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Journal Name

Conical Intersection Passages of Molecules Probed by
X-ray Diffraction and Stimulated Raman Spectroscopy

Yeonsig Nam,∗a,b Daniel Keefer,a Artur Nenov,c Irene Conti,c Flavia Aleotti,c Francesco
Segatta,c Jin Yong Lee,∗b,d Marco Garavelli,c and Shaul Mukamel ∗a

Conical intersections (CoIns) play an important role in many ultrafast relaxation channels in
molecules. Their monitoring remains a formidable experimental challenge. We theoretically compare
the probing of the CoIn passage in 4-thiouracil by monitoring its vibronic coherences, using off-
resonant X-ray stimulated Raman spectroscopy (TRUECARS) and time-resolved X-ray diffraction
(TXRD) enabled by free-electron laser pulses. The two techniques reveal complementary informa-
tion about the non-adiabatic passage with adequate spectral and temporal resolutions. The signals
are simulated for the photorelaxation from the optically bright S2 to the dark S1 state using quantum
nuclear wavepacket (WP) dynamics. Upon photoexcitation, the WP oscillates between the Franck-
condon point, the S2 minimum, and the CoIn with a 70 fs period. A vibronic coherence first emerges
at 20 fs and is observable until the S2 state is fully depopulated. The distribution of the vibronic fre-
quencies involved in the coherence is recorded by the TRUECARS spectrogram. In turn, the TXRD
signal provides spatial images of electron densities associated with the CoIn. In combination, the two
signals provide a detailed picture of CoIn pathways which helps to study underlying photophysics in
thiobases.

1 Introduction
Probing conical intersection (CoIn) dynamics is important to un-
ravel the rates and outcomes of many photophysical and photo-
chemical processes in molecules. At CoIns, two or more elec-
tronic surfaces become degenerate and the electronic and nu-
clear degrees of freedom become strongly coupled since the Born-
Oppenheimer picture breaks down. This opens up ultrafast non-
radiative decay channels for excited molecules. Several tech-
niques, such as transient vibrational/visible absorption1–4 and
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photoioniziation spectra5, have been applied to observe CoIns
through indirect signatures, i.e. a change of absorption lines. De-
tecting unique signatures that directly emerge from CoIn dynam-
ics remains an open challenge.

Free-electron X-ray light sources (FEL) offer a novel window
into CoIn dynamics6,7 thanks to their unique temporal and spa-
tial resolutions. Transient Redistribution of Ultrafast Electronic
Coherences in Attosecond Raman signals (TRUECARS) has been
proposed for the direct monitoring of the CoIn passage8. A hy-
brid X-ray probe field composed of a femtosecond narrowband
and an attosecond broadband pulse provides a phase-sensitive de-
tection of the electronic Raman transition at the CoIn via a core
excited state. The same information can be obtained by covari-
ance signals with stochastic X-ray pulses9. TRUECARS has been
employed theoretically to unveil the CoIn dynamics of uracil9,10,
thiophenol11,12, and a bichromophoric heterodimer13.

In a different technique, time-evolving electronic charge densi-
ties at CoIn passage can be imaged with subfemtosecond resolu-
tion using ultrafast time-resolved X-ray diffraction (TXRD)14–16.
Traditionally, X-ray diffraction has been primarily used to study
stationary molecular samples by elastic scattering from the
ground state electron densities17,18. In contrast, photoexcited
molecules are prepared in a time-evolving superposition of states,
and inelastic scattering from different electronic states as well as
electronic and vibrational coherences contribute to the signal19.
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Hence, TXRD can provide additional information on the CoIn pas-
sage: the momentum space image allows the reconstruction of
the real-space charge density profile once the phase problem is
solved20.

Thiouracils are nucleobases where one or more carbonyl oxy-
gen atoms of uracil are substituted by sulfur atoms. Thionation
redshifts the visible absorption spectra and alters their photo-
physics compared to their unsubstituted counterpart21: they un-
dergo intersystem crossing (ISC) to long-lived triplet states22,23

contrary to uracil which undergoes ultrafast nonradiative relax-
ation to the ground state9,10,24,25. Thanks to their high triplet
quantum yield23,26, thiouracils have attracted significant biologi-
cal relevance such as site-specific photoprobe for photodynamic
therapy27,28, and photoinduced cross-linkers29,30. 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. However,
the nonadiabatic passage from the bright ππ∗ state to the dark
nπ∗ state of 4-thiouracil is largely unexplored which is prototypi-
cal for all other canonical and many modified nucleo(thio)bases.
It is the primary event after UV absorption and the ongoing nu-
clear dynamics through the initial CoIn determines fundamen-
tal properties like the photostability of the nucleo(thio)bases24.
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 TXRD techniques.
The former directly probes the timing and the energetic distribu-
tions of vibronic coherences while the latter gives spatial images
of the electron densities passing through the CoIns.

2 Simulation Details

2.1 Quantum Chemistry

The potential energy surfaces (PESs) for the adiabatic states were
calculated using OpenMOLCAS program31 at the state-average
CASSCF level of theory followed by the second order perturba-
tion (CASPT2)32 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 CASPT2 calculations were
performed with the single state (SS) flavor, using an imaginary
shift of 0.2 and setting the IPEA shift to 0.0. The ANO-L basis
set33 was used, with contractions 5s4p2d1f on sulfur, 4s3p2d1f
on carbon, oxygen, nitrogen atoms, and 3s2p1d on hydrogen
atoms.

The geometry of the Franck-Condon point (FC) is optimized at
the MP2 level, whereas the geometries of the S1 minimum (S1

min), S2 minimum (S2min), and the S2/S1 conical intersection
(CoIn) are optimized at SS-CASPT2/SA-3-CASSCF(12,9) level
with the COMBRAMM interface34 with OpenMolcas as shown in
Fig. S1. The optimized geometries and the electronic energies
at the FC, the CoIn and the S2 min calculated with CASSCF, SS-
CASPT2, and XMS-CASPT2 are compared and discussed in the
ESI. The FC, the S2min, and the S2/S1 CoIn structures were then
used to construct two nuclear degrees of freedom for our effec-

tive Hamiltonian24,35. The first coordinate νννFC→CoIn is the nor-
malized displacement vector that points from the FC to the CoIn.
νννFC→S2min is the displacement vector from the FC to the local
S2 min which is then orthonormalized with respect to νννFC→CoIn.
Nonadiabatic couplings (NACs) were computed analytically at
the SA-3-CASSCF(12,9) level, and then were corrected (i.e. uni-
formly rescaled) by a scaling factor equal to the ratio between
the CASSCF and the CASPT2 energy difference between S2 and
S1 states.

The state and transition densities σσσ(qqq,RRR) were evaluated in 0.1
increments for both νννFC→CoIn and νννFC→S2min coordinates, giving
16× 11 = 176 total of the grid points. They were evaluated from
the state specific charge density matrices Pi j

rs (calculated using the
CASSCF wavefunctions) according to

σσσ i j(qqq,RRR) =
∫

drrre−iqqqrrr
∑
rs

Pi j
rs (RRR)φ∗r (rrr,RRR)φr(rrr,RRR), (1)

using the basis set of atomic orbitals φr(rrr). There are a total of
300 φr(rrr) for 4-thiouracil (4TU) (30 for each nitrogen, carbon,
and oxygen, 34 for sulfur, and 14 for each hydrogen). All 66
electrons of 4TU contribute to the diagonal state densities, σσσ ii,
while the transition density σσσ i j consist of one electron located in
the sulfur lone pairs.

2.2 Wavepacket Simulations

The PESs and all molecular quantities are discretized on a spa-
tial grid of 128x128 grid points in νννFC→CoIn and νννFC→S2min
by inter/extra-polation. Nuclear wavepacket simulations are
then performed by numerically integrating the time-dependent
Schrodinger equation36:

ih̄
∂

∂ t
ψ = HHHψ =

[
TTT ννν +VVV

]
ψ, (2)

with the kinetic energy operator TTT ννν of the nuclei in internal coor-
dinates ννν , the potential energy operator VVV . The time-dependent
Schrodinger equation is solved exactly: the quantum nature of
the nuclear wavepacket, e.g., geometric phase, and the bifurca-
tion process at CoIn are fully captured35. This is in contrast
to more approximate approaches e.g., the multi-configurational
time-dependent Hartree (MCTDH)37 where the wavepacket is ex-
pressed by a sum of products of individual “configurations”, or
ab-initio multiple spawning (AIMS)38 that propagates Gaussian
functions and spawns new ones at excited state crossings. We ex-
pand the total time-dependent molecular wavefunction ψ(rrr,RRR, t)
in the adiabatic basis

ψ(rrr,RRR, t) = ∑
i

ci(t)χ(RRR, t)φ(rrr,RRR) (3)

where χ(RRR, t) is the normalized nuclear wavepacket in the adia-
batic electronic state φ(rrr,RRR), and ci is the coefficient (amplitude)
of adiabatic states. The starting wavepacket is obtained by impul-
sive excitation of the ground state vibrational wavefunction from
S0 to S2. The Chebychev propagation scheme36 with a time step
of 0.048 fs is employed to propagate this wavepacket until the
final time of 242 fs. To set up the kinetic energy operator, the
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G-matrix formalism39was employed as

TTT ννν '−
h̄2

2m

M

∑
r=1

M

∑
s=1

∂

∂νννr

[
GGGrs

∂

∂νννs

]
(4)

with the G-matrix computed via its inverse elements

(((G−1)rs =
3N

∑
i=1

mi
∂xxxi

∂νννr

∂xxxi

∂νννs
(5)

In the case of the 4TU coordinates, the G-matrix elements are
Gνrνr = 0.00007234a.u., Gνsνs = 0.00009237a.u., and the kinetic
coupling Gνrνs = −0.00002765a.u.. Our effective Hamiltonian is
designed for describing the transition from the S2 to the S1 state
and it may not be accurate to describe the WP propagation in the
S1 PES since other nuclear degrees of freedom not captured by
our Hamiltonian become relevant. For example, S2→ T2→ T1 or
S2→ S1→ T1 competitive pathways exist in 4-thiouracil (4TU)22.
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 intersystem crossing may be facilitated along other modes.
The former pathway can be controlled since it gives rise only to
weak photoinduced absorption contribution22. Most part of the
S1 WP will be directed to the intersystem crossing (the latter path-
way), and only a small part of S1 WP will oscillate in our reactive
coordinate. We thus employ a Butterworth40 filter operation in
the region of the S1 min to absorb the parts of the WP which will
otherwise decay to the triplet ππ∗ state, preventing major arti-
ficial back-evolution to S2. The filter was of right-pass type and
placed at νννFC→CoIn =−0.1a.u. with an order of 100.

3 Results and Discussion
We investigate the dynamics of 4TU upon impulsive photoexci-
tation to the S2(

1ππ∗) state (the pump pulse is not explicitly in-
cluded in the simulation). The potential energy surfaces of 4TU
in a reduced two-dimensional (2D) nuclear space are displayed in
Fig. 1. This space is spanned by two coordinate vectors νννFC→CoIn

and νννFC→S2min which represent the linear displacement vectors
from the FC to the S2/S1 CoIn, and from the FC to the S2 min,
respectively (See Fig. S1 in the SI). The gradients at the FC, the
S2 min, the S1 min, and several points in the periphery of the PES
was computed and projected onto our 2D reactive coordinates
(Fig. S2). Our 2D subspace encloses a half of the full gradient
except the upper left point (red point), where the total gradient
mainly directs elongation of the two C-N bonds which is not de-
scribed by our 2D spaces. As for the gradient of S1 state, the
total length and the direction of the projection shows the simi-
lar feature to the ones for S2. Notably, at its minimum, S1 state
has a projected length of 0.02 out of 0.05 total length, just as
the S2 in its respective minimum (0.02 out of 0.04). This im-
plies that our nuclear space is comparably well set up to describe
the wavepacket evolution in S2 and its relaxation to S1 (and to
S1 min) through the CoIn despite the S1 min not considered in
the generation of the coordinates. The ground state is not popu-
lated 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 struc-

ture are all planar and the main structural difference is the C−S
bond length and the relevant 6 CCS angle (Fig. S1): 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 νννFC→S2min,
which is mainly the elongation of the C−S bond, could describe
the CoIn to the S1 min pathway to some extent. In 4TU, 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, unmodi-
fied 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 CoIn24. 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 charac-
teristic sign change at the CoIn, due to switching of the electronic
character of the adiabatic states (Fig. S3a).

Fig. 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 Fig. S4

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 Fig. S4). 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
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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 vibornic coherence. At 70 fs, the WPs evolve back to the FC
region. Here, the presence of the νννFC→S2min coordinate, despite
being similar to the νννFC→CoIn coordinate, facilitates decoherence
after the CoIn passage: the two WPs evolve differently, and their
overlap strongly decreases over time (see video Fig. S4 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 (Fig. 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. The S2 population decay is fitted with an
exponential function, 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)22 and is faster than
that computed for uracil (186 fs)10 due to the absence of energy
barriers.

3.1 TRUECARS
The vibronic coherence between S2 and S1 emerging at the CoIn
is probed by the TRUECARS signal using the hybrid field E NNN (cen-
tral frequency at 2450 eV with 2 fs duration) and E BBB (500 as dura-
tion), after the waiting time T (Sch. 1a). Other probe frequencies
may be employed as long as it is off-resonant to any molecular
transition. 350 eV has been used for uracil10, and ideas for po-
tential signal enhancement by employing a pre-resonant probe
frequency are given in Refs9 13. The corresponding loop diagram
is given in Sch. 1b.

Sch. 1 (a) Pulse configuration and (b) loop diagram for TRUECARS
with randomly oriented 4-thiouracil. The pump pulse E p (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 E B (broad) and E N (narrow)
pulse is used to probe the dynamics. See SI and Ref41 for loop diagram
rules.

The TRUECARS signal reads8,11,

S(ωs,T ) = Im
∫

dtE ∗B (ωs)EN(t−T )eiωs(t−T )〈ααα(t)〉 (6)

where "Im" denotes the imaginary part, EN/B is a hybrid nar-
row/broadband Gaussian pulse envelope (Sch. 1a), ωs is the car-
rier frequency, T is the time delay between the pump and the

probe. The S2/S1 transition polarizability ααα(t) is calculated from
the transition charge density, σσσS2S1 (See the SI for derivation).

The TRUECARS signals were computed in the x, y, and z polar-
ization direction in the molecular frame (Fig. S5) and then aver-
aged to give the rotationally averaged TRUECARS signal shown
in Fig. 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 po-
larizabilities show up (Fig. 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 de-
localized 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 nu-
clear wavepacket dynamics simulations by changing the location
of the Gobbler (Fig. S6). We find that placing the Gobbler closer
the CoIn (Fig S6c-d) does not affect the signals substantially. Plac-
ing Gobbler further below (Fig. S6b) 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. How much of the S1 wavepacket evolves back to the CoIn after
passage through the S1 min ultimately depends on the accessibil-
ity and efficiency of the intersystem crossing to the triplet state,
not included in our simulation. The signal around 200 fs might
be stronger or weaker than predicted by our simulations.

Fig. 2 TRUECARS signal of 4TU. (a) The frequency-dispersed sig-
nal S(ωr,T ), (b) Expectation value of the polarizablility operator αααzzz,
(c) Frequency-resolved optical-gating spectrogram (Eq. 7) with sig-
nal trace S(t) taken at ωr = 0.37 eV (maximum signal intensity), (d)
Expectation value of the energy splitting between S2 and S1 states,
〈∆ES2−S1 〉= 〈ψ|E(S2)−E(S1)|ψ〉.

The TRUECARS signal exhibits temporal Stokes and anti-Stokes
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oscillations between positive and negative values at non-zero Ra-
man 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 states8,10. 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) measurement42:

IFROG(T,ωcoh) =

∣∣∣∣∣
∫

∞

−∞

dtS(t)Egate(t−T )e−iωcoht

∣∣∣∣∣
2

(7)

To analyze the energetic profiles, we had used Wigner10 and
FROG9 and both give the spectrogram of the TRUECARS signal
which contains the relevant information. The Spectrogram de-
picted in Fig. 2c exhibits strong features at 45, 115, and 185
fs. Between 100 and 200 fs, the main frequency feature first de-
creases 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 be-
tween 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 (Fig. 2d). The temporal profile of this expecta-
tion 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.

3.2 Time-resolved X-ray diffraction

TXRD images electron densities evolving in the vicinity of the
CoIns. This spatial information is not accessible with TRUECARS,
since it requires a scattering measurement. To image the CoIn
dynamics by TXRD, we have computed the transition charge den-
sities, σσσS2S1(qqq,RRR) on a grid across the two-dimensional nuclear
space. The state densities σσσS1S1 and σσσS2S2 are spanned across the
entire 4TU molecule and are virtually identical (Fig. S7). This is
due to the fact that all 66 electrons contribute to the state densi-
ties whereas only a single active electron contributes to the elec-
tronic transition. The transition charge density σσσS2S1 is mainly
located around the S atom.

The TXRD signals were computed in the three-dimensional
momentum space, and then radially averaged to get the TXRD
signal for a randomly oriented sample. The gas phase (sin-
gle molecule) TXRD signal of a sample with N noninteracting
molecules reads19,43,44

S1(qqq,T ) ∝ N
∫

dt|EX (t−T )|2S̃1(qqq, t) (8)

where

S̃1(qqq, t)

= ρS1S1(t)〈χS1(t)|σσσ
†
S1S1

σσσS1S1 |χS1(t)〉 (i)

+ρS2S2(t)〈χS2(t)|σσσ
†
S2S2

σσσS2S2 |χS2(t)〉 (ii)

+ρS1S1(t)〈χS1(t)|σσσ
†
S1S2

σσσS2S1 |χS1(t)〉 (iii)

+ρS2S2(t)〈χS2(t)|σσσ
†
S2S1

σσσS1S2 |χS2(t)〉 (iv)

+2Re[ρS2S1(t)〈χS2(t)|σσσ
†
S2S2

σσσS2S1 |χS1(t)〉

+ρS2S1(t)〈χS2(t)|σσσ
†
S2S1

σσσS1S1 |χS1(t)〉] (v)
(9)

where each term corresponds to a specific loop diagram in Fig.
S8. ρS1S1 and ρS2S2 are the electronic state populations, and ρS2S1

is the corresponding coherence. The first (i) and the second (ii)
term in Eq. 9 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 TXRD signal is presented after normalizing with
the factor,

S1(qqq,T ) =
S1(qqq,T )−S1(qqq,T < 0)

S1(qqq,T < 0)
. (10)

The three-dimensional diffraction pattern and the projected
diffraction signal integrating over qqqxxx, qqqyyy, or qqqzzz axis are presented
in Fig. S9−10 and discussed in the ESI. The diffraction patterns
show only a subtle changes over time, reflecting the absence of
photochemical reaction upon optical excitation but merely a pho-
tophysical relaxation between electronic states; in photorelax-
ation 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 Fig.
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
scattering contribution is dominant. Retrieving the coherence
contribution from the total signal is difficult, but it can be better
observed at higher momentum transfer44,45 since the transition
density is more spread in qqq-space (localized in the real-space)
while state densities are localized in qqq-space (spread across the
entire molecule, Fig. S7). Also, the frequency-resolved diffraction
can separate the inelastic scattering from the elastic contribution
at different Raman-shifts45.

The coherence term (v) is separately depicted in Fig. 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 qqqxxx, qqqyyy, and qqqzzz. The temporal oscillations sur-
vive the radial averaging (3f) and show the strongest intensities
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during the CoIn passage. The spatial information is somewhat
concealed here because the qqqyyy and qqqzzz signals exhibit an oppo-
site 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 Fig. 4, where we display the real-
space densities: the phase changes at 30, 50, and 61 fs in qqq-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 aver-
aging. Nevertheless, we have demonstrated that if the coherence
term in qqq-space is extracted, it gives direct information about the
real-space phase change of the transition density.

3.3 Discussion

The actual electronic coherence observed in experiments might
be weaker or stronger than the predicted one in our simula-
tion due to the absence of the nuclear coordinates describing
the S1 PES. The (in)efficient intersystem crossing might result in
(stronger)weaker coherence for TRUECARS signal and geometric
phase and the topology of the CoIn may decrease the coherence
magnitude.

The realistic pump pulse may not lead to the impulsive excita-
tion as considered in our simulation; part of ground state popu-
lation would be excited to the S2 state depending on the molec-
ular nature. For example, uracil has 100% excitation10 while
azobenzene has 80% population transfer46. Hence, the observed
vibronic coherence magnitude would be weaker than the com-
puted one. For TXRD, there might exist a strong background con-
tribution from unexcited the ground state densities, e.g., ground
state bleach.

Similarly, X-ray probe pulse can cause photoionization or Auger
decay ensuing population losses due to the presence of the con-
tinuum. TRUECARS and TXRD signal primarily depends on pa-
rameters: the intensity of the X-ray probe fields, the number of
molecules in the X-ray focal volume, etc. The influence of pho-
toionization can reduce the strength of the signal and erode its
temporal and spectral resolution. X-ray fluxes should thus be
properly optimized so that these competing decay losses will not
compromise the resolution provided by the TRUECARS and TXRD
technique. The signal strength can be maximized via a suitable
choice of the molecule and by optimizing its density in the ex-
periment. Near-resonant probe pulses can be employed to in-
crease the transition probability46,47. Changes in 〈ααα(t)〉 due to
X-ray photoionization or additional higher-order strong-field in-
teraction and the relevant signal-to-background ratio is discussed
in our previous study9.

Ultimately, how large the coherences are may be detected by
the proposed signals. Especially in TRUECARS, the signal will be
observable as long as there is a non-vanishing coherence since
it is background-free. If the coherence is too weak, extracting it
from the large elastic scattering background in TRXD may be too
difficult.

The most popular experimental technique to unravel the con-
ical intersection is currently attosecond time-resolved X-ray ab-
sorption spectroscopy (TrXAS). This technique provides an accu-

rate timing of the conical intersection by temporally resolving the
absorption spectra as good as 7 femtoseconds [cite Zinchenko
2021, science]. TrXAS can be relatively easily implemented:
the broad enough bandwidth single probe pulse covers the core-
excited states providing attosecond temporal resolution. But its
broad bandwidth does not provide high spectral resolution thus,
it is difficult to interpret spectral information for a complex sys-
tem due to overlapping absorption lines. The proposed TRUE-
CARS technique provides both temporal and spectral resolution
of the conical intersection. In addition to timings, the vibronic
coherence structure and the transient energy splitting between
the adiabatic states can be read from the spectrum. The difficul-
ties in TREUCARS lie in the experimental implementation due to
the use of hybrid pulse with a narrowband and a broadband (the
phase-matching between them). TXRD technique requires very
hard X-ray beams and thus rendering the experiment very diffi-
cult. Covariance X-ray diffraction signal by averaging the product
of each stochastic signal can be alternatively used for powdered
sample45. 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 qqq. Once all
complications are solved, TXRD experiment can actually be per-
formed, 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 im-
plementation in Table 1.

4 Conclusions
We have simulated the TRUECARS and TXRD signals for S2→ S1

CoIn dynamics of 4TU. Quantum nuclear wavepacket dynamics
performed on the effective two-dimensional PES provides an ac-
curate picture of the relaxation dynamics and helps unveil this
feature in the CoIn passage. The smaller energetic gradient be-
tween the S2 min and the CoIn enables faster nonradiative relax-
ation in 4TU (67 fs) compared to uracil (186 fs). The frequency-
dispersed off-resonant TRUECARS technique selectively probes
vibronic coherences 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 re-
veal 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 TXRD signal images the evolving charge densi-
ties during the CoIn passage in momentum space, providing a di-
rect connection to real-space images of charge densities at CoIns.
The diffraction pattern of the mixed elastic/inelastinc scattering
from vibronic coherence emerges at the CoIns and shows distinct
gain/loss temporal phase-oscillations. This contribution is cov-
ered by the stronger elastic scattering from population states, but
could be singled out by either looking at high scattering momen-
tum transfer44, or by frequency-dispersed detection45. Once, the
complications are solved, the proposed TRUECARS and TXRD can
provide a complementary information (energetic profiles, charge
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Fig. 3 Normalized time-resolved diffraction signal spread along the different radial momenta (qqqrad) windows (a, b) and its mixed elastic/inelastic
scattering contribution from the vibronic coherence (term (v) in Eq. 9) along (c) qqqx, (d) qqqy, (e) qqqz, and (f) qqqrad axis. The signals in c−f was represented
positive/negative against −1 to emphasize its phase oscillation.

Technique Signal Pulse Requirement Information Difficulties

TrXAS
(established) S(ωs,T ) =−Imµe′ f µ∗f e

ε∗pr(ωs)ε(ωs)ρee′ (T )
ωs−ω f e′+iγ f e′

Single probe pulse
(Broad enough) Precise timing Difficult to interpret for a complex system

TRUECARS
(proposed) S(ωs,T ) = Im

∫
dtE ∗B(ωs)E N(t−T )eiωs(t−T )〈 ˆααα(t)〉

Hybrid pulse
(Broad/Narrowband)

Energetic profiles
vibronic coherence structure

Require two X-ray probe pulses
(phase matching)

TXRD
(proposed) S(qqq,T ) = N

∫
dt|E X (t−T )|2S̃1(qqq, t) Hard X-ray pulse

Spatial information:
Electron transition densities around CoIns Extraction of coherences from the dominant population background

evolution) to decipher the CoIn relaxation pathways which is
not possible in the currently used TrXAS technique. The de-
tailed picture of the CoIn passages obtained by TRUECARS and
TXRD would be useful to study the underlying photophysics in
thiobases.
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