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Direct Monitoring of Conical Intersection Passage via Electronic
Coherences in Twisted X-Ray Diffraction
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Quantum coherences in electronic motions play a critical role in determining the pathways and outcomes
of virtually all photophysical and photochemical molecular processes. However, the direct observation of
electronic coherences in the vicinity of conical intersections remains a formidable challenge. We propose a
novel time-resolved twisted x-ray diffraction technique that can directly monitor the electronic coherences
created as the molecule passes through a conical intersection. We show that the contribution of electronic
populations to this signal is canceled out when using twisted x-ray beams that carry a light orbital angular
momentum, providing a direct measurement of transient electronic coherences in gas-phase molecules.
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The standard treatment of excited-state chemistry of
molecules is based on the adiabatic separation of nuclear
and electronic dynamics, known as the Born-Oppenheimer
approximation. This widely used approximation breaks
down when electronic and nuclear motions occur on a
similar timescale and become strongly coupled. Conical
intersections (Cls) are important examples where two or
more adiabatic potential energy surfaces (PESs) become
degenerate, resulting in strong nonadiabatic couplings
between them. Because these regions allow for efficient,
nonradiative electronic relaxations, they play critical roles
in virtually all nonadiabatic reaction dynamics including
photodissociation, isomerization, charge, and energy trans-
fer. Notable examples include the formation of vitamin D
[1], photoinduced DNA damage [2], primary events in
human vision [3], and charge transfer in organic photo-
voltaic devices [4]. The conventional experimental signa-
tures of Cls are indirect and based on electronic populations
such as the fast conversion rates of electronic states or
nuclear wave-packet bifurcation events [5-9]. The direct
experimental observation of transient electronic coherences
generated as the molecule passes through a CI remains a
formidable task as most contemporary ultrafast measure-
ments are dominated by the signals from electronic
populations which are significantly stronger than those
from electronic coherences and are not specific to Cls.

In this theoretical Letter, we propose a novel ultrafast
diffraction technique that can exclusively track electronic
coherences at conical intersections with no contributions
from electronic populations. In contrast to previously
proposed stimulated ultrafast x-ray Raman techniques that
probe the energy profiles of electronic coherences [10],
this technique directly images their spatial profiles through
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transient charge densities in the vicinity of a CI. We
propose to use an optical pump laser to excite a gas-phase
molecule (thiophenol) and probe its CI dynamics by
ultrafast nonresonant x-ray diffraction (XRD) using twisted
x-ray beams which carry orbital angular momentum
(OAM). The magnitude [ of the OAM is unbounded
and can have any integer value. Rapid developments of
both time-resolved gas-phase x-ray [11-13] and electron
[8,14,15] diffraction techniques provide opportunities for
tracking ultrafast structural changes, “molecular movies,”
during chemical reactions with atomistic spatial and femto-
second temporal resolution. Theoretical studies have shown
that standard ultrafast x-ray diffraction contains a mixed
elastic-inelastic coherence term originating from electronic
coherences [16—19]. During the passage through a CI,
the mixed coherence term is found to be significantly
(~4 orders of magnitude) weaker than the dominating
elastic scattering contributions that originated from elec-
tronic populations [20]. Therefore, probing electronic
coherences near a CI remains experimentally challenging
for conventional (plane-wave) time-resolved diffraction.
Here, we show that this major obstacle can be overcome
by measuring the rotationally averaged time-resolved x-ray
diffraction signals, using twisted x-ray beams carrying
positive (/) and negative OAM (—I). It has been shown
theoretically that the linear polarization of the optical pump
laser could induce a partial alignment in an isotropic gas
sample resulting in anisotropic x-ray scattering patterns
[21-23]. This concept has been applied in ultrafast x-ray
scattering experiments to distinguish initially excited elec-
tronic states [24] and multiphoton excitation channels [25].
Here, we focus on the isotropic signal that contains the
complete information about the molecule in the molecular

© 2022 American Physical Society


https://orcid.org/0000-0002-5860-4259
https://orcid.org/0000-0003-3438-6370
https://orcid.org/0000-0001-5941-5567
https://orcid.org/0000-0002-6015-3135
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.129.103001&domain=pdf&date_stamp=2022-08-30
https://doi.org/10.1103/PhysRevLett.129.103001
https://doi.org/10.1103/PhysRevLett.129.103001
https://doi.org/10.1103/PhysRevLett.129.103001
https://doi.org/10.1103/PhysRevLett.129.103001

PHYSICAL REVIEW LETTERS 129, 103001 (2022)

frame, which can be extracted from the overall experi-
mental pattern using Legendre decomposition [21]. The
rotationally averaged ultrafast twisted XRD is obtained by
taking the difference between the [ and —/ XRD signals:
AS(q.T) = (S1(a.T))q — (S-1(q.T))q, where S,(q.T)
denotes the ultrafast XRD pattern recorded with a twisted
beam carrying a [ OAM, ¢ is the norm of the momentum
transfer vector q, 7 is the time delay between the actinic
pulse and the XRD process, and (...)q denotes the rota-
tionally averaged diffraction signal. We find that when
taking the difference of S;(¢,7T) and S_;(¢q,T), the con-
tributions of electronic populations cancel out and only the
desired electronic coherences survive. The proposed tech-
nique provides a direct measurement of the passage through
CIs imprinted in the transient electronic coherences.
Twisted beams, also known as vortex or OAM beams,
possess a wave front that twists along the beam propaga-
tion, independently of the beam polarization state. In this
Letter we use a typical twisted light beam: linearly
polarized Laguerre-Gaussian (LG) mode [26]. An example
of the spatial and phase profiles of a LG beam (/ = 1) in the
transverse plane is shown in Supplemental Material [27],
Fig. S1. The OAM gives a twist to the phase that rotates
along the propagation axis thereby forming a helical spatial
wave front. Various strategies have been developed to
generate intense, hard-x-ray twisted beams at x-ray free-
electron lasers (XFELs) [40—43], enabling ultrafast twisted
XRD of free molecules. Our proposed technique depends
on twisted beams in an essential way and cannot be
achieved with circular polarized light only carrying spin
angular moment (SAM), as the SAM of light does not
engage with the molecular charge density during the
scattering process making it identical to XRD of plane
waves.

A molecular system driven by an optical laser can be
described by the total time-dependent molecular many-
body wave function which can be expanded in the adiabatic
basis

Y(r.R.T) =Y (TR T)ge(r.R). (1)
X

where k labels the adiabatic electronic states, y(R,T) is
the normalized nuclear wave packet in the adiabatic
electronic state ¢;(r,R), r and R are the electronic and
nuclear coordinates, and c¢;(7T) is the electronic state
amplitude. Using Eq. (1), the time-evolving molecular
charge density in real space is given by

Zpkk ) Ul6(r) i)

+ 2% [Z Pi(T) (il 81(r) i)
j>k
= Opop(1, T') + Ocon (1, T). (2)

Here, 6(r) is the electronic charge-density operator, p is the
density matrix operator, py(7T) = ¢;(T)c,(T) are real
numbers representing the electronic populations at time
T while the coherence terms, p(T) = ci(T)c;(T) with
J # k, consists of complex numbers. The electronic coher-
ence is obtained from the combined electronic-nuclear
wave function as the overlap of the nuclear wave packets.
The total electronic charge density contains contributions
from both time-evolving electronic population density
Opop (1. T) and transition density 6., (r, 7). Upon transition
to an excited electronic state, the electronic coherence of
the system gradually builds up as the wave packet passes
the CI region where the nonadiabatic coupling is strong
[44]. Probing the time evolution of this electronic coher-
ence thus provides direct evidence for the presence of
the CI and offers a convenient way for monitoring CI
dynamics.

The theoretical description of the time-resolved twisted
XRD signal is based on the off-resonant single-molecule
(gas-phase) time-resolved XRD in the minimal coupling
picture [17,45]. Similar to Eq. (2), the time-resolved
twisted XRD signal can be partitioned into the sum of
contributions from electronic populations S7*(q,7) and
coherences S5°1(q, T) (see details in Supplemental Material
[27], Note 1),

S/(q.T) = S7*(q.T) + S5°*(q. 7). (3)

It is well known that the scattering of plane-wave
photons results in centrosymmetric diffraction patterns,
So(q) = So(—q), as stated by Friedel’s law, which, how-
ever, does not hold for twisted beams [46]. As illustrated in
Supplemental Material [27], Fig. S1, diffraction patterns of
x-ray beams carrying OAM (I = %1 patterns) for an
oriented molecule are no longer centrosymmetric, unlike
the standard x-ray (I = 0) diffraction pattern. In addition, it
has been demonstrated for static objects like apertures or
crystals that x-ray diffraction patterns of twisted beams
with opposite OAM (/) are linked by an inversion
operation S;(q) = S_;(—q) [46]. Turning to time-resolved
diffraction from molecules, we find that this inversion
relation still holds for the population contribution SVF, i.e.,
S'P(q,T) = S*P(—q,T), but not for the coherence con-
tribution S$°M(q,7) due to its mixed elastic-inelastic
character and the presence of the complex electronic
coherence terms p;; (see Supplemental Material [27],
Note 1). A ground-state molecule only has a population
contribution thus its [ = 1 pattern is rotated by z rad with
respect to the / = —1 as shown in Supplemental Material
[27], Fig. S1.

We next investigate the rotationally averaged difference
signal of gas-phase molecules
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FIG. 1. Rotationally averaged diffraction signal at 7 = 5.3 fs

after excitation. Population contribution S'™, | (top), coherence
contribution S, (middle) and difference signal AS‘;’iﬁ/ coh _
S';fli/ con —S';ip_/lc °" (bottom). Insets: Isosurface plots of time-
evolving population o, (top) and coherent 6., (middle) charge

densities in real space at T = 5.3 fs.

AS(q.T) = (5/(q,T))q — (S_1(q. T))q
= AS]™(q.T) + AS{(q,T). 4)

One can immediately see that ASYP(q,T)=
(SPP(q.T))g — (S*F(q.T))o = 0 from the centrosymmet-
ric relation SV?(q,7) = S*P(—q,T), which implies a
vanishing population contribution ASTP(¢,T) = 0.
Because the coherence term is not centrosymmetric
[S5°h(q, T) # S°"(—q. T)], we obtain a purely electronic
coherence signal AS;(q,T) = AS$"(g, T) with no contri-
butions from electronic population. AS;(¢,T) is con-
structed by elements of the electronic coherence terms
and the momentum-space electronic charge-density oper-
ators which carry OAM, 6,(q) = [6&(r)e®e™™dr. The
signal amplitude of AS;(q,T) is no longer derived from
the simple Fourier transform of &(r) as in standard XRD,
but contains the phase twist (¢//#) which is the source of
the coherence discrimination. AS;(q,T) is derived in
Supplemental Material [27], Note 2.

We demonstrate the power of the proposed technique by
applying it to a realistic and accessible molecular system
(thiophenol photodissociation involving two CIs) calcu-
lated by exact quantum dynamical simulations. The corres-
ponding Hamiltonian based on fully ab initio quantum
chemical simulations was introduced previously [47].
Two CIs, S,/S; and S,/S,, were identified along the
S-H dissociation channels in the course of the nonadiabatic
relaxation process [48,49]. In addition to S-H stretching,
the in-plane S-H bending mode is known to be active in the
conical intersection dynamics [50]. Quantum dynamical
simulations were performed by numerically solving the
time-dependent Schrodinger equation for nuclei on the
adiabatic potential energy surfaces of these two reactive
coordinates (S-H distance and H-S-C angle), allowing for a
fully quantum mechanical treatment of both electrons and
nuclei, and including nonadiabatic couplings at the conical
intersections. Since only two nuclear degrees of freedom
contribute to the branching space of a conical intersection
while the energy along all other degrees of freedom remains
degenerate, quantum dynamical simulations of two reactive
coordinates are commonly used to describe nonadiabatic
dynamics in conical intersections [51-55]. We note that the
signal would be scaled down proportionally to the reduced
degree of coherence if a full dimensional rather than
reduced dimensionality model is used. For the ultrafast
thiophenol S-H dissociation, the nuclear wave packet is
coherently funneled into small reactive degrees of freedom,
which exhibit by far the largest energy gradients that are
captured in our Hamiltonian, as there is no time for many
nuclear space degrees of freedom to be explored in sub-
40 fs timescale considered in this Letter. The simulated
nuclear wave packet dynamics has been discussed in detail
elsewhere [47]. The resulting dynamical pathways are
sketched in Supplemental Material [27], Fig. S1. Briefly,
upon excitation to S,, the wave packet first reaches the
S,/S; CI within 10 fs and then bifurcates into two path-
ways. One portion of the nuclear wave packet travels to the
Franck-Condon region and localized on the S; surface,
while the other part continues to pass the S; /S, CI leading
to hydrogen dissociation within 40 fs. We note that for
much longer timescales (>40 fs) our Hamiltonian may not
be valid since it misses internal vibrational relaxation to
other nuclear degrees of freedom and dissipation effects.
A two-dimensional model Hamiltonian could then over-
estimate the magnitude of electronic coherence.

We have used the total molecular wave function of
thiophenol to simulate the time-resolved rotationally aver-
aged diffraction signals, S;(¢,T) for [=1 and [ = —1
OAM x-ray beams. Figures 1(a) and 1(b) show the
simulated results for both population contributions,
SP°F |, and coherence contributions, S, at 5.3 fs time
delay. It is clear that the population contribution to the time-
resolved signal is identical for /=1 and [ = —1 OAM
light, while their coherence contributions are distinct.
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FIG. 2. (a) Rotationally averaged time-resolved difference

signals, AS,_;(¢,T), in Eq. (4). The signals are shown as
percentages, 100[AS,_;(q,T)/S5%, (q)], where S9 (g) is the
reference x-ray diffraction signal before time zero. (b) Absolute
value of the difference signal in (a) integrated over ¢ (top) and the
total coherence magnitude of the S,/S; and S;/S, electronic
coherences calculated by quantum dynamics (bottom).

Figure 1(c) demonstrates that the population contribution to
the isotropic difference signal AS}*" (g, T) vanishes so that
AS)(q.T) = AS"(g, T). We note that both population and
coherence contributions appear mainly at small g values,
because the time-evolving population and coherent charge
densities are both diffuse and spread across the entire
molecule in real space as illustrated in Fig. 1 insets. The
diffraction signals at small g values could be accessed by
setting the main x-ray beam off center from the hole of the
detector similar to a recent ultrafast gas-phase electron
diffraction setup [56].

Figure 2 depicts the total time-resolved difference signal,
which originates from the time-evolving coherent charge
density, 0., in Eq. (2). The time dependence of the total
signal comes from the time-evolving electronic coherence
terms, and its variation with ¢ reflects the real-space
distribution of the coherent charge density, revealing both
temporal and spatial profiles. Since electronic coherences
are only generated when the nuclear wave packet passes
through the S,/S; and S;/S, CI, the overall signal in
Fig. 2(a) results from electronic coherences at both CIs. To
investigate the temporal variations of the signal in Fig. 2(a),
we show the time-dependent absolute difference signal
integrated over ¢ in the top panel of Fig. 2(b). For
comparison, the sum of the S,/S; and S,/S, electronic
coherence magnitudes obtained directly from the quantum
dynamical simulations is shown in the bottom panel of
Fig. 2(b). The integrated difference signal closely rese-
mbles the time-dependent electronic coherences in the
molecule. The sharp rise of the signal after time zero
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FIG. 3. Same as Fig. 2 but only for the S;/S, electronic
coherence.

indicates that the system starts to pass the first S,/S; CI
shortly after the laser excitation. The signal decreases
within 10 fs, indicating that the wave packet has reached
the S,/S; CI. The subsequent weak but finite signal up to
40 fs receives contributions from two electronic coher-
ences: the S,/S; electronic coherence generated near the
Frank-Condon region when one portion of the wave packet
is localized in S; after bifurcation, and the S, /S, electronic
coherence generated when the other portion of the wave
packet passes the S;/S, CL

To further trace the origins of the signal in Fig. 2, we
have separated out the signal contributed by the S;/S,
electronic coherence. Figure 3(a) clearly shows different
features compared to Fig. 2(a) with different oscillation
periods, demonstrating the electronic coherences generated
at different ClIs. We find that the signal in Fig. 3 is about 2
orders of magnitude smaller than the total signal shown in
Fig. 2. This is because the S;/S, electronic coherence
is much weaker than S,/S; (|pg1| < |p12|) as shown in
Figs. 2(b) and 3(b), as discussed in Ref. [19]. The S,/S,
electronic coherence is barely observable in the total signal.
This is an intrinsic property of the specific system, rather
than of the proposed setup. To make it detectable, one could
use a different pumping strategy such as an infrared field
resonant with the electronic transition in the S;/S, CI
region to noninvasively amplify the S,/S,, coherence [57].
Similar to Fig. 2(b), the difference signal integrated over ¢
shown in Fig. 3(b) nicely monitors the time dependence of
the electronic coherence pg;. The proposed setup could thus
provide a direct measurement of the distinct electronic
coherences generated at different Cls, potentially allowing
for their experimental separation. This would open a novel
window into competing quantum pathways during ultrafast
reactive molecular processes.

103001-4



PHYSICAL REVIEW LETTERS 129, 103001 (2022)

The twisted beams required for the proposed experiment
are readily available at FELs and can be implemented in an
ultrafast XRD experiment by adding an optical element in
the incoming x-ray beam path, e.g., spiral phase plates
[43,58], or by tuning the undulator [41,42]. This setup can
handle the high brilliance of XFELs pulses and can be
characterized using ptychographic measurements. The
ultrafast XRD setup adds the usual requirement of accurate
arrival time measurements and shot-to-shot corrections.
Time and pulse energy jitter diagnostics are routinely
available at XFELs facilities to tackle such challenges.
These diagnostics could also be valuable for correcting
possible artifacts occurring when switching between pos-
itive and negative OAM twisted beams. Existing ultrafast
gas-phase XRD setup [59] at LCLS (120 pulses per second)
has achieved an exceptionally high signal-to-noise ratio and
sensitivity to very small changes (~0.1%) in the percentage
diffraction signal. Since the desired electronic coherence
signal in this Letter requires about 3 orders of magnitude
higher signal-to-noise ratio for resolving the percentage
signal of ~0.0001% in Fig. 2, the ongoing development of
high-repetition-rate hard x ray at LCLS-II (1 x 10° pulses
per second) is important for the realization of the proposed
experiment as it could greatly reduce dominate shot noises
of ultrafast XRD experiments in gas phase [60].

We note that in our quantum dynamical simulation the
initial wave packet is obtained by impulsive excitation of
the ground state vibrational wave function from Sj to S,
(100% excitation). This leads to an overestimate of the
resulting signal for a weak excitation experiment. To
maximize the desired coherence signal, optimal control
theory [61,62] could be employed to optimize pump pulses
for efficient population transfer upon photoexcitation. In
this Letter, because the nuclear wave packet rapidly travels
away from the Franck-Condon region after photoexcitation
due to fast S-H dissociation, the initial coherence between
S, and S in the Franck-Condon region is ignored in the
simulation. However, this initial coherence could persist
and contribute to the coherence signals in other dynamical
processes which is worth further investigations. In addition,
the effect of the energy detection window of the scattering
detector has been found to play an important role in the
detected scattering signal [63—-65]. Here, we assume an
intermediate detection window where the rovibrational
transition energies of the molecule are not resolved [64].
Further extension of the effect of the detection window to
twisted x-ray diffraction could provide valuable insights.

In summary, we have demonstrated a novel technique for
the direct monitoring of transient electronic coherences
along the passage through Cls. Diffraction signals of gas-
phase molecules are measured using twisted x-ray beams
carrying OAM. We have used x-ray beams with [ = 41
OAM to demonstrate that the rotationally averaged differ-
ence signal can directly monitor the time evolution
of electronic coherences in a photoexcited molecule.

The concept is also applicable to twisted x-ray beams with
other nonzero numbers of /. The momentum profile of
measurements with multiple /s could provide opportunities
for reconstructing the complete time-evolving coherent
charge density o, in real space, where the concrete details
and generality are subject to future studies. The direct
imaging of electronic coherences in molecules opens brand
new avenues for monitoring photophysical and photo-
chemical processes, providing further opportunities for
electronic coherent control over conical-intersection
dynamics [66]. Since the proposed technique is sensitive
to the electronic coherences but not populations, it paves
the way for the direct imaging of many other fundamental
coherence phenomena in molecules; for example, tracking
attosecond coherent electron motions in real space and time
with state of the art attosecond XFELs [67,68].
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