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Abstract
Nonadiabatic transitions at conical intersections and avoided crossings play a pivotal role in
shaping the outcomes of photochemical reactions. Using the photodissociation of LiF as a
model, this theoretical study explores the application of gas phase nonresonant ultrafast x-ray
scattering to map nonadiabatic transitions at an avoided crossing, utilizing the part of the
scattering signal that probes electronic coherence directly. The presented scattering signals are
rotationally averaged and calculated from two- rather than one-electron (transition) densities,
which inherently accounts for all possible electronic transitions driven by the x-ray photon. This
approach provides quantitative predictions of the experimental signals, thereby facilitating
future experimental endeavors to observe nonadiabatic effects and coherent electron dynamics
with ultrafast x-ray scattering.

Supplementary material for this article is available online
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1. Introduction

The emergence of x-ray free-electron lasers (XFELs)
has transformed ultrafast science by providing extremely
bright and short x-ray pulses. One notable experimental
technique enabled by XFELs is ultrafast x-ray scatter-
ing (UXS) of isolated molecules in the gas phase [1–
4]. Following the first proof-of-principle experiments, [5–
9] UXS has evolved rapidly. A short list of achieve-
ments includes observation of molecular alignment [7,
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10–12], tracking of nuclear dynamics during photo-
chemical reactions [6, 13–17], determination of the
nuclear geometry of an electronically excited state [18, 19],
detection of ionisation and charge states [13, 16], and meas-
urement of the rearrangement of electrons in electronically
excited states [19, 20]. It has also been demonstrated how to
usefully combine data from UXS and complementary tech-
niques such as time-resolved photoelectron spectroscopy [19,
21, 22]. The experimental advances have been accompanied,
and often preceded, by significant theoretical work [23–46]
and the development of computational tools to support the
analysis and interpretation of the experiments [12, 47–53].

Extrapolating these advances, it is likely that UXS will
extend into the attosecond domain in coming years. Recent
upgrades of XFELs, such as LCLS-II, have significantly
increased the repetition rate, which should translate into
improved signal-to-noise ratio and sufficient sensitivity to
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Figure 1. Adiabatic potential energy curves of the two energetically
lowest-lying electronic states of LiF, X1Σ+ and A1Σ+, plotted as
functions of the internuclear distance R. The electronic states are
calculated at the MR-CISD/SA-CASSCF(6,12)/aug-cc-pVQZ level
of theory. The inlay shows a close-up of the avoided crossing
region, with the crossing located at RX ≈ 7.19 Å.

detect weaker effects. Crucially, the preparation of pulses
with sub-femtosecond (fs) duration has already been achieved
in the soft x-ray regime [54–60] and sub-fs pulses in the
hard x-ray regime will follow. Combining these advances
with appropriate timing and detection schemes makes atto-
second time-resolved UXS experiments a realistic and timely
proposition.

The enthusiasm for attosecond science across chemistry
and physics [61–63], reflected by the 2023 Nobel Prize in
Physics [64], stems from the role of the attosecond as the fun-
damental unit of time for electron dynamics, making this the
next frontier in the campaign to map the dynamics of matter.
In UXS, electron dynamics manifests as an interference effect
alongside the normal elastic and inelastic components of the
scattering signal [65]. It relies on the presence of coherence
between different populated electronic states in the system and
is therefore sometimes referred to as coherent mixed scatter-
ing (CMS) [37]. It is worth noting that the manner in which
coherences manifest in UXS has interesting analogies in pho-
toelectron spectroscopy [66–68].

In photoinduced dynamics, initial coherence is immedi-
ately established by the pump laser. As the system undergoes
further dynamics, transient electronic coherences can appear
when a molecule goes through internal conversion via con-
ical intersections [69] or avoided crossings [70], as long as the
system fulfills appropriate symmetry criteria [71]. An excit-
ing prospect for the observation of CMS is therefore that it
carries the potential to map the passage of molecules through
conical intersections [69], a ubiquitous and important process
in photochemistry [72]. In principle, UXS could achieve this
in conjunction with the characterisation of nuclear dynam-
ics, providing a complete measurement of photochemical
dynamics.

In this paper, we demonstrate the ability of UXS to mon-
itor non-adiabatic transitions using quantitative calculations
for the molecule LiF. Figure 1 shows the electronic ground,

X1Σ+, and first excited, A1Σ+, states of LiF. The excited
A state supports vibrational resonances which dissociate via
an avoided crossing to the ground state, while at large inter-
nuclear distances the excited state acquires ion-pair character
(Li+F−). Due to the long-range Coulomb interaction, the res-
onances form a vibrational Rydberg series [73] and are thus
also referred to as heavy Rydberg states [74–76].

Alkalihalides such as LiF and NaI have interesting proper-
ties and have consequently received extensive attention from
experiments and theory over the years. Early developments in
time-resolved spectroscopy exploited NaI as a model system
[77, 78], finding that the lifetime of the excited wavepacket
exhibited a strong dependence on the wavelength of the pump
laser. This, in turn, stimulated theoretical work, which con-
firmed that the lifetimes in alkalihalides are highly variable due
to interferometric effects [79–82]. Recent theoretical work has
focussed on the quantum dynamics of the photodissociation of
LiF [83, 84], demonstrating how these interference effects lead
to intriguing reversals in the Fano asymmetry parameter in the
spectrum [85, 86] and a powerlaw decay in the photodissoci-
ation [87]. Alkalihalides have also been used to demonstrate
new theoretical non-adiabatic approximations [88] and novel
control schemes [89–91].

Kowalewski et al have previously used the alkalihalide NaF
to demonstrate qualitatively that UXS can probe the passage
through an avoided crossing [36, 70]. Here, we extend their
effort by carrying out a quantitative calculation of this process,
accounting for the contributions of all electronic transitions to
the inelastic and coherent mixed components of the scatter-
ing signal. Since recent work has indicated that unpopulated
electronic states can make a significant contribution to the
CMS signal, [46] it is pertinent to account for all final states,
which is done in the current study by calculating the energy-
integrated total and CMS signals from two-electron rather than
one-electron (transition) densities. Moreover, we simulate the
isotropic scattering signals that would bemeasured in an actual
experiment. The overall goal is to quantify CMS accurately in
order to support future experimental efforts aimed at observing
electron dynamics by non-resonant scattering.

2. Theory

The quantity measured in non-resonant UXS without energy
resolution is the rotationally averaged time-resolved differen-
tial x-ray scattering cross section,

dσ
dΩ

=

(
dσ
dΩ

)
Th

S(q, τ), (1)

where Ω is the solid angle into which a photon is scattered,
(dσ/dΩ)Th is the differential Thomson scattering cross section
of a free electron, and S(q, τ) is the isotropic scattering sig-
nal at momentum transfer q1 and pump-probe delay time τ ,
[38, 65]

1 q= |q|, where q is the difference between the wave vector of the incoming
and scattered photons, q= k0 − ks.
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S(q, τ) = IτNe +
N∑
i,j

ˆ
I(t− τ)

×
〈
χj(t)

∣∣∣ 〈Λ2e
ij (q, R̄)

〉
0

∣∣∣χi (t)〉 dt.

(2)

Here, I(t− τ) is the photon number intensity of the x-ray
probe pulse at time t− τ , Iτ is the integral of I(t− τ) over
time t equal to the total number of photons in the pulse, and Ne

is the number of electrons in the target molecule. The double
sum in the first line of equation (2) runs over all N populated
electronic eigenstates |φk(R̄)⟩ of the molecular wavepacket,

∣∣Ψ(t)
〉
=

N∑
k

∣∣χk(t)〉 ∣∣φk(R̄)〉, (3)

prepared by the pump pulse. For a given electronic state with
index k, |χk(t)⟩ is the corresponding vibrational wavepacket
at time t. R̄= {R1, . . . ,RNic} is the set of all internal nuclear
coordinates and the electronic states depend parametrically on
R̄.

Finally, Λ2e
ij (q, R̄) in equation (2) is the two-electron scat-

tering matrix element of the electronic states with indices i
and j. It relates to the probability of scattering for a given
three-dimensional momentum transfer vector q within the
Waller-Hartree approximation [92] and can be calculated as
the Fourier transform of the two-electron (transition) density,
ρij(r1,r2, R̄), from real into reciprocal space,

Λ2e
ij (q, R̄) = 2

¨
eıq·(r2−r1)ρij(r1,r2, R̄) dr1dr2, (4)

with the imaginary unit ı and electronic coordinates r1 and r2.
Moreover, the brackets ⟨. . .⟩0 around the scattering matrix ele-
ment Λ2e

ij (q, R̄) in equation (2) imply rotational averaging for
completely unaligned molecules in a thermal ensemble. The
subscript 0 refers to the order of the spherical Bessel func-
tion l that follows from rotationally averaging of the exponen-
tial exp

[
ıq · (r2− r1)

]
in equation (4) [65]. For an isotropic

ensemble, the exponential reduces to a zeroth-order spherical
Bessel function, i.e. a sinc function, also known as the Debye
kernel, [93–97]〈

Λ2e
ij (q, R̄)

〉
0
= 2
¨

sinc
(
q (r2− r1)

)
ρij(r1,r2, R̄) dr1dr2.

(5)

We note that the pump pulse will make the sample slightly
anisotropic due to preferential excitation along its polarisation
vector. This leads to higher-order contributions to the scatter-
ing signal, most notably with l= 2 [10, 39]. These anisotropic
contributions, however, are usually much weaker than the iso-
tropic component unless additional laser-driven alignment [7,
11, 98] is applied. We will therefore only consider isotropic
scattering signals and leave the discussion of the more subtle
effect of anisotropy for future work.

The scattering signal in equation (2) can be split into three
physically distinct components,

S(q, τ) = Sbg + Sex(q, τ)+ Scm(q, τ). (6)

The first component is a structure- and time-independent back-
ground signal,

Sbg = IτNe, (7)

proportional to the scattering from Ne free electrons. The
second component is the excess scattering,

Sex(q, τ) =
N∑
i

ˆ
I(t− τ)

×
〈
χi (t)

∣∣∣ 〈Λ2e
ii (q, R̄)

〉
0

∣∣∣χi (t)〉 dt,

(8)

which contains the diagonal elements, i= j, of equation (2).
The background and excess scattering combined equal the sum
of the elastic and inelastic scattering, which is also known as
total scattering. Detection without energy resolution neither
allows for separation of the elastic and inelastic components,
nor for a restriction of the inelastic transitions that contribute
to the signal.

The third and final component is the previously mentioned
CMS,

Scm(q, τ) = 2
N−1∑
i

N∑
j>i

ˆ
I(t− τ)

×Re
[〈

χj(t)
∣∣∣ 〈Λ2e

ij (q, R̄)
〉
0

∣∣∣χi (t)〉] dt, (9)

which contains the off-diagonal elements, i ̸= j, from
equation (2). A comparison of equations (8) and (9) reveals the
difference between excess scattering and CMS. While excess
scattering effectively probes the population of the electronic
states, ⟨χi (t)|χi (t)⟩, CMS probes the coherence between elec-
tronic states, ⟨χj(t)|χi (t)⟩, which is a prerequisite for the
presence of coherent electron dynamics in the molecule. We
note that the precise distinction between CMS and total scat-
tering is somewhat arbitrary when the electronic states are
non-adiabatically coupled. The distinction of both compon-
ents then depends on the representation, i.e. whether the states
are, for instance, adiabatic or diabatic. It is only the complete
signal, the sum of coherent mixed and total scattering, that is
invariant under change of representation.

Alternatively, the scattering signal in equation (2) can also
be expressed as,

S(q, τ) =
N∑
i,j

∞∑
f

ˆ
I(t− τ)

×
〈
χj(t)

∣∣∣ 〈L∗fj(q, R̄) Lfi(q, R̄)〉
0

∣∣∣χi (t)〉 dt, (10)

where the sum over f runs over all energetically accessible
final states that can be excited by inelastic scattering of an x-
ray photon. Note that, due to the high mean-photon energy of
the x-ray probe pulse, the sum over f is infinite, while the sums
over i and j are not since they refer to the electronic states pop-
ulated by the pump pulse. The scattering signal is now defined
via one-electron scatteringmatrix elements Lfi(q, R̄). Similarly
to the two-electron scatteringmatrix elementΛ2e

ij (q, R̄) defined
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in equation (4) above, Lfi(q, R̄) can be calculated by a Fourier
transform from real into reciprocal space. However, in this
instance it is the one-electron (transition) density, ρfi(r, R̄), that
is Fourier transformed,

Lfi(q, R̄) =
ˆ

eıq·r ρfi(r, R̄) dr. (11)

Again, rotational averaging of an isotropic ensemble in
equation (10) reduces the exponential to a sinc function,〈

L∗fj(q, R̄)Lfi(q, R̄)
〉
0
=

¨
sinc

(
q (r2− r1)

)
ρ∗fj(r1, R̄)

× ρfi(r2, R̄) dr1dr2. (12)

Note that rotational averaging always applies to scattering
probabilites, not the individual amplitudes. Equation (12)
therefore contains a product of two one-electron scattering
matrix elements.

The coherent mixed component of the scattering signal in
equation (10) is then given by the sum of all off-diagonal ele-
ments, i ̸= j, analogous to equation (9),

Scm(q, τ) = 2
N−1∑
i

N∑
j>i

∞∑
f

ˆ
I(t− τ)

×Re
[〈

χj(t)
∣∣∣ 〈L∗fj(q, R̄)×Lfi(q, R̄)〉

0

∣∣∣χi (t)〉] dt.
(13)

While equations (10) and (2), as well as equations (9) and (13),
are formally equivalent, it is important to note that equation
(10) involves an infinite sum over all final states. This sum also
includes the continuum of singly ionised states and is not guar-
anteed to converge when only the energetically lowest-lying
electronic states are considered [46]. A truncation of equation
(10) can therefore lead to incomplete or, in the case of CMS,
even spurious results.

The most severe truncation possible only considers the
N electronic states with non-zero population and has been
applied in a number of seminal proof-of-concept studies (see,
for instance, [44, 69, 70]). We will from here on refer to
this truncation as the fewest-states approximation (FSA). For
a first qualitative investigation of CMS, the FSA was cer-
tainly a well justified starting point. Future studies of UXS
without energy resolution should, however, carefully bench-
mark the FSA against the intrinsically converged evaluation
of equation (2) or refrain from using a truncated equation (10)
altogether. The FSA alone does not reliably provide quant-
itative signals and may even lead to unrecognised errors. In
this article, we will use equation (2) throughout and compare
briefly with results of the FSA at the end of section 4.

3. Computational methods

The quantum dynamics in LiF is propagated along the intra-
nuclear coordinate, R, on the electronic ground state (X1Σ+)
and the first excited state (A1Σ+), as shown in figure 1. The
potential energy curves and derivative non-adiabatic coupling

matrix elements (NACMEs) for LiF are calculated using MR-
CISD/SA-CASSCF(6,12)/aug-cc-pVQZ in MOLPRO [99],
which closely echoes the approach taken by Varandas [100]
for the electronic structure. Details of the benchmarking
are provided in the supplementary information (SI). The
NACMEs are calculated by numerical differentiation via the
DDR program using the three-point method.

The wavepacket is propagated within the diabatic rep-
resentation by numerical integration of the time-dependent
Schrödinger equation in the molecular frame using the
Strang–Marchuk split operator method as implemented in
WAVEPACKET [101] using Matlab [102]. The temporal step
size is 0.01 fs, which ensures conservation of energy and total
population. An absorbing potential is placed at nuclear separ-
ation R⩾ 29 Å, and the absorbed wavepacket at each timestep
is propagated classically towards larger Rwith a constant aver-
age velocity of v= 0.0622 Å fs−1 (see SI for details). The sim-
ulation is initialised with the molecule in its electronic and
vibrational ground state, X1Σ+(ν = 0), obtained by imagin-
ary time propagation. The excitation is included explicitly,
using a Gaussian ultraviolet pump pulse with a 6.8 eV mean
photon energy, a 10 fs full-width half-maximum (FWHM)
pulse duration, and a maximum electric field amplitude of
59.4 MV cm−1. The pump excites approximately 10% of the
ground state population to the first electronically excited state,
A1Σ+←− X1Σ+(ν = 0).

The scattering signal is calculated via equation (2) assum-
ing a Gaussian-shaped 10 keV x-ray probe pulse of 10
fs FWHM duration. The isotropic two-electron scatter-
ing matrix elements defined in equation (4) are calcu-
lated from ab-initio electronic wavefunctions, obtained by
SA-CASSCF(6,23)/aug-cc-pVTZ, using methods and codes
developed in our group [49, 103–106]. Given the formal equi-
valence of equations (2) and (10) with an untruncated sum over
f, these scattering matrix elements implicitly account for all
inelastic transitions from the two states populated by the pump
pulse to all energetically accessible final states, bound and con-
tinuum [46]. To limit the computational effort, which scales
exponentially with the size of the wavefunction, the scattering
matrix elements are calculated at a lower level of electronic
structure theory than the potential energy curves andNACMEs
used for the dynamics. The slight discrepancy that results from
a small shift in the position of the avoided crossing is adjus-
ted for by scaling the scattering matrix elements by the calcu-
lated (transition) dipole moments. Details on this scaling are
provided in the SI. Finally, the asymptotic scattering signal of
the dissociated portion of the wavepacket is calculated using
the independent atom model [107, 108].

In the results section, the scattering signals are given as a
percent difference signal,

%∆Sκ(q, τ) = 100× Sκ(q, τ)− Sκ(q,−∞)

S(q,−∞)
, (14)

where Sκ(q, τ) is a component of the scattering signal (either
total or CMS) at pump-probe delay time τ and S(q,−∞) is
the sum of all components according to equation (6) before
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the arrival of the pump pulse, corresponding to the so-called
‘pump-off’ signal.

4. Results

4.1. Vibronic wave packet

The dynamics of the excited nuclear wavepacket is shown in
figure 2. After excitation by the pump pulse centered at t= 0
fs, the excited wavepacket evolves on the first electronically
excited state towards the avoided crossing at RX ≈ 7.19 Å. At
the avoided crossing, a large fraction of the wavepacket trans-
itions non-adiabatically to the ground state. This can be seen in
figure 3 by the strong decrease in the excited state population,
P2(t) = ⟨χ2(t)|χ2(t)⟩, at t≈ 108 fs. Figure 2 further shows that
the dissociated part of the wavepacket that transitioned to the
ground state proceeds with a constant average velocity towards
larger interatomic distances. The bound component that
remains on the excited state decelerates as it approaches the
outer turning point on the excited state potential. After that, it
passes the avoided crossing a second and a third time, marked
by a decrease and a subsequent increase of the excited state
population between 500 and 1000 fs. The excited wavepacket
also displays significant dispersion, seen by the broadening of
the wavepacket over time. After the third pass over the avoided
crossing, the excited wavepacket is sufficiently dispersed
for further decay to occur without any significant
structure.

Figure 3 also shows the square root of the degree of
electronic coherence,

√
Mcoh(t) =

√
2
∣∣⟨χ1(t)|χ2(t)⟩

∣∣, which
maps onto the integrated absolute value of the CMS signal
[37]. The value of

√
Mcoh(t) is strongly peaked around t=

3 fs with a maximum value of 0.256, which reflects the coher-
ent excitation of the molecule by the pump pulse. There is a
second sharp, almost Gaussian-shaped peak around t≈ 108 fs
with a maximum value of

√
Mcoh ≈ 0.033. This peak corres-

ponds to the first passing through the avoided crossing and
is significantly weaker than the first peak because less amp-
litude is transferred between states. The short-lived nature of
the peak is due to the de-phasing that happens as the two
parts of the wavepacket move away from the avoided crossing.
Between 600 and 1200 fs,

√
Mcoh increases again, in large part

due to the return of the excited state wavepacket to the Franck–
Condon region and the associated revival of overlap with the
depleted ground-state wavepacket. Additionally, some coher-
ence is created by non-adiabatic transitions during the second
and third passing through the avoided crossing, but this con-
tribution is relatively small due to the dispersion of the wave-
packet and weak population transfer.

4.2. UXS signals

The total and CMS signals of the simulated wavepacket are
shown in figures 4(A) and (B), respectively. After excitation,
the total difference scattering signal displays a negative band at
low values of q and a positive band between q= 2 and q= 4,
which reflects the increasing distance between the atoms in

Figure 2. Nuclear densities for LiF upon excitation by a UV pulse
with 10 fs duration, A1Σ+← X1Σ+(ν = 0), as function of time t
and internuclear distance R. Top: The first electronically excited
state, A1Σ+, |χ2(R, t)|2. Bottom: The electronic ground state,
X1Σ+, |χ1(R, t)|2. Note: In the ground state plot we have subtracted
−0.85 |χ1(R,−∞)|2 to help visualize the oscillations in the ground
state density in the Franck–Condon region.

the dissociating molecule. The dissociation is also respons-
ible for the ripple effect in the negative band. On top of this,
there is an imprint of a fast oscillation with a period T ≈ 46 fs,
corresponding to the oscillation of the depleted ground state
wavepacket seen in the bottom of figure 2. These oscillations
originate from the cycling of the wavepacket back onto the
electronic ground state during the excitation process, leading
to the population of higher-lying vibrational energy levels on
the electronic ground state. The time-scale is therefore roughly
related to the energy gap between the ground and first-excited
vibrational state on the electronic ground state at the equilib-
rium geometry, which corresponds to a period T ≈ 38 fs.

The CMS signal has a single peak at τ ≈ 108 fs, which
arises from the first non-adiabatic transition through the
avoided crossing. This demonstrates the capability of CMS
to probe transient electronic coherences [37, 70]. The sig-
nal is relatively weak, however, peaking at a percent dif-
ference of only 0.06%. Given that the highest experimental
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Figure 3. The population of the first electronically excited state of
LiF, P2(t), and the square root of the degree of electronic coherence,√
Mcoh(t), as functions of time t. The pump pulse is centred at

t= 0.

accuracy demonstrated so far has been on the order of 0.1%,
[20] the experimental detection of the coherent mixed sig-
nal in figure 4(B) would pose a significant challenge. This
could potentially be overcome at LCLS-II thanks to the much
higher repetition rate on offer, which is anticipated to signific-
antly improve signal-to-noise [3, 105]. One may also consider
possible routes for increasing the strength of the CMS sig-
nal to facilitate experimental observation. Potential strategies
include focusing of the wavepacket to increase the degree of
coherence [109, 110] or amplifying the electronic coherence
by resonant infrared pulses [111]. In addition, the utilization
of twisted x-rays to isolate the CMS signal has been suggested
by Mukamel and coworkers [112].

Interestingly, the strong immediate electronic coherence
established by the pump pulse around τ ≈ 3 fs and its revival
after τ ≈ 600 fs is not visible in the isotropic scattering sig-
nals in figure 4. This can be explained as follows: resonant
one-photon excitation prepares a rotational wavepacket on the
electronically excited state that is proportional to cosβ, where
β is the angle between the polarisation vector of the pump laser
and the transition dipole moment of the molecule [65, 97]. The
rotational transition density between the wavepacket on the
electronically excited state and the isotropic thermal ensemble
on the electronic ground state is therefore also proportional
to cosβ, which does not project onto l= 0 or l= 2. The iso-
tropic CMS signal must therefore vanish at τ ≈ 3 fs and after
τ ≈ 600 fs. To resolve the electronic coherence directly estab-
lished by the pump pulse, one must either pump the system via
two-photon absorption or orient the molecule in its electronic
ground state before it is excited and potentially employ energy
resolving detectors. The latter was at least implicitly assumed
in, for instance, [27, 28, 35, 37, 40, 43].

At the avoided crossing however, the amplitude transferred
from the electronically excited state back to the electronic
ground state is proportional to cosβ as well. The resulting
transition density is therefore aligned according to cos2β,
which gives rise to the non-vanishing isotropic component of
the CMS signal at τ ≈ 108 fs. (The smaller anisotropic com-
ponent with l= 2 that follows from cos2β is not considered
here.)

Moreover, the electronic coherence established directly by
the pump pulse oscillates rapidly with a period defined by
the mean photon energy of the laser, i.e. T= h/(6.8 eV)≈
0.61 fs. With a 10-fs duration x-ray probe pulse, the respect-
ive CMS signal must vanish regardless of rotational averaging.
At the avoided crossing, in contrast, the electronic coherence
established by the non-adiabatic transfer of amplitude oscil-
lates with a two orders of magnitude longer period. Here,
the characteristic period is determined by the energy differ-
ence between the two electronic states in the region of strong
non-adiabatic coupling around R= RX. Considering the range
of internuclear distances where the non-adiabatic coupling
amounts to at least 20% of its maximum value, i.e. 6.92–7.44
Å, the potential energy curves of both states differ by values in
the range 0.036–0.090 eV, which implies a period in the range
of 46–114 fs. This is longer than the 17.3 fs FWHMof

√
Mcoh

at τ ≈ 108 fs and well above the assumed 10-fs duration of the
x-ray probe pulse. The CMS signal at the avoided crossing can
therefore be resolved.

4.3. Comparison to previous work on NaF

We can now compare the UXS signals in figure 4 with
the aforementioned and closely related results published by
Kowalewski et al [36, 70]. These results comprise elastic,
inelastic, and coherent mixed x-ray scattering signals for
perfectly aligned sodium fluoride; a molecule qualitatively
very similar to the lithium fluoride employed here. Thereby,
Kowalewski et al demonstrated for the first time that UXS can
be used to probe transient electronic coherences that emerge
at conical intersections and avoided crossings. However, they
reported scattering signals solely for the Cartesian compon-
ent of the momentum transfer vector that corresponds to the
molecular axis, i.e. qx if the molecule is aligned with the labor-
atory x-axis. The two other Cartesian components, qy and qz,
were both set to zero. As a first proof-of-concept simulation,
they also applied the FSA, corresponding to a strong trunca-
tion of equation (10).

Current UXS experiments, in contrast, measure scatter-
ing signals as functions of the radial momentum transfer
coordinate q rather than qx. They record these signals on two-
dimensional detectors, which implies that the component of q
orthogonal to the detector plane, qz, cannot be zero for qx > 0
(see SI for discussion). Most experiments also start from iso-
tropic ensembles and do not achieve perfect alignment of the
molecules. Moreover, previous simulations have shown that
the FSA is not always reliable [38, 46]. It is therefore imper-
ative that the seminal simulations of Kowalewski et al are
benchmarked against calculations that fully account for these
factors.

Despite these differences and a four times shorter pulse dur-
ation, the CMS signal of Kowalewski et al is remarkably sim-
ilar to the one shown in figure 4(B) above. In both simulations,
the short-lived electronic coherence at the avoided crossing
leads to a short-lived coherent mixed component of the scatter-
ing signal that is strongest at relatively lowmomentum transfer
and contributes with the same order of magnitude to the over-
all scattering signal. However, all components of the scattering
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Figure 4. Plots of the total (A) and coherent mixed (B) percent-difference scattering signals of photoexcited LiF probed by a hard x-ray
pulse with 10 fs duration as a function of momentum transfer q and pump-probe delay time τ . The distinction between the total and
coherent mixed signals is based upon the adiabatic representation of the two non-adiabatically coupled electronic states.

signal in [70] display pronounced local maxima and minima
along qx that are not present in the isotropic signals in figure 4
above. These strong interferences are a consequence of the
authors’ choice of perfect alignment of the molecular axis with
the laboratory x-axis and measurement in qx-direction (see SI
for detailed discussion). Rotational averaging of the UXS sig-
nal significantly dampens these features.

Moreover, the coherent mixed component in [70] under-
goes a sign reversal over time. This is perhaps attributable to
the real part of the electronic coherence changing sign after
most of the excited state wave packet has passed through the
avoided crossing. While the real part of the electronic coher-
ence simulated in this article shows a similar sign reversal
(see SI), the coherent mixed signal in figure 4(B) does not.
This is likely attributable to a combination of the diminished
electronic coherence following the sign reversal and the rapid
decline in intensity for the off-diagonal two-electron scatter-
ing matrix elements after the avoided crossing. Furthermore,
it is possible that imaginary-valued contributions that arise
from the FSA for a perfectly aligned molecule interfere with
the imaginary part of the electronic coherence. Such spuri-
ous interferences are absent in figure 4(B) since the isotropic
two-electron scattering matrix element in equation (9) is real-
valued only.

To further benchmark the performance of the FSA for the
coherent mixed component, figure 5 compares the exact two-
electron scattering matrix element,〈

Λ2e
12(q,R)

〉
0
,

with its counterpart in the FSA,〈
ΛFSA
12 (q,R)

〉
0
=
〈
L∗12(q,R)L11(q,R)

〉
0

+
〈
L∗22(q,R)L21(q,R)

〉
0
.

Figure 5. Absolute values of rotationally averaged scattering matrix
elements in units of the Thompson scattering cross-section
(dσ/dΩ)Th for coherent mixed scattering of LiF at the avoided
crossing (AC) and in its equilibrium geometry (EG), plotted as
functions of momentum transfer q. The solid lines refer to the exact
two-electron scattering matrix elements and the dashed lines to their
counterparts in the FSA.

In contrast to previous work that discussed significant failures
of the FSA, [46] in particular for states with different inver-
sion symmetries, the approximation works remarkably well
in this case. The good performance of the FSA can partially
be ascribed to the fact that both states share Σ+ symmetry
and that lithium fluoride contains more electrons than the two-
electron systems considered so far (see SI for more detailed
discussion). It is also possible that the error in the FSA is
diminished by the rotational averaging, as the spurious ima-
ginary valued contributions that arise in the FSA for aligned
molecules cancel out.

Although figure 5 demonstrates that the FSA works well
for the coherent mixed component in figure 4(B), it cannot
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adequately account for the inelastic component of the total
scattering signal,

Sin(q, τ) =
N∑
i

∞∑
f̸=i

ˆ
I(t− τ)

×
〈
χi (t)

∣∣∣ 〈∣∣Lfi(q, R̄)∣∣2〉
0

∣∣∣χi (t)〉 dt. (15)

Any finite truncation of the sum over f inevitably leads to
an incomplete inelastic component that deviates significantly
from what one would obtain by subtracting the elastic from
the total scattering signal [38, 46, 65]. We emphasise, how-
ever, that the main conclusion of [36, 70] holds beyond the
limitations of their underlying assumptions and is further
strengthened by this work: UXS can probe transient electronic
coherence at avoided crossings or conical intersections.

5. Conclusion

In this paper, our calculations focused on the isotropic com-
ponent of the rotationally averaged signal. It is important
to recognise that real-world experiments inherently introduce
some anisotropy due to the preferential excitation ofmolecules
with transition dipole moments aligned with the polarity of the
pump pulse. A natural expansion of this work is therefore to
include higher order corrections to the rotational averaging,
particularly the term with l= 2, to account for this anisotropy.

If the coherent mixed signal is particularly pronounced
in the anisotropic component, its contribution could poten-
tially be extracted from the experimental signal by means of a
Legendre decomposition. Beyond such a Legendre decompos-
ition, the identification and isolation of the CMS signal is an
issue that requires careful consideration. In situations where
the nuclear and electronic dynamics are only weakly coupled,
a time filtering approach could be applied. However, this does
not work for imaging nonadiabatic transitions, for which the
time scales of the electronic and nuclear motion become indis-
tinguishable. In this situation, the most robust way to identify
the coherent mixed component is likely a detailed comparison
of the experimental and simulated data. We note that this puts
high demands on detector calibration, error correction, and
on the signal-to-noise ratio in the experiment. In addition, it
requires a highly accurate simulation of the measured scatter-
ing signal and therefore necessitates a computational approach
such as the one described and utilised in this article.

The comparison between the work conducted on LiF in this
study and that on NaF by Kowalewski et al [36, 70] high-
lights the importance of modelling simulations according to
experimental conditions. Specifically, this entails accounting
for rotational averaging and calculating the scattering signal
as a function of the radial momentum transfer coordinate.
Neglecting these aspects may yield a satisfactory qualitative
description but is certainly insufficient to accurately predict
experimental signals. Additionally, our findings demonstrate
that the fewest-states approximation provides an acceptable
description of CMS in LiF, contrary to previous examples

where the FSA has been shown to fail [37, 46]. This demon-
strates that the FSA might be acceptable under certain con-
ditions, offering a route to reduce the computational cost of
scattering calculations. However, it is imperative to thoroughly
benchmark the FSA before its application, as the conditions
under which the FSA remains valid are still poorly understood.

In summary, the outcomes of this study demonstrate how
CMS can be used to probe nonadiabatic transitions at avoided
crossings, which extends more broadly to transitions at con-
ical intersections. The presented work is calculated taking into
account the conditions of current UXS experiments, establish-
ing the foundation for the prospective experimental observa-
tion of electron dynamics with UXS, which offers new aven-
ues to study the fundamental processes of photochemistry and
photophysics.
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