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Quantum interference between direct 
and indirect reaction paths in the 
photodissociation of HOD
 

Junyan Wang    1,12, Zijie Luo2,3,12, Linsen Zhou4, Xixi Hu    1,5,6, Zhenxing Li    7, 
Hua Guo    8, Shanyu Han    9,10  , Daiqian Xie    1,6  , Kaijun Yuan    2,6   & 
Xueming Yang    2,6,11

The wave-like nature of quantum particles enables interference effects that 
can influence the outcomes of chemical reactions; however, most have been 
observed to occur from two spatially distinct reaction pathways, analogous to 
Young’s double-slit experiment. Here we report detailed experiments on  
HOD photodissociation that reveal excitation-wavelength-dependent 
variations in the rotational state distribution of OD(X) product fragments.  
Full-dimensional quantum calculations reproduce the experimental 
observations semi-quantitatively, and our analysis attributes this behaviour 
to dynamical interferences between direct and indirect dissociation paths 
that both traverse the same conical intersection seam at collinear H–OD 
geometries, an interference analogous to ‘single-slit diffraction’ in optics. These 
observed dynamical signatures demonstrate that interference can manifest  
even within a single reaction pathway, suggesting a quantum mechanical 
means to control conical intersection-mediated nonadiabatic dynamics.

The wave nature of quantum particles underpins interference phenom-
ena1. For example, when a matter wave traverses different paths, phase 
differences can produce constructive or destructive interference pat-
terns in observable intensities, analogous to Young’s double-slit experi-
ment in optics2. Since the pioneer observation of electron double-slit 
interference3, similar interference effects have been demonstrated in 
photoionization processes involving both atoms4 and molecules5–7. 
Such wave-like behaviour can also influence measurable outcomes 
of a chemical reaction, manifesting as oscillatory patterns in product 
state or angular distributions8–13.

Interference phenomena have been observed in several molecular 
systems. For instance, oscillatory differential cross-sections for NO–Ar 
collisions arise from interference between the N-end and O-end scat-
tering paths8. Similarly, interference emerges between a direct and a 
roaming pathway in the H + HD reaction10. In the photodissociation of 
H2O at 121.6 nm, oscillatory rotational state population distributions 
in the OH products were attributed to two different conical interactions 
(CIs) between the excited ( ̃B) and ground ( ̃X ) states at linear H–OH and 
OH–H geometries14. In most of these cases, two spatially distinct path-
ways can be identified for the matter wave interference. A natural 
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D2O in a 1:5 volume ratio, which yielded an estimated H2O/HOD ratio 
of ~1:9.5 (ref. 42) and ensured that the H atom signal arising from H2O 
photolysis could be easily subtracted from the measured data. Know-
ing the distance travelled from the photodissociation region to the 
detector and the fragment masses, the recorded H atom TOF spectra 
can be converted into spectra of the total kinetic energy release (TKER) 
of the H + OD products.

Figure 1a,b shows typical TKER spectra recorded following photo
lysis of HOD at VUV wavelengths of 121.99 nm and 121.08 nm, respec-
tively, with the polarization vector, εphot, aligned at the magic angle 
(θ = 54.7°) to the detection axis, thereby ensuring that the spectra are 
insensitive to any product channel-dependent recoil anisotropy. The 
two spectra show obvious differences: the peak intensities at TKER 
values in the range 15,000–25,000 cm−1 are relatively much weaker 
in the spectrum obtained at 121.08 nm than at 121.99 nm. Additional 
TKER spectra obtained at 10 excitation wavelengths in the range 
122.36 ≥ λ ≥ 120.86 nm, with εphot aligned parallel (θ = 0°) and perpendic-
ular (θ = 90°) to the detection axis, are shown in Supplementary Fig. 1. 
Given that the total energy and linear momentum must be conserved 
in the photodissociation process, the internal energy (Eint) distribution 
of the OD fragments arising via H–OD bond fission can be determined 
from the TKER (ETKER) distribution:

hv + Eint(HOD) − D0(H −OD) = ETKER(H +OD) + Eint(OD), (1)

where h is the Planck constant, ν is the frequency of the excitation laser 
and D0 is the dissociation energy. The rotational temperature of the 
water sample in the supersonic expansion was <10 K (ref. 32), that is, 
Eint(HOD) ≈ 0. Existing spectroscopic data allow most of the sharp fea-
tures in Fig. 1 to be readily assigned to population of high rotational 
levels of OD(X) products in the v = 0 and 1 vibrational levels43. Best fits 
to the measured TKER distributions yielded the OD(X) rotational and 
vibrational state population distributions shown in Fig. 1c–f and 
Supplementary Figs. 2 and 3. These distributions all show high levels 
of product rotational excitation, reminiscent of that observed in  
the cases of H2O and D2O dissociation from the ̃B (or D̃) states32,37,38, 
which can be attributed to the large angular torsion when the HOD 
molecule evolves from the bent Franck–Condon (FC) region towards 
the H−OD CI at linear geometries.

The key observation here is that the OD(X) rotational distribu-
tion varies dramatically with excitation energy. At λ = 121.99 nm, the 
dominant OD(X, v = 0) product exhibits a broad rotational distribu-
tion (spanning rotational levels with N ~30–55), with a minor narrow 
shoulder at N ~55–60. At λ = 121.08 nm, by contrast, the narrow high N  
component within the OD(X) product state distribution is dominant, 
while the broad (N ~30–55) component is relatively minor. Further, 
the OD(X, v) state distribution changes from regular to inverted upon 
switching between the two wavelengths; excitation at 121.08 nm yields 
an inverted vibrational distribution favouring OD(X) products with 
v = 1. Supplementary Figs. 2 and 3 show that the relative intensities 
of the broad and narrow components within the OD(X) rotational 
distribution are sensitively dependent upon the choice of excita-
tion wavelength. At λ = 120.86 nm, for example, the two components 
make comparable contributions to the overall OD(X, v = 0) rotational 
state population.

Theoretical illustration of quantum interference via a single CI
To explore the dissociation mechanism of HOD photolysis at λ ~121 nm, 
full-dimensional quantum dynamics calculations were undertaken 
using a newly developed diabatic potential energy matrix (DPEM), as 
detailed in Methods. This DPEM includes the four lowest states of 1Aʹ 
symmetry (the ̃X/ ̃B/D̃/ ̃E′  states) and a rigorous treatment of the  
nonadiabatic couplings between them, including five CIs and an  
AVC (Supplementary Figs. 5 and 6). Note that the first excited ( ̃A) state 
of water has 1A″ symmetry and thus is not included in the present 

question arises: is it possible to observe interference within a single 
reaction pathway, analogous to optical single-slit diffraction? The 
verification of such interference has yet to be achieved experimentally 
or theoretically.

Nonadiabatic dynamics involving CIs provide an ideal setting 
in which to explore this question. CIs, where two or more electronic 
states become degenerate, are ubiquitous in chemistry and physics15,16. 
Their double-cone topologies serve as a chemical analogy of a fun-
nel for nonadiabatic process, enabling rapid and efficient electronic 
relaxation in a wide range of systems—from elementary reactions17,18 
to biomolecular functions such as DNA photostability19 and vision20. 
CIs are known to control many aspects of photochemical processes, 
including reaction pathways, excited-state relaxation, product yields 
and fluorescence lifetime14,21–24. Although these findings deepen our 
understanding of the topologies of CIs and of CI-induced nonadiabatic 
dynamics, the intrinsic dynamical features of the nonadiabatic path 
traversing a CI and their subtle influence on measurable outcomes are 
still not fully characterized.

The photochemistry of the water molecule offers a textbook exam-
ple for understanding nonadiabatic dynamics involving CIs25,26. Absorp-
tion at wavelengths λ ~128 nm promotes the molecule to its second 
excited singlet ( ̃B) state. Some excited water molecules dissociate 
adiabatically on the ̃B state potential energy surface (PES) to produce 
electronically excited OH(A2Σ+) fragments (along with an H atom), but 
the dominant photodissociation pathway for ̃B state molecules 
involves nonadiabatic coupling to the ̃X  state PES via two CIs at linear 
H–OH and OH–H geometries. These nonadiabatic pathways result in 
formation of highly rotationally excited ground state OH(X2П, v = 0) 
products27–36. Photodissociation via the higher-lying electronic D̃  
state accessed by exciting near the Lyman-α wavelength (λ = 121.6 nm) 
is less well understood. The experimental evidence so far suggests  
fast conversion to the ̃B state PES via an avoided crossing (AVC) at  
bent geometries36–38, followed by dissociation mechanisms similar to 
those for molecules excited directly to the ̃B state.

The present work reports a joint experimental–theoretical  
study of the photodissociation of partially deuterated water (HOD) 
molecules following excitation in the D̃− ̃X  band at λ ~121 nm and dem-
onstrates that the strongly wavelength-dependent OD(X) product 
rotational state population distributions are attributable to quantum 
interference between two distinct dissociation paths through a single 
CI funnel at linear H–OD geometries. One path involves direct traversal 
through the CI, while the other, henceforth termed the indirect path, 
involves transient trapping in the upper cone-shaped region of the CI 
before eventual transfer to the ground state. The phase difference 
between these two temporally distinct paths produces pronounced 
interference that manifests in the observed excitation-wavelength- 
dependent variations in the OD(X) product rotational distributions. 
Such peculiar signatures illustrate additional complexity in chemical 
reactions involving CI-induced nonadiabatic dynamics, which are 
expected to be general in many other systems.

Results and discussion
Experimental observation of highly 
excitation-wavelength-dependent OD(X) rotational state 
population distributions
The experiments were carried out using the H-atom Rydberg tagging 
time-of-flight (HRTOF) technique, combined with a tunable vacuum 
ultraviolet (VUV) source, as described in Methods (refs. 39–41). In brief, 
both the VUV photolysis beam and the 121.6 nm light for H atom frag-
ment detection were generated using a tabletop VUV source from a dif-
ference frequency four-wave mixing scheme, involving two 212.556 nm 
photons and one photon at λ ~810–880 nm that overlapped in a Kr gas 
cell. A pulsed supersonic molecular beam of HOD was crossed by the 
VUV photolysis laser beam, and the H fragments were then detected by 
the HRTOF technique. The HOD sample was made by mixing H2O and 
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calculations. This is a recognized omission at the present time (Sup-
plementary Section 3). As Supplementary Fig. 7 shows, the H2O absorp-
tion spectrum calculated using this new DPEM is in exceptionally  
good agreement with the available experimental data44–46, successfully 
reproducing the ̃B− ̃X  band profile, the D̃− ̃X  band centre and the  
absolute absorption cross-sections. The experimental absorption  
data for HOD is more limited, restricted to excitation wavelengths 
>126.5 nm, but, again, the present DPEM enables impressive reproduc-
tion of the available HOD( ̃B− ̃X ) band profile.

The ̃B and ̃A states of water are degenerate at linear geometries, 
and Renner–Teller coupling is another recognized nonadiabatic route 
for photoexcited HOD( ̃B) molecules to dissociate to H + OD(X)  
products. However, its contribution is relatively minor at low parent 
rotational temperatures35 and not noticeably excitation wavelength 
dependent, as illustrated by the results of wavepacket calculations47 
(Supplementary Figs. 8 and 9) following excitation at various wave-
lengths within the ̃B− ̃X  continuum.

Figure 1 compares the experimentally OD(X) rovibrational state 
population distributions determined at λ = 121.99 nm and 121.08 nm 
with those predicted by the present calculations. Similar com-
parisons for data measured at eight other wavelengths are shown  
in Supplementary Figs. 2 and 3. The agreement between experiment 
and theory is semi-quantitative in all cases, both with respect to the 
actual distributions, and their excitation wavelength dependence. 
Good agreement is also obtained for more detailed spatial informa-
tion, namely the recoil anisotropy parameters (Supplementary Fig. 4).

After a rapid nonadiabatic transition from the initially prepared 
D̃  state to the ̃B  state in the FC region (Supplementary Figs. 10  
and 11), molecules are drawn towards the deep potential wells at  
linear geometries on the ̃B state PES associated with the H–OD and 

OD–H CIs. Numerical simulations illustrate that artificially blocking 
the CI at linear OD–H configurations has negligible impact on the  
OD(X) distributions (Supplementary Fig. 12), consistent with the mini-
mal wavefunction amplitude in this region (Fig. 4). This implies that 
the experimentally observed OD(X) rotational distributions largely 
derive from dynamical paths traversing just the H–OD CI, rather than 
from two dissimilar CI (H–OD and OD–H linear geometries) pathways 
as reported earlier in H2O photodissociation around 121.6 nm 
(refs. 14,48).

To aid mechanistic interpretation of the nonadiabatic dynamics, 
we also resorted to semiclassical trajectory surface hopping calcula-
tions49. Similar to wavepacket evolution, trajectories after the D̃→ ̃B 
transfer are funnelled into the upper conical adiabat of the H–OD CI 
by the strong O–H bond extension and angular forces prevailing in the 
FC region of the ̃B state PES. A vast majority (~91%) dissociate on the  
̃X  state PES after hopping near the H–OD CI. Further analysis of  

the dissociation trajectories initiated by excitation at λ ~121.08 nm 
reveals two characteristic architypes that lead to different sets of  
rotationally excited OD(X) fragments. As shown by the example trajec-
tories in Fig. 2, ‘direct’ dissociations transition to the ̃X  state by a single 
pass through the CI, while ‘indirect’ dissociations are characterized  
by transient trapping in the upper cone-shaped adiabat before eventu-
ally jumping to the ̃X  state PES. This distinction originates from differ-
ences in how the trajectories approach the CI: direct trajectories  
tend to enter closer to the CI seam, increasing the probability of  
immediate hopping, whereas indirect trajectories approach the CI at 
larger displacements, leading to delayed transitions (Supplementary  
Fig. 13). These two classes of trajectory have been identified previously 
in the study of OH(A) products from H2O photolysis and in spectral 
simulations of warm water50–52.
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Fig. 1 | Comparison between experimental measurements and theoretical 
calculations. a,d, The TKER spectra from HOD photodissociation at  
λ = 121.99 nm (a) and 121.08 nm (d), with the detection axis aligned at 54.7°  
(magic angle) to ɛphot. Most of the sharp peaks are assigned to population of 
rotational states of OD(X, v = 0 and 1). The experimental (black) and theoretical 
(red) OD(X, v = 0) rotational state population distributions formed from  

HOD photodissociation at λ = 121.99 nm and 121.08 nm are shown in b and e,  
respectively, while c and f show the OD(X) vibrational state population 
distributions at these two wavelengths. The experimental results are labelled 
as Exp, while the theoretical’s are labelled as Theo in panels b, c, e and f. The 
experimental rotational distributions in b and e have been offset vertically by 
0.3 a.u. for display purposes.
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The large difference in trajectory lifetimes of the two paths (the 
average lifetimes on the ̃B state PES are 9.5 fs versus 46 fs), as shown in 
Supplementary Fig. 13b, motivated us to disentangle their contribu-
tions by monitoring product distributions accumulated over time in 
the wavepacket calculations. This can be achieved by calculating the 
accumulated time-dependent product quantum state distributions, 
as shown in Fig. 3a,b. At λ ~ 121.99 nm, the OD(X) products with N in the 
range 30–50 accumulate monotonically, whereas, at λ ~121.08 nm, 
products with N = 25–40 initially increase but subsequently decline, 
suggesting destructive interference from the delayed contributions.

In the quantum dynamics calculations, all the product information 
is determined by a complex-valued quantity known as the T-matrix53. 
The state-resolved cross-section is then directly proportional to  
the square of the modulus of this quantity. The temporal evolution 
allows us to decompose the T-matrix into direct and indirect contri
butions, T = Tdirect + T indirect . As such, the final cross-section could  
be expressed as

σv,N = |Tdirectv,N |
2
+ |T indirectv,N |

2
+ 2|Tdirectv,N ||T indirectv,N | cos Δ, (2)

where the interference term depends on the relative phase (Δ) between 
the two paths as well as the relative strength of the corresponding 
T-matrix elements. Although the division between direct and indirect 
paths based on lifetime is somewhat arbitrary, the respective contribu-
tions from each path to the overall cross-section can be guided by the 
reflection principle25,54, that is, the direct dynamics generally yield 
smooth, excitation energy-insensitive, state-resolved cross-sections. 
Figure 3c,d shows decomposed cross-sections for forming OD(X, v = 0, 
N) fragments via the direct and indirect paths, and their interference 
term, when exciting at λ ~121.99 nm and ~121.08 nm, respectively. In 
both cases, the two paths are predicted to make comparable contribu-
tions to the total OD(X, v = 0) product distribution, but to interfere 

very differently—weakly at λ ~121.99 nm, but destructively at 
λ ~121.08 nm. In the latter case, the destructive interference results  
in a marked suppression of population in the N ~25–40 range. 
Supplementary Figs. 14 and 15 show similar decompositions of the 
OD(X, v = 0, N) and OD(X, v = 1, N) distributions from the direct and 
indirect paths and the associated interference term at the other excita-
tion wavelengths investigated. As expected, the product rotational 
state distributions from the direct path are relatively insensitive  
to excitation wavelength. Those arising via the indirect path, by con-
trast, exhibit more oscillatory structure and notable variations  
with excitation wavelength. The interference term also varies drama
tically with excitation energy, flipping from net negative to positive 
and then back to negative again across the D̃− ̃X  band contour 
(Supplementary Figs. 16–21).

Further insight into the nature of the interference is obtained by 
examining the scattering wavefunctions in the ̃B and ̃X  states at the 
two representative excitation energies (Fig. 4). The scattering wave-
functions are solutions to the Schrödinger equation for scattering 
states, and the square of their modulus gives the probability distribu-
tion over all possible paths in coordinate space. To focus on a specific 
product vibrational state, the total wavefunction has been projected 
onto the OD(X, v = 0) manifold, by integrating over the internuclear 
distance. At both wavelengths, the ̃B state wavefunction emanating 
from the D̃/ ̃B AVC is accelerated towards the linear H–OD CI owing to 
the strong torque exerted by the PES. Some of the flux undergoes 
nonadiabatic transition to the ̃X  state near this CI and proceeds to 
produce H + OD(X) products, while the remainder continues on the ̃B 
state PES to form H + OD(A) products. As Fig. 4 shows, the outgoing 
wavefunction on the ̃X  state PES at the two excitation wavelengths 
shows distinct differences. At λ ~121.99 nm, the ̃X  state wavefunction 
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arising via the two paths and their interference term at excitation wavelengths of 
λ ~121.99 nm (c) and λ ~121.08 nm (d).

http://www.nature.com/naturechemistry


Nature Chemistry

Article https://doi.org/10.1038/s41557-026-02078-w

evolving from the H–OD CI appears as a single broad arc with alternat-
ing positive and negative nodes, characteristic of plane-wave motion. 
At λ ~121.08 nm, however, the ̃X  state wavefunction comprises two  
arcs, separated by a region in which the amplitude is strongly atte
nuated, which represents clear evidence for destructive interference. 
Time-resolved plots depicting the evolution of the ̃X  state wave
function (Supplementary Fig. 18) provide further demonstration  
of a dynamic interference pattern arising from phase cancellation 
between temporally separated contributions in the case of 
λ ~121.08 nm excitation.

Conclusion
In summary, the present work attributes the striking excitation- 
wavelength-dependent OD(X) product rotational state population 
distributions observed in the photodissociation of D̃  state HOD  
molecules to quantum interferences between distinct dynamical paths 
mediated by a single CI between the ̃B and ̃X  state PESs at linear H–OD 
geometries. One, direct, path features molecules that undergo 
single-pass nonadiabatic transitions near the CI. In the other, indirect, 
path, molecules are transiently trapped in the potential well associated 
with the CI on the ̃B state PES before nonadiabatic coupling to the ̃X  
state and eventual dissociation. Interestingly, these two paths spatially 
belong to the same reaction pathway, but can be distinguished tem-
porally. The reported dynamics calculations reproduce the experi-
mental observations semi-quantitatively, thereby providing strong 
support for the proposed mechanism. This presents an example that 
quantum interference can emerge within a single reaction pathway, 
an analogue of single-slit diffraction in optics. These findings suggest 
that such phenomena might be a more general and previously 
under-appreciated feature of CI-mediated molecular dynamics. They 
also suggest another potential route to quantum control of chemical 
reactions involving passage through a CI. For instance, techniques 
such as optical cavities55 and phase-controlled laser pulses56 allow the 
manipulation of the characteristic of CI and the relative phase between 

the paths via the CI, which could lead to control of nonadiabatic dyna
mics of competing reaction pathways and product state populations. 
However, a key challenge would be a priori knowledge acquisition  
of the nonadiabatic dynamics at the CI needed for precise control, 
particularly in complex systems.
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Methods
Experimental methods
The VUV photodissociation dynamics of HOD were studied using the 
HRTOF technique, coupled with a tunable VUV source, which has been 
described previously41. The H fragments were excited from the ground 
state to a high Rydberg state via a two-step excitation: from n = 1 to n = 2 
and from n = 2 to n ~45. The first excitation step was made by absorbing 
a 121.6 nm photon generated by difference four wave mixing (DFWM) of 
212.556 nm and 845 nm photons in a gas cell filled with 25% Kr in Ar. The 
tunable VUV photolysis source for the HOD photodissociation between 
120.86 nm and 122.36 nm was also generated by DFWM using the same 
212.556 nm light as for the H-atom Rydberg tagging and another tun-
able source operating at wavelengths ~850 nm. Since 121.6 nm also gen-
erates H atom signals from HOD/H2O photodissociation, background 
subtraction was achieved by alternating the photolysis laser on and off.

The HOD sample was made by mixing H2O and D2O. The HRTOF 
measurements of the H atom products from the mixed sample will 
have contributions from H2O photolysis. To suppress such background 
signal, H2O and D2O were mixed with the volume ratio of 1:5, which 
produced a mixture with an H2O/HOD ratio of ~1:9.5 (ref. 42). The HOD 
molecular beam was generated by expanding a sample of 3% HOD in Ar. 
The pulsed valve was adjusted with great care to ensure that very few 
water clusters were present in the HOD/Ar beam. The Rydberg-tagged 
H atoms were detected by a Z-stack microchannel plate detector with 
a grounded fine mesh in front of the detector. The signals were then 
recorded using a multi-channel scaler system. The energy resolution 
achieved (ΔETKER/ETKER ~0.3% at ETKER = ~10,000 cm−1) allows population 
in different rotational states of the OD(X) products to be distinguished.

Four-state coupled DPEM
HOD excitation at wavelengths λ ~122 nm corresponds to the D̃← ̃X  
excitation. To model the nonadiabatic dynamics, a four-state coupled 
DPEM was constructed for the four lowest electronic states of 1Aʹ sym-
metry: the ̃X , ̃B, D̃ and ̃E′ states. This DPEM includes five conical inter-
sections (CIs) and one AVC, as illustrated in Supplementary Figs. 5 and 
6 (for the case of H2O). At the FC region for C2v geometries, both the  
̃B and D̃ states belong to the A1 irreducible representation (irrep) and 

their interaction leads to the well-known AVC owing to the strong mix-
ing of the 1b1 → 3px/3a1 → 3s excitations27. At small bond angles (~78°), 
the state of 1B2 symmetry crosses the two 1A1 states, forming the ̃E′/D̃ 
and D̃/ ̃B CIs. At large bond angles (~130°), the 1B2 state crosses the third 
1A1 state, giving rise to another lower energy ̃E′/D̃ CI57,58. The various 
bending potential energy curves (C2v geometry) shown in Supple
mentary Fig. 5a illustrate the AVC and the three aforementioned CIs, 
while Supplementary Fig. 5b,c shows cuts through the diabatic ̃B and 
̃X  state potentials upon extending just one O–H bond with ∠HOH = 180° 

and 0°, respectively. These regions of degeneracy (CIs) between the ̃B 
and ̃X  state potentials at linear geometries are further illustrated in 
Supplementary Fig. 6.

As shown previously59–63, the symmetry operators commute with 
the Hamiltonian; thus, symmetry adaptation is both advantageous and 
necessary for the evolution of the nuclear wave function. In the diaba-
tization framework, we enforced the complete nuclear permutation- 
inversion (CNPI) symmetry of H2O, which belongs to the G4 group 
(isomorphic to C2v). The four diabatic states are thus labelled as 1A1 (V11), 
2A1 (V22), 3A1 (V33) and 1B2 (V44), based on their CNPI irreps. In this frame-
work, diagonal elements of the DPEM, representing diabatic potentials, 
always belong to the totally symmetric irrep. However, off-diagonal 
elements, representing nonadiabatic couplings, could belong to a 
symmetric or anti-symmetric irrep, depending on the interacting 
states. For instance, the off-diagonal coupling between 2A1 ( ̃B) and 3A1 
(D̃) states (involved in the AVC) must be symmetric, which implies 
symmetry with respect to the exchange of the two H atoms. By contrast, 
the A1–B2 couplings at the ̃E′/D̃ and D̃/ ̃B CIs require anti-symmetric 
off-diagonal terms59,61.

To address such multi-state-coupled problems, a machine learning 
method with embedded physical constraints was used to construct 
the DPEM59,60. The DPEM was represented by a neural network (NN) 
with a 3-40-40-40-10 architecture61,63–65. The NN has one input layer, 
three hidden layers and an output layer, where the ten output nodes of  
the final layer correspond to the ten independent matrix elements  
of the DPEM: V11, V22, V33, V44, V12, V13, V14, V23, V24 and V34. The output of  
one layer becomes the input for the following layer, as given by  
equation (3), where a is the output of one layer, b are the biases of  
layer m and f is the transform function of layer m:

nmi,q =
Sm−1

∑
j=1

(wm
i,j a

m−1
j,q ) + b

m
i a

m
i,q = f

m (nmi,q) . (3)

The key ideal is that the DPEM should accurately reproduce the adi-
abatic energies59,60,66. In addition, in the proximity of a CI or AVC, the dia-
batic matrix elements are known a priori. For the CIs, the off-diagonal 
terms must vanish (by symmetry requirements) at the higher order 
point group (C2v, C∞v or D∞h) and the diagonal elements must match the 
adiabatic energies (up to reordering). For the AVC, the off-diagonal 
term equals half the adiabatic energy gap and the diagonal terms are 
given by the average of the two adiabatic energies at the configuration 
of the minimum energy gap67. To satisfy the constraints of adiabatic 
energy fitting and the diabatic constraints, we use the following loss 
function (equation (4)):

P =
N
∑
j=1

ns
∑
i=1
wadj,i(E

fit
i,j − E

ab
i,j )

2
+

M
∑
j=1

ns
∑
i=1

ns
∑
k=i
sdiaj,i,k(V

fit
j,i,k − V

target
j,i,k )

2
+ 0.5t‖p‖2. (4)

The Levenberg–Marquardt algorithm was used for optimization. 
N in equation (4) is the number of energy points and ns is the number 
of electronic states. Efiti,j  are the adiabatic energies given by diagonalizing  

the DEPM and the Eabi,j  are the ab initio energies. wadi,j  are the adiabatic 

energy weights, dependent on energy and electronic state. M is the 
number of constrained matrix elements. V fitj,i,k  and V targetj,i,k  are the fitted 

diabatic matrix elements and their corresponding target values 
obtained from ab initio data (explained latter). sdiaj,i,k  are the switching  

functions for each matrix element of the DPEM, which are given as 1 if  
the diabatic energies are added to constrain the CI or AVC or otherwise 
given as zero. The last term is a regularization term, to avoid overfitting. 
The p represents all the optimized parameters (weights and biases) of 
the NN functions and t is a regularization parameter (set to 10−5).

The following steps are used to generate the V targetj,i,k  matrix elements 
to constrain the DPEM, which is shown in Supplementary Table 1.  
A characteristic factor is the multiple in each off-diagonal fNN function 
to guarantee the correct symmetry and diabatic coupling. The rOH1 
and rOH2 are the two OH bond lengths and θ is the bond angle (the θ 
and rOH2 (inner bond) coordinates are shown in Supplementary Fig. 5).

V14 = fNN sin θ (rOH1 − rOH2) V12 = fNN sin θ

V24 = fNN sin θ (rOH1 − rOH2) V13 = fNN sin θ

V34 = fNN sin θ (rOH1 − rOH2) V23 = fNN sin θ

(5)

The following three permutation invariant polynomials (PIPs) 
were used as the input layer of the NN:

pip1 = (rOH1 + rOH2)/2

pip2 = rOH1rOH2
pip3 = rHH

(6)

Electronic structure calculations were performed using MOL-
PRO 201568. The active space contained 10 orbitals (8a′ + 2a″ in Cs 
symmetry) and 8 electrons. Seven electronic states of H2O (four A′ 
states and three A″ states, in Cs symmetry) were calculated, using the 
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internally contracted multi-reference configuration interaction aug-
mentation with the Davidson correction69, denoted as icMRCI + Q. The 
correlation-consistent polarized valence quintuple-zeta (cc-pV5Z) 
basis set was extended to include three diffuse s functions, two dif-
fuse p functions and three diffuse d functions for the O atom, while  
the basis set for the H atoms was cc-pV5Z plus three diffuse s func-
tions and two diffuse p functions. The transition dipole and electronic  
angular momentum were also calculated at the icMRCI level.

About 8,000 points were calculated and used to fit the DPEM. The 
root mean square errors (RMSEs) for these adiabatic states with energy 
below 12 eV are 28.4 meV, 30.5 meV, 64.2 meV and 105 meV, respectively. 
The DPEM was validated by calculating the electronic absorption 
spectra of H2O and HOD and comparing them with available experi-
mental data for the ̃B- ̃X  and D̃- ̃X  bands44,45. As Supplementary Fig. 7 
shows, the agreement between experiment and current theory with 
regard to both the individual band profiles and the absorption 
cross-sections is excellent.

Quantum dynamics method
Time-dependent wavepacket simulations were performed on the 
constructed DPEM. The Hamiltonian, expressed in OD + H Jacobi coor-
dinates (shown in Supplementary Fig. 10) (R, r, γ), has the following 
term34,47,48,70–72:

H =

⎡
⎢
⎢
⎢
⎢
⎢
⎣

̂T 0 0 0

0 ̂T 0 0

0 0 ̂T 0

0 0 0 ̂T

⎤
⎥
⎥
⎥
⎥
⎥
⎦

+

⎡
⎢
⎢
⎢
⎢
⎢
⎣

V11 V12 V13 V14
V21 V22 V23 V24
V31 V32 V33 V34
V41 V42 V43 V44

⎤
⎥
⎥
⎥
⎥
⎥
⎦

, (7)

where ̂T  is the kinetic energy operator (KEO) and the Vnn′ are the DPEM 
elements fitted in equation (4). The KEO has the following form in 
atomic units:

̂T = − 1
2μR

∂2
∂R2

− 1
2μr

∂2
∂r2

+ ( ̂J − ̂N)
2

2μRR2
+

̂N
2

2μrr2
, (8)

in which μR and μr are the corresponding reduced masses. ̂J  and ̂N  
represent the total and diatomic rotational angular momentum opera-
tors, respectively. The electronic orbital angular momentum (Λ = 1) 
and spin (s = 1/2) of the ground state OH(OD) product are ignored in 
the present treatment. This approximation has been validated in  
previous studies; the influence of the electron orbital angular momen-
tum can be neglected, given the magnitude of the product rotational 
quantum number, N30,48.

We first transform the adiabatic dipole to a diabatic dipole  
(equation (9)) to handle the selection rule, using the diabatic–adiabatic 
transform matrix d obtained by diagonalizing the DPEM. Through the 
diabatization, the dipoles could be labelled as μd13(3a1 → 3s)   
and μd12(1b1 → 3px) . The contribution from the (1b1 → 3px)  diabatic  
dipole is near zero, as has been noted previously27.

μd12 = ⟨ϕgr|d̂|ϕd2⟩ = μ
a
12d22 + μ

a
13d23

μd13 = ⟨ϕgr|d̂|ϕd3⟩ = μ
a
12d32 + μ

a
13d33

(9)

The initial wavepacket was given by the body-fixed (BF) wavefunc-
tion in the ground state multiplied by the diabatic transition dipole 
moments, that is,

Ψ0 ≡

⎛
⎜
⎜
⎜
⎜
⎝

0

ψλ(k = 0)

ψλ′(k = 0)

0

⎞
⎟
⎟
⎟
⎟
⎠

=

⎛
⎜
⎜
⎜
⎜
⎝

0

̂e ⋅ ̂ud12 × ψgr

̂e ⋅ ̂ud13 × ψgr
0

⎞
⎟
⎟
⎟
⎟
⎠

. (10)

The subscript λ denotes the electronic state. The initial wavepacket 
was then propagated in the Chebyshev order (k), which has the 
following form:

Ψ(k) = 2DHsΨ(k − 1) − D2Ψ(k − 2), k ≥ 2, (11)

in which Ψ1 = DHsΨ0 and Ψ0 is the initial wavepacket. Since the domain 
of Chebyshev polynomials is in (−1,1), the scaled Hamiltonian Hs   
is defined in (−1,1) by Hs = (H − H+I)/H−, with H± = (Hmax ± Hmin)/2, where 
Hmax and Hmin are the upper and lower spectral bounds of the Hamilto-
nian, respectively. The damping function D is used to avoid unphysical 
reflections at the edges of the grid. The final state distribution can  
be calculated as follows. First, the Chebyshev correlation function 
CJKpλvN(k) is calculated by projecting the wavepacket onto the rovibra
tional eigenfunctions of OD(X) using equation (12). ϴKN(γ) is an angular 
basis function dependent on γ and χλvN(r)  is a radial basis function 
dependent on r. The dot product of these two parts of the overall basis 
function describes one rovibrational state of OD(X).

CJKpλvN(k) = ⟨ΘKN(γ)χλvN(r)|ψλ(k)⟩. (12)

To monitor the accumulation of products in real time, we need  
to transform the wavepacket from Chebyshev order (k) to a time- 
dependent wavepacket and further evaluate the time-dependent  
correlation function through equations (13)–(15), where the Jk  are 
Bessel functions of the first kind73 and p is system parity.

Ψ(t) =
∞
∑
k=0

f(k, t)Ψ(k) (13)

f(k, t) = (2 − δk0)e−iH
+t(−i)k Jk(tH−) (14)

CJKpλvN(t) = ⟨ϴKN(γ)χλvN(r)|ψλ(t)⟩ =
∞
∑
k=0

f(k, t)CJKpλvN(k). (15)

We now take the half-Fourier transform of this integral over time 
to give an energy-dependent quantity:

AJKpλvN(E) =
1
2π∫

∞

t=0
exp(iEt)CJKpλvN(t). (16)

The product can thus be tracked at different accumulated times 
by checking the results from different Fourier transformation steps.

AJKpλvN(E, t) =
1
2π∫

t

t=0
exp(iEt)CJKpλvN(t). (17)

A fundamental principle of quantum mechanics dictates that  
the observed energy spans a certain width at a given time, following 
ΔE = 1

t
 in atomic units74. However, in the present problem, the direct 

dissociation dynamics exhibits similarities across a broad energy range, 
owing to the reflection principle54. Thus, we can simultaneously moni-
tor the time evolution of the OD(X) products within an energy domain. 
The product distribution could be further calculated from the AJKλvN(E) 
or AJKλvN(E + ΔE, t) terms via

TJKpλvN(E) = i(−1)
K−N

√1 + δ0K(
πkvλN
μR

)
1/2

e−ikλvNR∞AJKpλvN(E) (18)

σλvN(E) =
4πω2
c

1
2Ji + 1

Ji+1
∑
J=Ji−1

J
∑
K=κ

δ(JJi1)
3 TJKpλvN

∗
TJKpλvN, (19)

with the additional definitions κ = 1−(−1)Ji+pi

2
 and kλvN = √2μR(E − EλvN) .  

ω is the energy of photon and c is the speed of light. Ji is the total angular 
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momentum of the initial state of HOD. The anisotropy parameter β can 
be obtained from the T-matrix, given as

̄σλvN(E;θ) =
πω
c

1
2Ji+1

Ji+1
∑

J=Ji−1

Ji+1
∑

J ′=Ji−1

J
∑
K=λ

√2J + 1√2J′ + 1(−1) Ji+K+J+J
′

× ∑
κ=0,2

(2κ + 1)Pκ(cos θ) (
J J′ κ

K −K 0
) (

1 1 κ

0 0 0
) {
1 1 κ

J J′ Ji
} × TJ

′Kp∗
λvN T JKpλvN

(20)

βλνN =
̄σλvN(ω;θ)κ=2/P2(cos θ)

̄σλvN(ω;θ)κ=0
. (21)

θ is the angle between the fragment recoil direction and the light 
polarization direction, and Pk(cosθ) is a Legendre polynomial.

The scattering wavefunction is calculated via

Ψ(E) =
∞
∑
k=0

c(k, E)Ψ(k) (22)

c(k, E) = (2 − δk0) exp(−ikarc cos Es). (23)

Projection of the total wavefunction onto the OD(X, v) manifold is 
obtained by integrating over the internuclear distance:

ψλ,v(R, γ) = ∫ χ∗λ,v,N(r)ψλ(R, r, γ)dr. (24)

In addition, similar to the time-dependent products, the wavefunc-
tion can be examined at different Fourier transformation steps to obtain 
the time-dependent scattering wavefunction for a specific energy72.

To decompose the T-matrix, the direct and indirect pathway con-
tributions were calculated by evaluating the integral in equation (17) 
from t = 0 to a dividing time and from the dividing time to infinity, 
respectively. The interference term was then obtained as the difference 
between the square of the total T-matrix and the sum of the squares of 
these direct and indirect components.

Surface hopping calculations
The calculations used the fewest switches with time uncertainty 
method (FSTU), implemented in the ANT programme75. The trajectories 
were propagated in the adiabatic representation, with transitions using 
the stochastic decoherence scheme incorporating FSTU. The initial 
conditions for each trajectory were sampled from the ground-state 
Wigner distribution of HOD, with propagation starting on the D̃ state 
PES. The total energy was fixed at 10.76 eV, which corresponds to an 
excitation energy around 10.26 eV. The trajectory was terminated once 
either the OD or OH bond length exceeded 10 Bohr. A total of 4.8 million 
trajectories were simulated.

Data availability
The data supporting the findings of this study can be accessed via 
figshare at https://doi.org/10.6084/m9.figshare.30883529 (ref. 76). 
Source data are provided with this paper.

Code availability
Fortran code used for the present work is available via GitHub at https://
github.com/Shanyu-keyboard-geochemist/Photodissociation-code/
tree/main.
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