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Abstract 

Direct imaging of transient electronic coherences in molecules has been challenging, with the potential 

to control electron motions and influence reaction outcomes. We propose a novel time-resolved vortex 

electron diffraction technique to spatially resolve transient electronic coherences in isolated molecules. 

By analyzing helical dichroism diffraction signals, the contribution of electronic populations cancels 

out, isolating the purely electronic coherence signals. This allows direct monitoring of the time 

evolution and decoherence of transient electronic coherences in molecules. 

Main Text 

The exact total molecular wavefunction can be factorized as a product of electronic and nuclear 

wavefunctions [1,2]. The Born-Oppenheimer approximation further treats nuclear motion as proceeding 

in a potential energy surface of an adiabatic electronic state, forming the foundation of modern quantum 

chemistry and molecular physics. The development of coherent femtosecond laser pulses in 1980s [3], 

with bandwidths of tens of millielectronvolts (meV), enables the creation of superpositions of multiple 

vibrational states (i.e. vibrational coherences) in molecules, resulting in coherent nuclear motions. This 

gave birth to “femtochemistry” [4], which focuses on tracking the nuclear motion in molecules that 
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governs the chemical reaction. Over the last 20 years, the rapid development of attosecond pulses [5,6] 

has pushed the field into the era of “attochemistry”. The much broader bandwidth (a few eV) of coherent 

attosecond pulse allows for the generation of superpositions of multiple electronic states (electronic 

coherences) in molecules, exhibiting coherent electronic motions. Electronic coherence manifests not 

only as attosecond electron dynamics in molecules immediately after laser excitation, but also arises 

during nonradiative electronic relaxations facilitated by conical intersections. At conical intersections, 

two or more electronic states become degenerate, resulting in a breakdown of Born-Oppenheimer 

approximation. The role of electronic coherences in molecules has therefore become the key to 

understanding various photochemical and photophysical processes, with the potential to control electron 

motions in molecules and influence reaction outcomes [7–9]. 

Measurements of transient electronic coherences in molecules have garnered increasing 

interest [10–15]. However, there are two major challenges remaining in the field. The first is probing 

exclusively electronic coherence contributions to the signal with no contribution from electronic 

populations. The second is achieving real-space imaging of the associated time-dependent evolution of 

electron density. To address these challenges, several novel experimental concepts have been proposed. 

One notable example is the Transient Redistribution of Ultrafast Electronic Coherences in Attosecond 

Raman Signals (TRUECARS) [16]. This proposed technique holds the promise to detect energy profiles 

of electronic coherences without contributions from populations. Furthermore, a twisted X-ray 

diffraction technique has been proposed with the potential to exclusively image the spatial profiles of 

transient charge densities associated with electronic coherence [17]. However, its experimental 

realization still requires enormous efforts due to its reliance on large-scale facilities, such as X-ray Free-

electron Lasers, which can generate hard X-rays with attosecond pulse durations and extreme brightness. 
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This could become feasible in the future with the ongoing development of such light sources worldwide, 

though it still faces the challenge of limited accessibility, as only a few such large facilities are currently 

available [18]. Exploring whether this concept could be adapted to ultrafast electron diffraction (UED) 

presents an intriguing alternative, offering several advantages over X-ray diffraction: a scattering cross-

section ~6 orders of magnitude larger, access to larger momentum transfer ranges due to the very short 

de Broglie wavelength of electrons, and a substantially smaller, more accessible setup that can fit within 

small research facilities [19–21]. 

 

Figure 1. Schematic description of (a) Vortex-UED experiments and (b) the helical dichroism 

diffraction signal of Vortex-UED. 

In this Letter, we theoretically propose a novel time-resolved electron diffraction technique capable 

of spatially resolving transient electronic coherences in isolated molecules exclusively, without 

contributions from electronic populations. The method, Vortex Ultrafast Electron Diffraction (Vortex-

UED), probes transient electronic coherences in isolated molecules via ultrafast electron diffraction 
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using electron vortices rather than plane waves (see Figure 1a). Electron vortices are free electrons 

carrying orbital angular momentum (OAM, denoted as l), characterized by a spiraling wavefront with 

a screw dislocation along the propagation axis [22–25]. The l represents the magnitude of the OAM 

(also known as topological charge), which can be any integer value. Various strategies for generating 

high-quality vortex electron beams have made their application in electron diffraction feasible [26–29]. 

Recent experiments in time-resolved gas-phase diffraction have enabled direct observation of ultrafast 

structural changes during chemical reactions [30–34], holding the promise of real-space tracking of 

both electron and nuclear motions in molecules. Although theoretical studies suggest that standard 

diffraction signals contain contributions from electronic coherence [35–39], these contributions are 

typically too small compared to the dominant signals from electronic populations. Therefore, a method 

to isolate these electronic coherence signals in UED is necessary.  

Here, we show that this can be achieved using Vortex-UED. By measuring the rotationally-

averaged UED signals using electron vortices with opposite OAMs, we find that the electronic 

population signals cancel out, leaving only the electronic coherence signals in the helical dichroism 

diffraction signal of Vortex-UED (see Figure 1b). The helical dichroism diffraction signal here is 

expressed as 

𝑆𝛿𝑙(𝑞, 𝑇) = ⟨𝑆𝑙(𝐪, 𝑇)⟩Ω − ⟨𝑆−𝑙(𝐪, 𝑇)⟩Ω        (1) 

where 𝑆𝑙(𝐪, 𝑇) is the Vortex-UED pattern recorded with a vortex electron beam carrying an OAM of 

l, 𝑞 is the magnitude of momentum transfer vector 𝐪, 𝑇 is the time delay between the actinic pulse 

and the electron probe pulse, and ⟨⋯ ⟩Ω denotes the rotationally-averaged diffraction signal. In the 

following, we demonstrated through both theoretical derivations and numerical simulations that this 

helical dichroism diffraction signal, 𝑆𝛿𝑙(𝑞, 𝑇), is sensitive solely to the transient electronic coherences 
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in molecules. We further illustrate the concept of the proposed technique by applying it to the detection 

of early attosecond electron dynamics arising from purely electronic coherence and its dephasing in 

oxazole upon photoexcitation. 

The time-dependent molecular many-electron wave function upon photoexcitation can be 

expressed as 

|Ψ(𝑡)⟩ = ∑ 𝑐𝑘(𝑡)|𝜑𝑘⟩𝑘         (2) 

where |𝜑𝑘⟩  is the kth adiabatic electronic state, and 𝑐𝑘(𝑡) = 𝑐𝑘0𝑒−
𝑖𝜀𝑘𝑡

ℏ   is the time-dependent 

amplitude of the electronic state. Here, 𝜀𝑘  represents the energy of the electronic state, ℏ  is the 

reduced Planck constant, and t is the time. Equation 2 assumes purely electronic dynamics with frozen 

nuclei, which is justified for the early time scales shorter than the typical nuclear vibrational period of 

molecules (a few femtoseconds).  

    The real-space time-evolving electronic charge density is given by 

 𝜎tot
E (𝐫, 𝑡) = ⟨𝜎̂E(𝐫, 𝑡)⟩ = ∑ 𝜌𝑘𝑘𝜎𝑘𝑘

E (𝐫)𝑘 + 2ℜ[∑ 𝜌𝑗𝑘(𝑡)𝜎𝑘𝑗
E (𝐫)𝑗>𝑘 ] 

 = 𝜎pop
E (𝐫) + 𝜎coh

E (𝐫, 𝑡)         (3) 

where 𝐫 is the spatial coordinate, 𝜎𝑘𝑘
E (𝐫) is the electronic charge density of the kth electronic state, 

and 𝜎𝑘𝑗
E (𝐫) is the electronic transition charge density between electronic state k and j. The term 𝜌𝑘𝑘 =

𝑐𝑘
∗(𝑡)𝑐𝑘(𝑡)  describes the electronic population, which remains constant if there are no transitions 

between different electronic states. Meanwhile, 𝜌𝑗𝑘(𝑡) = 𝑐𝑘
∗(𝑡)𝑐𝑗(𝑡)  represents the electronic 

coherence term, which oscillates with a period of 𝑇p =
2𝜋

𝜔𝑗𝑘
 , where 𝜔𝑗𝑘 = (𝜀𝑗 − 𝜀𝑘)/ℏ . The total 

electronic charge density 𝜎tot
E (𝐫, 𝑡)  consists of contributions from both the electronic population 

density 𝜎pop
E (𝐫) and the electronic coherence density 𝜎coh

E (𝐫, 𝑡). Note that here the time dependence 
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of the total charge density arises solely from the coherence density, which is responsible for the time-

evolving electron dynamics in molecules. 

The theoretical description of the Vortex-UED signal is based on off-resonant time-resolved single-

molecule electron diffraction within minimal coupling picture [35,40]. We note that the term ‘single-

molecule diffraction’ here refers to the case of a completely disordered sample, such as gas-phase 

molecules, to differentiate it from the term “two-molecule diffraction”, which applies to a sample 

possessing long-range order, such as crystals [41]. The single-molecule diffraction signal thus scales as 

N, while the two-molecule diffraction signal scales as N2, where N is the number of molecules in the 

interaction region. A detailed derivation of Vortex-UED signal is provided in the Supplemental 

Material [42], Note 1. The diffraction signal measures the expectation values of the products of charge-

density operators in momentum space, ⟨𝜎̂†𝜎̂⟩, allowing direct monitoring of the time-evolving charge 

density described in Equation 3.  

Unlike twisted X-ray diffraction, which is constructed solely from the electronic charge-density 

operator [17], the Vortex-UED signal is derived from the total charge-density operator, encompassing 

both electronic and nuclear charge densities as illustrated in Supplemental Material [42], Figure S2. The 

Vortex-UED signal 𝑆𝑙(𝐪, 𝑇) can thus be partitioned into three components, 

𝑆𝑙(𝐪, 𝑇) = 𝑆E,𝑙(𝐪, 𝑇) + 𝑆mix,𝑙(𝐪, 𝑇) + 𝑆N,𝑙(𝐪, 𝑇)     (4) 

where 𝑆E,𝑙(𝐪, 𝑇)  corresponds to the purely electronic charge density 𝜎E𝜎E , 𝑆N,𝑙(𝐪, 𝑇)  arises from 

the purely nuclear charge density 𝜎N𝜎N, and 𝑆mix,𝑙(𝐪, 𝑇) contains the mixed nuclear-electronic term 

𝜎E𝜎N . Understanding how the additional purely nuclear term 𝑆N,𝑙(𝐪, 𝑇)  and the mixed nuclear-

electronic term 𝑆mix,𝑙(𝐪, 𝑇) affect the helical dichroism electron diffraction signal in Equation 1 is 

essential for assessing its potential to isolate purely electronic coherence signals. Similar to Equation 3, 
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𝑆𝑙(𝐪, 𝑇)  can be further decomposed into contributions from electronic populations 𝑆𝑙
pop(𝐪, 𝑇)  and 

coherences 𝑆𝑙
coh(𝐪, 𝑇), as follows 

𝑆𝑙
pop(𝐪, 𝑇) = 𝑆E,𝑙

pop(𝐪, 𝑇) + 𝑆mix,𝑙
pop (𝐪, 𝑇) + 𝑆N,𝑙

pop(𝐪, 𝑇)      (5) 

𝑆𝑙
coh(𝐪, 𝑇) = 𝑆E,𝑙

coh(𝐪, 𝑇) + 𝑆mix,𝑙
coh (𝐪, 𝑇)         (6) 

Here, 𝑆E,𝑙
pop/coh(𝐪, 𝑇)  and 𝑆mix,𝑙

pop/coh(𝐪, 𝑇)  represent the population/coherence contributions to the 

electronic and mixed signal, respectively. Note that the purely nuclear term 𝑆N,𝑙(𝐪, 𝑇) does not contain 

electronic coherence signatures, as it is constructed solely from the nuclear charge-density operator [35]. 

We now focus on the helical dichroism diffraction signal defined in Equation 1, 𝑆𝛿𝑙(𝑞, 𝑇) =

⟨𝑆𝑙(𝐪, 𝑇)⟩Ω − ⟨𝑆−𝑙(𝐪, 𝑇)⟩Ω = 𝑆𝛿𝑙
pop(𝑞, 𝑇) + 𝑆𝛿𝑙

coh(𝑞, 𝑇) . From the derivations in Supplemental 

Material [42], Note 2, one can see that the population term vanishes, meaning 𝑆𝛿𝑙
pop(𝑞, 𝑇) =

⟨𝑆𝑙
pop(𝐪, 𝑇)⟩

Ω
− ⟨𝑆−𝑙

pop(𝐪, 𝑇)⟩
Ω

= 0 . Furthermore, the mixed coherence term also vanishes in 

𝑆𝛿𝑙
coh(𝑞, 𝑇),  such that 𝑆mix,𝛿𝑙

coh (𝑞, 𝑇) = ⟨𝑆̃mix,𝑙
coh (𝐪, 𝑇)⟩

Ω
− ⟨𝑆̃mix,−𝑙

coh (𝐪, 𝑇)⟩
Ω

= 0 . Thus, the helical 

dichroism diffraction signal in Equation 1 reduces to 

𝑆𝛿𝑙(𝑞, 𝑇) = 𝑆𝛿𝑙
coh(𝑞, 𝑇) = 𝑆E,𝛿𝑙

coh(𝑞, 𝑇)         (7) 

Equation 7 shows that the helical dichroism diffraction signal is exclusively sensitive to the electronic 

coherences in the molecule. This is directly related to the electronic coherence density, 𝜎coh
E (𝐫, 𝑡) , 

described in Equation 3, with no contributions from the population term associated to 𝜎pop
E (𝐫). 

We demonstrate the concept of the proposed technique by applying it to the early attosecond 

electron dynamics of oxazole following excitation to the ππ* electronic state. Oxazole serves as a 

critical building block in various pharmaceutical and synthetic intermediates [47,48]. The photoinduced 

ring-opening dynamics of oxazole and its derivatives have been extensively studied [49,50]. Combined 

excite-state dynamical simulations and time-resolved photoelectron spectra have indicated that, in 
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addition to vibrational relaxation in the excite state, a ring-opening dynamics occurs on the order of 100 

fs after excitation to the ππ* state [50]. 

In this study, we assume a 10% excitation fraction of the electronic excited state upon excitation, 

resulting in a coherent superposition of the ground state, 𝜑0, and the excited state, 𝜑1. The evolution 

of the time-dependent electronic population term 𝜌11  and the electronic coherence term 𝜌10  are 

shown in Supplemental Material [42], Figure S1. It is evident that the electronic population remains 

constant over time, while the electronic coherence term oscillates with a period of 𝑇p . We further 

illustrate the change in electronic population density Δ𝜎pop
E (𝐫), which remains static throughout the 

entire period. The time-dependent electron density changes driven purely by electronic coherence are 

represented by the difference electronic coherence density Δ𝜎coh
E (𝐫, 𝑡). A complete period of electron 

motion in oxazole right after excitation is shown in Supplemental Material [42], Figure S1, with 

electrons primarily oscillating between the oxygen/nitrogen atoms and the two carbon atoms adjacent 

to the nitrogen atom. It is important to note that this electron dynamics occurs when there is an overlap 

between the excited-state nuclear wavepacket and the unexcited ground-state nuclear wavepacket in the 

very early stages of photoexcitation. This overlap diminishes as the later on nuclear motions proceed 

over tens of femtoseconds, leading to electronic decoherence. We will explore the effects of the 

decoherence in our subsequent discussion of the simulated helical dichroism diffraction signal. 

In a previous ultrafast X-ray scattering experiment, changes in the electron density distribution 

upon excitation in molecules have been experimentally observed [51]. However, due to the lack of 

attosecond temporal resolution and the dominant signal from electronic populations, only the Δ𝜎pop
E (𝐫) 

was detected, while the time-dependent electronic coherence density Δ𝜎coh
E (𝐫, 𝑡) remained unobserved. 
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Here, we demonstrate that such attosecond electron dynamics arising from electronic coherences could 

be observed exclusively in diffraction experiments using Vortex-UED. 

The electron dynamics of oxazole is well captured by the helical dichroism diffraction signal 

shown in Figure 2a. We simulated the time-resolved Vortex-UED signal 𝑆𝑙(𝑞, 𝑇) for both 𝑙 = 1 and 

𝑙 = −1  vortex electron beams. Figure 2a is obtained by taking the difference between these two 

diffraction signals, as described by Equation 1. In addition to the Vortex-UED signal 𝑆𝛿𝑙(𝑞, 𝑇) for 𝑙 =

±1, the signals for 𝑙 = ±2 and 𝑙 = ±3 are also shown in Supplemental Material [42], Figure S3. All 

three cases exhibit the same time dependence from the time-evolving electronic coherence term 𝜌10, 

but their variation with q reveals different features for vortex beams with distinct topological charges. 

Since this variation reflects the real-space distribution of electronic coherence density Δ𝜎coh
E (𝐫, 𝑡), the 

different topological charges of the OAM beam modulate the charge-density operator as 𝜎̂𝑙
E(𝐪, 𝑡) =

∫ 𝑑𝐫𝜎̂E(𝐫, 𝑡)𝑒𝑖𝑙𝜙𝑒𝑖𝐪⋅𝐫. This allows for selective detection of electronic coherence density arising from 

various electronic transitions with different OAM beams. The numerical simulation results are 

consistent with our final expression for 𝑆𝛿𝑙(𝑞, 𝑇), which is derived in Supplemental Material [42], Note 

2. To further demonstrate that the signal in Figure 2a originates solely from the electronic coherence 

term, Figure 2b and 2c present the individual terms from Equation 5 and 6 at a specific time point. It is 

evident that, while the population signal 𝑆𝑙
pop(𝑞, 𝑇)  is much stronger than the coherence signal 

𝑆𝑙
coh(𝑞, 𝑇), all population signals are fully cancelled out when subtracting the 𝑙 and −𝑙 Vortex-UED 

signals. This leaves only the electronic coherence contribution, as shown in Figure 2d. Additionally, the 

simulated results align with Equation 7, confirming that only the 𝑆E,𝛿𝑙
coh(𝑞, 𝑇) term contributes to the 

final signal. 
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Figure 2. (a) The helical dichroism diffraction signals in Equation 1 over a complete period (𝑙 = ±1). 

The signals are shown as percentages, %𝑆𝛿𝑙(𝑞, 𝑇) = 100
𝑆𝛿𝑙(𝑞,𝑇)

𝑆𝑙
off(𝑞)

, where 𝑆𝑙
off(𝑞) is the reference 

Vortex-UED signal before time zero. (b) Total population contribution 𝑆𝑙
pop(𝑞, 𝑇) to the Vortex-UED 

signal and its decomposition into electronic 𝑆E,𝑙
pop(𝑞, 𝑇), nuclear 𝑆N,𝑙

pop(𝑞, 𝑇) and mixed nuclear-

electronic 𝑆mix,𝑙
pop (𝑞, 𝑇) terms (𝑙 = 1 and 𝑇 = 𝑇p/4). (c) Total coherence contribution 𝑆𝑙

coh(𝑞, 𝑇) to 

the Vortex-UED signal and its decomposition into electronic 𝑆E,𝑙
coh(𝑞, 𝑇) and mixed nuclear-

electronic 𝑆mix,𝑙
coh (𝑞, 𝑇) terms (𝑙 = 1 and 𝑇 = 𝑇p/4). (d) Population 𝑆𝛿𝑙

pop(𝑞, 𝑇) and coherence 

𝑆𝛿𝑙
coh(𝑞, 𝑇) contributions to the helical dichroism diffraction signals at 𝑇p/4. The electronic 

𝑆E,𝛿𝑙
coh(𝑞, 𝑇) and mixed nuclear-electronic 𝑆mix,𝛿𝑙

coh (𝑞, 𝑇) terms are also shown. 
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We further investigate the effect of electronic decoherence on the helical dichroism diffraction 

signal. The pure electron dynamics of oxazole are expected to decay due to interactions between the 

electronic system and a nuclear bath. Although these electronic decoherence effects are not included in 

our electron dynamics simulation, they can be described phenomenologically. Pure dephasing can be 

accounted for by multiplying the signal expression by a dephasing factor 𝑒−Γt, where Γ represents the 

electronic decoherence rate [52]. The full signal expression is provided in Supplemental Material [42], 

Note 2. Figure 3 compares the time-resolved helical dichroism diffraction signals for two different 

dephasing rates, specifically 
1

Γ
= 1 fs  and 

1

Γ
= 5 fs . Due to the signal’s exclusive sensitivity to 

electronic coherence in the molecule, the helical dichroism diffraction signal effectively tracks the time 

evolution of the electronic coherence, including its dephasing. This is a key advantage of using a 

coherence-only signal, as standard time-resolved diffraction signal will still exhibit strong time-

dependent features from electronic populations, even after electronic coherence has completely decayed. 

Additionally, such coherence-only signal also has the unique benefit of detecting other critical coherent 

processes, such as electronic coherence generated at conical intersections. In such cases, the coherence-

only signal can provide clear evidence of a conical intersection passage by isolating population 

contributions that are not specific to such events [17,53–55]. 
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Figure 3. (a) The magnitude of the electronic coherence term 𝜌10 with two different dephasing rates: 

1

Γ
= 1 fs (red) and 

1

Γ
= 5 fs (azure). (b) The time-resolved helical dichroism diffraction signals (𝑙 =

±1) with a dephasing rate of 
1

Γ
= 1 fs. (c) Same as (b), but with 

1

Γ
= 5 fs. 

A challenge in using vortex electron beams for UED is the phase singularity, which causes zero 

intensity at the beam center—an issue for both twisted X-rays and electrons. A tight focus of the vortex 

beam on the targeted sample is beneficial for achieving a noticeable effect. Previous studies indicate 

that a vortex beam focused to ~50 nm can have a substantial impact on molecules in a disordered 

sample [56,57]. Vortex electron beams have been generated at scales of a few hundred 

nanometers [29,58], and further technical advancements to reduce the size would enhance signal 

strength in the proposed method. 
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In summary, we have introduced a novel electron diffraction technique capable of directly 

monitoring transient electronic coherences in molecules. By analyzing the difference in the electron 

diffraction signal produced by vortex electron beams with opposite orbital angular momenta, we 

demonstrate that the time evolution of electronic coherences can be exclusively tracked. We applied 

this method to study early attosecond electron dynamics in oxazole following photoexcitation, capturing 

both its time evolution and the associated real-space electron density changes. We note that vortex 

electrons can also be applied for ordered samples, such as crystals, where two-molecule diffraction term 

dominates. This has been used to determine chirality of crystals and magnetic structures in 

materials [58–60]. Given that transient electronic coherences manifest also in two-molecule diffraction 

signals, the method described here could, in principle, be applied to ordered samples. However, 

addressing the dominant intermolecular structure form factor in Vortex-UED would be an interesting 

focus for future studies. 

The proposed Vortex-UED is challenging and requires substantial technical development for 

experimental realization. Our study shows that the effort is worthwhile, as it provides a promising 

direction for the direct imaging of transient electronic coherences in molecules, and potentially in 

materials. The proposed technique holds potential for exploring other fundamental coherence 

phenomena, such as conical intersection passages and quantum transport. Furthermore, its ability to 

monitor electronic decoherence could be beneficial to research fields such as attosecond science and 

quantum computing. 
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Note 1. Vortex Ultrafast Electron Diffraction Signal 

The off-resonant single-molecule electron diffraction signal in the minimal coupling picture is given 
by [1–3] 
 𝑆(𝐪, 𝑇) ∝

1
𝑞!
∫ 𝑑𝐫𝑑𝐫"𝑑𝑡𝐹#(𝐫, 𝑡 − 𝑇)𝐹#∗(𝐫", 𝑡 − 𝑇) 01𝜎3%4

&(𝐫", 𝑡)𝜎3%(𝐫, 𝑡)5 𝑒'𝐪⋅*𝐫,𝐫!- (S1) 
 
where 𝐹# is the electron beam profile,	𝜎3%(𝐫, 𝑡) = 𝜎3.(𝐫, 𝑡) + 𝜎3/(𝐫, 𝑡) is the total charge-density operator 
given by the sum of the electronic charge-density operator, 𝜎3.(𝐫, 𝑡) , and the nuclear charge-density 
operator, 𝑞 is the magnitude of momentum transfer 𝐪. The functions characterizing a vortex electron beam 
have a general form which can be written as [4] 
 𝐹#(𝐫, 𝑡) = 𝐹(𝑡)𝑢(𝑟, 𝑧)𝑒'01  (S2) 

where 𝐹(𝑡) is the temporal profile, 𝑢(𝑟, 𝑧) is the radial profile of the beam at height 𝑧, 𝑙 denotes the orbital 
angular momentum (OAM), and 𝜙 is the azimuthal angle in cylindrical coordinates. The exact form of 
𝑢(𝑟, 𝑧) depends on the type of vortex beam [4]. Over the molecular scale, 𝑢(𝑟, 𝑧) can be treated as a 
constant. Substitute Eq. S2 into Eq. S1 we obtain for the Vortex-UED signal 
 𝑆(𝐪, 𝑇) ∝ ∫ 𝑑𝑡|𝐹(𝑡 − 𝑇)|2𝑆@0(𝐪, 𝑡)  (S3)  

where 𝑆@0(𝐪, 𝑡) is the time-dependent molecular response carrying angular momentum 𝑙. It is defined as 
 𝑆@0(𝐪, 𝑡) =

1
𝑞!
∫ 𝑑𝐫𝑑𝐫"𝑒'01𝑒,'01! 01𝜎3%4

&(𝐫", 𝑡)𝜎3%(𝐫, 𝑡)5 𝑒'𝐪⋅*𝐫,𝐫!- 
(S4) 

 
The above integral can be divided into four terms by rewriting it with 𝜎3.(𝐫, 𝑡) and 𝜎3/(𝐫, 𝑡). Let 𝜎33(𝒓, 𝑡) 
denotes either 𝜎3.(𝒓, 𝑡) or 𝜎3/(𝒓, 𝑡). Eq. S4 can be written as 
 𝑆@0(𝐪, 𝑡) =

1
𝑞! 0

1𝜎30%4
&(𝐪, 𝑡)𝜎30%(𝐪, 𝑡)5 =

1
𝑞!
B𝜎3,0% (−𝐪, 𝑡)𝜎30%(𝐪, 𝑡)C (S5) 

 
where 𝜎30

.//(𝐪, 𝑡) = ∫ 𝑑𝐫𝜎3.//(𝐫, 𝑡)𝑒'01𝑒'𝐪⋅𝐫. Since 1𝜎3.//4&(𝐫, 𝑡) = 𝜎3.//(𝐫, 𝑡), we have 
 D𝜎30

.//E
&
(𝐪, 𝑡) = ∫ 𝑑𝐫𝜎3.//(𝐫, 𝑡)𝑒,'01𝑒,'𝐪⋅𝐫 = 𝜎3,0

.//(−𝐪, 𝑡). (S6) 
  
Substituting the time-dependent molecular many-electron wave function (Eq. 2 in main text) in Eq. S5, we 
obtain 
 𝑞!𝑆@0(𝐪, 𝑡) = G 𝜌56(𝑡)𝜎,0,68. (−𝐪)𝜎0,85. (𝐪)

6,8,5

+G𝜌66(𝑡)𝜎,0/ (−𝐪)𝜎0/(𝐪)
6

	

+2GℜK𝜌56(𝑡)𝜎,0,65. (−𝐪)𝜎0/(𝐪)L
6,5

	

= 𝑆@.,0(𝐪, 𝑡) + 𝑆@/,0(𝐪, 𝑡) + 𝑆@9:;,0(𝐪, 𝑡) (S7)  
𝑆@0(𝐪, 𝑡) is divided into contributions from pure electronic term, pure nuclear term and a mixed contribution 
from both electrons and nuclei. Furthermore, the electronic contribution can be separated into two 
components: the population contribution and the coherence contribution. 
 𝑆@.,0(𝐪, 𝑡) =G𝜌66(𝑡)𝜎,0,68. (−𝐪)𝜎0,86. (𝐪)

6,8

	

+2GℜM𝜌56(𝑡)G𝜎,0,68. (−𝐪)𝜎0,85. (𝐪)
8

N
5<6

	

 

 

 



 2 

= 𝑆@.,0
=>=(𝐪, 𝑡) + 𝑆@.,0?>@(𝐪, 𝑡). (S8)  

To simplify the expression, we define 
 𝛼.,0,66(𝐪) =G𝜎,0,68. (−𝐪)𝜎0,86. (𝐪)

8

, (S9) 

 𝛽.,0,65(𝐪) =G𝜎,0,68. (−𝐪)𝜎0,85. (𝐪)
8

, (S10) 

With similar treatment, the pure nuclear contribution is 
 𝑆@/,0(𝐪, 𝑡) =G𝜌66(𝑡)𝜎,0/ (−𝐪)𝜎0/(𝐪)

6

=G𝜌66(𝑡)𝛼/,0(𝐪)
6

. (S11) 
 
The mixed contribution can also be divided into population and coherence part: 
 𝑆@9:;,0(𝐪, 𝑡) = 𝑆@9:;,0

=>= (𝐪, 𝑡) + 𝑆@9:;,0?>@ (𝐪, 𝑡), (S12)  
where 
 𝑆@9:;,0

=>= (𝐪, 𝑡) = 2GℜK𝜌66(𝑡)𝜎,0,66. (−𝐪)𝜎0/(𝐪)L
6

	

= 2GℜK𝜌66(𝑡)𝛼9:;,0,66(𝐪)L
6

 

 
 

(S13) 

 𝑆@9:;,0?>@ (𝐪, 𝑡) = 4GℜK𝜌56(𝑡)L
5<6

ℜK𝜎,0,65. (−𝐪)𝜎0/(𝐪)L	

= 4GℜK𝜌56(𝑡)L
5<6

ℜK𝛽9:;,0,65(𝐪)L 

 
 

(S14) 
 
 
Note 2. Helical Dichroism Diffraction Signal of Vortex-UED 

The helical dichroism diffraction signal is defined as 
 𝑆@A0(𝑞, 𝑡) = B𝑆@0(𝐪, 𝑡)CB − B𝑆@,0(𝐪, 𝑡)CB	

=
1
𝑞!
K𝑆.,A0(𝑞, 𝑡) + 𝑆/,A0(𝑞, 𝑡) + 𝑆9:;,A0(𝑞, 𝑡)L, 

 

(S15) 

 
where ⟨⋯ ⟩B  represents the rotationally-averaged diffraction signal. Similar to Eq. S7, 𝑆A0(𝑞, 𝑡) can be 
divided into three terms. Because 𝛼.,,0,66(𝐪) is real, from Eq. S6 we get 
 𝛼.,,0,66(𝐪) =G𝜎0,68. (−𝐪)𝜎,0,86. (𝐪)

8

= 𝛼.,0,66∗ (−𝐪) = 𝛼.,0,66(−𝐪) (S16) 
 
Such relation does not hold for 𝛽.,,0,65(𝐪), we have 
 𝛽.,,0,65(𝐪) =G𝜎0,68. (−𝐪)𝜎,0,85. (𝐪)

8

= 𝛽.,0,65∗ (−𝐪) (S17) 
 
We thus get 𝑆@.,C0

=>=(𝑞, 𝑡) = B𝑆@.,0
=>=(𝐪, 𝑡)C

B
− B𝑆@.,,0

=>=(𝐪, 𝑡)C
B
= B𝑆@.,0

=>=(𝐪, 𝑡)C
B
− B𝑆@.,0

=>=(−𝐪, 𝑡)C
B
= 0.  

𝑆@.,A0(𝑞, 𝑡) is then given by 
 𝑆@.,A0(𝑞, 𝑡) = B𝑆@.,0?>@(𝐪, 𝑡)CB − B𝑆

@.,,0?>@(𝐪, 𝑡)C
B
	

= 2G]ℜ ^𝜌56(𝑡)B𝛽.,0,65(𝐪)CB_ − ℜ ^𝜌56(𝑡)B𝛽.,0,65
∗ (−𝐪)C

B
_`

5<6

	

= 2GℜK𝜌56(𝑡)𝛽.,0,65(𝑞)L
5<6

− 2GℜK𝜌56(𝑡)𝛽.,0,65∗ (𝑞)L
5<6

	

= −4Gℑ𝜌56(𝑡)ℑ𝛽.,0,65(𝑞)
5<6

 

 

 

(S18)  



 3 

Similarly, it is straightforward to get 𝑆@/,A0(𝑞, 𝑡) = 0 since 𝛼/,,0,66(𝐪) = 𝛼/,0,66(−𝐪). 
For the mixed contribution, signals with opposite OAM are related by 
 𝛼9:;,,0,66(𝐪) = 𝜎0,66. (−𝐪)𝜎,0/ (𝐪) = 𝛼9:;,0,66∗ (−𝐪),  (S19) 
 𝛽9:;,,0,65(𝐪) = 𝜎0,65. (−𝐪)𝜎,0/ (𝐪) = 𝛽9:;,0,65∗ (−𝐪).  (S20)  

We get 
 𝑆@9:;,C0

=>= (𝑞, 𝑡) = B𝑆@9:;,0
=>= (𝐪, 𝑡)C

B
− B𝑆@9:;,,0

=>= (𝐪, 𝑡)C
B
	

= 2Gℜ^𝜌66(𝑡)B𝛼9:;,0,66(𝐪)CB − 𝜌66(𝑡)B𝛼9:;,,0,66(𝐪)CB_
6

	

= 2Gℜ^𝜌66(𝑡)B𝛼9:;,0,66(𝐪)CB − 𝜌66(𝑡)B𝛼9:;,0,66
∗ (−𝐪)C

B
_

6

	

= 2GℜK𝜌66(𝑡)𝛼9:;,0,66(𝑞) − 𝜌66(𝑡)𝛼9:;,0,66∗ (𝑞)L
6

	

= 0 (S21)  
and 
 𝑆@9:;,A0

?>@ (𝑞, 𝑡) = B𝑆@9:;,0?>@ (𝐪, 𝑡)C
B
− B𝑆@9:;,,0?>@ (𝐪, 𝑡)C

B
	

= 4GℜK𝜌56(𝑡)L ]ℜ ^B𝛽9:;,0,65(𝐪)CB_ − ℜ ^B𝛽9:;,0,65
∗ (−𝐪)C

B
_`

5<6

	

= 4GℜK𝜌56(𝑡)LbℜK𝛽9:;,0,65(𝑞)L − ℜK𝛽9:;,0,65∗ (𝑞)Lc
5<6

	

= 0 

 

 

(S22)  
In summary, we get the final expression for the helical dichroism diffraction signal 
 𝑆@A0(𝑞, 𝑡) = 𝑆.,A0(𝑞, 𝑡) = −

4
𝑞!
Gℑ𝜌56(𝑡)ℑ𝛽.,0,65(𝑞)
5<6

 
(S23) 

The electronic decoherence effect can be accounted for by multiplying 𝜌56(𝑡) with an exponential factor, 
given by 𝜌56(𝑡)𝑒,DE = 𝜌d56(𝑡). [5] The Eq. S23 then becomes 
 𝑆@A0(𝑞, 𝑡) = −

4
𝑞!
Gℑ𝜌d56(𝑡)ℑ𝛽.,0,65(𝑞)
5<6

 
(S24) 

 
Note 3. Computational Details 

The geometry of neutral ground state of oxazole was optimized using the SS-CAS(6,10)/aug-cc-pVDZ 
method. To compute the six lowest singlet valence excited states, including two valence states and four 
Rydberg states, the SA7-CAS(6,10)/aug-cc-pVDZ approach was employed. The active space, consisting of 
six electrons in ten orbitals, was chosen based on previous studies demonstrating its necessity for accurately 
describing the excited states of oxazole [6]. The complete active space self-consistent field (CASSCF) 
calculations were carried out using the Molpro electronic structure software package [7,8]. The electronic 
charge densities and transition charge densities in q-space were evaluated from the state specific charge 
density matrices, 𝑃FG

56, according to 
 𝜎56. (𝐪) = ∫ 𝑑𝐫𝑒'𝐪⋅𝐫𝜎56. (𝐫) = ∫ 𝑑𝐫𝑒'𝐪⋅𝐫∑ 𝑃FG

56𝜒F(𝐫)𝜒G∗(𝐫)FG   (S25)  
where 𝜒F(𝐫) is an atomic basis function for the 𝑟E@ atomic orbital, 𝑗 and 𝑘 are labels for adiabatic electronic 
states. The grid-based 𝜎56. (𝐫) in real space was calculated from charge density matrices using PySCF 
software [9,10]. The nuclear charge density in q-space for a given nuclear structure was calculated as 
 𝜎/(𝐪) = ∑ 𝑍H𝑒'𝐪⋅𝐑"H   (S26)  

where 𝑎 labels the 𝑎E@  atom with atomic number 𝑍H  at position 𝐑H . The vortex-UED signals and their 
rotational averaging were calculated numerically. In Figure 3 we assumed an impulsive electron probe pulse. 
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In practice, the temporal pulse width needs to be shorter than the oscillation period of the system’s electronic 
coherence to resolve the desired coherence signal. 
 
Note 4. Detection of Electronic Coherences Arising From Different Electronic Transitions  

In addition to the simulated signals for the electronic coherence arising from excitation to the ππ* state 
discussed in the main text, we also present the simulated signals for the electronic coherence arising from 
excitation to the 3s Rydberg state in Figure S4. Since the phase twist, 𝑒'01 , with different topological 
charges modifies the electronic charge density in space differently, as given by Eq. S6, the resulting helical 
dichroism signal exhibits varying sensitivity to the electronic coherence density. This leads to more or fewer 
features along q, as illustrated in Figure S3 and Figure S4 for different electronic transitions. For example, 
𝑙 = ±2 displays more features for excitation to the ππ* state compared 𝑙 = ±1 and 𝑙 = ±3, while 𝑙 = ±1 
exhibits distinct features (particularly the node around 0.9 Å-1) for the excitation to 3s state compared to the 
other two. This suggests that carefully choosing the topological charges can enhance the sensitivity to a 
particular electronic transition of interest. 
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Figure S1. (a) The magnitude of the electronic population term 𝜌JJ and the electronic coherence term 𝜌JK 

over a complete period. (b) Isosurface of the difference in electronic population density in real space, 
Δ𝜎=>=. (𝐫) = 𝜎=>=. (𝐫) − 𝜎K.(𝐫), where 𝜎K.(𝐫) represents the electronic charge density of the ground-state 
oxazole before excitation. (c) Evolution of the difference in electronic coherence density in real space, 
Δ𝜎?>@. (𝐫, 𝑡) = 𝜎?>@(𝐫, 𝑡), where the electronic coherence density of the ground-state molecules is zero. 

Six different time points within one period are chosen for illustration. The charge densities are shown in 
the y-z plane by integrating over the x. An animation of the full attosecond electron dynamics following 

excitation to the ππ* state with more time points is shown in the Supplementary Material. 
 

 
Figure S2. Loop diagrams for time-resolved single-molecule x-ray (blue box) and electron diffraction 

(black box). 
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Figure S3. The helical dichroism diffraction signals in Equation S23 of attosecond electron dynamics 

following excitation to the ππ* state over a complete period for (a) 𝑙 = ±2 and (b) 𝑙 = ±3. The signals 
are shown as percentages, %𝑆A0(𝑞, 𝑇) = 100 L#$(N,O)

L$
%&&(N)

, where 𝑆0>QQ(𝑞) is the reference Vortex-UED signal 

before time zero. 
 

 
Figure S4. Same with Figure S3 but for the dynamics of oxazole following excitation to the 3s (π𝜎*) 

Rydberg state for (a) 𝑙 = ±1, (b) 𝑙 = ±2, and (c) 𝑙 = ±3. 
 



 7 

Supplementary References 
[1] K. Bennett, M. Kowalewski, J. R. Rouxel, and S. Mukamel, Monitoring molecular nonadiabatic 

dynamics with femtosecond X-ray diffraction, Proc. Natl. Acad. Sci. U.S.A. 115, 6538 (2018). 
[2] J. R. Rouxel, D. Keefer, and S. Mukamel, Signatures of electronic and nuclear coherences in 

ultrafast molecular x-ray and electron diffraction, Structural Dynamics 8, 014101 (2021). 
[3] H. Yong, S. Sun, B. Gu, and S. Mukamel, Attosecond Charge Migration in Molecules Imaged by 

Combined X-ray and Electron Diffraction, J. Am. Chem. Soc. 144, 20710 (2022). 
[4] S. M. Lloyd, M. Babiker, G. Thirunavukkarasu, and J. Yuan, Electron vortices: Beams with orbital 

angular momentum, Rev. Mod. Phys. 89, 035004 (2017). 
[5] S. Sun, H. Yong, F. Chen, and S. Mukamel, Coherent ring-current migration of Mg-phthalocyanine 

probed by time-resolved X-ray circular dichroism, Chem. Sci. 13, 10327 (2022). 
[6] T. Geng, J. Ehrmaier, O. Schalk, G. W. Richings, T. Hansson, G. Worth, and R. D. Thomas, Time-

Resolved Photoelectron Spectroscopy Studies of Isoxazole and Oxazole, J. Phys. Chem. A 124, 
3984 (2020). 

[7] H. Werner, P. J. Knowles, G. Knizia, F. R. Manby, and M. Schütz, Molpro: a general‐purpose 
quantum chemistry program package, WIREs Comput Mol Sci 2, 242 (2012). 

[8] H.-J. Werner et al., The Molpro quantum chemistry package, The Journal of Chemical Physics 152, 
144107 (2020). 

[9] Q. Sun et al., P Y SCF: the Python‐based simulations of chemistry framework, WIREs Comput Mol 
Sci 8, e1340 (2018). 

[10] Q. Sun et al., Recent developments in the P Y SCF program package, The Journal of Chemical 
Physics 153, 024109 (2020). 

 


	LW18468
	SI



