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Phase reconstruction of a strong-laser-field-excited complex molecular system
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We study the dynamic evolution of the excited dye molecule IR144 in the liquid phase by performing transient-
absorption measurement. The time-delay-dependent absorption spectra show different behaviors when the pump
pulse either precedes or follows the probe pulse. Assuming the excited molecule as a multilevel system, we
reproduce the experimental results based on the density matrix theory. As a system’s quantum dynamics is
closely related to its absorption spectral shape, the quantum evolution of the excited dye molecule IR144 is
analyzed and the system’s phase information is extracted from the intensity-dependent absorption spectra. The
present work finds us a route for the full understanding and control of the quantum dynamics in a complex system
excited by an external pulsed laser field.
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I. INTRODUCTION

Light-matter interaction is a key process in physical sys-
tems on any length scale, and one of the most important pro-
cesses is absorption [1]. With the development of ultrashort
laser pulses, transient-absorption spectroscopy (TAS) [2–7]
becomes one of the most powerful experimental tools to study
the dynamics of a variety of systems in strong fields, e.g., the
electronic dynamics in atoms, molecules, and nanoparticles
dressed by a strong laser field on its natural timescale [8–15],
the excited-state dynamics of atoms and molecules [16–20],
laser-induced nuclear dynamics in molecules [21,22], and
carrier dynamics in semiconductors [23,24]. Investigations
with inverted arrival order of the pump and probe pulses
were performed to study the pump-pulse intensity-dependent
absorption line shape [25–27], which was understood as the
electronic dipole modulation. Another interesting scientific
prospect is the reconstruction of coherent electronic wave
packets using TAS, with appropriate pulses in the optical or
ultraviolet regimes [20,28–31]. TAS includes both amplitude
and phase information about an excited quantum system,
realizing the reconstruction of the aimed system’s wave packet
in both space and time.

Bound states play a major role in the quantum dynamics of
systems with chemical and biological interest. Femtosecond
laser pulses are widely applied to investigate wave-packet dy-
namics (e.g., dissociation reaction, atom transfer, isomeriza-
tion) in molecules, resulting in the understanding of chemical
bonds and opening the field of femtochemistry [32]. How-
ever, the investigations focusing on the dynamic evolution of
complex systems excited by strong fields have not success-
fully studied the detailed phase information of the excited
wave packets. Phase defines the shape of a wave packet and
hence determines its subsequent time evolution, which is very
important for the reconstruction of an excited system. Many
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techniques were developed to study the phase information of
an excited system in both gas and liquid phase, e.g., time
resolved coherent Raman scattering [33] and time resolved
photoelectron spectroscopy [34]. Among these methods, the
two-dimensional (2D) spectroscopy developed from TAS was
widely used to study the dynamics of polyatomic molecules in
the liquid phase [35,36]. However, to the author’s knowledge,
2D spectroscopy has not thus far been used to address the
question of phase interruptions in an evolving system by an
intense pulse. In very recent work, Meyer et al. [37] studied
the phase information of an excited bound, molecular wave
packet by assuming it to be a multilevel system. However,
it was still restricted to the case that the pump pulse follows
the probe pulse, and the dynamic process of the case that the
pump pulse precedes the probe pulse was ignored.

In this paper we measure the transient-absorption spectra in
the dye molecule IR144 based on the pump-probe configura-
tion in Fig. 1(a). Assuming the molecule to be a multilevel
system, we analyze the relationship between the dynamic
evolution of the excited system and its absorption spectral
shape. The phase information is extracted from absorption
spectra, when the dynamics are either triggered or modified
by the intense pump pulse.

II. THEORETICAL MODEL

A. Multilevel system for IR144

The molecular structure of the dye IR144 is very complex,
and its electronic and vibrational energy levels are extremely
difficult to estimate. We try to understand it in a simple way.
Figure 1(b) shows the molecular structure, and the central
chain consists of conjugated double bonds as marked with the
green box, resulting in a planar geometry. The sequence of
conjugated double bonds with a nitrogen atom on the left and
right side provides an extended π -electron system [38]. The
π electrons are trapped in this nitrogen-carbon chain, corre-
sponding to the particle-in-a-box principle. The energy levels
of a particle-in-a-box are En = n2h2

8mL2 , where m is the electron
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FIG. 1. (a) The transient-absorption measurement schematic
based on the pump-probe configuration. The absorption spectrum
of the probe pulse are measured with a time delay τ respecting
the pump pulse after interacting with the target. The positive time
(τ > 0) means the pump pulse precedes the probe pulse. (b) The
structure of the dye molecule IR144. (c) The absorption spectrum of
the dye molecule IR144 (the black solid line) and the laser spectrum
measured before the sample (the red dotted line). (d) The multilevel
scheme used to model the dye molecule IR144 interacting with the
laser pulses.

mass, L is the box length, n is the orbital quantum number,
and h is Planck’s constant. These π electrons can move freely
along the conjugated chain of the molecule IR144, and the
lowest energy electronic transition is the excitation of this
π -electron system. When a laser pulse interacts with the target
molecule, one π electron will be excited from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO), i.e., from the ground state to the
first excited state. The transition energy can be given as

�E = h2

8mL2
(2nHOMO + 1). (1)

The central chain of IR144 contains five double bonds. There
are two π electrons for every double bound, and the lone
pair of the nitrogen atom also takes part in the π bonding,
hence 12 electrons have to be considered in total. According
to Pauli’s exclusion principle, each molecular orbital is filled
with two π electrons, thus nHOMO = 6. There are 12 bonds
in the nitrogen-carbon central chain, the typical length of
a conjugated bond is about 0.14 nm, consequently the box
length L = 1.68 nm. The transition energy of a π electron
in IR144 is �E = 1.73 eV, which is taken as the theoretical
energy difference between the first excited and ground states.

For the complex molecular system, a number of vibrational
states superimpose on the main levels. The absorption spectral
profile of IR144 can be taken as the collective effect of
numbers of different electronic dipole transitions from the
vibrational states on the ground state to that on the first excited
state. The lifetime of vibrational states on the first excited
state is very short due to the intramolecular and intermolec-
ular interactions, resulting in the broad absorption spectrum
shown in Fig. 1(c). The vibrational states on the ground and
first excited states are calculated by Mewes et al. based on

density functional theory [39]. They solved the Schrödinger
equation for the electrons in the field of the nuclei, using
the Born-Oppenheimer approximation. After the electronic
wave functions of the ground and excited states are obtained,
the frequencies of vibrational states are calculated by the
conventional method of diagonalizing the Hessian matrix. The
vibration energies on the ground and the first excited state are
in the range from 2 to 16 meV. Considering our fundamental
purpose is to qualitatively investigate and understand the
phase modulation of the IR144 molecular system, a uniform
space of vibration transitions 13 meV is selected as the final
energy space of vibration transitions. As the spectrum of the
laser pulse used in the measurement has a frequency range
from 1.512 to 1.685 eV with a center frequency of 1.569 eV,
not all of these electronic transitions will be excited during the
interaction. For the present case, four vibrational states on the
ground state and three on the first excited state with strongest
contributions are selected, and ten electronic transitions are
employed to model the laser and molecule interaction, as
marked in Fig. 1(d). The frequencies of ten transitions are
chosen from 1.527 to 1.644 eV.

B. Phase extraction

The schematic for the transient-absorption measurement is
shown in Fig. 1(a). The pump and probe pulses are centered
at t = 0 and t = τ , respectively, i.e., they are delayed with a
time τ . The pump pulse precedes the probe pulse for τ > 0
(pump-probe side) and follows it for τ < 0 (probe-pump
side). The absorption spectrum of the probe pulse can be
measured after interacting with the target. The evolution of a
multilevel system can be characterized by the density matrix
formulated in the electric dipole approximation. For the single
electronic transition between levels |i〉 and |j 〉 [40], the off-
diagonal element denotes the coherence while a diagonal
element quantifies the population of level |i〉.

On the probe-pump side, the probe pulse will come first
to interact with the system at t = τ . The electronic transition
between levels |i〉 and |j 〉 will be excited and decay with time-
dependent coherence

ρ̂ij (t ) ∝ i

h̄

[∫ t

−∞
dt

′
e−iωij t

′
EL(t

′
)

]
e− �ij

2 t eiωij t . (2)

Here ωij is the frequency for the transition from the level |i〉 to
|j 〉, �ij represents the corresponding decay width, and EL(t

′
)

denotes the time-dependent laser electric field. If the intense
pump pulse is then applied to interact with the system at t = 0,
it will cause a shift of the resonance-transition frequency due
to the dynamical Stark effect. The modified frequency ω̃ij (t )
depends on the pump-pulse intensity [38],

ω̃ij (t ) = ωij + dω(t ) = ωij + CIpump(t ), (3)

where C is a coupling coefficient to determine the magnitude
of frequency shift caused by the intense pump pulse, Ipump(t )
denotes the time evolution of the pump-pulse intensity, and
dω(t ) depends on time during the pump pulse duration. For
the single transition |i〉 → |j 〉, the modulation can be simu-
lated by changing the ωij to be ω̃ij (t ) at t = 0 in Eq. (2), and
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the electronic dipole in the time domain is

ρ̂ij (t, τ )

∝
⎧⎨
⎩

i
h̄

[ ∫ t

−∞ dt
′
e−iωij t

′
EL(t

′
)
]
e− �ij

2 t eiωij t , t < 0,

i
h̄

[ ∫ t

−∞ dt
′
e−iω̃ij (t

′
)t

′
EL(t

′
)
]
e− �ij

2 t eiω̃ij (t )t , t � 0.

(4)

In an atomic system, the modulation effect is summarized
as the self- and interstate contributions [27,41]. Since ten
different transitions are considered for the molecular system,
and these vibrational states are close to each other, the inter-
state contributions are ignored to simplify the model. A phase
change φ is introduced to the electronic dipole at its arrival
time t = 0,

φ =
∫

dtdω(t ) = C

∫
dtIpump(t ), (5)

which is integrated in the duration of pump pulse, i.e., the
modulation can be quantized by the phase change of the elec-
tronic dipole. The spectral response of the electronic dipole
can be given by Fourier transforms of Eq. (4), and an addi-
tional phase change to the dipole results in the modulation of
its spectral shape in frequency domain. The repetition period
for the phase change is 2π , and one specific spectrum can be
generated by only one phase change in a phase cycle [25].

The measurable time-delay-dependent OD absorption
spectrum relates to the time evolution of the off-diagonal
elements via Fourier transforms at the arrival time of the probe
pulse [42]. There is not only one single transition in the dye
molecule IR144, but ten possible excitations. The response of
the system in time domain can be given as

∑
ρ̂ij (t, τ ). The

time-delay-dependent spectral response is

Sab(ω, τ ) ∝ −Im
[∑ ∫ ∞

−∞ ρi,j (t, τ )e−iω(t−τ )dt
]

Epr (ω)
, (6)

with Fourier transforms centered at the arrival time of the
probe pulse t = τ , and Epr (ω) denotes the spectrum of the
probe pulse before interaction. The time-dependent absorp-
tion spectrum of the molecular system can be taken as the
accumulation of the spectral responses of these ten different
electronic dipoles. Both the pump and probe pulses are de-
scribed by the classical Gaussian wave packets. The absorp-
tion spectrum on the probe-pump side is thus modeled. While
on the pump-probe side, the molecular system will be both
excited and modulated by the pump pulse. The frequencies
of these ten transitions become time dependent right after the
excitation, i.e., a phase change to each dipole at t = 0. The
probe pulse only plays the role to probe the time evolution of
the molecular system.

To extract the phase information from the measured ab-
sorption spectra, we globally fit the experimental results by
the simulation. The excited dipoles evolve freely if the pump-
pulse intensity is zero. The absorption spectrum reflects truly
the physical information of the excited system, the decay
constant is determined to be 0.03 fs−1 by fitting the measured
absorption spectrum without pump pulse. The phase changes
of these ten electronic dipoles are denoted by φN,i (i = 1, 2,
10) on the probe-pump side. The ten phase changes are first

varied in the range from 0 to 2π (one phase cycle) with a
step of 0.2π to calculate the simulation results by Eq. (6) to
match a given experimental measured spectrum. That is to say
1010 sets of phase change {φN,i} are tried. The residual sum of
squares according to the least-square method,

χ2 =
∑
{φN,i }

[
S

φN,i

ab (ω, τ ) − Sexpt (ω, τ )
]2

(7)

is used to evaluate the set of phase changes {φN,i} on the
probe-pump side, which is also applied in the study of
electronic transport characterization of silicon wafers [43].
Here χ2 is the residual sum of squares, S

φN,i

ab (ω, τ ) is the
simulated result calculated by Eq. (6) corresponding to one set
of phase changes {φN,i}, and Sexpt (ω, τ ) is the experimental
result. The minimal residual sum of squares χ2 corresponds
to a set of phase changes {φ1

N,i}, which is used as the basis
solution. These phase changes are secondly varied in relative
ranges of [φ1

N,i + 0.2π, φ1
N,i − 0.2π ] with a step of 0.04π

to get another set of phase changes {φ2
N,i} corresponding to

the minimal χ2. Now these phase changes are limited in
relative ranges [φ2

N,i + 0.04π, φ2
N,i − 0.04π ]. Different from

the former two steps, we simultaneous change φN,i with a step
of 10−3π to save the time. A set of phase changes {φ3

N,i}
is acquired according to Eq. (7), which are then checked
manually by comparing the simulation result with the ex-
perimental one. If obvious differences are found, the phase
change of one electronic dipole is selected randomly in {φ2

N,i}
to shift by a step of 10−3π , and these phase changes are
simultaneously tuned again with the step of 10−3π until the
simulation absorption spectrum matches the experimental one
reasonably well. The final achieved set of phase change {φB

N,i}
will be presented as the extracted phase information on the
probe-pump side. The phase changes on the pump-probe side
denoted by {φB

P,i} can be obtained by the same way as that on
the probe-pump side.

The residual sum of squares χ2 as a function of the relative
phase changes �φN,i are calculated to exam the reliability of
the extracted phase information on the probe-pump side by
setting {φB

N,i} as the relative origin of coordinates, i.e., φN,i

(φP,i) are simultaneously changed respecting {φB
N,i} in a rela-

tive range of ±0.6π . Figure 2(a) shows these results obtained
when the pump-pulse intensities are 1.2 × 1010, 3.6 × 1010,
5.4 × 1010, 7.2 × 1010, and 9.0 × 1010 W/cm2. The residual
sum of squares χ2 with varying relative phase changes �φP,i

on the pump-probe side are also calculated and displayed in
Fig. 2(b). It can be found that the minimal χ2 for all these
pump-pulse intensities are located around �φN,i = 0 on the
probe-pump side and �φP,i = 0 on the pump-probe side,
demonstrating that the phase extraction method is reliable
within the margin of error. The modulation effect due to the
intense laser field shown by the absorption spectrum can be
quantified by the extracted phase information.

III. EXPERIMENTAL SETUP

The experimental setup for the transient-absorption mea-
surement of IR144 are shown in Fig. 3. A Ti:sapphire fem-
tosecond laser system is employed, which supplies pulsed
laser with a central frequency of 1.569 eV, maximum pulse
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FIG. 2. The dependence of the residual sum of squares χ2 on
the relative phase changes on (a) the probe-pump and (b) pump-
probe sides, respectively. Different lines in each panel correspond
to different pump-pulse intensities. The coordinates of x axis is just
a relative location respecting these phase changes {φB

N,i} or {φB
P,i}.

energy of 1.2 mJ, repetition rate of 1 kHz, and pulse duration
of 35 fs. In the traditional configuration of the transient-
absorption measurement, the probe and pump beams are both
focused to interact with the target sample in order to increase
the power density. For our case, high power density is not
necessary but the size of interaction area is. A telescope is
set into the beam path right after the laser system to shrink the
laser beam in diameter (5:1), satisfying both the requirement
of the laser power density and the size of the interaction area.
Afterwards, the laser beam is split into two arms, serving as
the pump and probe beams, which propagate independently
along a respective optical path. The intensities of the probe
and pump pulses can be changed by the continuously neutral-
density (ND) filters Fl and F2, respectively. A delay line
constituted by two high reflectivity mirrors M1, M2 and a
stage (Zolix, TSA50-C) is included into the pump beam path
to change the time delay τ between the pump and probe

FIG. 3. The sketch of the experimental setup for the transient-
absorption measurement. Here B1 and B2 are the fused silica beam
splitters with the same thickness, F1 and F2 are the continuously
variable neutral density (ND) filters with the same product model,
I1–I4 are the irises, and M1–M11 are the high reflectively mirrors.

pulses. The probe and pump beams converge again on the
beam splitter B2 with a small distance, and then propagate
further to interact with the sample. Finally, the pump beam
is blocked, and the probe beam is detected by a spectrometer
(Ocean Optics, USB4000+).

The mirror M3 and beam splitter B2 are applied to adjust
the spatial overlap of the pump and probe beams. The irises
I2 and I4 are used to correct beam size of the probe and pump
pulses, ensuring that the beam size of the pump pulse is larger
than that of the probe pulse. The temporal overlap is tuned by
the delay line according to the interference patterns of both
beams. Both the temporal and spatial overlap of the probe and
pump pulses at the interaction area are checked by a CCD
camera, which can also be used to measure the beam size of
the pump and probe pulses. The laser intensity is calculated by
the measurable pulse duration, pulse energy, and beam size
with a relative error of 4.8%. During the measurement, the
probe-pulse intensity is fixed to be Ipr = 5.6 × 109 W/cm2,
while the pump-pulse intensity Ipu is tuned from 1.2 × 1010

to 9.0 × 1010 W/cm2, with a space of 6.0 × 109 W/cm2. The
0.125 mM solution of the dye molecule IR144 in methanol
carried by a spectrum cuvette (Ocean Optics, CSV500) with
a path length of 0.5 mm is used as the sample, which is
prepared in advance and kept in cold storage. The solution
has enough time to reach solubility equilibrium, and the
solvent effects can be eliminated. One absorption spectrum is
averaged over 5 × 102 pulses. The nonlinear effects induced
by the cuvette window can be ignored, which are checked
by measuring the absorption spectra with an empty cuvette.
From the configuration of the setup, we can find that both the
probe and pump beams pass through the same ND filter and
beam splitter, and the relative dispersion between the pump
and probe pulse can be neglected.

IV. RESULTS AND DISCUSSIONS

Results in Figs. 4(a) and 4(b) show the measured time-
delay-dependent absorption spectra of the dye molecules
IR144 in liquid phase when the pump-pulse intensities are
1.2 × 1010 and 6.6 × 1010 W/cm2, respectively. With a low
pump-pulse intensity, the absorption spectrum does not ex-
hibit any obvious changes when the time delay scans from
negative to positive. This can be confirmed by the absorption
spectra measured when the time delays are τ = ±20 fs, as
lined out in Fig. 4(a). They are similar no matter which laser
pulse comes first to interact with the sample at this pump-
pulse intensity. It means the system evolves freely after the
excitation, i.e., the second arrival pulse or the first arrival
pulse itself does not affect the molecular system excited by
the first arrival pulse. When the pump-pulse intensity is tuned
to be 6.6 × 1010 W/cm2, the absorption spectra exhibit a
time-delay dependence and an absorption minimum appears
around 1.578 eV at τ = −50 fs. When the time delay scans
from −50 to 0 fs, the absorption minimum becomes more
and more obvious and its position shifts to the low energy
side. The absorption spectrum at τ = −20 fs is lined out in
Fig. 4(b) and shown by the blue solid line, from which one
can find that the absorption spectrum is a wavy line with an
absorption minimum at 1.570 eV and a maximum at 1.550 eV.
However, the absorption spectrum changes differently when
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FIG. 4. The time-delay-dependent absorption spectra with a
fixed probe-pulse intensity of Ipr = 5.6 × 109 W/cm2. (a) and (b)
The experimental results with Ipu = 1.2 × 1010 W/cm2 and Ipu =
6.6 × 1010 W/cm2, respectively, while (c) and (d) display the
corresponding simulation results. The absorption spectra at τ =
−20 fs and τ = 20 fs are lined out in all these panels by the
blue solid and black dotted lines, respectively. With Ipu = 1.2 ×
1010 W/cm2, the extracted phase changes {φB

N,i} are {0.096 π ,
0.096 π , 0.093 π , 0.089 π , 0.092 π , 0.091 π , 0.084 π , 0.095 π ,
0.094 π , 0.089 π} for these ten electronic transition dipoles rang-
ing from 1.527 to 1.644 eV, and {φB

P,i} are {−0.095 π , −0.093 π ,
−0.095 π , −0.094 π , −0.094 π , −0.096 π , −0.092 π , −0.093 π ,
−0.005 π , −0.006 π}. {φB

N,i} are {0.48 π , 1.25 π , 0.29 π , 0.84 π ,
1.32 π , 0.35 π , 0.24 π , 0.34 π , 0.36 π , 0.31 π}, and {φB

P,i} are
{−0.30 π , −0.32 π , −0.81 π , −0.62 π , −0.55 π , −0.38 π , −0.29 π ,
−0.34 π , −0.43 π , −1.34 π}, when the pump-pulse intensity is
increased to Ipu = 6.6 × 1010 W/cm2. The phase changes {φB

P,i} are
shown with a subtraction of 2π to compare with the results on the
probe-pump side.

the time delay is tuned to be positive. For comparison, the
wavy absorption spectrum at τ = 20 fs is also lined out by
the black dotted line, and both its minimum (1.560 eV) and
maximum (1.542 eV) appear at different positions, indicating
the different dynamics on the pump-probe and probe-pump
sides.

With a pump intensity in the range of 1010 W/cm2, the
physics is slightly beyond third-order perturbation treatment,
but it is far below the threshold of dissociation or ionization.
The spectroscopy with such strong fields acts as a bridge
between low-order perturbation and strong field regimes, and
it will complicate the spectral features and the related anal-
ysis [19]. Higher order processes needed to be considered.
These effects can be included in our theoretical frame by
the phase modification factors, as demonstrated in the atomic
system [27,40,41]. By artificially including phase changes to
these ten electronic dipoles, the experimental results corre-
sponding to these two different pump-pulse intensities are
reproduced by the simulation, and results are displayed in
Figs. 4(c) and 4(d). When the pump-pulse intensity is Ipu =
1.2 × 1010 W/cm2, the pump pulse is too weak to induce
significant modification to the system’s dynamics no matter
which pulse comes first, and no obvious change is found in the
absorption spectral shape. The molecular phase changes φB

N, i

for the probe-pump side and φB
P, i for the pump-probe side are

FIG. 5. The pump-pulse intensity-dependent absorption spectra.
(a) and (b) The experimental results with time delays of τ = −20 fs
and τ = 20 fs, respectively, while (c) and (d) display the corre-
sponding simulation results. The probe-pulse intensity is fixed to
Ipr = 5.6 × 109 W/cm2, while the pump-pulse intensity Ipu is tuned
from 1.2 × 1010 to 9.0 × 1010 W/cm2.

almost zero, which are used to model the modulation and can
be found in the caption of Fig. 4.

When the pump-pulse intensity is increased to be Ipu =
6.6 × 1010 W/cm2, apparent changes are obtained in the ab-
sorption spectra, which indicates a modulation of the system’s
dynamic induced by the pump pulse. On the probe-pump
side (τ < 0), the probe pulse will first interact with the target
molecule to excite the multilevel system, and the pump pulse
comes to interact with the excited system a time |τ | later. This
can be understood as quantum phase modulation first demon-
strated in He [25]. The pump pulse will induce a transient en-
ergy shift of the excited states due to the Stark effect, and con-
sequently phase changes of the electronic dipoles. The phase
change is determined by the laser intensity as Eq. (5). With
phase changes of φB

N, i , the spectral response of each electronic
dipole are modulated, resulting in the appearance of the ab-
sorption minimum. Although the phase changes are constant
for a fixed pump-pulse intensity, the spectral shape changes
with the time delay τ . It is caused by the different time
when the phase changes happen to these dipoles. However, the
electronic dipoles are modified differently on the pump-probe
side (τ > 0). The pump pulse both excites and modifies the
phase of the molecular system. The second arrival probe pulse
only plays the role to probe the system’s dynamic evolution.
In the simulation, the phase changes happen right after the
excitation, which is different with that when τ < 0. The phase
changes φB

P, i are also extracted and shown with a subtraction
of 2π in the caption of Fig. 4. The wavy absorption spectra
at τ = ±20 fs are lined out in Fig. 4(d), confirming that
simulation agrees well with the experimental results.

Finally, we test the effect of the pump-pulse intensity on
the changes in the molecular phase. Figures 5(a) and 5(b)
show the absorption spectra measured at τ = −20 fs and
τ = 20 fs with the pump-pulse intensity varying from 1.2 ×
1010 to 9.0 × 1010 W/cm2, respectively, while Figs. 5(c) and
5(d) are the simulation results. The absorption spectral shape
changes with the pump-pulse intensity. With the increase of

033412-5



ZHANG, WANG, WANG, DING, SUN, LIU, AND HU PHYSICAL REVIEW A 98, 033412 (2018)

FIG. 6. The pump-pulse intensity-dependent phase evolution of
the molecular system obtained by the artificial-phase method, when
the probe pulse (a) precedes and (b) follows the pump pulse,
respectively.

the pump-pulse intensity, an absorption minimum at 1.570 eV
gradually emerges on the probe-pump side, inducing the split
of the spectrum, i.e., another absorption maximum appears.
The maximum shifts to lower energy with the increase of the
pump-pulse intensity. However, its position is different for the
same pump-pulse intensity on the pump-probe side, reflecting
the different physical mechanisms acting at both sides.

The intensity-dependent spectral shape enables one to
quantify the changes in the molecular phase ensuing from
the interaction with strong pump pulses of varying intensity,
as captured by φB

N, i in Fig. 6(a) and φB
P, i in Fig. 6(b). On

the probe-pump side, the pump pulse strongly modifies the
excited system generated by the probe pulse. The modulation
effect increases with the pump-pulse intensity, showing as the
increase of the phase changes of these different electronic
dipoles φB

N, i . The pump pulse is responsible for the excitation
of the system and the generation of initial phase changes on
the pump-probe side. Results in Fig. 6(b) show these phases
φB

P, i reduce with the increase of pump-pulse intensity, whose
tendencies are inverse with that of φB

N, i . We believe that it is
the correlation between the excitation of the system and the
generation of initial phase changes results in these different
behaviors of the phase changes on the pump-probe side. These
phase changes caused by the pump pulse reach saturation
on both sides, which means the dipoles become more and
more insensitive to the pump pulse with the increase of the

pump-pulse intensity. Meanwhile, it can be found that the
phase changes of these dipoles with low transition frequencies
(<1.592 eV) are more sensitive to the pump pulse than
that with high transition frequencies (�1.592 eV), no matter
which pulse comes first, except for the dipole with a transition
frequency 1.644 eV on the pump-probe side. It is known
that the resonance and near-resonance effects may modulate
a quantum system, showing as the change of the absorption
spectrum. For our case, both effects are included in the phase
modulation of the electronic dipoles and contribute to their
phase changes. The laser pulse used in measurement has a
central frequency of 1.569 eV and its spectrum mainly covers
these transitions with low frequencies, i.e., the laser intensity
at these frequencies is higher. For an electronic dipole, the
resonance and near-resonance effects increase with the laser
intensity at the transition frequency. That is why the phase
changes of these dipoles with low transition frequencies are
more sensitive to the pump pulse. Compared with the result in
Ref. [37], it can be found that the laser bandwidth may affect
the modulation induced by the pump pulse. The dependencies
of these phase changes on the laser bandwidth and the central
frequency of the pump pulse are needed to be further studied
for the full understanding of the modulation effect.

V. CONCLUSIONS

In conclusion, we investigate the transient-absorption spec-
tra of a complex molecular system to figure out how the
molecular phases are encoded in the absorption spectra of the
probe pulse on both the probe-pump and pump-probe sides.
Strong laser fields are applied to modulate the phase evolu-
tion of the excited states after their excitation and thereby
reconstruct the phase of the excited molecular system. The
intensity-dependent phase information can be extracted from
the dependence of the absorption spectra on the pump-pulse
intensity, allowing us to quantify the dynamic evolution of the
molecular system in intense laser fields. The presented strong-
field modulation mechanism used in complex molecules in
liquid phase goes beyond previous weak-field experimental
approaches. This work not only marks an important step to-
wards full reconstruction of complex molecular wave packets
under intense laser field by relating the dynamic evolution of
complex molecular systems to the absorption spectral shape,
but also find us a way to understand the physics in the regime
between low-order perturbation and strong field.
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