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Abstract

Conical intersections (CoIns) play an important role in ultrafast relaxation chan-

nels. Their monitoring remains a formidable experimental challenge. We theoretically

compare the probing of the S2 → S1 CoIn passage in 4-thiouracil by monitoring its

vibronic coherences, using off-resonant X-ray stimulated Raman spectroscopy (TRUE-

CARS) and time-resolved X-ray diffraction (TRXD). The quantum nuclear wavepacket

(WP) dynamics provides an accurate picture of the photoinduced dynamics. Upon pho-

toexcitation, the WP oscillates between the Franck-condon point, the S2 minimum, and
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the CoIn with a 70 fs period. A vibronic coherence first emerges at 20 fs and is observ-

able until the S2 state is fully depopulated. The distribution of the vibronic frequencies

involved in the coherence is recorded by the TRUECARS spectrogram. The TRXD

signal provides spatial images of electron densities associated with the CoIn. In com-

bination, the two signals provide a complementary picture of the nonadiabatic passage

which helps to study underlying photophysics in thiobases.

TOC Graphic

Probing conical Intersection passage of 4-thiouracil by time-resolved X-ray diffraction

and stimulated Raman spectroscopy
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Probing conical intersection (CoIn) dynamics is important to unravel the rates and out-

comes of many photophysical and photochemical processes in molecules. At CoIns, two or

more electronic surfaces become degenerate and the electronic and nuclear degrees of freedom

become strongly coupled since the Born-Oppenheimer picture breaks down. This opens up

ultrafast nonradiative decay channels for excited molecules. The most established techniques

for observing CoIn passage are transient absorption1–5 and photoioniziation spectra,6 that

give indirect signatures (state-specific information) through the change of absorption lines.

These are, however, not well suited for resolving the CoIn passage due to strong contribu-

tions from populations which cover the signal from coherences. Detecting unique signatures

that directly emerge from CoIn dynamics remains an open challenge and the new protocols

are in demand.

X-ray light sources, available from free-electron lasers (FELs) offer a novel window into

CoIn dynamics7,8 thanks to their unique temporal and spatial resolutions. Transient Re-

distribution of Ultrafast Electronic Coherences in Attosecond Raman signals (TRUECARS)

has been proposed for the direct monitoring of the CoIn passage9 in a background-free man-

ner. A hybrid X-ray probe field composed of a femtosecond narrowband and an attosecond

broadband pulse provides a phase-sensitive detection of the electronic Raman transition at

the CoIn. The same information can be obtained by covariance signals with stochastic X-

ray pulses.10 TRUECARS has been employed theoretically to unveil the CoIn dynamics of

uracil,10,11 thiophenol,12,13 and a bichromophoric heterodimer.14

In a different technique, time-evolving electronic charge densities at CoIn passage can

be imaged with subfemtosecond resolution using ultrafast time-resolved X-ray diffraction

(TRXD).15–17 Traditionally, X-ray diffraction has been primarily used to study stationary

molecular samples by elastic scattering from the ground state electron densities.18,19 In con-

trast, photoexcited molecules are prepared in a time-evolving superposition of states, and

inelastic scattering from different electronic states as well as electronic and vibrational co-

herences contribute to the signal.20 Hence, TRXD can provide additional information on the
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CoIn passage: the momentum space image allows the reconstruction of the real-space charge

density profile once the phase problem is solved.21

Thiouracils are nucleobases where one or more carbonyl oxygen atoms of uracil are sub-

stituted by sulfur atoms. Thionation redshifts the visible absorption spectra and alters

their photophysics compared to their unsubstituted counterpart:22 they undergo intersystem

crossing (ISC) to long-lived triplet states23,24 contrary to uracil which undergoes ultrafast

nonradiative relaxation to the ground state.10,11,25,26 Thanks to their high triplet quantum

yield,24,27 thiouracils have attracted significant biological relevance such as site-specific pho-

toprobe for photodynamic therapy,28,29 and photoinduced cross-linkers.30,31 Moreover, they

provide a good model system for unravelling how a single-atom substitution (and the location

of the substitution) affects the energy relaxation pathway of DNA/RNA nucleobases. How-

ever, the nonadiabatic passage from the bright ππ∗ state to the dark nπ∗ state of 4-thiouracil

(4TU) is largely unexplored which is prototypical for all other canonical and many modified

nucleo(thio)bases. It is the primary event after UV absorption and the ongoing nuclear dy-

namics through the initial CoIn determines fundamental properties, like the photostability

of the nucleo(thio)bases.25 Hence, it is a key issue to be addressed prior to unravelling the

role of nπ∗ state as a doorway to the long-lived triplet manifold.

In this article, we study complementary information about the CoIn passage revealed

by the TRUECARS and TRXD techniques. The former directly probes the timing and the

energetic distributions of vibronic coherences while the latter gives spatial images of the

electron densities passing through the CoIns.

TRUECARS and TRXD signals are calculated on the quantum nuclear wavepacket dy-

namics simulation propagated by numerically integrating the time-dependent Schrodinger

equation32 in a reduced two-dimensional nuclear space spanned by νFC→CoIn which describes

the motion from the Franck-Condon (FC) to the CoIn and νFC→S2min that represents the

motion from the FC to the S2 minimum (S2 min). The two dimensional potential energy

surfaces and quantities required for computing the TRUECARS and TRXD signals (i.e. non-
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adiabatic vectors, transition densities) were computed at the state-average CASSCF level

of theory followed by the single state (SS) flavor second order perturbation (CASPT2)33

employing an active space of 12 electrons in 9 orbitals (5 π, one sulfur lone pair n, and 3 π∗

orbitals) by taking three lowest adiabatic electronic states into account (SS-CASPT2/SA-3-

CASSCF(12,9)). The ANO-L basis set34 was used. The full protocol for quantum chemistry

and nuclear wavepacket simulation is given in the supporting information.

We investigate the dynamics of 4TU upon impulsive photoexcitation to the S2(
1ππ∗)

state (the pump pulse is not explicitly included in the simulation). The potential energy

surfaces of 4TU in a reduced two-dimensional (2D) nuclear space are displayed in Figure 1.

The two reactive coordinates include projections on several normal modes that describes the

relevant structural changes and contain all modes that are responsible for the reaction. This

reflects that fact that several nuclear degrees of freedom cooperatively deform the geometry

of a molecule leading to the conical intersections. Indeed, the surface hopping simulation23

(with all nuclear degrees of freedom) reports that the ππ∗/nπ∗ crossing is characterized by

several normal modes. Among them, C−S elongation with low frequency (457 cm−1) and

ring breathing modes (HC−CH stretching at 697 and 783 cm−1) are dominant. Our reduced

reactive coordinate vectors encompass all these realistic normal modes to some extent; the

C−S and C−C stretching describe the relaxation to the ππ∗ minimum and beyond towards

the CoIn as demonstrated in Scheme 1c. Note, however, that this discussion is based on

normal modes computed in solution so the values should be taken as qualitative indicators.

To further demonstrate this, we display the projection of the full excited state gradients

at the FC, the S2 min, the S1 min, and several points in the periphery of the PES onto

the 2D reactive coordinates in Figure 1g. Overall, our 2D subspace quite uniformly encloses

a half of the full gradient except the upper left corner of the PES (red circle), where the

total gradient mainly describes elongation of the two C−N bonds in the ring which is not

described by our 2D spaces. As for the gradient of S1 state, the total length and the direction

of the projection shows similar features to the ones for S2. Notably, at the point on the grid

5



Scheme 1: (a) Pulse configuration and (b) loop diagram for TRUECARS with randomly
oriented 4-thiouracil. The pump pulse Ep (not considered explicitly in the simulation) creates
an electronic and nuclear population in the excited state S2. The grey area indicates a free
evolution period of the molecule. At time delay T , the hybrid EB (broad) and EN (narrow)
pulse is used to probe the dynamics. See SI and Ref35 for loop diagram rules. (c) Optimized
geometry for the ground state minimum (FC), S2 − S1 conical intersection (CoIn), the S2

minimum (S2 min), and the S1 minimum (S1 min) and the two coordinate vectors spanning
two-dimensional coordinates. The C=S and C=C bond lengths are presented in black and
the ̸ CCS is presented in red.

closest to the S1 min (white circle), the S1 state has a projected length of 0.02 out of 0.05

total length, just as at the point on the grid closest to its respective S2 min (pink circle,

0.02 out of 0.04). This implies that the S1 surface is still described equally well to the

S2 surface despite the S1 min not explicitly considered in the formulation of the reactive
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coordinates. We have successfully reproduced the observed timescales in photo-relaxation of

uracil,11 photoisomerization of azobenzene,36 and ring-opening of cyclohexadiene37 within

this approach. The ground state is not populated since our nuclear space does not cover the

S1 → S0 CoIn(s) passage, we thus refer CoIn to S2/S1 CoIn throughout the paper unless

otherwise specified.

In 4TU, the FC, the CoIn, the S2 min and the S1 min structure preserves its planar

structure and the differences are associated with the C−S bond length and the relevant ̸ CCS

angle which are capture by the reactive coordinates (Scheme 1c): FC (1.643 Å, 125.14°), S2

min (1.861 Å, 129.79°), S1 min (1.751 Å, 125.16°), and CoIn (1.996 Å, 134.58°). This supports

that the νFC→CoIn and νFC→S2min, which are mainly the elongation of the C−S bond, can

capture the CoIn to the S1 min pathway to some extent.

The S2 PES exhibits a single well with a barrierless pathway from the FC through the

S2 min to the CoIn, but with the energy difference of 0.3 eV between the S2 min and the

CoIn. In contrast, unmodified uracil exhibits a double well in the excited state with a small

0.5 eV barrier between the S2 min and the CoIn peaks and only a small part of the WP

reaches the CoIn.25 This demonstrates how even a single atom substitution of 4TU compared

to uracil can significantly influence the electronic structures and the relaxation dynamics.

The nonadiabatic couplings (NACs) exhibit a characteristic sign change at the CoIn, due to

switching of the electronic character of the adiabatic states (Figure S1a).

Using the PESs and NACs, a nuclear WP was propagated by exactly solving the time-

dependent Schrodinger equation for our effective Hamiltonian (the complete nuclear WP

movies including S1 PES can be found in Figure S2). Upon photoexcitation, the WP starts

at the FC region, and first reaches the S2 min at 20 fs. The NAC is non-vanishing there, the

S1 electronic state is populated and a vibronic coherence between S2 and S1 is created. The

WP reaches the CoIn at 45 fs, where the NAC is strongest and the major CoIn relaxation

takes place. The wavepacket bifurcates into S2 and S1 WPs with a significant overlap

between them, creating a strong vibronic coherence. At 70 fs, the WPs evolve back to the
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Figure 1: Potential energy surfaces and nuclear wavepacket dynamics: (a) S0 PES, (b) S1

PES, S2 PES with the nuclear wavepacket at (c) 20 fs, (d) 45 fs, and (e) 70 fs, and (f)
the state populations. S2 wavepacket (grey contours), S1 wavepacket (pink contour). The
complete movie including S1 PES can be found in Figure S2. (g) The projection of the
S2 (white arrows) and S1 (grey arrows) gradient on the reactive coordinates. The purple,
light pink, and white circle represent the location of the FC, the S2 min, and the S1 min,
respectively. The four molecular structures at the edges represents the geometry at the other
points (red, green, blue, and orange circles). The table represents the length of the vectors
in full-dimensional space and of the projection at the given points
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FC region. Here, the presence of the νFC→S2min coordinate, despite being similar to the

νFC→CoIn coordinate, facilitates decoherence after the CoIn passage: the two WPs evolve

differently, and their overlap strongly decreases over time (see video Figure S2 in the SI): the

S1 WP moves clockwise and reaches the CoIn at around 80 fs; the population is inversely

transferred from the S1 to the S2 (Figure 1f between 80 to 110 fs). The S2 WP in contrast

moves counterclockwise and both S1 and S2 WP overlap again at the CoIn at 115 fs. The

WPs oscillate between the FC and the CoIn with a 70 fs period.

In the vicinity of the S1 min, the T1/2 triplet state becomes nearly isoenergetic. The

wavepacket will be subject to intersystem crossing (ISC), facilitated by a spin-orbit coupling.

However, population of the triplet manifold out of the S2 or S1 state cannot be described

by our two-dimensional Hamiltonian since spin-orbit crossings are not readily accessible by

the numerical protocol and the ISC may be facilitated along other modes. Hence, the ISC

dynamics is described only phenomenologically by placing the Gobbler at the S1 min to

absorb the part of the wavepackets and prevent major artificial back-evolution to S2. The

ariticial placement of Gobbler and its impact on TRUECARS signal is discussed below. The

S2 population decay is fitted with an exponential function (note that the total population

decreases due to the Gobbler filter), P (t) = Ae−t/k + P0, where A is a coefficient and P0 is

the initial population, yielding a time constant k of 56 fs. The relaxation time compares well

with experiment (76 fs) and surface hopping simulations (67.5 fs)23 and is faster than that

computed for uracil (186 fs)11 due to the absence of energy barriers.

The vibronic coherence between S2 and S1 emerging at the CoIn is probed by the TRUE-

CARS signal using the hybrid field EN (2 fs duration) and EB (central frequency at 2450 eV

with 500 as duration), after the waiting time T (Scheme 1b). Note that the transition polar-

izability is energy dependent on the central frequency of the X-ray pulse used. Other probe

frequencies may be employed as long as it is off-resonant to any molecular transition. 350

eV has been used for uracil.11 The different picture of TRUECARS signal can be observed

at the different probe frequencies. The ideas for potential signal enhancement by employing
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a pre-resonant probe frequency are given in Refs.10,14 The corresponding loop diagram is

given in Scheme 1b.

The TRUECARS signal reads,9,12

S(ωs, T ) = Im

∫
dtE∗

B(ωs)EN(t− T )eiωs(t−T )⟨α(t)⟩ (1)

where ”Im” denotes the imaginary part, EN/B is a hybrid narrow/broadband Gaussian pulse

envelope (Scheme 1b), ωs is the carrier frequency, T is the time delay between the pump and

the probe. The S2/S1 transition polarizability α(t) is calculated from the transition charge

density, σS2S1 (See the SI for derivation).

The TRUECARS signals were computed in the x, y, and z polarization direction in the

molecular frame (Figure S3) and then averaged to give the rotationally averaged TRUE-

CARS signal shown in Figure 2a. This signal selectively probes the vibronic coherence in a

background-free manner: it does not show up until 20 fs when the vibronic coherence first

emerges and the transition polarizabilities show up (Figure 2b). At 45 fs, the TRUECARS

signal reaches a maximum due to the maximal overlap of S2/S1 WPs and the large transition

polarizabilities. After a decay period, the signal starts to re-appear at 80 fs when the parts

of the S1 WP that have not been absorbed have evolved back to the CoIn. The TRUECARS

signal remains visible until after 200 fs due to the delocalized nature of the S2 WP, where

its tail continue to reach the CoIn.

To verify the use of the artificial placement of Gobbler at the S1 min and its impact on

the TRUECARS signal, we performed nuclear wavepacket dynamics simulations by changing

the location of the Gobbler (Figure S4). We find that placing the Gobbler closer to the CoIn

(Figure S4c-d) does not affect the signals substantially. Placing Gobbler further below (Fig-

ure S4b) from the S1 min results in larger coherences since major parts of the S1 wavepacket

are not absorbed and evolve back to the CoIn. This leads to inverse-population-transfer to

the S2 state and a strong signal around 200 fs. The coherence might be artificially large at
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the revival times (at 115 and 185 fs), which is true for any reduced coordinates; The reap-

pearance of the observed coherence ultimately depends on the accessibility and efficiency

of the ISC to the triplet state at the S1 min, not explicitly but only phenomenologically

included in our simulation. The signal around 200 fs might be stronger or weaker than

predicted by our simulations. The ISC pathway does not contribute to the signal since the

transition densities between singlet and triplet states are zero. One might expect a small

contribution to the signal from the internal conversion between T2 and T1 state.

Figure 2: TRUECARS signal of 4TU. (a) The frequency-dispersed signal S(ωr, T ), (b)
Expectation value of the polarizablility operator αz, (c) Frequency-resolved optical-gating
spectrogram (Eq. 2) with signal trace S(t) taken at ωr = 0.37 eV (maximum sig-
nal intensity), (d) Expectation value of the energy splitting between S2 and S1 states,
⟨∆ES2−S1⟩ = ⟨ψ|E(S2)− E(S1)|ψ⟩.
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The TRUECARS signal exhibits temporal Stokes and anti-Stokes oscillations between

positive and negative values at non-zero Raman shifts. The energetic nature of the adiabatic

states in the vibronic coherence is encoded in the temporal oscillations of the frequency-

dispersed signal. This is due to the dynamical phase imprinted in the coherence stemming

from the energy difference between the adiabatic states.9,11 To visualize the dynamical evo-

lution of this frequency, a temporal trace S(t) at constant ωr = 0.37 eV, is convolved with a

Gaussian gating function Egate(t) with 4.84 fs FWHM, obtaining a spectrogram resembling

the frequency-resolved optical-gating (FROG) measurement:38

IFROG(T, ωcoh) =

∣∣∣∣∣
∫ ∞

−∞
dtS(t)Egate(t− T )e−iωcoht

∣∣∣∣∣
2

(2)

To analyze the energetic profiles, we had used Wigner11 and FROG10 and both give

the spectrogram of the TRUECARS signal which contains the relevant information. The

Spectrogram depicted in Figure 2c exhibits strong features at 45, 115, and 185 fs. Between

100 and 200 fs, the main frequency feature first decreases to 0.4 eV and then slightly increases

again, but maintains energy splitting of around 0.4 eV implying that the WP re-visits the

same CoIn periodically. To further extend this analysis, we have computed the expectation

value of the energy splitting between S2 and S1, ⟨∆ES2−S1⟩ = ⟨ψ|E(S2)− E(S1)|ψ⟩ , where

E(S2) and E(S1) correspond to the potential energy surfaces of S2 and S1 state, respectively

(Figure 2d). The temporal profile of this expectation value coincides with the one of the

FROG spectrogram, and with the motion of the WPs. The TRUECARS spectrogram thus

provides information about the timing and the energetic profiles at the CoIn.

TRXD images electron densities evolving in the vicinity of the CoIns. This spatial in-

formation is not accessible with TRUECARS, since it requires a scattering measurement.

To image the CoIn dynamics by TRXD, we have computed the transition charge densities,

σS2S1(q,R) on a grid across the two-dimensional nuclear space. The state densities σS1S1

and σS2S2 are spanned across the entire 4TU molecule and are virtually identical (Figure

12



S5). This is due to the fact that all 66 electrons contribute to the state densities whereas

only a single active electron contributes to the electronic transition. The transition charge

density σS2S1 is mainly located around the S atom.

The TRXD signals were computed in the three-dimensional momentum space, and then

radially averaged to get the TRXD signal for a randomly oriented sample. The gas phase

(single molecule) TRXD signal of a sample with N noninteracting molecules reads20,36,39

S1(q, T ) ∝ N

∫
dt|EX(t− T )|2S̃1(q, t) (3)

where

S̃1(q, t)

= ρS1S1(t)⟨χS1(t)|σ
†
S1S1

σS1S1 |χS1(t)⟩ (i)

+ ρS2S2(t)⟨χS2(t)|σ
†
S2S2

σS2S2|χS2(t)⟩ (ii)

+ ρS1S1(t)⟨χS1(t)|σ
†
S1S2

σS2S1|χS1(t)⟩ (iii)

+ ρS2S2(t)⟨χS2(t)|σ
†
S2S1

σS1S2|χS2(t)⟩ (iv)

+ 2Re[ρS2S1(t)⟨χS2(t)|σ
†
S2S2

σS2S1|χS1(t)⟩

+ ρS2S1(t)⟨χS2(t)|σ
†
S2S1

σS1S1|χS1(t)⟩] (v)

(4)

where each term corresponds to a specific loop diagram in Figure S6. ρS1S1 and ρS2S2 are the

electronic state populations, and ρS2S1 is the corresponding coherence. The first (i) and the

second (ii) term in Eq. 4 represent elastic scattering from the first and the second excited

state, respectively. The third (iii) and fourth (iv) term describe inelastic scattering from

two states. The last term (v) represents the mixed elastic/inelastic scattering from vibronic

coherences. The TRXD signal is presented after normalizing with the factor,

S1(q, T ) =
S1(q, T )− S1(q, T < 0)

S1(q, T < 0)
. (5)

The three-dimensional diffraction pattern and the projected diffraction signal integrating
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over qx, qy, or qz axis are presented in Figure S7−8 and discussed in the SI. The diffraction

patterns show only a subtle changes over time, reflecting the absence of photochemical reac-

tion upon optical excitation but merely a photophysical relaxation between electronic states;

in photorelaxation of 4TU, no major conformational changes (e.g. cis-trans isomerization or

bond breaking) in the molecule occur. Below, we focus on the contribution from vibronic

coherence that gives information about the CoIn.

The total, radially-averaged diffraction signal is shown in Figure 3a-b. The mixed

(in)elastic scattering is a one-electron process, hence the radially averaged coherence term

is weak and buried under the total diffraction signal where the all-electron elastic scatter-

ing contribution is dominant. Retrieving the coherence contribution from the total signal

is difficult, but it can be better observed at higher momentum transfer36,40 since the tran-

sition density is more spread in q-space (localized in the real-space) while state densities

are localized in q-space (spread across the entire molecule in the real-space, Figure S5).

Also, the frequency-resolved diffraction can separate the inelastic scattering from the elastic

contribution at different Raman-shifts.40

The coherence term (v) is separately depicted in Figure 3c-f along the individual spatial

directions, corresponding to a measurement with aligned molecules (3c-e), and the radially

averaged axis for a randomly oriented molecule (3f). The phase oscillations between gain

(red) and loss (blue) along the temporal and spatial axes are clearly seen in qx, qy, and qz.

The temporal oscillations survive the radial averaging (3f) and show the strongest intensities

during the CoIn passage. The spatial information is somewhat concealed here because the

qy and qz signals exhibit an opposite phase. The observed phase changes correspond to

real-space phase changes of the electron density as the molecule crosses the CoIn. This is

demonstrated in Figure 4, where we display the real-space densities: the phase changes at

30, 50, and 61 fs in q-space matches those found in real-space. While we have access to

real-space densities in the simulations, they can not be easily extracted from experiment due

to the phase problem and the radial averaging. Nevertheless, we have demonstrated that if
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the coherence term in q-space is extracted, it gives direct information about the real-space

phase change of the transition density.

Figure 3: Normalized time-resolved diffraction signal spread along the different radial mo-
menta (qrad) windows (a, b) and its mixed elastic/inelastic scattering contribution from the
vibronic coherence (term (v) in Eq. 4) along (c) qx, (d) qy, (e) qz, and (f) qrad axis. The
signals in c−f was represented positive/negative against −1 to emphasize its phase oscilla-
tion.

Figure 4: Three-dimensional snapshots of coherence contribution to the time-resolved diffrac-
tion signal in (a) q-space and (b) real-space at 30, 50, and 61 fs.

The actual electronic coherence observed in experiments might be weaker or stronger than
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the predicted one in our simulation. This depends on the efficiency of the S1 → T1/2 intersys-

tem crossing that we approximate by absorbing the wavepacket in the S1 min. The observed

coherence could be weaker than our simulation due to the inclusion of other nuclear degrees

of freedom, but parts of the nuclear wavepacket enter the CoIn passage and the TRUECARS

signal is qualitatively observed. Recent simulations suggest that geometric phase effects and

topologies of CoIns also substantially influence the coherence strength.41 Inclusion of an en-

vironment introduce decoherence and dephasing. This will affect the longevity, but not the

qualitative observations of the signals.

One could use sub-10 fs short pulses to achieve the impulsive excitation as considered in

our simulation since the pulse duration is shorter than any relevant vibrational time scale.

However, the realistic pump pulse may not lead to that limit; Depending on the molecular

nature, a small or large amount of population can remain in the ground state. Using realistic

pump pulses in previous studies achieved e.g., almost full population inversion in uracil11

and 80% excitation in azobenzene.42 In our previous work,23,43 a sub-20 fs UV pump pulse

with 3.44 to 3.87 eV range was used to excite a molecule in a ground state to the bright S2

state. We refer to that paper which is helpful to understand the realistic excitation process

in thiobases. The nuclear WP propagating on the ground state surface would overlap with

those on S2 or S1 PES, yielding additional contributions in the TRUECARS signal. However,

this signal would show up at the higher Raman shift (3 to 4 eV for 4TU) due to the finite

energy gap between S2/S1 and S0 state, and thus will be well separated from the S2/S1

conical intersection close to 0 eV.

TRXD experiments can be mearsured for weakly excited samples, extracting dynamical

contributions by subtraction of the laser-off signal, the ground state background.44 If the

coherence is too weak, extracting it from the large elastic scattering background in TRXD

may be too difficult. One can expect an (in)elastic scattering contribution from triplet

states to the total signal but the inelastic scattering between singlet and triplet states is

prohibited and do not contribute to the total signal. The intersystem crossing occurs at a
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longer timescale, and the ultrafast relaxation of S2 → S1 is less affected. In TRUECARS,

populations do not contribute to the signal. Thus, even in the weak excitation limit, no

background is added that could complicate or mask the signal, and the coherences can be

readily detected.

There still exist photoionization or Auger-Meitner decay that act as loss channels, even

though they do not act as background. To maximize the number of photons that can be

counted on the detector, different measures can be taken; molecules with a high transition

polarizability can be chosen. This can also be enhanced by choosing a probe-frequency

close to a core resonance, but still far enough off-resonant such that populations do not

contribute yet.14 Finding a molecule and pulse parameters that optimize the coherences and

make them equally detectable both in TRUECARS and TRXD is a challenge for future

experiment. Here, we give an overview of how these signals compare in 4-Thiouracil.

An established technique to access the conical intersections is attosecond time-resolved

X-ray absorption spectroscopy (TRXAS).1 This technique provides an accurate timing of the

conical intersection by temporally resolving the absorption spectra as good as 7 femtosec-

onds.45 It gives the state-specific signals through the resonant core states and vibrational

coherence information. The implementation of TRXAS is less challenging and more estab-

lished than TRUECARS which is yet to be realized in practice: the broad bandwidth of the

TRXAS probe pulse covers the core-excited states providing attosecond temporal resolution.

One can alternatively scan a monochromatic beam to get the same feature. The overlapping

absorption lines and the population background could complicate the selective detection of

the coherences.

The proposed TRUECARS technique selectively probes the vibronic coherences with

a high temporal and spectral resolution in a background-free manner; populations do not

contribute to the signal. In addition to timings, the vibronic coherence structure and the

transient energy splitting between the adiabatic states can be read from the spectrum. The

difficulties in TREUCARS lie in the experimental implementation due to the required phase-
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control of hybrid broadband/narrowband pulse.

TRXD technique requires very hard X-ray beams to realize large momentum transfers

where coherences are stronger36 rendering the experiment very difficult. Separating out

the coherence contribution to the total signal requires a hard X-ray above 9.5 keV FEL

that limits the temporal resolution of the probe. The scattering signal is extremely weak

considering that the optical excitation and coherence contribution is a one-electron effect on

a background of the 66 electrons in 4TU. In a recent experimental work, scattering signatures

with a fraction of 0.05% in the total signal for a system that has 6% of excitation fraction

was measured.46 A sophisticated control of X-ray beams and samples is required to overcome

the noises.

Covariance X-ray diffraction signal, where in each individual shot of the signal is cor-

related with the probe pulse, has been proposed to separate coherences. This technique

can offer both temporary and spectrally resolved spatial information about the evolution of

the transition charge densities during the CoIn passage at a given q. The attosecond hard

X-ray FEL was theoretically suggested to generate a single-spike hard X-ray FEL pulse with

estimated FWHM pulse duration at the 200 as level at 5.6 and 9 keV.47 Makhija et al.48

theoretically showed that electronic anisotropies are characterized by their momenta, such

as orientation and alignment, thus electronic coherences can be separated out from popu-

lation by ultrafast angle-resolved scattering measurement. These would make it feasible to

implement TRXD technique and separate coherence contribution from stronger populations.

Once all complications are solved, spatial images of the electron density around the CoIn

are accessible. This spatial information is unique to scattering-based experiments and not

accessible with transient absorption or stimulated Raman. We summarize the signal, pulse

requirement, spectroscopic information, and difficulties in the experimental implementation

in Table 1.

In conclusion, we have simulated the TRUECARS and TRXD signals for S2 → S1 CoIn

dynamics of 4TU. Quantum nuclear wavepacket dynamics performed on the effective two-
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Table 1: Comparison of TrXAS, TRUECARS, and TRXD technique

Technique Signal Pulse Requirement Information Difficulties

TrXAS S(ωs, T ) = −Imµe′fµ
∗
fe

ε∗pr(ωs)ε(ωs)ρee′ (T )

ωs−ωfe′+iγfe′
Single probe pulse Precise timing Population background

(Established) State-specific information Overlapping absorption lines
Vibrational coherence

TRUECARS S(ωs, T ) = Im
∫
dtE∗

B(ωs)EN(t− T )eiωs(t−T )⟨ ˆα(t)⟩ Hybrid pulse Energetic profiles Requires two X-ray probe pulses
(Proposed) (Broadband/Narrowband) Vibronic coherence structure (phase control)

TRXD S(q, T ) = N
∫
dt|EX(t− T )|2S̃1(q, t) Hard X-ray pulse Spatial information: Extraction of coherences

Electron transition densities at CoIns from the dominant population background

dimensional PES provides an accurate picture of the relaxation dynamics and helps unveil

this feature in the CoIn passage. The smaller energetic gradient between the S2 min and

the CoIn enables faster nonradiative relaxation in 4TU (67 fs) compared to uracil (186 fs).

The frequency-dispersed off-resonant TRUECARS technique selectively probes vibronic co-

herences that emerge as unique signatures during the CoIn passage. The signal remains

visible until the S2 state is fully depopulated, since the nuclear WP on both S2 and S1 PES

oscillate between FC, S2 min, and CoIn. The TRUECARS spectrograms reveal the energy

splitting of adiabatic states giving detailed insight into the vibronic coherene structure. This

can be employed to manipulate these coherences and thereby control CoIn passages. The

off-resonant TRXD signal images the evolving charge densities during the CoIn passage in

momentum space, providing a direct connection to real-space images of charge densities at

CoIns. The diffraction pattern of the mixed elastic/inelastinc scattering from vibronic co-

herence emerges at the CoIns and shows distinct gain/loss temporal phase-oscillations. This

contribution is covered by the stronger elastic scattering from population states, but could

be singled out by either looking at high scattering momentum transfer,36 or by frequency-

dispersed detection.40 Once, the complications are solved, the proposed TRUECARS and

TRXD can actually be performed and provide a complementary information (energetic pro-

files, charge evolution) to decipher the CoIn relaxation pathways which is not accessible in

the established TRXAS technique. The detailed picture of the CoIn passages obtained by

TRUECARS and TRXD would be useful to study the underlying photophysics in thiobases.
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