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Non vertical ionization-dissociation
model for strong IR induced
dissociation dynamics of D,O?*"

JunWang?, Shu Ning Gao?, Aihua Liu?, Lanhai He** & Xi Zhao?**

Electron-nuclear coupling plays a crucial role in strong laser induced molecular dissociation dynamics.
The interplay between electronic and nuclear degrees of freedom determines the pathways and
outcomes of molecular fragmentation. However, a full quantum mechanical treatment of electron-
nuclear dynamics is computationally intensive. In this work, we have developed a Strong Laser Induced
non-adiabatic Multi-lonic-Multi-Electric States (SLIMIMES) approach, which contains the electron-laser
and electron-nuclear couplings. We validate our model using a showcase example: water dissociation
under strong infrared (IR) laser pulses. Our investigation reveals the predominant role of a non-vertical
dissociation pathway in the photo-ionization dissociation (PID) process of D> OZ™. This pathway
originates from neutral D, O, which undergoes vertical multi-photon-single-ionization, reaching the
intermediate dissociation states of D; + ODj} (23X) within D;O . Subsequently, OD; (233)
dissociates into O + Dyp, with both Dy and Dy fragments potentially ionizing an electron during
interaction with the IR laser. This sequential PID pathway significantly contributes to the dissociation
yields of water dication. Our calculations are consistent with recent experimental data, which focus on
measuring the branching ratio of water dication dissociation. We aim for our model to provide a deeper
understanding and a fresh perspective on the coupling between electron and nuclear dynamics induced
by a strong IR laser field.

The measurement and investigation of photon-induced electron-nuclei coupling dynamics, occurring on the
femtosecond (fs) time scale, have long been a target of various time-resolved spectroscopies'~. This coupling
effect plays a crucial role in many strong laser-induced physics and chemistry processes, such as Photon-Induced
Ionization Dissociation (PID)*, especially in PID measurement schemes that use femtosecond (fs) strong
infrared (IR) laser pulses’~’.

Numerical simulations of molecular dynamics under strong laser fields are essential for understanding
ultrafast processes where intense fields drive complex electron-nuclear interactions. In these simulations,
approaches like time-dependent density functional theory (TDDFT) coupled with molecular dynamics (MD) or
Ehrenfest dynamics are often used to capture the intricate coupling between electronic and nuclear motion. The
laser field excites electrons to high energy levels, inducing rapid electronic oscillations that interact with nuclei,
affecting bond lengths, angles, and overall molecular geometry. This electron-nuclear coupling can lead to
phenomena like bond breaking, ionization, and charge migration on extremely short timescales (femtoseconds
to attoseconds). By incorporating both electron dynamics and nuclear motion, simulations can provide a
detailed view of energy redistribution and molecular transformations, making them valuable tools for studying
strong-field effects in molecules. So far, X-ray time-resolved spectroscopy-based PID measurement techniques
such as pump-probe strategies?, transient absorption®, and time-resolved X-ray scattering® have been employed
since these techniques can achieve high temporal resolution signals with probe laser durations as short as a
few hundred attoseconds®. On the other hand, in addition to X-ray time-resolved spectroscopy techniques, the
use of femtosecond (fs) strong infrared (IR) laser pulses has emerged as a complementary method for imaging
structural dynamics since IR pulses are easily generated and do not have limitations on beam time’~2. However,
fully understanding the detailed insights of PID dynamics induced by IR lasers in the molecular frame remains a
challenge, as this process involves both electronic and nuclear motion. Solving the full electron and nuclei time-
dependent Schrodinger equation (TDSE) is numerically unachievable so far'*-'7. This challenge is especially
prominent for hydrogen bond dissociation, which can occur in as little as 8 to 10 fs'®!7. Within such a small time
scale, the laser pulse does not end after dissociation, and the electrons of the fragments still have the possibility
to further ionize to higher ionic states. Tunneling ionization and laser coupling between different electron states
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Dissociation channel | BR from experiment’ | BR from SLIMIMES simulation
cr. bDt/oD* 74.6%=+5% 68.33%

ci: bt /D/O* 22.1%46.8% 29.35%

cia: bt /Dt /O | 3.1%+0.95% 2.32%

crv: Df jot 0.199%-£0.016% N.A.

Table 1. Branching ratio of different dissociation channels from experiment” and SLIMIMES simulation. An
800nm, 10'°W/cm? intensity with 20fs in duration strong IR is employed in their experiment. N.A. means we

don’t find CIV channel in the calculation.

Dissociation channel | BR from experiment** | BR from SLIMIMES simulation
Cl: DY/OoD* 70.2% 66.50%

ci: bY/D/O% | 13.3% 13.80%

cu: bt /DY /O | 16.5% 19.7%

cv: Df Jot Not See Not See

Table 2. Branching ratio of different dissociation channel from experiment** and SLIMIMES simulation. An
800nm, 4 x 10'*W/cm? intensity with 10fs in duration strong IR is employed in their experiment. People don’t
see CIV channel in this experiment.

should not be ignored in this PID process. Experimental and theoretical investigations into this process have
already been conducted with small diatomic molecules such as Hz and HeH!819,

In this study, our aim is to advance our understanding by investigating a test case involving D2 O as the target
molecule, revealing the significant role played by ionization and laser coupling in the PID processes of complex
molecular systems. Water molecules, along with their cations and dications, are ubiquitous in various natural
environments exposed to ionizing radiation, energetic electrons, and other ions, including recent exposure to
intense infrared (IR) lasers?*-2%, Advancements in vector momentum-resolved coincidence techniques such as
velocity map imaging (VMI)! and cold target recoil ion momentum spectroscopy (COLTRIMS)® enable the
meas urement of kinetic energy release (KER) and branching ratios (BR) of ionic fragments. For instance, Zhao
et al.” observed four dissociation channels of D2O*" in their experiment, while Chen et al. only detected three
of these channels?®. The laser parameters and corresponding BRs are provided in Tables 1 and 2. Despite the
presence of the bond rearrangement channel (CIV), it is evident that the dominant dissociation channels are the
two-body breakup (CI) in both experiments. However, the BRs of the three-body breakup channels (CII, CIII)
exhibit a strong dependence on laser parameters.

In this work, we introduce our SLIMIMES model to elucidate the dependence of BRs on laser parameters
observed in these experiments, highlighting the importance of laser coupling between the electron states from
different charged molecular states in a molecular dynamics process. Atomic units (a.u.) are used throughout this
work, unless mentioned otherwise.

Theory and results
DFT and TDDFT
We adopt time-dependent density functional theory (TDDFT) based Octopus code package?®~?’ to perform
most the calculations. The ground states at each molecular geometrical configuration {R} can be found by
Kohn-Sham equations (KSE):

v2

7 + ‘/eact (R7 I‘) + VH (R7 I‘) + VXC (’IL, R7 I‘) Pjo (R7 T, t) = Ejo (R) Pjo (R7 T, t) ) (1)

where Veazt (R, 1), Vi (R, 1) and Vxc (n; R, 1) are the external potential acting on the interacting system, the
Hartree potential and the exchange-correlation potential, respectively (details about these potentials can be
found in Refs.?>-%7).

¢jo and € are the occupied Kohn-Sham (KS) orbitals and corresponding eigenvalues with the spin coordinate
is embodied in o respectively, then the molecular total wavefunction in Octopus code can be expressed as

o, — |len |z \W2|§ |%0T3|z ~~~~~~

lpua ™ lpu2l™  lpusl™ s
indicate the occupation number |¢o; |2 for different orbitals (detail about this expression method can be found
in Octopus user guide?’).

, where the square brackets || DO NOT denote a determinant but
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The excited states at each molecular geometrical configuration are optimized with Casida module?’ from the
calculated ground states®%’.

The electron-nuclei coupling dynamics under the interaction of strong laser fields to be solved by time
dependent KSE:

_iw - _VTQ + Vewt (Ry1) + Vi (R, 1) + Vo (n; R, 1) + Vis (1, t)} wjo (R,1,1) @)
d®Ry _ ’

where Vi, (r,t) = f (t) cos (wt) € - r with the temporal profile f(¢), the carrier frequency w, and the polarization
direction ¢, respectively. In this work, f(¢) is defined as f (¢) = eop exp (—(t — to)2/ (27’2)), here eg is the

electric field amplitude, 7 is the duration and t¢ = 0 in our simulation. M, R and F, is the mass, coordinates,

2
and force?” on nucleus «. If the nuclei are fixed, then %‘% =0.

The full information of strong laser induced state transitions, charge migrations, dissociation, and ionizations
are all included.

SLIMIMES model

The foundational concept of the SLIMIMES model is illustrated in Fig. 1. In a strong field, the double ionization
of D20 can be achieved through two pathways: Pathway I (PI): Neutral D> O is initially excited by the laser-
electron interaction to a non-dissociative state of DoOF (such as the ground state of D> O™, denoted as 12B1
). Subsequently, DO undergoes further vertical excitation to certain D2O*" states while maintaining the
molecular geometry within the Franck-Condon principle. Finally, dissociation of D2 0?1 occurs, as free water
dications have never been observed as non-dissociative molecules in vacuum. Pathway II (PII): D2 O is directly
vertically excited to an intermediate dissociation state of DoO™. The fragments separate rapidly within the
duration of the laser pulse, with each fragment having the potential to be ionized during the photon-ionization-
dissociation (PID) process!®!7.

The main Approximations of the SLIMIMES model can be summarized as follows:

(1) Ionization and excitation occur before and at the largest peak of the electric field, ¢ < 0. Before the largest
laser peak, the nuclei are considered fixed;

(2) Ionization to triple-ionized and higher charged ionic states is disregarded;

(3) The dissociation yield Y of a certain dissociation channel is approximated as the direct sum of all the

electron state populations C; that contribute to this specific channel: Y = > Cj, that is, the quantum

1
interferences between these states are ignored;

In the SLIMIMES model, three main calculation steps are involved: Firstly, we need to get the populations of
each electron states of D20, DoO1 and D>O?1 at t = 0 when the electric field reaches its largest peak and
this is the key step in SLIMIMES model, just keep in mind that we assume that the molecule is triggered by the
laser pulse from the ground state of a neutral water molecule, with the molecular geometry unchanged before
t = 0, according to our Approximation 1. Usually, as D20, D>07" and D>0?" share different numbers of
electrons, directly projecting the specific orbital ;- (R,r,t) on the total wavefunction ¥ (¢) is numerically
difficult to achieve, such calculations can only be roughly estimated by MO-ADK formula®. This is a major
challenge in studying the impact of electron dynamics during strong laser-induced dissociation-ionization
coupling processes.

R R

Fig. 1. Scheme for dissociation pathway I (a) and II (b).
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In SLIMIMES model, we resolve this difficulty by expanding the total time dependent wavefunction in terms
of all electron states of D20, D2O™ and D2O*T: W (¢ Z aj ( ), where a; and ®; represent the time-

dependent amplitude and time-independent wavefunctlon “of state j (] state can be ground or excited electron
state of neutral, cation, or diaction molecule). In Octopus code, we have

L e :::‘:Zag‘@j:Zai
- -

Vi1 V2 V3
j

41 (J, r) N2 (], r) nps (J7 r) .
1 (.77 I‘) ny2 (], I‘) ny3 (]7 r) RN ] (3)

where vy; (£) = |{@oi (r, )] poi (r))]? is the overlap between the time dependent KS orbital and itself initial
orbital, the valve of v, (t) corresponding to how many ¢, (7, t) still stays at its initial position. All KS orbitals
overlap v5; = 1 at the beginning.

In this step, we start the time prorogation TDDFT calculation when the laser begin interacting with water, and
ends at t = 0. Then we have the linear equation of a; at t = 0 (or at any time ¢ < 0):

i1 (t) np (Lr) npn(2,1) g (3,1) L\ faa
vra (t) ny2 (1,1)  nge (2, r) mp2(3,r) .. a2
vr3 (t) nys (1,r) np3(2,r) nps(3,1) . as
v | = ey na@r) nn G ) (4)
vz (t) n2 (L) np2(2,r) ng2(3,r) .
(t) ny3 (17 I‘) ny3 (25 I') ny3 (37 1') .

By solving this equation, we obtain the time-dependent coefficient distribution a; of each possible state to be
involved, such as diaction states and the intermediate dissociation states of D2O™". a; gives the information of
the j state population at t = 0. The electron ionization, excitation as well as any other electron dynamics occurs
between different ionic charged electron states are all included in a;.

In the second steg of the SLIMIMES model, our focus shifts to the PII channel, in which the fragments of the
D>O™ and D>0O*" dissociation states undergoes a possible further ionization. The main purpose of the second
step is to find out this further ionization possibilities.

In this step, we perform the TDDFT calculations with the initial electron states setting to be a specific D2O™
or D20 dissociation state with nuclei are moving, each calculation with different initial state are performed
independently, all the time propagations start at t = 0 and terminated a little further than the laser ends time.
The ionization possibility of a fragment X can be got by the formula: Px = 1 — pX (¢), where pX (¢) represents
the electron charge number of fragment X, calculated utilizing the method proposed in Refs.?>*.

Then the dissociation yield Y; of (XY)t = X 4+ Y channel from the dissociation state j after two
SLIMIMES steps is: Y; = a; [(1 — Px+) (1 — Py)], here a; is the population of (XY)" att = 0, Px+ is the
ionization possibility of fragment X+ and Py is the ionization possibility of fragment Y. In this step, we ignore
the ionization to triple-ionized and higher charged ionic states.

The final SLIMIMES step is to collect all possible Y} to calculate the total dissociation yield Y of a certain

dissociation channel: Y = Y Y; with ignoring the interferences between different dissociation states.

A note is addressed here,] although we present water as the show case in Fig. 1 and next Section, SLIMIMES
model can easily be expanded to investigate more complex molecular systems, with a higher but still acceptable
computational cost (Fig. 2).

Figure 2a presents a series of selectively calculated Potential Energy Curve (PEC) of water from the Octopus
code with scanning only one OD bond, the shown states are anticipated to play crucial roles in the PID process
(carefully examined for convergence). Detailed properties of these potential curves are provided in Table 3. Each
curve is labeled as (qn), where g signifies the charge of the molecule, and n denotes the order of excited states, with
n = 0 indicating the ground state. The equilibrium distance for OD is 1.8, and the vertical excitation energies
from the ground state are indicated. Each orbital ;. is expressed as ¢ (xs, ¥, 2i) in terms of grid points in the
3D space. The range for each coordinate is z; € [—200,+200], z; € [—200, +200] and y; € [—200, +200]
with dr = dy = dz = 0.2. In our simulations, the adiabatic local-density approximation (ALDA) with the
parametrization of Perdew and Zunger are used’!.

Notably, the PEC from (13) to (19) cluster near 30 eV for D> O™, and from (20) to (24) also exhibit proximity.
These curves are pivotal for the double ionization of D2O. In D2O™, the first three levels (10), (11), and (12)
represent pure levels with one electron removed from D2 O. For the higher levels from (13) to (19), configuration
mixing is significant, as shown in Table 3. For the curves (20) to (25), only removal of two electrons from the
HOMO, HOMO-1, and HOMO-2 are involved. Table 3 also depicts the vertical excitation energy of each curve
at the e%ullibrium distance of D20, the symmetry in C2,, and the dissociation limit. The five potential curves
in D2O** do not support long-lived bound states; the molecule would directly dissociate via two-body breakup
into DT /OD™, or by three-body breakup into D+ /D" /O. Although (25) can dissociate into D™ /D /O™, its
vertical excitation energy is much higher, making this channel open only at higher photon energy.
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Fig. 2. (a) All PECs of neutral (one ground state), cation (first 10 states) and diaction (6 states) of D2 O that
are involved in SLIMIMES simulation. (b) Four PECs of DoO intermediate dissociation states (13), (15), (16)
and (18). (c) PECs of the fragment OD™ from intermediate dlssoc1at10n state: green curve 23% is the fragment
from (13) and finally dissociating to OD™ — D + O, Blue curve a LA is the fragment from (15), (16) and
(18). Meanwhile, the cyan curve XY and red curve are the ground state of OD™ and OD?™, respectively.

[gn] | [klmnop] Energy (eV) | Symmetry | Dissociation limit
[00] | [222200] 0 1A D+OD

[10] | [222100] 126 12B, D(2$)+0D* (X 3%)
[11] | [221200] 14.7 12A; D++0D(?1I)

[12] | [212200] 18.6 12B, D(28)+0D+ (1 A)
[13] | 0.54[222010] + 0.84[221110] | 27.3 22A1 D(25)+0D*(2°%)
[14] | 0.84[221101] + 0.54[222010] | 27.7 22B, 0(P)+DJ (2%) (1)
[15] | 0.54[221110] + 0.84[122200] | 29.1 12A2 D(25)+0OD*(*A)
[16] | 0.42[222001]+0.9[221101] 29.4 32B, D(2S)+0Dt (1 A)
[17] | 0.54[222010] + 0.83[122200] | 30.1 22B, O(P+DJ (?%) (")
[18] | 0.9[222001] 4 0.42[221101] | 30.2 227, D(2S)+0OD*(* A)
[19] | 0.7[212110] + 0.7[212110] 32.6 32A4 O(SP)+D+ )
[20] | [211] 39.6 13B,; DT+0ODT(X3x)
[21] | [220] 40.9 1Ay Dt+0ODT(X3X)
[22] | [211] 42.1 1By Dt+0OD*(X3%)
[23] | [121] 44.3 1B, D+t+DT+0(3P)
[24] | [121] 45.0 11A, Dt+DT+0(3P)
[25] | [022] 62.1 3B, DT +D(?S)+0+

Table 3. State index (first column), electron configuration (second column), energy at the equilibrium
position (third column), electron states (fourth column) and the dissociation limit (fifth column). k,l,m,m,o,p
corresponding HOMO-3, HOMO-2, HOMO-1, HOMO, LUMO and LUMO+1, respectively.

Based on Table 3, it becomes evident that direct removal of two electrons from the D>O or H>O molecules
from the outer shells will result in two-body breakup into D /O D™ and three-body breakup into Dt /D" /O
. This is consistent with experimental results from Reedy et al.?!. using a synchrotron light source at 57 eV.
Furthermore, we discern that (13), (15), (16), and (18) are the crucial intermediate dissociation states. (13)
would lead to three-body breakup: D;O" — D + D + O*, while (15), (16), and (18) would result in two-body
breakup: DoO1 — D + OD™, which are shown in Fig. 3b and c.

We can summarize the dissociation yield CI, CII and CIII of DoO** from above analysis as:
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Il Our results
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Fig. 3. Comparison of KER from our model and from Ref.32.

Yor = Ca0 + Co1 + Ca2 + C15 - Ppis + Ci6 - Ppis + C1s - Ppis
Yeorr = Cos - [1 — Ppas] + Cis - 2Ppis - [1 — Ppas| (5)
Yorrr = Cay - [1 — Poaa] + Cas - [1 — Poas]

where Yor, Yorr and Yorrr corresponding to the dissociation yield of DY /ODY, DT /D /O and DT /D% /O
, respectively. Ppgn and Pogn are the probability of ionizing the neutral D or neutral O from the state [gn] from
second step of SLIMIMES. Cj,, is the population of state [qn] which comes from calculation of first step of
SLIMIMES. It’s clear to identify that the C2, terms are from PI pathway while C1, terms are from the non
vertical pathway PII

In the TDDFT calculations, D20 is planar on the xz-plane. The time-step is chosen to be 0.08, or about 2
attoseconds. Such small step size is need since typical electronic time scale is about 10-20 attoseconds. An
absorbing potential is applied when each coordinate is -5.0 away from the boundary surface. The water geometry
in first step of SLIMIMES is set to be the C'2, symmetry with both OD = 1.8 and ZDOD is 104°.

To account for the effect of molecular nuclear vibrations on the final results, we used the Wigner phase space

distribution to sample the initial conditions of the classical trajectories:
N—6

1 3 wj no  P?
W(Q,P):W Hl exp | —HQj — 75
j=

Where @;, P;, w; are the normal-mode coordinates, momenta and frequency defined in terms of the
eigenvectors and eigenvalues of the mass weighted Hessian. Detail of the Wigner phase space distribution can be
found in Ref.?’. The final results at specific polar and azimuthal angles Y (6, ¢) were then statistically averaged

Y (0,0) = e Here Y and W}, corresponding the branching ration calculated from classical
> Wi(@,P)

trajectory k which has an initial condition W.
In the experimental setup, water molecules are randomly oriented, necessitating the averaging of the polar and

azimuthal angles  and ¢ of the dissociation yield in our simulation, denoted as Y; = f :r f 02# Y; (6, @) sin 0dOdp

. Each angle is sampled 100 times, totaling 10,000 samples in all.

We intend to reproduce the experimental BR in Tables 1 and 2 and our simulation results are also presented
in Tables 1 and 2. We observe good agreement between our model and the experimental data from both
studies, except for the absence of the CIV channel in Zhao et al’s work’. An analytical explanation is provided
for deeper understanding the influence of laser conditions on the experimental BR. According to the Eq. (5),

Y2 _ O25(1-Ppas]+C13-2Pp13-[1=Ppis] o, Ciza p P s isat np
¥ ot o Por oo B Pood] ~ &2 Ppis, where Ppi3 represents the ionization probability

from the (13) state. If we neglect the contribution from the (25) state due to its low population and assume
Po23 = Po24 = Ppis, then % can be approximated as %PDB. As laser conditions change from the setup

described in Ref.’ to that in Ref.%, Pp13 decreases rapidly, resulting in a sharp decline in 3.2

Similarly, considering the ratio %, we
Y2 _ Ca6[1—Ppag]+2C13-Ppi13-[1—Ppis] ~ 26-Pp-[1-Pp] _ Cia ;
haveYl T C20+C21+C22+C15Pp15+C16 Pp16+C18Pp1s ~ 3+38-Pp  ° Here, 6 = Cao’ and we lgnore the

contribution from the (25) state as before. In this equation, C13 - Pp corresponds to the probability of diaction

ionization from the (13) state, comparable to C29. Hence, the term § - Pp = % can be treated as a constant.
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Intensity |4 X 10**W/cm? 101°W/em?

FWHM 10fs 40fs 10fs 40fs
YorPl |9.2x107%[1.2x1072 1.3 x 1072 | 1.9 x 1072
YorPII |1.4x1072|2.7x1072 |7.6 x 1072 | 1.3 x 10!
YerrPI |31 x107% |43 x107* |29 x107% |3.0x107*
YorrPIL | 7.0 x 1073 | 1.5 x 1072 | 3.3 x 1072 | 4.4 x 1072
YerrrPl |57 %1072 |6.7x 1072 |5.0x 1073 | 3.8 x 1073

BR of CI 72.40 % 76.2 59.90 % 81.2%
BRof CIT | 11.90 % 15.1% 28.3 % 11.5%
BR of CIII | 15.70 % 8.7% 11.8 % 7.3%

Table 4. Compare between PI and PII pathway at different laser durations and intensities. Angle-averaged is
applied.

26-Pp-[1-Pp] ., _2C
3+36-Pp 3+3C
duration, 32 grows larger. This analytical model aligns well with the experimental data.

To discern the contributions from PI and PII under different laser conditions, we present the SLIMIMES
simulation for other four distinct laser conditions, as outlined in Table 4. We can find that CIII solely arises
from the PI pathway, while CII predominantly originates from the PII pathway, owing to the significantly higher
vertical energy of the (25) state compared to others, rendering its contribution negligible. In scenarios of low
intensity (e.g., 4 x 10'*, W/cm?), the contributions from PI and PII to CI are comparable. This parity stems
from the fact that at low intensities, the ionization of the D atom remains low, resulting in a relatively small PII
component. However, as intensity and duration increase, Pp escalates, causing the PII pathway to predominate
in CIL These simulations underscore the crucial role played by PII in the dissociation process, necessitating
its inclusion for comprehensive modeling. This analysis illuminates the intricate interplay between different
pathways under varying laser conditions, highlighting the necessity of considering both PI and PII to accurately
capture the dynamics of the dissociation process.

To further extend the applicability of our model, we also calculated the KER of the dissociation dynamics of
doubly ionized CH3OH. The initial state was set as the ground state of the CH3OH dication, and 1000 classical
trajectories were sampled based on the Wigner distribution for the initial conditions. We collected the kinetic
energy of the dissociation fragments at intervals of 1 eV. The histogram represents our model, while the dotted
line represents the results from*2. As shown, our results agree very well with those reported in the literature.

Consequently, we approximate = as x [1 — Pp]. With increasing peak intensity and

Conclusion

In summary, we have introduced a coupled electron-nuclear dynamics model to elucidate the laser-dependence
of dissociation Branching Ratios. Our analysis delineates two distinct dissociation pathways: a vertical transition
pathway and a non-vertical transition pathway. Significantly, we underscore the pivotal role played by the
non-vertical pathway in the PID process. The robustness of our approach is underscored by its alignment with
experimental findings and numerical simulations. While our methodology has been exemplified in the context
of the sequential fragmentation of heavy water following ionization by a strong IR laser, its applicability extends
beyond this specific scenario. We anticipate that our methodology can be effectively applied to a diverse array
of polyatomic molecules. By enhancing our capabilities for exploring molecular reaction dynamics, particularly
those involving intermediate molecular dissociation states leading to sequential fragmentation, our approach
opens new avenues for advancing our understanding of complex chemical processes. The identification of non-
vertical transitions in molecular dissociation reactions underscores the significance of ionization and laser
coupling in the interaction between strong lasers and molecular systems. This observation adds further depth to
our comprehension of molecular dynamics under intense laser fields.
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