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Abstract: Utilizing lasers to probe microscopic physical processes is a crucial tool in contemporary
physics research, where the influence of laser properties on excitation processes is a focal point for
scientists. In this study, we investigated the impact of laser pulses on the quantum yield of electronic
wave packets near conical intersections (CIs). To do so, we employed the time non-local quantum
master equation to calculate the time-evolution dynamics of wave packets on excited-state potential
energy surfaces (PESs) and projected them onto effective reaction coordinates. The waveform of laser
pulses was manipulated by varying the relative amplitude, pulse duration, and center wavelengths
of Gaussian profiles. Our calculations revealed that the shape of laser pulses has a discernible impact
on the dynamic evolution of electrons in excited states. Furthermore, our research indicated that
different pulse profiles exhibit a maximum variation of 6.88% in the quantum yields of electronic
wave packets near CIs. Our calculations demonstrate the influence of laser pulse waveform on
excitation processes, providing a feasible method for exploring the coherent control of wave packets
at conical intersections characterized by strong nonadiabatic coupling.

Keywords: laser pulse waveform; quantum open system; nonadiabatic dynamics; conical intersection

1. Introduction

Laser pulses serve as crucial tools to investigate microscopic physical processes.
The laser excitation can induce a transition of the electronic wave packet from the molecular
ground to one or multiple excited states. The degeneracy of potential energy surfaces
(PESs) in the configuration space of polyatomic molecules induces strong nonadiabatic
coupling between two PESs. The resulted CI mixes the quantum dynamics of the electrons
and the nuclei, implying that the Born–Oppenheimer approximation breaks down [1–4].
The degeneracy of the molecular PESs permits an ultrafast radiationless transition of the
wave packet from upper electronic excited states to the lower ones, whereby the conical
intersection structure opens a nonadiabatic energy channel, significantly accelerating the
efficiency of energy transfer [5]. Due to the strong vibronic coupling, the wave packet
dynamics in the vicinity of a CI can be monitored by its associated vibrational coherence of
the reaction coordinates by using the coherent spectroscopic techniques [6,7]. Pump–probe
spectroscopy, with configurations, is a powerful tool to monitor the dynamics of a wave
packet passing through the CI. For instance, to study the ultrafast photoisomerization of
rhodopsin, Polli et al. employed transient absorption spectroscopy to unravel the timescales
of ultrafast isomerization [8]. They revealed the detailed timescale of photoisomerization
by monitoring the frequency shift of the stimulated emission from excited state to ground
state. Moreover, in the transient absorption spectrum, the vibrational coherence has been
examined both in the reactant and product states to investigate the wave packet dynamics
in the vicinity of the CI [9,10]. An evidence of the CI in the isomerization [11,12] and singlet
fission [13,14] was also provided by tracking the coherent transfer of a wave packet along
the intra- and intermolecular vibrational coordinates. More recently, Miller et al. and
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coworkers employed two-dimensional electronic spectroscopy to reveal the nonadiabatic
dynamics in rhodopsin [11]. With this, they were able to detect the enhancement of elec-
tronic transitions from ground to the excited state between two PESs when the wave packet
approached the degenerate point. Femtosecond-stimulated Raman spectroscopy (FSRS) is
another valuable tool to detect the time evolution of the vibrational coherence. The FSRS
has been used to study the isomerization process in rhodopsin [15] and it was estimated to
occur within 200 fs or less. The recently developed FSRS re-examined the isomerization pro-
cess, and its timescale has been measured to be shorter than 50 fs [16]. In Mukamel’s work,
PE-stimulated Raman gain/loss (PE-SRG/L) and coherent anti-Stokes Raman scattering
(PE-CARS) due to monochromatic excitation and PE femtosecond-stimulated Raman spec-
troscopy (PE-FSRS) are considered. It was discovered that the dependence on the plasmon
resonance, picosecond and femtosecond pulse characteristics, and molecular vibrational
properties are evident in the density matrix-derived PE-FSRS intensity expression [17].
The photoisomerization of stilbene has also been investigated and the structural changes
have been revealed by the gradual shift of the torsional mode [18]. Moreover, the two-
dimensional FSRS has been recently constructed and applied to study the anharmonicity of
the vibrational coherence of charge-transfer modes of an artificial dimer system [19–21].
In addition, the ultrafast electron pulses have been employed to study the isomerization
process, and the gradual changes in structures has been shown when a wave packet passes
through the CI [22].

The essential physical process of radiationless transitions in the CI can be well captured
by a two-state two-mode model [23–25]. It has been proposed to study the photoisomer-
ization dynamics in rhodopsin [24]. To monitor the nonadiabatic dynamics, the motion
of the wave packet on the PESs has been projected onto the effective reaction coordinates,
and the dissipation of the electronic wave packet has been treated by quantum master
equations [26–28]. The two-state two-mode model has been further simplified by Duan et al.
by applying a unitary transformation of the effective reaction coordinates into the harmonic
bath and by solving the resulting non-Markovian dynamics using the hierarchy equation
of motion to achieve numerically exact results [29]. Moreover, the lifetime of tuning and
coupling modes has been modulated to investigate their impact on quantum efficiency in
a CI system with strong nonadiabatic coupling [30]. Through this, we observed that the
quantum yield of the motion of wave packet can be modulated up to 20%. To capture the
signature of the CI, attosecond Raman spectroscopy has been theoretically proposed to
detect the transient electronic coherence of wave packets in the vicinity of the CI [31,32].
Furthermore, time-resolved electron or X-ray diffraction has also been proposed to catch
the signature of the CI by directly monitoring the motion of the molecular structure [33–36].
Although the nonadabatic dynamics in the CI has been extensively studied by experimen-
tal and theoretical calculations, the detailed dynamics and the key factors impacting the
quantum efficiency of the system are still elusive.

The feasibility of pulse modulation has also achieved rapid development in recent
years. Valentyn I. Prokhorenko and Andrea M. Nagy modulated the phases and amplitudes
of the spectral components in the photoexcitation pulse, showing that the absolute quantity
of 13-cis retinal formed upon excitation can be enhanced or suppressed by ±20% of the
yield observed using a short transform-limited pulse with the same actinic energy [37].
Xinhua Xie and Katharina Doblhoff-Dier, in their work, control various fragmentation
reactions of a series of polyatomic molecules (e.g., acetylene, ethylene, 1,3-butadiene) via
the optical waveform of intense few-cycle laser pulses. Their study both experimentally
and theoretically shows that the mechanism responsible for this control is the inelastic
ionization from inner-valence molecular orbitals by repeatedly colliding electron wave
packets, whose recollision energy in few-cycle ionizing laser pulses strongly depends on
the optical waveform [38]. Liat Levin and Wojciech Skomorowski used an ab initio model
to show that control is achieved by purification combined with chirp-dependent Raman
transitions. An experimental closed-loop-phase optimization using a learning algorithm
yielded an improved pulse that utilizes vibrational coherent dynamics in addition to
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chirp-dependent Raman transitions. The results show that the coherent control of binary
photoreactions is feasible even under thermal conditions [39]. Furthermore, the pulse
chirp can represent a convenient parameter to tune the beam temporal profile from an
experimental point-of-view. By applying ultrashort chirped pulses, it can be found that the
timescale of excitation is comparable to that of the electronic dephasing while the following
adiabatic process relies on the chirp of the pulse inverting the population on a timescale
much shorter than the dephasing time [40–42].

In this paper, we study the impact of different laser pulses on the quantum efficiency of
electronic wave packets near the CI. For this, we monitor the quantum dissipative dynamics
and project it on the effective reaction coordinates. We first numerically select the laser
pulses and employ them to prepare the electronically excited state after photoexcitation.
We track the motion of wave packets on the PESs in the vicinity of the CI. This allows
us to unravel the detailed mechanism and discover the key factors, thereby determining
the quantum efficiency. Based on our calculations, we observed an obvious impact of the
laser profile on quantum efficiency. The maximum optimization can be reached to 6.9% of
enhancement with the optimal pulse profile. Our work demonstrates the laser profile do
provide an effective tool to enhance the efficiency of quantum yield in a CI system with
strong nonadiabatic coupling.

2. Theoretical Model

We start from the three electronic states, |g⟩, |e1⟩ and |e2⟩. We assume two electronic
excited states, |e1⟩ and |e2⟩, linearly coupled to two vibrational modes, tuning and coupling
modes, respectively. The vibronic coupling is determined by parameter κ. We also assume
that the molecular system is coupled to two dissipative baths consisting of an infinite num-
ber of harmonic oscillators. Thus, the total Hamiltonian can be written as H = Hmol + Henv.
The system Hamiltonian Hmol = Hg + He1 + He2, which has the following form:

Hg = |g⟩ hg ⟨g| ,

He1 = |e1⟩ (h1 + ϵ1) ⟨e1| ,

He2 = |e2⟩ (h2 + ϵ2) ⟨e2|+ (|e1⟩V ⟨e2|+ h.c.),

(1)

where h1 and h2 are the vibrational Hamiltonian associated with the electronic states |e1⟩
and |e2⟩. hg is the vibrational Hamiltonian of electronic ground state. ϵ1, ϵ2 and V are the
energy of electronically excited states and the couplings between the two electronic states,
respectively. The two vibrational modes can be written as

hg =
1
2 ∑

j=t,c
Ωj(P2

j + Q2
j ),

h1 =
1
2 ∑

j=t,c
Ωj(P2

j + Q2
j )− κQt,

h2 =
1
2 ∑

j=t,c
Ωj(P2

j + Q2
j ) + κQt;

(2)

here, Ωj and Pj are the frequency and momentum of the respective vibrational modes;
Qj=t,c denotes the coordinate of the mode with frequency Ωj=t,c. For simplicity, we assume
that the electronic coupling between the two electronic states is linearly related to Qc,
i.e., V = ΛQc, where Λ is the electronic coupling strength. The bath has been assumed to
consist of an infinite number of harmonic oscillators, each linearly coupled to the coupling
and tuning modes, respectively. The environmental Hamiltonian is given as

Henv = ∑
i

1
2

 p2
i

mi
+ miω

2
i

(
xi +

ciQc

miω
2
i

)2

+
q2

i
Mi

+ Miν
2
i

(
yi +

tiQt

Miν
2
i

)2
. (3)
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Here, pi and qi represent the dimensionless momentum and coordinate operators for
Pi and Qi, respectively. ci and ti, xi and yi, mi and Mi, as well as ωi and νi denote the
coupling constants, coordinates, masses, and frequencies for the two modes, respectively.
The thermal bath can be described by the spectral density [43], i.e.,

J(ω) =
1
2 ∑

i

c2
i

miωi
δ(ω − ωi),

J(ω) =
1
2 ∑

i

t2
i

Miνi
δ(ω − νi).

(4)

For the coupling mode and tuning mode, the vibrational modes of the thermal bath
follow an Ohmic spectral distribution given by J(ω) = ηjω exp(−ω/ωc), where ηj (j = c, t)
represents the vibrational damping strength for each mode and ωc is the cutoff frequency.
In addition, we assume that the model is initially located at ground state |g⟩ with the lowest
vibrational energy level. Thus, the initial density matrix is given by ρ(0) = |g, 0t, 0c⟩.

The light–matter interaction is expressed as −→
µ ·

→
E(t), where

→
µ =

N
∑

m=1

→
µ m(am + a†

m)

is the transition dipole moment operator. am and a†
m are the creation and annihilation

operators, respectively, for the m-th electronic state. The effective electric field of the laser

pulse can be represented as E(t) =
N
∑

m=1

[
AnEn(t − τn) cos(ωnt −

→
k n ·

→
r )
]

, where En(t− τn)

represents the waveform of the laser pulse and
→
k n is the wave vector of the pulse. We set

the waveform as a Gaussian pulse defined by its full width at half maximum (FWHM),
and its form is

En(t − τn) = exp(−4 · ln 2 · (t − τn)
2/τ2

p), (5)

where, τn, τp and ωn are the central time, pulse duration and the frequency of the laser
pulse, respectively.

The laser pulse act on the model at time t = τn fs and the wave packet can be projected
onto the relevant vibrational coordinates in adiabatic representation, which allows us to
track the detailed motion of wave packet in the vicinity of the CI with a strong nonadiabatic
interaction. The projection process can be written as

Pad
k (Qc, t) =

∫
dQt ⟨Qc| ⟨Qt| ⟨

∼
e k| ρ(t) |∼e k⟩ |Qt⟩ |Qc⟩ ,

Pad
k (Qt, t) =

∫
dQc ⟨Qc| ⟨Qt| ⟨

∼
e k| ρ(t) |∼e k⟩ |Qt⟩ |Qc⟩ ,

(6)

where Pad
k represents the probability density for each vibrational mode and

∼
e k represents

the electronic wave function in the adiabatic representation. The representation from
adiabatic to diabatic form can be expressed as |∼e k⟩ = ∑k′=e1,e2

S(Qc, Qt)kk′ |ek′⟩. Here,
S(Qc, Qt)kk′ represents the transformation matrix and |ek′⟩ is the electronic wave function
in the adiabatic representation. In this study, we simulated the process of laser interaction
with the model using a phase-matching approach [44,45] and modeled the dynamics of
the electronic wave packet near the conical intersection using the time non-local quantum
master equation (TNL) method [46,47].
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Through derivation and arrangement, the specific form of the main equation used in
this article can be written as follows (See Appendix A.1 for detailed deduction):

˙ρ(t) = Le f f
S ρ(t) +

∫ t

0
dt′K(t, t′)ρ(t′) + Γ(t),

Le f f
S = LS + trBLIρ

eq
B + Lren,

K(t, t′) = trBLI(Te
∫ t

t′ dt′′(1−P)L)(1 − P)(LB + LI)ρ
eq
B ,

Γ(t) = trBLI(Te
∫ t

t′ dt′′(1−P)L)(1 − P)W(0).

(7)

In the formula, Le f f
S ρ(t), K(t, t′) and Γ(t) represent reversible terms, memory terms

and non-homogeneous terms, respectively. The total Hamiltonian of the system H = HS+
HB + HI + Hren, where Hren is the renormalization term. Correspondingly, the Liouville
super operators LS, LI and Lren, respectively, correspond to the corresponding Hamiltonian
operator. In addition, Γ represents a temporal operator, and Le f f

S · = iℏ[HS + Hren, ·]. ρeq

represents the thermal equilibrium state.
We then set the energy gap between ground and first excited states as ϵ1 = 1000 cm−1

and the gap between first and second excited states as ϵ2 = 1000 cm−1. Moreover, the vi-
brational frequencies of tuning and coupling modes are Ωt = 330 and Ωc = 500 cm−1,
respectively. The strength of vibronic coupling κ = 500 cm−1 and electronic coupling
strength Λ = 200 cm−1. In order to obtain a converged result, we select the vibrational
levels of tuning and coupling modes as 10 and 7, respectively. The temperature is 300 K.
Based on these parameters, we plot the PESs along tuning and coupling modes and show
them in Figure 1. The quantum yield can be measured by the ratio of the wave packet
on the reactant and product states after it reaches the equilibrium. The quantum yield is
defined as Y = A

A+B , which quantifies the efficiency of photo-induced isomerization from
the initial state to the final state.

Figure 1. A schematic of potential energetic surfaces of coupling (a) and tuning modes (b). The elec-
tronic states are coupled to the two modes, Qc and Qt.

3. Results

Based on the modeling and parameters, we calculate the population dynamics of the
wave packet on the excited electronic states. We firstly prepare the initial wave packet with
a Gaussian pulse. The Gaussian line shape of the laser pulse is represented by Equation (8).

In this study, the amplitude of the laser pulse is set to 1000 cm −1 (For detailed
description, see Appendix A.2). The model converges within a time of 500 fs. The central
time τn and pulse duration τp are set to 15 fs and 10 fs, respectively, while the frequency
of the pulse is set to 2000 cm−1. We then calculate the population dynamics by time non-
local quantum master equation and project the time-resolved wave packet on the reaction
coordinates. We show the calculated results in Figure 2a–d.
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Figure 2. The wave packet dynamics of excited state e2 and e1 along Qc and Qt: (a) Pad
2 (Qc, t),

(b) Pad
2 (Qt, t), (c) Pad

1 (Qc, t) and (d) Pad
1 (Qt, t).

In Figure 2a and Figure 2b, we show the wave packet dynamics of upper electronic
excited states |e2⟩ along reaction coordinates Qc and Qt, respectively. Moreover, we plot
the population dynamics of the wave packet of electronic state |e1⟩ along Qc and Qt in
Figure 2c and Figure 2d, respectively. In this way, we observe that, at initial time, the wave
packet is mainly located at the upper electronic excited state. With time propagation,
we observe the wave packet moving along the PES and approach the degenerate point,
which is shown at −1 along the tuning mode Qt. It is marked as a light blue line in (b)
and (d). Moreover, it shows the wave packet passing through the CI and reach the lower
excited state at T = 30 fs. More interestingly, it also shows a clear evidence of motion of the
wave packet along the reaction coordinate, which reveals the vibrational coherence of the
tuning mode. The population dynamics reach the equilibrium after T > 500 fs. With this,
we demonstrate that the projection process allows us to clarify the detailed mechanism
of wave packet motion. Moreover, the quantum efficiency of the system can be directly
monitored by the ratio of wave packet in reactant and product states at equilibrium after a
long propagation time.

3.1. Synthesis of Artificial Pulse with Modulation of Amplitudes

Next, we study the impact of pulse profile on the quantum efficiency of the CI system.
For this, we firstly synthesize the pulse profile by a combination of three pulses. By varying
the relative amplitudes and relative positions of three Gaussian pulses, we formed different
shapes of ultrashort laser pulses. We modulate the waveform according to the order in
which the relative amplitudes appear over time, with the specific form as follows:

En(t − τn) = A
3

∑
i=1

[
Ri exp(−4 · ln 2 · (t − τn)

2/τ2
p)
]
. (8)

Here, the amplitude of the laser pulse is set to 1000 cm−1, identical to the amplitude (A)
of each individual Gaussian pulse. The relative amplitudes of the three individual Gaussian
pulses are set to 1, 0.6 and 0.2, arranged according to pulse duration. Considering that
the difference in average power of laser pulses cannot be too large (as this would lead to
kinetic differences caused by pulse energy), combinations of pulse sequences were chosen
where the sum of the squares of relative amplitudes exceeds 1. Furthermore, to ensure that
the duration of the composite laser pulse matches that of the individual Gaussian pulses,
the pulse duration of each sub-line shape is set to 3 fs. Taking 1−0.6−1 as an example,
the waveform of the pulse is shown in Figure 3.
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Figure 3. Comparison between single Gaussian (blue solid line) and composite Gaussian line shapes
(red dashed line).

We observed that the excitation of the system by laser pulses of different waveforms
has a certain impact on the system’s quantum yield. The results indicate that under our
settings, there is a difference in quantum yield ranging from 1% to 7%. We selected the
waveform setting (0.6−0.6−1) with a more significant difference in quantum yield for
further investigation. The corresponding wave packet dynamics for this waveform are
plotted in Figure 4. Comparing it with the single Gaussian pulse (Figure 4), we found
that the excitation efficiency of the system after laser action is much higher with the single
Gaussian waveform laser pulse compared to the composite Gaussian waveform laser
pulse, with significant differences in the population intensity on the excited state of the
wave packet.

Figure 4. Comparison of wave packet dynamics between single Gaussian line shape (a–d) and
0.6−0.6−1 waveform (e–h) configuration.The images in each row are consistent with Figure 2.

Through the Qc pathway (Figure 4a,c,e,g), in our investigation, we observed a signifi-
cant attenuation in the stimulated effects of the system upon altering the pulse waveform,
attributed to the overall reduced energy of the pulses obtained from the composite Gaussian
waveform. Analyzing the coupling mode, we found no significant variation in the period
or trend of the wave packet motion on the second excited state before convergence, albeit
with a weaker distribution intensity. Similar observations were made on the first excited
state, indicating that the amplitude modulation corresponding to this pulse waveform
had no significant impact on the system’s dynamical evolution under the coupling mode.
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However, examining the tuning mode revealed that the scenario with composite Gaussian
pulse waveform was stably distributed on both sides of the conical crossing structure in less
than 100 fs, and after convergence, the wave packet exhibited a more uniform distribution
on the first excited state in the electronic energy levels. This enhancement in quantum yield
was quantified, showing an increase of 5.63% in the quantum yield (QY), reaching 85.2%,
compared to the scenario with a single Gaussian pulse waveform. This highlights the
impact of the amplitude modulation corresponding to this pulse waveform on the system’s
dynamical evolution, particularly in the distribution pattern at lower energy levels under
the tuning mode. We computed a series of laser pulses with amplitude modulation and
their corresponding differences in quantum yield compared to the single Gaussian wave-
form pulse, as shown in Figure 5 and Table 1. Another dimension in the table illustrates the
issue of “pulse with different durations”.

Figure 5. Comparison of composite Gaussian line shape (red dashed line) and single Gaussian line
shape (blue solid line) under various amplitude modulations.

Table 1. The difference in quantum yield (DQY) of the same single Gaussian line type (Figure 5 blue
solid line) under different durations for various line types (Figure 5 red dashed line).

Pulse Shape

DQY Duration
2 fs 3 fs 4 fs

Line type 1 2.43% 5.03% 6.83%
Line type 2 3.38% 6.88% 3.92%
Line type 3 2.15% 4.46% 6.77%
Line type 4 2.80% 5.63% 5.96%
Line type 5 3.80% 6.98% 2.41%
Line type 6 1.55% 2.30% 1.26%
Line type 7 1.09% 2.06% 3.00%
Line type 8 1.82% 3.44% 4.68%

3.2. Pulse with Different Durations

We also study the impact of pulse duration on the quantum efficiency of the CI system.
A comparison of wave packet dynamics for different durations is shown in Figure 6. Here,
the 0.6−1−0.6 linear scenario is taken as an example.

Compared to amplitude modulation, the temporal offset modulation of the line shape
sub-pulses provides more varied information. With increasing temporal offset, the differ-
ences in wave packet motion become increasingly pronounced. Observing the Qc pathway,
besides a significant reduction in stimulated effects of the system, there is a gradual decrease
in the distribution range of the wave packet on the two excited states, moving closer to the
conical intersection point. In Figure 6a,e,i, a continuous decrease in the oscillation period
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on the second excited state with increasing temporal offset is observed, accompanied by
accelerated decay. In Figure 6c,g,k, a notable concentration of the wave packet distribution
on the first excited state along the coupling mode near the conical intersection point is
observed. This indicates that the temporal offset modulation corresponding to this pulse
waveform has a certain impact on the system’s dynamic evolution under the coupling
mode. The same phenomenon is observable in the Qt pathway, where with increasing
temporal offset, the rate of disappearance of system coherence increases. In Figure 6d,
system coherence gradually disappears after 200 fs, whereas in Figure 6h,l, coherence is
absent at 100 fs and 40 fs, respectively, indicating system stabilization in a very short time
frame with a more uniform distribution on the first excited state. This suggests that under
this waveform setting, temporal offset modulation has a certain degree of influence on
the stimulated system’s quantum yield. According to our calculations, under the relative
amplitude setting of 0.6−1−0.6, a temporal offset scenario of 2 fs corresponds to a quantum
yield increase of 2.15%, while scenarios of 3 fs and 4 fs lead to increases of 5.63% and
5.96%, respectively. The variations in quantum yield differences with time offsets are
supplemented in the various amplitude modulation scenarios in Figure 5 and Table 1. Our
study demonstrates that the time offset modulation of waveform has a certain influence on
the quantum effects of the system’s photoexcitation process.

Figure 6. Comparison of wave packet dynamics for sub-pulses with different durations—2 fs (a–d),
3 fs (e–h), 4 fs (i–l). The images in each row are consistent with Figure 2.

As shown in Figure 6, significant differences in wave packet dynamics emerge as
the time offsets of the sub-pulses’ central times increase. Observing the Qc pathway, it is
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evident that as the time offset increases, the excitation efficiency of the system significantly
decreases, leading to a shortened convergence time. Meanwhile, under the Qt pathway,
the distribution of the wave packet along the vibrational coordinates near the conical inter-
section point on the second excited state becomes closer, and the quantum yield on the first
excited state increases.In Figure 5 and Table 1, we compared the differences in the quantum
yield of the system after using composite Gaussian pulse excitation models with the stan-
dard model using a single Gaussian pulse. The variations in quantum yield differences with
time offsets are supplemented in the various amplitude modulation scenarios in Figure 5
and Table 1. Our study demonstrates that the time offset modulation of the waveform has
a certain influence on the quantum effects of the system’s photoexcitation process.

4. Discussion

In this paper, our research demonstrates the significant impact of laser pulse waveform
on the excitation process. Previous experimental studies have employed various methods
of composite sub-pulses to alter the pulse waveform, contrasting the photoexcitation effects
of different waveforms. It has been observed in experiments that such manipulations exert
a crucial influence on the quantum effects induced in the system, surpassing experimental
error limits by a significant margin. Historically, the process of laser excitation of materials
with different waveforms has been analyzed from a physical perspective, focusing on the
effect of the laser’s instantaneous intensity variation over time on the process of electronic
energy absorption. However, as of now, humanity lacks the capability to directly observe
the ultrashort time physical process of electron energy absorption. Our study successfully
simulated this process theoretically, observing coherent dynamical processes of excited
states within ultrashort time frames and physical phenomena at points of PES degeneracy.
According to our calculations, the waveform of laser pulses exhibits effects on the material
excitation process that surpass experimental error margins, reflecting the need for further
investigation into the ultrafast radiation and absorption mechanisms in the microscopic
domain. Our work provides a factor influencing quantum effects for data analysis in
future coherent optical experiments and offers a key perspective for understanding the
process of electronic energy variation in future research endeavors. Moreover, the phase
of pulse is also the other key factor to determine the efficiency in the vicinity of the CI.
The impact of pulse phase and its interaction to the molecular electronic transitions can be
further investigated.

5. Conclusions

We utilized a conical intersection (CI) structure model as our research subject and
employed a composite of multiple Gaussian profiles to modify the waveform of laser pulses,
determining the parameters involved in our calculations. By combining the perturbed
matrix approach (PMA) and time non-local (TNL) theories, we simulated the laser excitation
process and energy transfer within the system. The probability densities obtained from the
calculations were projected onto two vibrational modes to visualize dynamic distribution
information. Under both modulation methods, we observed the influence of laser pulses
on the photoexcitation process and the system’s evolution. Furthermore, we quantified the
specific impact level through calculating quantum yield.
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Appendix A

Appendix A.1. The Description of TNL

The Liouville–von Neumann equation:

˙W(t) = − i
ℏ [Htot, W(t)] = LW(t) (A1)

W(t) in the formula represents the overall density operator, and L represents the
Liouville super operator of the entire system. According to the composition of the quantum
system, Htot = HS + HB + HSB can decompose L into

L = LS + LB + LSB (A2)

Among them, LS , LB and LSB , respectively, represent the Liouville super operator of
the studied system, environmental thermal reservoir and system–environment interaction.
The projection operator P is introduced to act on the overall density operator, that is,
ρ(t) = PW(t), where ρ(t) is the reduced density operator symbol. For the system expressed
by Equation (A2), the projection operator in the thermal library degree of freedom includes
a trace operator. By introducing the projection operator, the overall density operator can be
decomposed into related terms ρ(t) and irrelevant items (1 − P)W(t), that is

W(t) = ρ(t) + (1 − P)W(t), P2 = P (A3)

Through derivation and arrangement, the specific form of the main equation used in
this article can be written as

˙ρ(t) = Le f f
S ρ(t) +

∫ t

0
dt′K(t, t′)ρ(t′) + Γ(t) (A4)

Le f f
S = LS + trBLIρ

eq
B + Lren (A5)

K(t, t′) = trBLI(Te
∫ t

t′ dt′′(1−P)L)(1 − P)(LB + LI)ρ
eq
B (A6)

Γ(t) = trBLI(Te
∫ t

t′ dt′′(1−P)L)(1 − P)W(0) (A7)

In the formula, Le f f
S ρ(t), K(t, t′) and Γ(t) represent reversible terms, memory terms

and non-homogeneous terms, respectively. The total Hamiltonian of the system H = HS +
HB + HI + Hren, where Hren is the renormalization term. Correspondingly, the Liouville
super operators LS, LI and Lren, respectively, correspond to the corresponding Hamiltonian
operator. In addition, Γ represents a temporal operator, and Le f f

S · = iℏ[HS + Hren, ·].
Expanding the associated thermal equilibrium state ρeq according to the first order under
all coupling strength conditions, we obtain the following:

ρeq ≈ 1
ZS

1
ZB

e−β(HS+HB) − 1
ZS

1
ZB

∫ β

0
dβ′e−(β−β′)(HS+HB)H1e−β′(HS+HB)

(A8)

The corresponding allocation function is Zi = tri exp(−βHi), i = B, S. The thermal
equilibrium state of the environment can be written according to Formula (A8):

ρ
eq
B =

1
ZB

e−βHB +
χ

ZB

∫ β

0
dβ′e−(β−β′)HB

( N

∑
i=1

cixi

)
e−β′HB (A9)
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χ = (1/ZS)trS[ f (x)e−βHS ] in the formula, f (x) represents the system–environment
interaction form. The system–environment correlation function is

c(t) =
∫ ∞

−∞

dω

2π
J(ω) cos(ωt) coth

(
βω

2

)
− i

∫ ∞

−∞

dω

2π
J(ω) sin(ωt)

≡ a(t)− ib(t) (A10)

Using a(t) and b(t), we now rewrite Formulas (A5)–(A7):

Le f f
s = Ls + µLren,s + χµL− (A11)

K(t, t′) = L−
[

a(t − t′)T e
∫ t

t′ LsL− + b(t − t′)T e
∫ t

t′ LsL+
]

(A12)

Γ(t) = L−
∫ 0

−∞
dt′
[

a(t − t′)T e
∫ t

t′ LsL−ρ
eq
s + b(t − t′)T e

∫ t
t′ LsL+ρ

eq
s

]
(A13)

where L− = −i[Hsb, ·] and L+ = [Hsb, ·]+ − 2χ. Additionally, µ =
∫ ∞
−∞

dω
2π J(ω)/ω is given

by the spectral density function.
We introduce the spectral density function of the parametric Ohmic spectrum as fol-

lows:

J(ω) =
π

2

n

∑
k=1

Pk
ω

[(ω + Ωk)2 + Γ2
k ][(ω − Ωk)2 + Γ2

k ]
(A14)

where Pk, Ωk and Γk are arbitrary real numbers, representing spectral amplitude, frequency
and width, respectively. Any spectral density can be fitted using the above formula.
And by bringing the spectral density function into the environmental correlation function,
we obtain

a(t) =
n

∑
k=1

Pk
8ΩkΓk

coth
(

β

2
(Ωk + iΓk)eiΩkt−Γkt

)
+

n

∑
k=1

Pk
8ΩkΓk

coth
(

β

2
(Ωk − iΓk)e−iΩkt−Γkt

)

+
2i
β

n′

∑
k=1

J(iνk)e−νkt (A15)

b(t) =
n

∑
k=1

iPk
8ΩkΓk

(
eiΩkt−Γkt − e−iΩkt−Γkt

)
(A16)

Now, we define two auxiliary density matrices:

ρr
k(t) = λ

(
T e

∫ t
0 dt′Ls eγr

kt
∫ ∞

0
dt′eLst′ eγr

kt′L−ρ
eq
s +

∫ t

0
dt′eγr

k(t−t′)T e
∫ t

t′ LsL−ρs(t′)
)

(A17)

ρi
k(t) = λ

(
T e

∫ t
0 dt′Ls eγi

kt
∫ ∞

0
dt′eLst′ eγi

kt′L+ρ
eq
s +

∫ t

0
dt′eγi

k(t−t′)T e
∫ t

t′ LsL+ρs(t′)
)

(A18)
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Using a(t) = ∑nr
k=1 αr

keγr
kt and b(t) = ∑ni

k=1 αi
keγi

kt to represent the correlation function,
where ni = 2n, nr = 2n + n′, and n′ is the number of Matsubara frequencies used, we
obtain the final form of the time non-local quantum master equation:

ρ̇s(t) = Le f f
s (t)ρs(t) + λ

(
nr

∑
k=1

αr
kL

−ρr
k(t) +

ni

∑
k=1

αi
kL

−ρi
k(t)

)
(A19)

ρ̇r
k(t) = (Ls(t) + γr

k)ρ
r
k + λL−ρs(t), k = 1, · · · , nr (A20)

ρ̇i
k(t) =

(
Ls(t) + γi

k

)
ρr

k + λL+ρs(t), k = 1, · · · , ni (A21)

Appendix A.2. Supplementary Information on Model Parameter Settings

In fact, in wave number units (cm−1), the gap between the electronic ground-state
energy level and the second excited state is between 10,000 and 25,000 units. To improve
calculation efficiency, we set ∆E to 2000 cm−1, but this does not affect the correctness
of our calculation results. We calculated the wave packet dynamics images with ∆E of
2000 cm−1 (Figure A1) and 12,500 cm−1 (Figure A2), while other parameters remained
constant. The two images show that the energy level difference between the electronic
ground state and the second excited state has minimal effect on the excitation process.

Figure A1. Calculation results of wave packet dynamics under the ∆E = 2000 cm−1 scenario.

Figure A2. Calculation results of wave packet dynamics under the ∆E = 12,500 cm−1 scenario.
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