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ABSTRACT

We report nonadiabatic dynamics computations on C,H,* initiated on a coherent superposition of the five lowest cationic states,

employing the Quantum Ehrenfest method. In addition to the totally symmetric carbon-carbon double bond stretch and carbon-
hydrogen stretches, we see that the three non-totally symmetric modes become stimulated; torsion and three different C—H
stretching patterns. Thus, a coherent superposition of states, of the type involved in an attochemistry experiment, leads to the
stimulation of specific non-totally symmetric motions. The computations were also performed on the specific combination of the

A and C states. In each case normal mode 9 (cis-asymmetric H,CCH, stretch), out of the set of non-totally-symmetric normal

modes, dominates. Thus, we can steer the nuclear motion along specific non-totally symmetric normal modes using a defined

coherent superposition.

1 | Introduction

The emergence of attosecond laser sources [1-4] gives one the
opportunity to probe molecular systems on the timescale of the
electronic motion. One main property of attosecond laser exper-
iments is that the high energy photon can lead to photoioniza-
tion from the whole of the laser energy bandwidth, leading to
potential ionization/excitation of multiple electronic states in a
coherent manner. From a theoretical perspective, the electronic
wavepacket created from a coherent superposition of states ex-
hibits new properties. To simulate the molecular evolution, two
strategies can be followed. One is purely focused on the electron
dynamics and is obtained by propagating the electronic wave-
packets in time on a frozen molecular frame [5]. The second is
the simulation of the full molecular wavefunction to assess the
coupled electron-nuclear dynamics stemming from a coherent
superposition. Different theoretical approaches can be found in

the literature for the study of the interplay between electronic
coherence and nuclear motion such as in the work of Vismarra
et al. on donor-m-acceptor molecules [6], on attosecond delays
in molecules by Sufier-Rubio et al. [7] and in a study of Despré
et al. on attosecond hole migration in benzene [8].

Alternatively, the superposition of electronic states can be
treated in an incoherent manner by averaging the results
obtained from dynamics initiated on each individual state.
In this case, one can perform the dynamics using the Tully
surface hopping method [9-13] starting with some appropri-
ate sample of nuclear configurations. In the surface hopping
method, the effect of the derivative coupling on the nuclear
motion is treated in an ad hoc fashion by correcting the mo-
mentum vector along the derivative coupling direction at a
hopping event. In this method, the contribution of the deriva-
tive coupling stemming from an electronic wavepacket is not
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included in the gradient and thus it doesn't impact the motion
of the trajectories outside of hopping event or only as a single
event correction when switching states for energy conserva-
tion purpose. Thus, the method is not suitable for attochemis-
try modeling [14].

In the case of a coherent superposition, the initial electronic state
must be defined as an electronic wavepacket, requiring methods
that can properly describe the coupled electron-nuclear dynam-
ics induced by a coherent superposition. Here one starts with the
time-dependent Schrodinger equation (TDSE) and computes the
electron dynamics. One then computes the gradient of the result-
ing electronic wavepacket at each timestep for the nuclear dynam-
ics [15] (see also exact factorization [16, 17]). This strategy then
gets further extended by expressing the nuclear wavepacket as an
expansion of interacting nuclear basis functions (e.g., Gaussian
wavepackets [GWP]). A non-exhaustive list of nonadiabatic dy-
namics methods that fall within this category are MCTDH [18],
Multiconfigurational Ehrenfest [MCE] [19] and DD-vMCG [20]
(and its Ehrenfest equivalent Quantum Ehrenfest [QuEh]) [21].

The important distinction between the various approaches
(i.e., TDSE for electronic and nuclear motion vs. surface hoping
based on adiabatic surfaces) lies in the gradient that drives nu-
clear motion, in particular the derivative coupling [14]. We have
discussed the effect of these cross-mixing terms in depth else-
where [22-24]. For the Ehrenfest-based approach, one might use
the average gradient of the states in a superposition (so called
“mean field” Ehrenfest). However, this ignores the fact that the
coherent superposition is a unique state, distinct from its com-
ponents. The alternative methodology is to treat the electronic
wavepacket as a proper state and obtain the full expressions for
the gradient and Hessian.

For the current work, we are using the QuEh method with full
second order expansion of the Ehrenfest state from the work of
Vacher et al. [15]. Recently we have shown that this approach
can be used to study the dynamics of a localized hole [25-27]
which gives rise to coherences and also to study passage through
a conical intersection where coherences are generated at the
crossing [28].

For nonadiabatic dynamics based on GWP, the propagation
of the nuclear basis functions can be separated into two parts:
the expansion coefficient from which the weight (i.e., using the
Gross Gaussian [29] population to account for non-orthogonality
of the GWP) can be extracted and the Gaussian parameters (po-
sition, momentum and phase of the center of the GWP). The for-
mer component is treated quantum mechanically by solving the
TDSE with the GWP ansatz. The latter component can be treated
purely classically (i.e., classical trajectory) by simply evolving
the center of the GWP according to Newton equation-of-motion
in methods such as Ab Initio Multiple Spawning [30, 31] and the
first version of MCE [19]. The recent work of Mattos et al. with a
post-analysis approach to Surface Hopping can be analogous to
propagating GWP along classical trajectories [32]. In the case of
DD-vMCG (and QuEh), the GWP follow a “quantum” trajectory
by obtaining the equation-of-motion for the Gaussian parame-
ters by applying the Dirac-Frenkel variational principle [33] to
the TDSE. We refer to the review on the vMCG method for more
details [20].

The ethylene (ethene in UPAC naming nomenclature) cation is
the simplest carbon = radical system and has been extensively
studied from both an experimental and theoretical approaches
[34-47].

The five lowest cationic states are D : X, zt, B D;: A, c(C-H)",
B, D,: B, 6(C—O), A, D;: C, 6(C—H)", By, and D,: D, z***,
B,,- In subsequent discussion we will use the spectroscopic no-
tation X, A, B, and so forth, for simplicity. The ground cationic
state X has a non-planar geometry with two close local minima
separated by a low torsional barrier [35, 36]. Upon excitation to
higher cationic states (D, and above), the molecules have been
shown to subsequently fragment leading to a H- or H,-loss with
the specific fragment observed dependent on the photon en-
ergy used for ionization [34, 46]. Various decay channels are
mediated by a conical intersection through either a pyramidal-
ization or isomerization structure and have been highlighted
by previous nonadiabatic dynamics simulations in the cationic
manifold with a potential link between the fragmentation prod-
uct and the decay channel [41, 43, 47]. Previous work focuses on
the photochemistry associated with individual cationic states
and with the emergence of attosecond lasers, more recent work
has investigated the effect of ionizing to multiple cationic states
with an incoherent superpositions [43, 46]. Here, we shall dis-
cuss the nuclear dynamics that occurs if one were to create a
coherent superposition of all five low-energy states of the eth-
ylene cation C,H,*. In the experiments of Lucchini et al. [46],
the same five states were excited with a broad energy laser
pulse but there is an open question as to whether a coherent
electronic wavepacket has been created under these experimen-
tal conditions.

3u’

Thanks to the high symmetry of the ethylene molecule (D,,),
the dynamics can be rationalized in terms of symmetry rules.
The gradient of an adiabatic state must always be totally sym-
metric. However, for a coherent superposition the situation is
different. The gradient (or force) that drives the nonadiabatic
dynamics of a coherent superposition has two types of compo-
nent: intrastate and interstate. The later (off-diagonal gradients
that arise from the mixing) are the derivative couplings and
have the form < y; d/dQ;.xif—\Ie y; > where the I and II are two
adiabatic states and 0/ dQ;xi is the gradient operator for each
normal mode i with symmetry a;. As just stated, the gradient
of the intrastate terms is only non-zero along normal modes be-
longing to totally symmetric irreducible representations for the
interstate terms, the mixing/superposition of two states I and
IT will be “allowed”, with an off-diagonal gradient component
along Q, only ifa’ ® o' @ all = Ajg (A, is the totally symmet-
ric representation in the D,, symmetry point group) and « is
an irreducible representation label. Thus, for a coherent super-
position we can expect to see initial motion along non-totally
symmetric coordinates.

We should emphasize at this point that there is only a single
time-dependent potential surface associated with each Gaussian
wavepacket. Thus, the population transfers we will discuss sub-
sequently in Figure 4 do not truly represent a passage through
a conical intersection. We have discussed the relationship of
QuEh with a conical intersection elsewhere [24]. The issue has
also been discussed in some detail by Curchod and Agostini
[48] in relation to time-dependent potential energy surface. As
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TABLE1 | Symmetry (direct) product (which we subsequently refer
to using the direct product notation ®) of the pair of electronic states and
the resulting NM associated with the same irreducible representation
(i.e., interstate gradient).

X

B;,) A (ng) B (Ag) c(B,) D(B,)

X(By) A, A, B,, B, B,,

NM 4
(torsion)

A (B3g) Ag B3g Blu BZu
NM 11 NM 9 NM 12

B(A,) A, B,, B,
NM 12 NM 9

C(B,,) A, B,
NM 11

D(B,) A,

we point out subsequently in this paper, exact factorization and
QuEh differ mainly in the fact that in the latter we expand the
nuclear wavefunction using GWP.

To clarify the concept of symmetry in the case of ethylene cation,
Table 1 presents the irreducible representations resulting from
the direct product for each pair of electronic states, along with
the corresponding NM that share the same irreducible represen-
tation. An electronic wavepacket composed of a specific pair of
electronic states will induce a motion along the derivative cou-
pling direction on the nuclear wavepacket. For example, mixing
states of symmetry B, o with B, (for states A and C, respectively)
results in derivative coupling motion with irreducible represen-
tation B, , corresponding to NMO9.

Thus, the goal of this paper is to examine the initial nuclear
dynamics of a coherent superposition of all five cationic states.
The dynamics are performed in reduced dimension in the space
spanned by the main totally symmetric motions (see Figure 1)
and the relevant NM related to the coupling mode for the states
included in the dynamics (see Figure 2). The results are ana-
lyzed by symmetry selection rules with respect to the derivative
coupling. We shall see that the derivative coupling stimulates
non-totally symmetric motion.

Since we cannot know the extent of the coherence in these su-
perpositions or the phase upon photoionization with an attosec-
ond laser in experiment, our simulations give examples of an
idealized fully coherent superposition where all five states have
the same sign and phase initially. Thus, in our computations
we arbitrarily choose all the signs to be positive in the coher-
ent superposition. From the experimental data we can only get
information about the relative weight between states using the
ionization cross-sections. The phase between states could be de-
termined theoretically by explicitly including the ionization step
in the dynamics with a presence of a pulse [49, 50]. The alterna-
tive in a sudden ionization approach for dynamics is to calculate
separately the initial electronic wavepacket created upon photo-
ionization from a specific attosecond pulse with the method of
Ruberti et al. [51].

H2> ) H\_/Hs
e Hs Hy Ho
NM 8 NM 10

Aqg

FIGURE 1 | The two totally symmetric NM included in the reduce
dimension for the nonadiabatic dynamics. NM8 is the carbon-carbon
stretching and NM10 is the symmetric stretching of all four carbon-
hydrogen bonds.

2 | Theoretical Background

The equation-of-motion for the QuEh method [52] can be ob-
tained by using the exact factorization ansatz for the TDSE
[16, 17].

YR,r,0) = y(R, Oy (r, ;R) ey

where the molecular wavefunction ¥ is written as a product of
nuclear y and electronic wavefunction y with the parameters R
denoting the nuclear position, r the electron position and ¢ the
time. In QuEh, the nuclear wavefunction is expanded as a sum
of GWPs g; with expansion coefficient Aj.

YR,1,0= D A0 R, Oy (r,;R) )
j

The equations-of-motion of the expansion coefficients A; and
GWP parameters (position, momentum and phase) are obtained
from solving the TDSE using the Dirac-Frenkel variational prin-
ciple. For more details on the equation-of-motion for the GWP,
information can be found on the work of Richings et al. [20] and
in the current work, we will briefly focus on the propagation of
the electronic wavepacket.

Starting from exact factorization enables the definition of a
global time-dependent “Ehrenfest” potential surface which
means that the expansion coefficients of the nuclear wavepacket
do not depend directly on a time-independent electronic state
as in the Born-Huang expansion. The approximation then made
is that the Ehrenfest surface is only known around the center
of each GWP (denoted by the R; as parameter of the electronic
wavefunction) using a local harmonic approximation. QuEh
equations-of-motion can also be obtained starting from the
Born-Huang ansatz [53] in which each GWP is associated with
a local electronic wavepacket. This, however, introduces cou-
plings between the electronic wavepackets which are difficult
to compute.

The electronic wavepacket around R. can be expanded locally
(denoted by the index j in u/j) into a sum of individual electronic
states, here chosen as eigenvectors of the electronic Hamiltonian
at that point.

vi(BER) = X e O (rR) ©)
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FIGURE 2 |

(d)

Non-totally symmetric NM corresponding to the torsional motion and carbon-hydrogen bond stretching, along with the singly oc-

cupied molecular orbital associated with the pair of electronic states satisfying the direct symmetry product to yield the corresponding irreducible

representation.

The electronic wavepacket is propagated locally in time using
the Ehrenfest method [52] with the equation-of-motion of the
electronic state complex coefficients given by the following
expression.

it,(0) = ;Hzi,(R)cS,J(t) @

By construction, the electronic wavepacket is built as a coherent
superposition of electronic adiabatic states and directly impacts
the motion of the associated GWP. A feature of our implementa-
tion of the QuEh is that the full derivative coupling is included
in the expression for the analytical gradient [15] experienced by
the nuclear basis function so it should not be regarded as a mean
field approach. The gradient (or force) that drives the nonadiabatic
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dynamics of a coherent superposition has two types of compo-
nents: intrastate and interstate. Thus, the dynamics that arises
from the mixing of two states is very similar to the forces that act
at a conical intersection where one force component is directed
along the derivative coupling. Indeed, one may make a prediction
about the course of the nuclear dynamics as a result of state mixing
by computing the derivative coupling as we shall presently show.

The expectation value of any operator 6 can be approximated
as a sum of quantities evaluated at the center of each GWP, 0;s
weighted by its Gross Gaussian Population (GGP) to properly ac-

count for the non-orthogonality of the Gaussian function.

<o(t)> = <YOP|P®) > ~ Y GGP(hoy(1) )
J

GGP;(t) = m{ Z Sij(t)A;‘(t)Aj(t)} (6)

3 | Computational Details

The dynamics is propagated for 20fs with the QuEh method
implemented in QUANTICS [54] and interfaced with a devel-
opment version of the Gaussian quantum chemistry software
[55] where the electronic motion is represented using a complete
active space configuration interaction (CAS-CI) formulation for
the Ehrenfest method with a 6-31 g* basis set. The active space
consists of 11 electrons in seven orbitals (the two carbon x orbit-
als, the four carbon-hydrogen ¢ bond orbitals and the carbon-
carbon ¢ bond orbital). The integrator for the nuclear dynamics
is Runge-Kutta fifth order. The dynamics is performed in re-
duced dimension in NM coordinates defined as mass and fre-
quency scaled NM vector from a ground state S Franck-Condon
point frequency calculation at 6-31 G*/B3LYP level of theory.
The reduced dimension comprises six NMs out of the full 12
and includes the torsional motion (NM4), the symmetric car-
bon-carbon bond stretching (NM8), and all four NMs related
to the carbon-hydrogen bond vibrations (NM9, 10, 11 and 12).

The initial nuclear wavefunction is represented as a linear com-
bination of 13 GWPs in a “full shell” sampling in momentum
space using a local harmonic approximation along the defined
NM coordinate. The “full shell” has 2n+1 GWPs with n cor-
responding to the number of nuclear degrees of freedom: All
GWP initial positions are at the Franck-Condon geometry with
the first GWP possessing no initial momentum, GWP 2to2n+1
have an initial momentum along a single NM with either a pos-
itive and negative value so as to make an overlap of 0.7071 be-
tween neighboring GWPs (i.e., a pair of GWPs are set up for each
NM). To ensure a stable nonadiabatic dynamics with QuEh, the
width of the GWPs and initial nuclear wavepacket along every
degree of freedom (i.e., NM) is set to 0.24 and 0.35, respectively.

In the mass-frequency scaled normal mode coordinates used for
the QuEh simulations, the ground-state vibrational wavefunction
in the harmonic approximation of the ground-state potential is a
Gaussian function with a width of 0.7071 (\%) (in arbitrary unit).

In on-the-fly nonadiabatic dynamics with QuEh, one can suf-
fer from numerical instability due to the numerical integration

of the equations-of-motion. The integration of the nuclear
equation-of-motion involves the evaluation of the inverse of
the overlap matrix between GWPs. At the beginning of the
dynamics, the GWPs are all located closely in phase space
which could lead to a singular overlap matrix which results in
a loss of the conservation of the total energy of the system. The
widths of the GWP and the initial nuclear wavefunction were
chosen to reduce the possibility of obtaining a non-invertable
overlap matrix, thus giving a more reliable total energy con-
servation. The consequence of a choice of width different from
the standard value of 0.7071 leads to an excited vibrational
wavepacket.

The dynamics can be initiated on different superpositions of
electronic states by choosing specific coefficients for each cat-
ionic adiabatic state where the initial configuration state func-
tion vectors are computed at the Franck-Condon point. Since
our objective is to understand the role of the derivative coupling
in a coherent superposition we have chosen equal initial weights
of each of the five lowest cationic states: X, A, and so forth. In
addition, we have run a simulation for the coherent superposi-
tion of states A and C.

4 | Results and Discussion

In Figure 3a we show the expectation value of the NM motion
for the nuclear wavepacket initiated on a coherent superposi-
tion of two (A/C) of the five cationic states X, A, and so forth.
and Figure 3b on a superposition of all the five cation states
weighted equally. We only display the results for a few NM as
they are the most relevant for the previously found excited state
decay pathways as well as from a symmetry perspective based
on the nature of the states involved. We can see that the totally
symmetric motion such as the carbon-carbon bond stretching
(NM8) and symmetric stretching of all four carbon-hydrogen
bonds (NM10) have large amplitudes. Moreover, the torsional
(NM4), cis- (NM9) and trans-asymmetric (NM12) motion are
also stimulated in the dynamics initiated on a coherent super-
position of all five states (see Figure 3b). In the case of a simpler
system with an electronic wavepacket composed of only two
states, it is expected that the nuclear wavepacket will be driven
by motion with the irreducible representation satisfying the
symmetry product rule. In other words, the gradient driving
the dynamics is the sum of the adiabatic state gradients and the
derivative coupling. By looking at Figure 3a where the dynam-
ics is initiated on a coherent superposition of state A and C with
B,, and B, , the symmetry allowed motion are the totally sym-
metric component and the derivative coupling of B,  irreducible
representation which is NM9 in this case. Moreover, the hole
created in the A and C states is located on carbon-hydrogen o
molecular orbitals and will weaken the bond leading to a major
contribution of NM10 into the nuclear wavepacket motion.

By comparison with the five state superposition, we can observe
a major contribution of NM9 to the motion of the center of the
nuclear wavepacket due to the presence of the A and C states in
the initial electronic wavepacket. Furthermore, the idea can be
further expanded by taking all pair of states. From Figure 2, the
nuclear motion is expected to be steered along NM11 and NM12
as well from taking the contribution from the other pair of states
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FIGURE 3 | (a) Expectation value of the normal modes for the nuclear dynamics of (a) a 2 state superposition (A and C) and (b) for the five state

superposition.
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FIGURE4 | Adiabatic state populations (a) for A/C superposition (red and black, respectively) and (b) for the five-state superposition.

involved in the superposition and the expectation values of the
NM displacement of the nuclear wavepacket do move along the
derivative coupling direction associated to the other pair of elec-
tronic states included into the initial electronic wavepacket (see
Figure 3b).

Another observation that can be made is the large contribution
of the carbon-carbon double bond stretching (NMS8) to the nu-
clear dynamics initiated on a coherent superposition of all five

cationic states. The weakening of the double bond can be ex-
plained by the presence of the B state in the superposition which
at the Franck-Condon point corresponds to creating a hole in
the carbon-carbon ¢ bond. After 20fs, on top of the NM8 contri-
bution, the dynamics is dominated by NM9 stemming from the
A/C derivative coupling contribution as well as the torsional mo-
tion due to the X/A coupling motion. From previous theoretical
work [43], the torsional motion is one of the main deactivation
channels for excited state decay in ethylene cation.
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By focusing on the electron dynamics indicated by the adiabatic
state population in Figure 4, oscillating electron dynamics are
observed between state A and C when initiating the nonadia-
batic dynamics with a coherent superposition of these two states.
It is known from previous theoretical work that a coherent su-
perposition of two electronic states induces oscillating electron
dynamics with the time period inversely proportional to the
energy gap between the two states [56]. Up to approximately
12fs, a gradual step-wise increase of the population on the state
B is noted, which can be rationalized by its energetic location
between states A and C. After 12fs, a rapid population transfer
to the B occurs, which is characteristic of a nuclear wavepacket
going through a conical intersection.

Initiating the dynamics on a coherent superposition of all five
lowest cationic states (see Figure 4b) leads to a more complicated
picture. For the first half of the dynamics, the electron dynamics
is mainly driven by the population transfer between states B and
C. The second half is dominated by large population transfer
which point toward the presence of conical intersection along
the pathway of the nuclear wavepacket dynamics with an initial
transfer to the highest cationic state D followed by a recovery of
the population on the C states. For the 20fs of the simulation,
the dynamics is controlled by the high energy cationic states and
we only observe a gradual increase to the ground cationic state
X around 18fs.

As we have discussed above, the changes in adiabatic state pop-
ulations (e.g., Figure 4a) at 16-17fs are cases where the diabatic
state remains the same but the ordering in the adiabatic repre-
sentation changes.

In QuEh, there is only one time-dependent potential energy sur-
face for each GWP so a change in the electronic coefficient is not
associated with a full discontinuous change of the potential en-
ergy surface which would be typical in surface hopping method.
Rather they merely reflect the change in the composition of the
coherent superposition with time and emphasize that the co-
herent superposition is a “state” in itself with its own gradient
and the nuclear dynamics is driven by the first derivative of the
time-dependent Ehrenfest state. The stability of the nonadiabatic
dynamics with QuEh makes it challenging to extend the simula-
tion for longer time on top of the computational cost. Thus, in the
current work, we can only predict the expected outcome of the
nuclear wavepacket dynamics induced by electronic states that
can potentially be photoionized to in a coherent manner from re-
cent experimental work with large energy bandwidth laser [46].

5 | Conclusions

For attochemistry simulations, where a coherent electronic su-
perposition is created, it is important to properly account for
the effect of the derivative coupling on the nuclear wavepacket
evolution. Here we show that a specific mixing of two states
(A/C) generates large amplitude motion along the symmetric
carbon-hydrogen stretching NM10 and the associated deriva-
tive coupling NM9 whereas a mixing of all five states leads to a
contribution of multiple derivative couplings terms steering the
nuclear dynamics as well as a weakening of the central carbon-
carbon double bond showcased by the large amplitude motion

along NM8. Thus, by carefully creating a specific initial elec-
tronic wavepacket, it is possible to achieve a form of coherent
control.

In the recent experimental and theory paper [46], superpositions
were created from three different harmonics of a high-harmonic
generation laser source (H9, H11 and H13) and a photoioniza-
tion with the ninth harmonic result in an electronic wavepacket
dominated by the X and A states. For the other two harmonics
mentioned in the experimental work, the 11th and 13th lead to
an ionization mainly into the A, B and C states. The main ex-
perimental results were the fragmentation pattern C,H,* versus
C,H,*. However, under their experimental conditions the su-
perposition would not have been coherent. In our results cor-
responding to a coherent excitation with five states we see an
initial double CH stretch (cis NM 12 trans NM 11 and sym-CH,
(NM 9) H, < C - H; or Hy « C — Hy) that becomes asymmet-
ric for example, H, - C — H,. The interstate gradient for A/C
B/C and A/B always involves the stretching of two CH bonds
(NM 9NM 11 and NM 12).

The initial vibrational motion stemming from a coherent elec-
tronic wavepacket will steer the nuclear wavepacket into a spe-
cific region of the phase space (i.e., geometry and momenta) and
thus form unique “initial conditions” for the subsequent dynam-
ics. Therefore, it is potentially possible to control the nuclear mo-
tion and the resulting photoproduct (fragmentation in C,H,*) by
designing an initial electronic wavepacket to push the nuclear
motion into a specific direction. This is the sought-after “atto-
control” of the attochemistry field.

If the simulations are run for a longer time one might expect nu-
clear decoherence where the individual part of the nuclear wave-
packet will travel on time-dependent PES very close to a single
adiabatic state equivalent (i.e., electronic wavepacket might
decay to a single eigenstate). The speed of the nuclear decoher-
ence will impact the extent of the photocontrol. In the case of
ethylene cation, we do observe the nuclear wavepacket moving
substantially along coupling motion within the 20fs of dynam-
ics and thus, it will have a non-negligible impact on subsequent
nuclear dynamics.
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