (AM)
emission from the core-excited ion. The angular streaking
technique has been used to observe quantum beats in the
temporal profile of AM emission [14]. In contrast to the
previous study, which exhibited large charge density oscil-
lations, we produce a coherence between core-ionized states
that exhibits little to no charge density oscillation. The
present work is also differentiated from the previous study
by the excitation process: While the previous work consid-
ered resonant excitation of a neutral molecule, in this
work we prepare a partially coherent ionic state through
core-level ionization. This offers an additional layer of
complexity to our study: The evolution of the superposition
state is now affected by the entanglement between the ion a
nd the photoelectron [17,24–26]. Moreover, in this work,
the interference with a direct double-ionization process is
negligible, which allows us to focus on the coherence
between the two core-vacancy states.

Angular streaking employs a circularly polarized infra-
red (IR) pulse to modify the momentum of electrons
depending on the phase of the IR field when they emerge
into the continuum. The effect of the IR field can be
understood from a semiclassical point of view: The electron
momentum shift induced by the IR field with vector
potential AðtÞ is p − p0 ¼ eAðt0Þ, where p is the final
momentum measured at the detector, when the IR pulse has
fallen to zero, p0 is the momentum of the electron at the
emission time t0, and e < 0 is the charge of the electron
[27,28]. The direction of the IR vector potential rotates at
angular frequency ωL, mapping the emission time to a
momentum shift (also referred to as the “streaking” shift)
which encodes the time-dependent AM electron emission
profile in the measured electron momentum distribution
[14,23,29]. Experimentally, we seek to measure the final
AM electron momentum distribution as a function of the IR
phase at the arrival time of the attosecond x-ray pulse ωLti.
We achieve this by sorting the laser shots by ωLti, which we
measure on a single-shot basis. The photoelectrons fromK-
shell ionization are emitted on a timescale much shorter
than the IR period and thus experience a collective
momentum shift of eAðtiÞ. As the AM emission persists
over a longer timescale, comparable to the IR period, the
streaking effect on the AM distribution is more complex
[29]. To picture how the ti-dependent momentum distri-
bution encodes the temporal behavior of AM emission, it is
easier to focus on a single final AM momentum pa. Many
pathways of the composite system can end with pa. Among
these pathways, there is a range of initial electron momenta
p0ðt0Þ ¼ pa − eAðt0Þ corresponding to different AM emis-
sion times t0. The AM emission delay τ ¼ t0 − ti of each
pathway depends on the x-ray arrival time relative to the IR
field, since p0ðt0Þ is independent of the x-ray arrival time.
This means that the ti-dependent momentum distribution is
an informative observable on the delay dependence of the
AM emission.

II. EXPERIMENTAL RESULTS

We tune isolated attosecond pulses with ∼0.44 fs dura-
tion to a photon energy of ∼374 eV to ionize electrons from
the carbon K shell of CH2CF2 molecules in the presence of
an IR pulse (6.2 fs period, ∼70 fs duration, 0.7 TW=cm2

average intensity). Since the x-ray pulses are produced by
an x-ray free-electron laser (XFEL), they suffer from
spectral intensity jitter, which can be quantified with a
Fresnel zone-plate spectrometer [30], revealing an average
single-shot pulse bandwidth of Δω ¼ 5.6 eV [full width at
half maximum (FWHM)]. The ionization from the carbon
K-shell orbitals produces an ion-photoelectron pair, initiat-
ing the AM process where a second electron emerges in
the continuum, as shown in Fig. 1(b). Electrons are
collected using a coaxial velocity map imaging spectrom-
eter (c-VMI) [31], as shown in Fig. 1(a). The projection of
the emitted electron momentum distribution along the x-ray
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propagation direction is shown in Fig. 1(c), for the case
where the IR field is intentionally mistimed from the x-ray
pulse. We clearly resolve three features in the image:
photoelectrons emitted from the carbon K shell (C1s),
carbonKLLAM emission, and photoelectrons ionized from
the valence orbitals (V). The ∼79 eV C1s photoelectrons
can be distinguished from the ∼250 eV AM electrons.
While the c-VMI energy resolution is sufficient to resolve
the 4.77 eV splitting between the C1s−1 core-excited
cationic states (see Appendix A), the broad bandwidth
of the ionizing x-ray pulse causes the K-shell photoelec-
trons to overlap in kinetic energy and appear as a single
feature in Fig. 1(d). This energetic overlap between photo-
electrons associated with different ionic states is a pre-
requisite for suppressing the entanglement and enhancing
the degree of coherence in the ion [32].
The large timing jitter between the x-ray and IRpulses [33]

necessitates a single-shot measurement of eAðtiÞ. This
quantity can be extracted from the momentum shift of
the C1s photoelectrons since the photoemission delay
is negligible (<10 as). We employ a cross-correlation

approach to measure this shift for x-ray pulses that are
cotimedwith the IR laser (seeAppendixB 1), quantifying the
angle κ ¼ ωLti between the momentum shift and the þx
direction for each shot. This single-shot tagging approach
avoids the need for carrier-envelope phase stabilization of
the many-cycle laser pulse. We sort the shots into 40 equally
spaced frames according to κ. Figures 2(a)–2(c) present three
different frames of the differential momentum distribution
(DMD) of all electrons, referenced to the IR-mistimed
case, which shows a clear displacement of the C1s feature
in the κ direction. The full κ-sorted result is presented in
Supplemental Material Video S1 [34]. The valence feature is
displaced in nearly the same direction as the C1s feature,
indicating that the valence photoelectrons are also emitted
almost instantaneously with respect to the laser period.
We analyze a region of interest (ROI) of the DMD

indicated by the purple ring in Fig. 2(b), on the high-energy
side of the AM feature. This ROI is divided into angular
bins labeled by the angular position θ on the detector plane.
We define YAMðθ; κÞ to be the differential AM yield in the θ
bin, i.e., the change in AM yield induced by the streaking

FIG. 1. Overview of the measurement. (a) Copropagating x-ray (purple) and circularly polarized infrared (IR, red) pulses intersect with
molecular beam of CH2CF2. Emitted electrons are collected by a c-VMI. (b) Schematic of the carbon K-edge photoionization plus
Auger-Meitner (AM) decay process. The average x-ray spectrum (blue shade), an example single-shot spectrum (gray trace), and the
average pulse bandwidthΔω (black bar) are shown on the left. The two photoelectron spectra (brown) associated with the core vacancies
(blue dots with white outline) are offset in energy by ΔIC, the energy spacing between cationic states, which is larger than the natural
linewidths (orange dashed curves). (c) Projection of electron momentum distribution in the x-ray–IR mistimed case [atomic unit (a.u.)].
Right-hand half is the experimentally measured average. Top left is the reconstructed projection of Abel inversion. Bottom left is an
example single-shot image. (d) Kinetic energy spectrum from Abel inversion showing three features: carbon K-shell photoelectrons
(C1s), AM electrons, and valence orbital photoelectrons (V). Purple shade corresponds to the ROI for the IR-dressed AM electrons; also
see Fig. 2(b).
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effect, for the frame labeled by the κ direction. The
measured YAMðθ; κÞ is shown in Fig. 2(d), following
the removal of a weak background contribution from the
valence photoelectrons. At ∼ 374 eV photon energy, the
valence photoelectrons are well above the AM electrons in
KE [35,36]. Therefore we characterize the contribution
from the valence photoelectrons using the measured
valence feature in a separate detector region at higher
kinetic energy than the ROI for AM (see Appendix B 5).
The positive ridge around the θ − κ ≈ 1.45 rad line arises
from the delay between the C1s photoemission and the AM
emission.
For each angular bin, the relative angle ϕ ¼ θ − κ

corresponds to an effective delay τϕ ¼ ϕ=ωL referenced
to the C1s photoionization process. This effective delay τϕ
is labeled in Figs. 2(a)–2(c). For the AM yield in a single θ
bin, the series of κ frames corresponds to a series of
effective delay points. The correspondence between κ
frame and effective delay changes between each θ bins,
according to τϕ ¼ ðθ − κÞ=ωL. Therefore we average the
measured YAM over Nθ ¼ 36 angular bins according to

YAMðϕÞ ¼
1

Nθ

XNθ

q¼1

YAMðθq; θq − ϕÞ; ð1Þ

obtaining the signal shown in Fig. 2(e). This averaging,
which we refer to as the delay-invariant averaging, is
useful, because in the absence of angular correlation
between the AM-electron and photoelectron emission in
the laboratory frame, the dependence of YAMðθ; θ − ϕÞ on
ϕ is equivalent for all θ bins. Considering a momentum
region far above the IR-free AM feature, the effective delay
τϕ can be interpreted as the AM delay τ. We also calculate
the delay-invariant average of the DMD of AM electrons
for different bins in radial momentum pr, Yðϕ; prÞ, as
shown in Fig. 2(f).

A. Core-vacancy lifetime

The lifetime of the core-level vacancy is an important
aspect of the electronic motion, since such population
decay will damp any potential coherence. The slow
variation of YAMðϕÞ shown in Fig. 2(e) with a characteristic

FIG. 2. Effect of the streaking laser on the AM distribution. (a) Measured differential momentum distribution (DMD) for the frame
when the C1s momentum shift direction (black arrow) is κ ¼ þπ=4. The peripheral ticks on the clock face label the effective delay
τϕ ≡ ϕ=ωL ≡ ðθ − κÞ=ωL. (b),(c) Same as (a) but with streaking directions κ ¼ 0 and κ ¼ −π=4, respectively. The color bar in
(c) applies to (a)–(c). (d) Measured differential AM yield in the ROI specified by the purple ring (4.34 < pr < 4.48 a.u.) in (b), with the
valence background subtracted. Panels (a)–(c) correspond to three columns. The dashed line follows θ − κ ¼ 0.46π ¼ 1.45 rad. (e) The
delay-invariant average of (d) YAMðϕÞ (solid line), with the shaded area representing �2× standard error of the mean (σx). (f) Measured
DMD of AM electrons after the valence subtraction and the delay-invariant averaging Ȳðϕ; prÞ. The ROI in (b) is marked by solid lines.
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frequency of ωL is sensitive to the average lifetime of
the two C1s−1 ionic states. To describe the measurement
we adapt the quantum-mechanical model introduced in
Refs. [29,37] to the case of multiple core-ionization
channels emitting coherently, which is illustrated in the
diagram in Fig. 3(a) and detailed in Sec. III. The interaction
with IR dressing field is treated in the strong-field approxi-
mation (SFA), and the AM emission is treated as a coherent
concerted process [29,38]. Owing to the periodic nature of
ϕ, our signal decomposes into discrete Fourier components,
with complex coefficient Hm ¼ R

2π
0 YAMðϕÞe−imϕdϕ=ð2πÞ

associated with mode eimϕ. These modes correspond to the
harmonics of the IR frequency mωL, and the slow variation
is characterized by the m ¼ 1 mode. As shown in Fig. 3(c),
comparing to the simulation, we extract the average life-
time of the core vacancies as Γ−1 ¼ 6.5� 0.8 fs, consistent
with results from ab initio calculations (see Appendix D).
The SFA calculation for a 6.5 fs lifetime agrees with the
measured signal YAMðϕÞ, whereas a shorter lifetime of 2 fs
leads to a notable discrepancy, Fig. 3(b). We choose 2 fs for
comparison because it represents a lower limit obtained
from a linewidth measurement [39], assuming the absence
of vibrational structure.

B. Quantum beat in Auger-Meitner emission

In addition to the oscillation at the IR laser frequency, we
observe higher-frequency modulations of the measured
AM signal. Among the higher (m > 3) Fourier component
amplitudes, we find evidence for a peak atm ¼ 7, as shown
in Fig. 4(a). The Hotelling’s test [40] reveals that the
measured H7 is significantly nonzero (p value <0.05),
unlike the neighboring coefficients (H5, H6, H8, and H9).
Therefore the dominant component in the high-frequency
modulation is the oscillation at 7ωL, which is very close to
the energy spacing ΔIC ¼ 7.1ℏωL.
This modulation reflects the quantum beat in the

instantaneous AM emission rate, which can be under-
stood as the interference between many two-electron
(photoelectron and AM-electron) emission pathways. As
illustrated in Fig. 3(a), the AM process proceeds via
intermediate states, characterized by a core vacancy in
one of the nonequivalent carbon sites and a photoelectron.
The interference between these pathways is observed when
the final three-body state (photoelectron, AM electron, and
dication) is the same. The broad bandwidth of the x-ray
pulse produces overlap in the photoelectron momentum. In
the absence of the IR field, the AM emission to a common
dicationic state can be resolved, since the energy spacing
ΔIC ¼ 4.77 eV is much larger than the natural linewidth
[39]. However, as illustrated in Fig. 3(a), in the presence of
the IR field, the pathways with AM emission times t1 and t2
from the respective C1s−1 states can arrive at a common
final pa. The relative phase between the two pathways
accumulates according to the total energy differenceΔIC of

FIG. 3. Lifetime estimation of the C1s−1 core-excited ionic
states. (a) Diagram of the model for dressed AM emission as a
sum over pathways. In each pathway, the time evolution (gray
dashed line) begins with photoionization (blue arrow) of the
molecular ground state (g.s.), followed by an AM transition
(green dot), in the presence of the IR field (red solid line). Two
example pathways proceed via different carbon core vacancies.
Inset shows a semiclassical picture in AM electron momentum
space. The yellow arcs show a magnified view of the IR-free AM
spectrum for a pair of AM channels sharing a single dicationic
state. The semiclassical range of initial momenta (red dashed line)
for the final momentum pa depends on the IR vector potential at
the emission time (brown arrow). (b) Delay-invariant average of
the differential AM yield calculated with the coherent model for
core-vacancy lifetime of 6.5 fs (blue solid line) and 2.0 fs (black
dotted line), compared to the measurement [purple; same as Fig. 2
(e)]. (c) Calculated phase of the first Fourier coefficient H1 for
various lifetimes (black dots), with a cubic-spline interpolation
(black solid line). The purple cross marks the measured phase
horizontally and the retrieved lifetime vertically, with the error
bars representing �2σx of the respective quantities.
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the intermediate ion-electron pairs, leading to a modulation
of the final-state population at the beat frequency of ΔIC=h.
We attribute the high-frequency oscillation to a quantumbeat
with a period of 900 as, which arises from the electronic
coherence between the two C1s−1 states of CH2CF

þ
2 .

III. MODEL

We model the AM emission as a correlated process, and
the interaction with IR dressing field is treated within the
SFA [29,38]. The measured AM distribution is modeled by

tracing over the photoelectron momentum pp space while
resolving the AM electron momentum pa, since we do not
discriminate on pp in our measurement:

ρAðpaÞ ¼
Z

d3ppjbFðpa; ppÞ þ bHðpa; ppÞj2: ð2Þ

Here bαðpa; ppÞ, α ¼ F, H describes the final-state ampli-
tude associated with a particular intermediate core vacancy
at the Cα site:

bαðpa; ppÞ ¼ Mα

Z
∞

−∞
dteiSðt;paÞ−iðIα−Ið2ÞÞt=ℏ

Z
t

−∞
dtieiðEpþIαÞti=ℏ−Γðt−tiÞ=2DαðppÞEXðtiÞ; ð3Þ

FIG. 4. Electronic coherence in core-excited ionic states. (a) Fourier coefficient amplitudes of the measured YAMðϕÞ (purple dots).
Lines show results from simulations with the coherent model (blue solid line), fully incoherent model (gray dashed line), and the
geometry averaged model (green dot-dashed line). All three models are normalized to minimize the rms error on YAMðϕÞ from the
measurement. The measured noise level (gray crosses; see Appendix B 2) is shown for each coefficient. Vertical solid line marks
ΔIC=ℏωL. (b) Calculated delay-invariant average of the DMD of AM electrons, along with the radial profile of the IR-free distribution
(black solid line). (c) Momentum-resolved Fourier coefficient amplitudes of the simulated map in (b). (d) Momentum-resolved Fourier
coefficient amplitudes of the experimentally measured Yðϕ; prÞ in Fig. 2(f). (e) Comparison of the quantum beat after Fourier filtering
the delay-resolved measurement (purple) and simulations in the band of 4 ≤ m ≤ 11. The measured noise level is filtered in the same
way and presented in gray. The filtered simulation results follow the same legends as in (a). The error bars and shaded areas represent
�σx̄. The ROI (dashed line) in (b)–(d) is the same as in Fig. 2.
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where Sðt; pÞ ¼ R
t
−∞ dτ½p − eAðτÞ�2=ð2mℏÞ is the Volkov

phase, Iα is the ionization potential associated with the
Cα1s−1 state, Ep ≡ p2p=ð2mÞ is the photoelectron kinetic
energy (in the absence of IR field),Mα is the AM transition
matrix element, DαðppÞ is the component of the transition
dipole along the x-ray pulse electric field EXðtÞ, and 1=Γ is
the core-vacancy lifetime (due to all decay channels). This
model considers a single dication final state with an energy
Ið2Þ that is adjusted to match the experiment. Equation (2)
assumes full coherence for the multielectron system, so we
refer to this as the coherent model. After tracing over the
outgoing photoelectron, the complementary system, con-
sisting of the dication and the AM electron, is in a partially
coherent state. We use this coherent model to estimate the
core-vacancy lifetime in Fig. 3. The x-ray bandwidth Δω
and the energy spacing ΔIC ¼ IF − IH are taken from the
experiment. The simulated ρA is projected along z, blurred
according to the experimental resolution and then averaged
according to the measured distribution of jeAðtiÞj, as
detailed in Appendix C. The derivation of Eq. (3) is
provided in Sec. I of Supplemental Material [34].
As shown in Fig. 4(a), the coherent model (“Coherent,”

blue solid line) generally agrees with the measured Fourier
component amplitudes. When we remove the possibility of
coherence between the core-ionized states, i.e., we omit
b�FbH þ b�HbF in Eq. (2), the peak at m ¼ 7 vanishes as
shown in Fig. 4(a) (“Incoherent,” gray dashed line). This
further supports our assignment of the peak at m ¼ 7 to
quantum coherence in the core-ionized states. We have also
simulated the situation where the x-ray bandwidth is broad-
ened to Δω ≫ ΔIC, preparing a nearly pure superposition
(purity > 0.96) in the cation; see Supplemental Fig. S3 [34].
In this case, the simulated amplitude jH7j is larger than
what is shown in Fig. 4(a) and less consistent with the
measurement.
Modeling the projected electron momentum distribution

we calculate the momentum-resolved DMD and its depend-
ence on the effective delay τϕ, Fig. 4(b). The positive varia-
tion on the high-energy side of the momentum distribution,
which ismore pronounced atϕ < π, is in agreement with the
experimental result shown in Fig. 2(f). This DMD allows us
to perform the same Fourier analysis shown in Fig. 4(a), for
different bins of radial momentumpr. The resultant momen-
tum-resolved Fourier spectrum of the simulated signal is
shown in Fig. 4(c). The prominentm ¼ 7 component shows
amain peak and two side lobes.We apply the sameprocedure
to our experimental data, shown in Fig. 4(d), and observe
qualitative agreement with our simulation.
In contrast to previous work probing coherence between

core-excited states with the same electronic configuration
[14], in this work we probe the coherence between states
with a core vacancy at different atomic sites. One conse-
quence of the energetic splitting between the Cα1s−1 states
is that the kinetic energies of the AM electrons associated
with the same dicationic state are well separated in the IR-
free case. We therefore choose the experimental ROI to be

lower than the high-momentum edge, in order to capture
significant amplitude from the lower-energy AM channels
associated with the CH core vacancy.
The measurement and simulation of the AM modulation

are further compared by applying a bandpass Fourier filter
(4 ≤ m ≤ 11) to the delay-dependent AM yield YAMðϕÞ,
as shown in Fig. 4(e). The oscillation in the coherent
model has a similar magnitude as the measurement, but it
presents a notable discrepancy in the phase. The measured
oscillation at 7ωL has a phase of argH7 ¼ −0.9� 0.5 rad
whereas the coherent model predicts a phase of −2.15 rad.
To better understand the time-domain behavior, we explore
the molecular geometry dependence of the energy difference
between the C1s−1 states. We average over an ensemble of
1000 geometries sampled from the vibrational ground state
of the molecule to account for the quantum-mechanical
spread of the wave packet [41]. This geometry averaged
(GA) (green dot-dashed line in Fig. 4) model is shown along
with the measurement and the coherent model in Figs. 4(a)
and 4(e). The peak at m ¼ 7 persists in the presence of
geometry averaging, but the discrepancy in the phase of the
oscillation is not resolved. Rather, the effect of molecular
geometry averaging is to suppress the contrast of the
oscillation, indicating a reduction of coherence. We note
there is a discrepancy between the measurement and any of
the models presented in Fig. 4(a) for the amplitude jH3j.
Given the persistence of jH3j in the incoherent model, it is
clearly not related to the electronic coherence, rather this
discrepancy likely reflects the limitation of considering only
a single dicationic state.

IV. DISCUSSION

We also explore the effect that the relative phase between
the final-state amplitudes,bF andbH, has on the time-domain
signal in Fig. 4(e). Such a phase shiftwould correspond to the
phase between the AM transition matrix elements (MH and
MF) that describe the decay of the core-ionized state to a
common dicationic state. Adjusting the phase argH7 by
changing the relative phase of the AMmatrix elements in our
model to agree with our measurement results in an overall
degradation in agreement for the full time-domain signal,
as shown in Sec. I.6 of Supplemental Material [34]. Thus
a relative phase shift cannot resolve the discrepancy in
Fig. 4(e). Our SFA models (coherent and GA) omit several
mechanismswhichmay affect the phase of the quantumbeat.
For instance, the models do not include the motion of the
nuclear wave packets on the two C1s−1 potential energy
surfaces, which can modify the phase of the electronic
coherence [42]. We use the semiclassical model [42]
described in Appendix E to estimate the impact of the
centroid motion of the nuclear wave packet in our measure-
ment.We calculate a dephasing time of 4 fs, which is likely to
be an underestimate since this semiclassical approach ignores
the dispersion of the nuclear wave packets. Additionally,
the phase of the coherent oscillation could be sensitive to
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nonadiabatic coupling between the electronic and nuclear
degrees of freedom [43], the population of shakeup states in
photoionization, the decay of the system to multiple dica-
tionic states, and the anisotropy of the AM electron emission,
all of which are also absent from our model.
As pointed out above, the measured quantum beat in the

AM emission directly results from the coherence between
the two core-ionized states. Such coherence can be for-
mally described using the reduced ionic density matrix (R-
IDM) Rαα0 ðtÞ in the space of the two Cα1s−1 cationic states,
which are eigenstates of the bound N − 1 electron system.
This R-IDM consists of the population of the core-excited
states (RHH and RFF) and the coherence between them
(RHF). According to Eq. (3), the interference in AM
emission

R
d3ppbHb�F is mapped from the coherence RHF

by the AM transitions, scaling with MHM�
F, as shown in

Appendix C. The interference relies on both C1s−1 states
being coupled to the same dicationic state by the interaction
within the multielectron system.
Typically, coherence gives rise to oscillations in elec-

tronic density, which is described by the diagonal elements
(r1 ¼ r2) of the electronic single-body reduced density
matrix (1-RDM):

ρðr1; r2; tÞ ¼
X
n;m

φ�
nðr1ÞρorbnmðtÞφmðr2Þ; ð4Þ

where fφng is a basis of molecular orbitals and ρorbnmðtÞ is the
electronic 1-RDM in the orbital representation [32,44].
Equation (4) is defined for a general pair of positions r1 and
r2. The 1-RDM of the vacancy (or “hole 1-RDM”) is given
by Δρ≡ ρg:s: − ρ, the difference between the molecular
ground state and the ion. Since the C1s−1 states are well
described by the removal of an electron from the carbon
core orbitals φα; α ¼ H, F, we have Δρðr1; r2; tÞ≈P

α;α0 φ
�
αðr1ÞRαα0 ðtÞφα0 ðr2Þ. The oscillations in charge den-

sity arising from the ionic coherence are given by
φ�
HðrÞφFðrÞRHFðtÞ þ c:c: Notably, in our case this oscil-

lation is heavily suppressed due to the small spatial overlap
between the core-level orbitals. However, another spatial
manifestation of the coherence is the nonlocal correlation
between r1 ≠ r2. In the system considered here, despite the
lack of spatial overlap, there is a strong nonlocal correla-
tion between the two carbon sites ΔρðrCH

; rCF
; tÞ ≈

φ�
HðrCH

ÞRHFðtÞφFðrCF
Þ. Even in the limiting case where

the spatial overlap φ�
HðrÞφFðrÞ is exactly zero, both this

nonlocal correlation and the quantum beat in the AM
emission would not vanish. Thus, the measured quantum
beat is evidence of coherent electron motion in a funda-
mentally different regime from charge migration: where the
electronic coherence manifests in the time evolution of the
spatial quantum correlation, even in the near or complete
absence of charge density oscillations.
While the manifestation of electronic coherence in the

spatial correlation generally persists in the complete

absence of charge density motion, there is a small but
finite spatial overlap between the core orbitals considered
in our measurement. This results in charge density oscil-
lations with a contrast of roughly 0.3%; a regime we
term the “near-absence” of charge density oscillation.
We calculate the 1-RDM of the vacancy Δρ, which is
visualized in Figs. 5(a)–5(c) in terms of the two-dimen-
sional slice along the molecular axis (also see Video S2
in Supplemental Material [34] for the animated version).
The 1-RDM is calculated for molecular orbitals from a

FIG. 5. 1-RDM of the vacancy in the ion Δρ sliced along the
symmetry axis ζ of the molecule, shown at three delay instants
relative to the x-ray arrival time (a) τ ¼ 0.5 fs, (b) τ ¼ 1.7 fs, and
(c) τ ¼ 2.9 fs. The magnitude and phase of the complex values
are encoded by the saturation and hue of the color, respectively, as
presented by the color wheel in (c). The edge of the wheel marks
5 × 103 Å−3. (d) A schematic of the molecule showing the ζ axis.
(e) Volume regional averages of Δρ in the 0.1 Å-radius vicinity of
the carbon sites, as functions of the AM delay τ. The hole charge
density averaged around the CH site [blue dashed segment in (a)]
is shown by the blue dashed curve. The nonlocal correlation
between the two carbon sites, averaged in the dotted box in (a), is
shown by the two dotted lines. The real and imaginary parts are
shown in black and green, respectively.
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restricted Hartree-Fock (RHF) calculation using the aug-cc-
pwCVTZ basis set, and Rαα0 is modeled with the exper-
imentally determined lifetime of 6.5 fs. The initial degree of
coherence is set according to the measured jH7j in reference
to the simulation with the coherent SFA model (see
Appendix C). The dynamic hole charge at the CH site
QHðtÞ is quantified as the integral of Δρðr; r; tÞ within a
sphere of 0.1 Å radius, as shown in Fig. 5(e). The oscillation
lying on top of the monotonically decaying dynamic hole
charge QHðtÞ shown in Fig. 5(e) is imperceptible, due to its
contrast of 3 × 10−3 (ratio of the oscillation amplitude to
QH). The nonlocal correlation, on the other hand, demon-
strates high-contrast oscillations at the frequency ofΔIC=h in
both its real and imaginary parts, as shown in Fig. 5(e). The
oscillation in the nonlocal correlation results from the relative
phase evolution between the multielectron wave function, at
the different positions corresponding to the two carbon core
orbitals. The mapping of coherence between the ionic states
to the interference in the AM emission is mediated by
electron-electron interaction, which is independent from
the direct spatial overlap φ�

HðrÞφFðrÞ that facilitates the
charge migration. This electronic coherence could also be
probed by mechanisms such as x-ray photoelectron spec-
troscopy, as proposed in Ref. [18].
In summary, we report the measurement of coherent

electron motion in a superposition of core-level vacancies
at different atomic sites in CH2CF2 molecules. We
observed a modulation of the AM emission with a 0.9 fs
period. This is driven by partial coherence of the ion in an
entangled ion-photoelectron pair produced by broad band-
width x-ray pulses. We interpret our experiment with a
quantum-mechanical model of the AM emission in the
presence of a streaking field. Our model supports the
interpretation that coherent electron motion is driven by a
superposition of core-ionized states with core-level vacan-
cies at different atomic sites. This represents the regime
where coherent electron motion can be embodied in the
spatial quantum correlation rather than in charge density
oscillation. The interaction within the multielectron system
plays a crucial role in mediating the coherence of the ion to
the time dependence of the AM emission. Therefore, using
attosecond angular streaking of AM emission, we have
been able to probe coherent electron motion in the near-
absence of charge migration. In addition to demonstrating
quantum correlations in multielectron systems beyond
charge density modulation, one intriguing possibility
would be to leverage the ion-electron entanglement to
select the electronic properties of the cation. By controlling
or postselecting the photoelectron properties one could
investigate the electronic evolution of the cation under
various initial conditions of the coherence.
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APPENDIX A: EXPERIMENTAL SETUP

Isolated attosecond x-ray pulses (∼374 eV central pho-
ton energy, 23 μJ average pulse energy, ∼0.44 fs FWHM
duration, polarized along x direction) were produced by the
Linac Coherent Light Source XFEL using the XLEAP
configuration [1]. The repetition rate of the XFEL is
120 Hz. The average autocorrelation of the spectra IðωÞ
is fitted by a Gaussian function of 7.9 eV FWHM, as
shown in Fig. 6(a). This converts to the average pulse
bandwidth of Δω ¼ 7.9 eV=

ffiffiffi
2

p ¼ 5.6 eV FWHM. The
pulse duration is estimated from XFEL simulations, con-
sistent with the measured bandwidth and the time-band-
width product characterized in previous measurements
[1,14,45]. The circular polarization of the IR pulses was
optimized with an ultrabroadband quarter wave plate to
>0.95 ellipticity, according to the above-threshold ioniza-
tion spectrum of xenon. The residual systematic deviation
in the time-angle mapping is negligible (<0.026 rad)
compared to the uncertainty in κ (see Appendix B 1).
The IR focus is moved away from the interaction point to
suppress the Gouy phase averaging and above-threshold
ionization. Other details of the IR laser have been reported
in Ref. [45].
The CH2CF2 target is introduced as a skimmed molecu-

lar beam which intersects the copropagating x ray and the
IR pulses. The beam is pulsed at the repetition rate of the
FEL, controlled by a supersonic gas nozzle (Even-Lavie).
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The c-VMI design is described in Ref. [31]. In the analysis,
we have excluded a window of four angular bins within
1.52 ≤ θ=π ≤ 1.72 from the delay-invariant averaging, due
to an imaging imperfection in our c-VMI setup. The energy
resolution of the c-VMI is sufficient to resolve the 4.77 eV
spacing. As shown in Fig. 6(b), the twoK edges are resolved
in the photon energy-resolved ionization cross section
obtained by sequentially applying Abel inversion and spec-
tral regression to the mistimed images [46]. Subbandwidth
resolution in photon energy is achieved by leveraging
fluctuations in the spectral intensity IðωÞ, revealing the c-
VMI energy resolution to beΔE=E ∼ 3% in this rangeofKE.
The ionization cross section shown in Fig. 6(b) is the linear
response of the molecule, rather than any electron spectrum.
Therefore the broad bandwidth of the x-ray pulse still leaves
the association of individual photoelectrons with individual
cationic states indistinguishable.

APPENDIX B: DATA ANALYSIS

1. Single-shot measurement of momentum shift

The single-shot momentum shift of the C1s feature was
measured by maximizing the normalized cross-correlation
with the average C1s feature measured in the IR-mistimed
case [47]. The cross-correlation was first evaluated at the
integer-pixel grid points as a matrix, in the range of
jδpxj; jδpyj ≤ 0.38 a:u: (unless stated otherwise). Then
for subpixel resolution, we fitted the cross-correlation
matrix around the maximal grid point with a quadratic
form ðδp − kÞTHðδp − kÞ=2þ rM, obtaining the maximal
point k ¼ argmaxRðδpÞ ¼ eAðtiÞ, the Hessian matrix H,
the maximal cross-correlation rM, and the residual rms
error ϵ of the fit. A single-shot example is presented in
Figs. 7(a) and 7(b). This procedure demonstrated robust-
ness to the experimental fluctuations (such as x-ray pulse
energy fluctuation, counting noise of the electrons). On the
intentionally mistimed dataset, the measured streaking
shifts are densely concentrated at k ¼ 0, as shown in

Fig. 7(c). In contrast, on the nominally cotimed dataset,
the streaking shifts are in a much broader distribution as
expected, Fig. 7(d).
For the nominally cotimed dataset, the streaking shift

could be small due to jitter in IR intensity and the
IR–x-ray temporal-spatial overlap, so we excluded the
insignificantly shifted shots whose uncertainty ellipsoid
−ðδp − kÞTHðδp − kÞ < s2ϵ covered δp ¼ 0. The scale
factor s2 ¼ 1.1 had been chosen such that 95% of the
mistimed shots were considered insignificantly shifted.
Discriminating the data in this way produces the distribu-
tion shown in Fig. 7(e). The distribution in jkj of the shots
in Fig. 7(e) is shown in Fig. 7(f), which converts to an

FIG. 6. Characteristics of x-ray pulse and gas target. (a) Auto-
correlation of measured x-ray spectral intensity (purple solid
line). The average autocorrelation is fitted with a Gaussian
function (blue dashed line) of 7.9 eV FWHM. (b) Photon-
energy-resolved ionization cross section of the C1s feature,
measured in the mistimed case.

FIG. 7. Measured C1s momentum shifts. (a) C1s feature in an
example single shot. (b) Single-shot cross-correlation of the C1s
feature in (a) with the measured IR-mistimed distribution, marked
with the maximum point k (cross) and the uncertainty ellipsoid.
(c)–(e) Distributions of the measured C1s momentum shift k for
(c) the intentionally mistimed shots, (d) the nominally cotimed
shots, and (e) the significantly shifted cotimed shots. Colors
encode number of shots. The standard deviation of the mistimed
shots in (c) is 0.008 and 0.018 a.u. in kx and ky, respectively.
(f) Distribution of the shots in (d) in streaking shift amplitude jkj.
Areas separated by gray lines are proportional to the weights of
each jkj bin in the simulations. (g) Uncertainty of streaking
direction rms in each jkj bin.
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average instantaneous IR intensity of 0.7 TW=cm2. The
dipole shape of the C1s feature lessens the sensitivity to
δpy compared to δpx, giving rise to the anisotropic
distribution of the excluded shots. We estimated the
uncertainty of streaking direction σκ by projecting the
uncertainty ellipsoid to the angular dimension:

σκ ¼ fVar½atan2ðqy; qxÞ�g1=2; q ∼N ðk;ΣÞ; ðB1Þ

where q is a normally distributed random vector, centered
at k, and atan2 is the four-quadrant inverse tangent
function. The covariance of the normal distribution is
Σ ¼ ðs2ϵ=2 ln αÞH−1, with 1 − α ¼ 0.95 ensuring the prob-
ability enclosed in the uncertainty ellipsoid equals the
probability of correctly identifying a mistimed shot. A
validation of this uncertainty estimation method is pre-
sented in Supplemental Material Fig. S5 [34]. As shown in
Fig. 7(g), the uncertainty σκ correlated with the streaking
shift amplitude, yielding an average of σκ ¼ 0.24 rad
root mean square. For each κ frame, we normalized and
offset the average image of the cotimed shots, such that in
two detector regions the yield agreed with the average
mistimed image: the C1s feature and the detector edge
(5.43 < pr < 5.74 a:u:, no sample-related electron count).

2. Estimation of errors

The standard error of the mean presented in Figs. 3 and 4
was calculated with 1000 bootstrap samples [48] of the
main dataset consisting of Nc ¼ 4 × 104 cotimed shots and
Nm ¼ 2 × 104 mistimed shots. The bootstrap distribution
of coefficient Hm is approximately normal, as shown in
Fig. 8. In the Hotelling’s t2-tests [40] on Hm, our null
hypothesis is that the underlying complex-valued Fourier
coefficient is zero. Using the bootstrap samples, for H7 we
evaluated the t2 statistic to be 6.124, corresponding to a p
value less than 0.05, revealing significance and rejecting
the null hypothesis. In addition to the bootstrap variance,
the reported uncertainty of the retrieved lifetime had
incorporated the effect of finite detector momentum reso-
lution σp ¼ 0.014 a:u: on the ROI boundary uncertainty.

3. Measurement of noise level

The noise level shown in Figs. 4(a) and 4(e) is measured
in situ by comparing two subsets of the mistimed shots in
the same set of Nθ ¼ 36 angular bins as for the AM signal.
Splitting the two subsets according to the Nc=Nm ≈ 2 ratio,
we treated the larger subset as if the shots were cotimed to
obtain the DMD referenced to the average of the smaller
subset. Then we integrated the differential yield in the
angular bins and conducted the delay-invariant averaging,
in the same way as for YAMðϕÞ. Since both subsets contain
only mistimed shots, the expectation of the differential
yield is zero, and the measured difference characterizes the
noise level. We randomized the split 10 times, drawing 100
bootstrap samples for each split. The bootstrap variance of
the noise was scaled by Nm=ðNm þ NcÞ according to the
central limit theorem in order to be comparable with the
main dataset.

4. Comparison with photoelectron features

Similar to the differential AM yield YAMðθ; κÞ, we also
measured the differential yield of the C1s photoelectrons
YCðθ; κÞ and of the valence photoelectrons YVðθ; κÞ, in
their respective ROIs. Performing the delay-invariant aver-
aging, we obtain YCðϕÞ and YVðϕÞ, respectively, and their
Fourier amplitudes are presented in Fig. 9(a). The Fourier
coefficients of YC and YV are also located at integers of m,
and the horizontal offset in Fig. 9(a) is for visual clarity. In
contrast to the AM signal, around m ¼ 7 neither the C1s
feature or the valence feature exhibits a peak in Fig. 9(a).
Rather, their Fourier amplitudes decreases with increasing
m and converge to their respective in situ noise levels,
which is consistent with their property of emitting in a
timescale much shorter than the IR period. A minor
difference from the AM feature is the dipole shape of
the photoelectrons’ momentum distributions. Thus in the
delay-invariant averaging of the photoelectrons, we limited
to the 26 angular bins within �1.0 and π � 1.0 rad, as
shown in Fig. 9(b), but still, all 40 frames are involved,
keeping the resultant YCðϕÞ and YVðϕÞ uniformly sampled
across the period. The lack of structure in the measured C1s

FIG. 8. Fourier coefficients’ bootstrap distribution in the complex plane. The arb. unit is the same as in Fig. 4(a).
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and valence signals indicates that the jH7j peak in the AM
signal is a behavior present only in the AM emission.

5. Model of valence feature

Since the valence photoelectrons are well separated from
the AM electrons in KE, they contribute to the ROI only
due to the projection in c-VMI. Here, we describe how the
contribution from the valence photoelectrons to the DMD is
reconstructed from the measurement. We first reconstructed
the dressing-free momentum spectrum Wð0ÞðpÞ from the
measurement of its corresponding z projection Vð0Þðθ; prÞ.

Since the valence photoelectrons result from direct ioniza-
tion, the momentum spectrum consists of

Wð0ÞðpÞ ¼ σ0ðpÞ½1þ β2ðpÞP2ðpx=pÞ�; ðB2Þ

where σ0ðpÞ is the cross section, β2ðpÞ is the anisotropy
parameter, and P2 is the second-order Legendre polynomial
[49]. The corresponding KE spectrum is proportional toffiffiffiffi
E

p
σ0ð

ffiffiffiffiffiffiffiffiffiffi
2mE

p Þ. The total KE spectrum measured in the IR–
x-ray mistimed case has been shown in Fig. 1(d), with
β2ðpÞ ≃ 2 across the valence feature, but the reconstruction
of valence is affected by the intense AM feature nearby, as
shown in the magnified view in Fig. 10(a). Tuning the x-ray
central photon energy to 276 eV, below the lowest carbon
core-excited resonance at 285.0 eV [39], we measured the
valence KE spectrum without AM, and the result reason-
ably agrees with the ∼374 eV x-ray (above threshold)
spectrum after a KE shift. We therefore replaced the low-
energy part (KE < 328 eV) of the KE spectrum with the
KE-shifted below-resonance results and extrapolated β2 ¼
2 to reconstruct Wð0ÞðpÞ according to Eq. (B2). The
reconstruction of momentum spectra was conducted with
the pBasex algorithm [50], using a set of Gaussian radial
basis fhðpÞ ¼ exp½−ðp − phÞ2=ð2σ2pbÞ� with σpb ¼ 0.009
a.u. and the centers spaced by a c-VMI pixel phþ1 − ph ¼
0.0125 a.u. In all the reconstructions, we have accounted
for a collection efficiency map that depends only on the
angle between momentum and z axis. This map was
characterized with the measured C1s feature and x-ray
spectra IðωÞ, and its nonuniformity is attributed to the
longitudinal spread of the ionized gas target, according to
simulations of our c-VMI design. The measured valence
feature in the KE spectrum is consistent with the binding
energy, as shown in Fig. 10(a). The deepest valence binding
energy is calculated at the RHF level and the others are
measured [35,36].
Next, we reconstructed the IR-dressed valence feature

based on the measured DMD in the pr > 5.0 a.u. region,
where the KE (>340 eV) is unambiguously high such that
no AM electron can be imaged in that region. Since the
valence ionization is nearly instantaneous, the streaking
effect is modeled as a momentum shift, yet the momen-
tum shift directions of the valence photoelectrons
weakly depend on KE due to the photoemission delay.
Reconstructed with pBasex, Wð0ÞðpÞ naturally decomposes
into the components on the radial basis Wð0ÞðpÞ ¼P

h W
ð0Þ
h ðpÞ, and each component Wð0Þ

h ðpÞ is an energy
shell centered at the KE value of p2

h=ð2mÞ. The z projection
of two example KE shells Vð0Þ

h is shown in Fig. 10(b). In
this way, we model the IR-dressed momentum spectrum
WðsÞðpÞ as

WðsÞðp; kÞ ¼
X
h

Wð0Þ
h ðp − R̂zðδhÞkÞ; ðB3Þ

FIG. 9. Comparison with the C1s feature and valence feature.
(a) Fourier coefficient amplitudes of the measured signals in three
different features: AM [purple dots; same as Fig. 4(a)], C1s
(green dots), and valence (orange dots). The C1s and the valence
signals are normalized to the AM signal in jH1j. Error bars
represent �σx̄. The shades in corresponding colors represent the
mean �σx̄ range of the noise level (NL) characterized for each
feature in situ; see Sec. B 3. (b) DMD averaged over streaking
shift directions κ. Dotted boxes mark the ROIs for the C1s (green)
and valence (orange) photoelectron features.
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where the momentum shift of the KE shellWð0Þ
h is modeled

as a result of rotating the C1s momentum shift k ¼ eAðtiÞ
by angle δh about the z axis. Because of the linearity of the
projection, Eq. (B3) also describes the relation between

VðsÞðθ; pr; kÞ and Vð0Þ
h ðθ; prÞ, i.e., the projections of WðsÞ

andWð0Þ
h , respectively. We further parametrized the rotation

angles as δh ¼ β½p2
h=ð2mÞ − Ec� with parameters Ec and β.

Then the DMD of valence photoelectrons Vðθ; pr; κÞ is
modeled as VðsÞ − Vð0Þ averaged over the experimental
distribution of jkj [see Fig. 7(f)]. Fitting the model to the
measured DMD in the pr > 5.0 a.u. region, we obtain the
optimal point at Ec ¼ 355.5 eV and β ¼ 0.0122 rad=eV.
The delay-invariant average of the best-fit valence photo-
electron DMD is denoted as V̄ðϕ; prÞ ¼

PNθ
q¼1 Vðθq; pr;

κ ¼ θq − ϕÞ=Nθ, following the notation convention in the
main text. The delay-invariant average of the experimen-
tally measured total DMD is shown in Fig. 10(c). This
consists of the contribution from the AM electrons Ȳðθ; prÞ
and the contribution from the valence photoelectrons
V̄ðθ; prÞ, the latter of which is shown in Fig. 10(d), where
we see the model well reproduces the measured DMD in
the pr > 5.0 a.u. region. Therefore we subtracted the
modeled valence DMD from the total DMD, across the
region where the AM feature or the valence feature are
present. The pr bins in Figs. 10(c) and 10(d) are one c-VMI
pixel (0.0125 a.u. momentum) wide, the same as Fig. 2(f).
The polar rebinning was performed using the PYFAI pack-
age [51].

APPENDIX C: QUANTUM-MECHANICAL
MODEL

In Eq. (3), we have assumed the population loss of C1s−1

states to be exponential, with a single rate Γ as the average
inverse lifetime Γ ¼ ðΓH þ ΓFÞ=2, because we have found
the simulated AM distribution insensitive to ΓH − ΓF within
20% relative difference. In all three simulation results
shown in Fig. 4, the average core-vacancy lifetime is the
measured 6.5 fs. The two AM transition matrix elements
Mα are assumed to be the same and uniform in the
momentum region of interest.
The x-ray pulse is modeled as a Gaussian pulse with

5.6 eV FWHM bandwidth, and the IR is modeled as a
Gaussian pulse with 71 fs FWHM duration. Both pulses in
the calculations are Fourier transform limited, and the
phase of the carrier is set to zero. Because the dressing-free
AM distribution is isotropic in this model, varying κ
(the IR phase at the x-ray arrival time) is equivalent
to a z rotation of the AM distribution ρAðθ; pr; pz; κÞ ¼
ρAðθ − κ; pr; pz; 0Þ, where we adopt cylindrical coordi-
nates of the AM momentum. Therefore, the delay-invariant
averaging keeps the modeled distribution ρA unchanged,
resulting in ρAðϕ; pr; pz; 0Þ. In all the simulations, we have

FIG. 10. Model for the valence feature. (a) Reconstruction
of Vð0Þ from the measured IR-mistimed distribution. The above-
threshold spectrum (brown) is from Fig. 1(d). The below-
resonance spectrum (black) has been shifted in KE and
normalized to match with the above-threshold counterpart.
Shaded areas cover �2σx̄. KE spectrum of Vð0Þ is shown in
dashed line. Dotted lines mark the KE corresponding to the
valence binding energy of valence orbitals given photon
energy 374 eV. (b) Projection of Vð0Þ along the c-VMI axis
for two example slices of KE, as indicated by the orange shades in
(a). (c),(d) Delay-invariant average over θ of the (c) measured
DMD of all electrons and the (d) reconstructed DMD of valence
photoelectrons.
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accounted for the c-VMI projection by integrating
ρAðpÞ along pz and then applied a two-dimensional
Gaussian filter according to the detector momentum
resolution (σp ¼ 0.014 a:u:). We have also averaged
over the amplitude of streaking shift jeAðtiÞj by weight-
ing simulations at 14 different amplitudes according to
the measured distribution. The weight of each single-
amplitude simulation equals to the area between the
vertical gray lines in the histogram shown in Fig. 7(f).
For each single-amplitude simulation, an additional
Gaussian filter along the angular dimension was applied
according to the measured root mean square of σκ at this
amplitude, Fig. 7(g).
For the coherent model, the cationic energies Iα are set

to the experimental values [21,22]. The single final
dicationic energy is set to Ið2Þ ¼ 35.5 eV such that the
peak-lobes signature in jH7ðprÞj shown in Fig. 4(c)
aligns with the measurement in pr. In the coherent
model, the normalized coherence of the R-IDM is
jRHFj=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RHHRFF

p ¼ 0.61, assuming the photoelectron
angular distributions associated with the carbon sites
are the same. Since the ratio of the measured jH7j to
the coherent model is 0.71, when simulating the hole
1-RDM Δρ in Fig. 5, we initiated the normalized
coherence of the R-IDM as 0.43, according to the ratio
in jH7j.
We briefly return to the equivalence between the

effective delay τϕ ¼ ϕ=ωL and the AM delay τ. The
approximation τϕ ≈ τ is valid at what we have called the
high-momentum edge, which can help interpret the
streaking signal in the time domain [14]. The comparison
between the SFA calculations and the measurement,
however, is still valid outside this region. We choose
the experimental ROI to be lower than the high-momen-
tum edge, in order to capture significant amplitude from
the lower-energy AM channels associated with the CH
core vacancy. On the other hand, to maintain the
dominance of the pathways with outward AM streaking
directions, we set the radial lower bound of the ROI at
the maximal point of the radial gradient of the IR-
mistimed AM distribution. In our ROI, as illustrated in
Fig. 3(a), each effective delay τϕ corresponds to a range
of AM delay τ. However, the effective delay still
corresponds to the same range of τ across different
angular positions, which allows the delay-invariant aver-
aging. This momentum-delay convolution plays a role in
the encoding of the time-dependent emission rate into the
observable. When the streaking amplitude is small, this
convolution suppresses the high-frequency components
relative the low frequencies, which explains the emphasis
on the m ¼ 1 Fourier component observed in Fig. 3(b).
This trend in frequency response can be mitigated by
increasing the streaking amplitude. A comparison
between time-dependent emission rate and the observable
is presented in Supplemental Material Fig. S2 [34].

1. Mapping from ionic coherence

The complex amplitude in Eq. (3) also demonstrates the
mapping from the ionic coherence RHF to the interference
in the total AM distribution ρAðpaÞ:
Z

d3ppb�FbH ¼ MHM�
F

Z
∞

tb

dt1

Z
∞

tb

dt2R̃HFðt1; t2Þ

× eiI
ð2Þðt1−t2ÞþiSðt1;t2;paÞ; ðC1Þ

Here R̃HFðt1; t2Þ ¼
R
d3phΦþ

H;pjΦðt1ÞihΦðt2Þjp;Φþ
F i, jΦþ

α i
is the Cα1s−1 state, and jΦðtÞi is the N-electron wave
function after absorbing one x-ray photon. The derivation
of Eq. (C1) is in Sec. I. 2 of Supplemental Material [34].
The simultaneous part of the time correlation R̃HFðt; tÞ ¼
RHFðtÞ is identical to the coherence in the R-IDM. Note that
the t1 and t2 in Eq. (C1) are the AM emission times
illustrated in Fig. 3(a), so they are both around θ=ωL for a
general pa located on the higher-energy side of the IR-
mistimed spectrum. As κ is scanned, we scan the effective
delay τϕ ¼ ðθ − κÞ=ωL, but there is also blurring by the
temporal correlations in the vicinity of the simultaneous
(t1 ¼ t2) line.

2. Geometry averaging

For the geometry averaging, we generated the geometries
in the dimensionless normal coordinates Qv by sampling
from the probability distribution ∝ expð−PNV−1

v¼0 Q2
vÞ of

the vibrational ground state of the g.s. molecule. The
NV ¼ 12 normal modes are calculated at the level of
RHF aug-cc-pwCVTZ, using the GAMESS package [52].
Based on these normal modes, we converted the normal
coordinates Qv to the Cartesian-coordinate displacements
of atomic sites. For each of the 1000 geometries, we
first calculated energy Eg:s: of the molecule, at the level
of configuration interaction using the molecular orbitals
(MOs) from RHF 6-31G(d,p). Then the energy E½Cα1s−1�
is calculated as the lowest eigenenergy in the restricted
space where the configurations of the bound N − 1
electron system contain a single core vacancy at the
Cα site. The transition energy is Iα ¼ E½Cα1s−1� − Eg:s:.
To converge the configuration interaction efficiently, we
adopted the MOs of the NH2CF22þ;CH2NF22þ ions, for
α ¼ H; F, respectively. These auxiliary MOs are calcu-
lated at the level of restricted open-shell Hartree-Fock
6-31G(d,p) at the equilibrium geometry of the CH2CF2
molecule. Next, we calculated the dicationic ground
state energy E2þ using the MO of CH2CF2, obtaining
Ið2Þ ¼ E2þ − Eg:s:. At this level of theory, we believe the
relative differences of these transition energies, among
the geometries in the vicinity of the equilibrium, are
acceptably accurate. Thus for each transition energy (IH,
IF, or Ið2Þ), the geometry sample is collectively shifted to
match the equilibrium values with the respective values
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used in the fully coherent SFA model. The distribution
of the geometry sample is visualized in Figs. 11(a)
and 11(b).
As a validation of the sampled energy spread, we

assumed the core-vacancy lifetime and geometry depend-
ence of the C1s → π� core-excited molecular states are
the same as the corresponding cation. The calculated
linewidths of the C1s → π� absorption features, with and
without the GA, are compared to the experimental results
[39], as shown in Fig. 11(c). A σE ¼ 0.25 eV Gaussian
blurring has been included in the calculations according
to the reported resolution in Ref. [39]. With only the
equilibrium geometry, the linewidths from the ab initio
calculations [ΓH ¼ 1=ð6.1 fsÞ, ΓF ¼ 1=ð6.9 fsÞ; see
Appendix D] are notably narrower than the absorption
features measured with spectroscopy. With the GA, the
calculated linewidths better agree with the measurement,
especially on the CH1s → π� feature. This corroborates
the spread of Iα in the geometry sample. To obtain a
lower bound of the core-vacancy lifetime, we fitted a
Voigt function to each measured line shape, obtaining an
average Lorentzian width of 1=ð1.8 fsÞ, as shown
Fig. 11(c).

APPENDIX D: AB INITIO CALCULATIONS
OF LIFETIME

We have employed the Fano algebraic diagrammatic
construction (ADC) method [53] to compute ab initio the
lifetimes of the two core-ionized states in CH2CF2.
Converged results were obtained with the aug-cc-
pwCVQZ one-particle basis set. The classification of the
ADC configuration space into the boundlike (Q) and
continuumlike (P) subspaces was implemented using the
scheme B [53] with 144 energetically accessible final
dicationic states defining the P subspace. Unfortunately,
the molecule is too large to apply the consistent ADC(2,2)
scheme. Therefore, we were limited to the Fano-ADC(2)x
method, which systematically underestimates the decay
widths due to inconsistency in the representation of the
initial and final states of the decay process.
The calculated K-shell binding energies are 290.73

and 295.82 eV for the CH and CF sites, respectively.

The resulting difference ΔIðthÞC ¼ 5.08 eV is in reasonable
agreement with the observed ΔIC ¼ 4.77 eV. Using Fano-
ADC(2)x, we obtained the respective decay widths 87 and
77 meV for the two core-ionized states. The corresponding
average lifetime 8.1 fs exceeds the observed lifetime
6.5� 0.8 fs, which we attribute to the inconsistency of
the Fano-ADC(2)x method mentioned above.
To obtain a more accurate theoretical estimate of the

lifetimes, we have performed a series of Fano-ADC(2)x
and Fano-ADCð2; 2Þm calculations for methane and its
fluorinated derivatives, together with ethane, ethene, and
ethyne to include both the effects of fluorination and double
or triple bond between the carbons. The results, obtained
using the same one-particle basis set, are collected in
Table I. Importantly, the ratio Γð2;2Þ=Γð2Þx ¼ 1.24� 0.02
is almost independent of the molecule. This observation
allows us to extrapolate the decay widths of 1,1-difluor-
oethene core-ionized states as 108.0� 2.1 meV for the
CH2 site and 95.5� 1.9 meV for the CF2 site, respectively.
This extrapolation thus results in an averaged lifetime of
6.5� 0.1 fs consistent with the experiment.

TABLE I. Carbon core-hole decay widths calculated by Fano-
ADC(2)x and Fano-ADCð2; 2Þm schemes. The last column
shows the ratio Γð2;2Þ=Γð2Þx.

Γ (meV)

ADC(2)x ADCð2; 2Þm Ratio

CH4 89.6 108.9 1.21
CH3F 83.1 103.8 1.25
CH2F2 77.9 97.9 1.26
C2H6 85.5 105.9 1.24
C2H4 85.0 106.2 1.25
C2H2 88.5 110.3 1.25

FIG. 11. Distribution of the geometry sample for GA. (a),(b)
Histograms of the transition energies used in the GA model,
for the 1000 molecular geometries sampled from the vibrational
g.s. Panel (a) shows ðIH; IFÞ. Panel (b) shows Ið2Þ. (c) Com-
parison on the linewidths calculated with (blue solid line)
and without (orange dashed line) GA, to the measurement
results of the C1s → π� absorption features (green cross; mea-
sured by McLaren et al. [39]). The upper and lower panels are on
the CH and CF sites, respectively. The measured data points are
fitted with a Voigt profile (black dotted line), where
the optimal Lorentzian parameters are γH ¼ 1=ð1.5 fsÞ and
γF ¼ 1=ð2.3 fsÞ, respectively, with σE ¼ 0.25 eV fixed.
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APPENDIX E: SEMICLASSICAL MOLECULAR
GEOMETRY EVOLUTION

Difference in potential energy surfaces (PESs) can lead
to different motions of the molecular geometry. The effect
of diverging vibrational wave packets on the electronic
coherence has been discussed and experimentally explored
[42,43]. We follow the semiclassical approach detailed in
Ref. [42] to simulate the evolution of the overlap χ between
the two vibrational wave packets of the Cα1s−1 states. This
simulation assumes the vibrational wave packets maintain
the same Gaussian shape as the ground state,

χðtÞ ¼ e−dðtÞ2=4eiSAðtÞ; ðE1Þ

where dðtÞ is the phase-space (Q, P) distance between the
two classical trajectories, SAðtÞ is the classical action, and
Pv is the dimensionless momentum conjugate to the
dimensionless normal coordinate Qv. The classical vibra-
tional Hamiltonian is Hvib¼ðℏ=2ÞP11

v¼0PvωvPvþWðQÞ,
with ωv denoting the angular frequency of the normal mode
v and WðQÞ denoting the potential energy surface. For
each core-vacancy cationic state Cα1s−1, we integrate
the equation of motion according to the corresponding
vibrational Hamiltonian to obtain a classical trajectory
(QðαÞðtÞ; PðαÞðtÞ). The resultant two trajectories are sepa-
rated by dðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔQðtÞ2 þ ΔPðtÞ2

p
in the phase space,

where ΔQ ¼ kQðHÞ −QðFÞk and ΔP ¼ kPðHÞ − PðFÞk are
the coordinate and momentum distances, respectively.
The symmetry of the Cα1s−1 states simplifies the

classical trajectory simulation. Since both carbon K-shell
orbitals belong to the A1 irreducible representation (“irrep”)
of the molecule’s symmetry group C2v, the cor-
responding PESs also belong to the A1 irrep. As a result,
the motion of the molecular geometry is active only along
the five A1-irrep normal modes, while classically remaining
atQv ¼ 0, Pv ¼ 0 along the other seven normal modes. We
sampled ∼800 molecular geometries in the A1-irrep sub-
space from a uniform distribution Qv ∼ Uniform½−5; 5�,
while keeping the non-A1 modes frozen at Qv ¼ 0, to
calculate the two cationic PESs WαðQÞ by a fourth-order
polynomial fit in the five-dimensional space. Three slices
of the PESs are visualized in Fig. 12(a). As shown in
Fig. 12(b), both ΔQ and ΔP increase within the first 10 fs,
which diminishes the magnitude of the overlap jχj.
Moreover, the phase of the electronic coherence is affected
by the diverging trajectories in molecular geometry evolu-
tion. The classical action SAðtÞ ¼ −ΔICtþ SredðtÞ consists
of the dynamical phase accumulated according to the total
energy difference ΔIC and the reduced action [42]:

SredðtÞ ¼
Z

t

0

dt0
X
v

ðPðFÞ
v ðt0ÞQ̇ðFÞ

v ðt0Þ − PðHÞ
v ðt0ÞQ̇ðHÞ

v ðt0ÞÞ;

ðE2Þ

which is shown in Fig. 12(c). This indicates that the
molecular geometry evolution constitutes a dephasing
mechanism with effects in both amplitude and phase of
the coherence. The magnitude of the overlap jχj drops to 1=e
at t ¼ 4 fs according to the calculated classical trajectories.
As pointed out in Sec. IV, ignoring the dispersion of
vibrational wave packets underestimates the dephasing time.
Therefore, the actual dephasing time from vibrational
motions could be comparable to or longer than the 6.5�
0.8 fs core-vacancy lifetime.

FIG. 12. Semiclassical molecular geometry evolution of the
two Cα1s−1 cationic states. (a) Slices of potential energy surfaces
associated with the CH1s−1 (blue lines) and CF1s−1 (red lines)
states. Energy is referenced to the energy of CF1s−1 at the
molecular equilibrium geometry. Each normal mode is visualized
in the illustration. For the v ¼ 8 mode, we present the probability
density of the wave packets with shadings, at t ¼ 0 (light gray)
and t ¼ 4 fs (dark gray). (b) Upper: time evolution of the distance
between the two classical trajectories: in coordinate ΔQ (blue
line), in momentumΔP (orange line), and in phase space d (black
line). Lower: overlap between the wave packets. Dashed line
marks 1=e. (c) Reduced action calculated with the classical
trajectories.
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F. Quéré, P. Salières, and T. Ruchon, Quantifying
decoherence in attosecond metrology, Phys. Rev. X 10,
031048 (2020).

[25] L.-M. Koll, L. Maikowski, L. Drescher, T. Witting, and
M. J. J. Vrakking, Experimental control of quantum-
mechanical entanglement in an attosecond pump-probe
experiment, Phys. Rev. Lett. 128, 043201 (2022).

[26] S. Nandi, A. Stenquist, A. Papoulia, E. Olofsson, L. Badano,
M. Bertolino, D. Busto, C. Callegari, S. Carlström,
M. B. Danailov et al., Generation of entanglement using a
short-wavelength seeded free-electron laser, Sci. Adv. 10,
eado0668 (2024).
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