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We investigate Autler–Townes splitting in the photoelectron spectra of K2 molecule driven by pump-probe pulses

via employing the time-dependent wave packet approach. It is found that the magnitude of Aulter–Townes splitting

varies with the wavelength of the intense laser pulse. In particular, the phenomenon of Aulter–Townes splitting vanishes

for the far-off resonance of the pump pulse. Also, the split peaks of Autler–Townes in the case of resonant pump pulse

give us an approach to directly obtaining the transition dipole moment of a molecule.
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1. Introduction

Femtosecond pulses have opened the possibil-
ity to create, observe, and control the internal dy-
namics of molecules.[1−5] The various properties of
molecules, for example, molecular-bond softening
and stabilization,[6−8] above-threshold ionization and
dissociation,[9,10] Rabi oscillations,[11,12] light-induced
potentials,[13−16] etc. have been investigated exten-
sively in intense fields. The well-known Autler–
Townes (AT) splitting[17] was observed first in an
atomic beam of sodium[18] and an He–Ne discharge
laser,[19] separately. This phenomenon is then studied
in atoms,[20−24] single molecules,[25,26] and quantum
dots.[27−31] Unlike atoms, molecules are characterized
by additional degrees of freedom, such as vibrations
and rotations. The effects of these further degrees
of freedom are equivalent to a system including many
rovibronic states. Typically, the density of vibrational
quantum states increases rapidly with the electronic
energy, the observation of AT splitting is therefore
more difficult for molecular system and so far, only
a few experimental[32−34] and theoretical[35,36] studies
have addressed the phenomenon in molecular system.
According to early findings, the AT splitting effect in
molecular system plays a profound role in observing
and controlling the dynamic properties of molecules,
such as molecule alignment and the configuration of
potential energy surface in a strong field.

As is well known, the influence of molecular vi-
bration is an important factor in the AT splitting, es-
pecially, if the vibrational wave packet dynamics be-
comes important in molecular system, the AT split-
ting effect would be washed out.[35,36] This means that
the molecules, targeted for investigating the AT effect
in molecular system, have some “special properties”,
such as, small shift of the potential between the ex-
cited state and the ground state, low vibrational en-
ergy on the excited electronic state, etc. After consid-
ering those points, K2 molecule is an excellent proto-
type molecule to present the AT splitting effect in a
molecular system.

In this paper, we theoretically investigate the na-
ture of the AT splitting in the photoelectron spectra
of K2 molecule ad we discuss the effects of the pump
laser intensity and/or wavelength on AT splitting for
three cases: resonant pulse, near resonant pulse, and
far-off resonant pulse. The corresponding features are
different at different wavelengths of pump pulses.

The rest of the present paper is organized as fol-
lows. In Section 2, we show the model of K2 molecule
and the method in our theoretical investigation. In
Section 3, we present our numerical results of AT split-
ting in photoelectron spectra of K2 molecule. The
conclusion and the outlook are briefly summarized in
Section 4.
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2. Model and theoretical frame-

work

In this paper, we model the system of K2 molecule
by three states: the ground state |X〉1Σ+

g , excited
state |B〉1Πg, and ionization state |X+〉2Σ+

g . A sim-
ilar model of K2 molecule is also employed in the K2

experiment of Ref. [37]. In our treatment, we con-
sider the case that pump and probe laser fields are si-
multaneously applied to the K2 molecule. The pump
field couples with the ground state |X〉1Σ+

g and ex-
cited state |B〉1Πg under the dipole moment approxi-
mation. The probe field is used to detect the emitted
photoelectron from the ionization state |X+〉2Σ+

g . We
ignore the rotational degree of freedom in our study,
since the rotational motion of the K2 molecule can be
essentially frozen on the femtosecond time scale.

The K2 molecule system satisfies the time-
dependent Schrödinger equation

i~
∂

∂t
Ψ = H Ψ. (1)

The Hamiltonian H of the system can, in the Born–
Oppenheimer approximation, can be written as

H = Hs + H ′

= T + V + H ′, (2)

where T is the operator of the kinetic energy of nu-
cleus, V is the potential energy of the system and
H ′ is the interaction between K2 molecule and pump
and probe fields. For the three-state model, the wave
functions can be written in the column vector as

Ψ = (ψX , ψB ,ψion)T, (3)

where ψX , ψB and ψion are the wave functions for
the ground state |X〉, the excited state |B〉 and the
ionization state, respectively. The ionization state is
a continuum state and it is discretized into a band
of quasicontinuum states in terms of the energies of
emitted photoelectron for the numerical calculations.
The ionization state ψion can be further expressed as

ψion = (ψ(1), ψ(2), . . . , ψ(N ))T, (4)

where N represents the number of discrete states of
K2 ion.

The kinetic energy T can be expressed as

T = − ~2

2µ

∂2

∂R2
I , (5)

where µ is the reduced mass of the nucleus, R is the
distance between the nuclei in K2 molecule.

I =


1 0 o

0 1 o

õ õ I

 ,

where o = (0, 0, . . . , 0) is a zero vector with N -
component, õ is the transverse of the vector o, and
I is an N × N unit matrix.

The potential V can be expressed as

V =


VX 0 o

0 VB o

õ õ V

 , (6)

where VX and VB refer to the potential curves of
ground state |X〉 and excited state |B〉, respectively.
V is an N ×N matrix, which is the discretized states
of K2 ionization state |X+〉. It can be written as

V = VX+I +


E (1) 0 · · · 0

0 E (2) · · · 0
...

...
. . .

...

0 0 0 E (N )

 , (7)

where E (i) = (i − 1)∆E (i = 1, 2, . . . , N ) is the ener-
gies of the emitted photoelectron.

The interaction H ′ between K2 molecule and
pump and probe fields is given by

H ′ =


0 WXB 0

WXB 0 WBi

0 W̃Bi O

 , (8)

where WBi =
(
W

(1)
Bi ,W

(2)
Bi , . . . ,W

(N )
Bi

)
is the vector

of coupling between |B〉 and |X+〉 states via probe
field with N -component, and O is the N × N zero
matrix. The coupling between two states via external
laser field is given as follows:

WXB = ~ΩXB cos(ωpumpt),

WBi = ~ΩBi cos(ωprobet), (9)

where ΩXB = (1/~)µXB(R) · E pumpfpump(t) and
ΩBi = (1/~)µBi(R) · E probefprobe(t) are the Rabi
frequencies of pump and probe fields, respectively;
µXB(R) (µBi(R)) is the transition dipole moment
between |X〉 and |B〉 states (|B〉 and |X+〉 states);
E pump and E probe are the amplitudes of pump and
probe fields; ωpump and ωprobe are their angular
frequencies. The envelopes of pulses fpump(t) and
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fprobe(t) are taken to be in the Gaussian form as fol-
lows:

fpump(t) = e−4 ln 2(t/τpump)2 ,

fprobe(t) = e−4 ln 2(t/τprobe)
2
, (10)

where τpump and τprobe are the widths of pump and
probe pulses.

The time-dependent population in each electronic
state is obtained from the numerical calculation of

Pi(t) =
∫

dR|ψi(R, t)|2, (i = X,B, ion). (11)

The photoelectron spectrum, as a function of the
electronic energy E (j), can be expressed as[35,36,38,39]

P (E (j)) = lim
t→∞

∫
dR|ψ(j)(R, t, E (j))|2,

(j = 1, 2, . . . , N ). (12)

The potential energy V of K2 molecule is taken
from Refs. [40]–[42] and its schematic diagram is
shown in Fig. 1. These potentials of K2 molecule are in
good agreement with relevant spectroscopic constants
of experimental results.[43,44]

Fig. 1. Potential energy curves of K2 molecule[38−40]

employed in this work.

For the case of the ultrafast femtosecond
pulse in this paper, we can employ the Condon
approximation.[35,36] The transition dipole moments
of K2 molecule are taken from Refs. [37], [45], and
[46]. In our calculations, the energies of the emitted
photoelectron E (j) span over 0 ∼ 1.0 eV and the num-
ber of discrete states of K2 ion, N , equals 100.

3. Results and discussion

The time-dependent Schrödinger equation
Eq. (1) is exactly solved by “split-operator Fourier”
method.[46−52] Initially, the K2 molecule populates on

its vibrational ground state of |X〉 state. The pump
field excites the molecule onto |B〉 state. In order to
avoid the influence of molecular vibration on the AT
splitting of K2 molecule, the ultrashort laser pulse of
width 30 fs is taken.[36]

In Fig. 2, we show the populations on electronic
states, each as a function of evolutionary time and
their corresponding photoelectron spectra for the
case of four different intensities of pump laser field.
The laser wavelength of pump pulse λpump is taken
to be the energy difference between |X〉 and |B〉
states at the equilibrium position R0 of |X〉 state,
namely, ~ω0 = VB(R0) − VX(R0) or the wavelength
λ0 = 640 nm. Because the K2 molecule is excited by
the ultrafast femtosecond pulse, the nucleus motion
is almost frozen during the interaction with exter-
nal fields and the transition between electronic states
takes place mainly in the region around R0. The left
column of Fig. 2 (namely, panels (a), (b), (c) and (d))
shows the populations and the right column (namely,
panels (e), (f), (g) and (h)) displays their correspond-
ing photoelectron spectra. In our calculations, the
intensities of pump pulse are chosen to be I0 for pan-
els (a), (e), 2.25I0 for panels (b), (f), 4I0 for panels (c),
(g), and 6.25I0 for panels (d), (h), which correspond to

Fig. 2. Populations of each electronic state (left col-

umn) and the photoelectron spectra (right column) of K2

molecule at the fixed pump and probe laser wavelengths

and widths of Gaussian pulses. The panels (a) and (e)

are for pump laser intensity I0, panels (b) and (f) for

2.25I0, panels (c) and (g) for 4I0, and panels (d) and

(h) for 6.25I0. The parameters are as follows: the pump

laser intensity I0 = 1.3 × 1011 W/cm2, λpump = 640 nm,

τpump = 30 fs and the probe laser intensity is 0.1I0,

λprobe = 450 nm, τprobe = 30 fs. The populations on

state |X〉 are denoted with solid lines, state |B〉 with dash

lines and state |X+〉 with dash-dot lines.

pulse area Θ = 2π, 3π, 4π, and 5π, respectively. It
should be noted that all parameters are taken to be
the same as those in the experiment of Ref. [37] except
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for the intensities and widths of the pump and probe
pulses. The values of these parameters are listed in
the caption of Fig. 2.

From the left panels of Fig. 2, we can see that the
population on each electronic state shows Rabi oscil-
lation during the interaction between the K2 molecule
and external fields. This can be interpreted as wave
packets trapped in the adiabatic potentials created by
the laser pulse.[53] Under the excitation of the ultra-
short and intense pump pulse laser, which is resonant
with the two states |X〉 and |B〉 of K2 molecule, the
wave packets jump rapidly back and forth between
the |X〉 and |B〉 states during the field-molecule in-
teraction. The period of Rabi oscillations depends on
pulse area Θ. The complete oscillations between |X〉
and |B〉 states are achieved when the pulse area Θ is
equal to 2π and 4π separately and the population on
the ground state |X〉 is depleted when the pulse area
Θ is equal to 3π and 5π separately.

The right panels of Fig. 2 show their correspond-
ing photoelectron spectra for the intensities of 1.0I0,
2.25I0, 4I0, 6.25I0, respectively. As the intensities of
the pump pulse increase, the peaks of photoelectron
spectra show the AT splitting with symmetric profiles.
When this happens, from the dressed state theory,[54]

the excited state |B〉 is dressed by the pump laser field
and splits into two substates |α〉 and |β〉 (we assume
that the energy of |α〉 state is higher than that of |β〉
state. This is shown in Fig. 1). From Fig. 2, we can
know that the intensity of pump pulse determines the
magnitude of AT splitting. Also, with the increase of
laser intensity, the two symmetric profiles move fur-
ther away from each other.

According to the dressed state theory, the sepa-
ration between two splitting peaks ∆S, for a system
interaction with an intense field, is given by[55]

∆S = (∆2
1 + Ω2

XB)1/2, (13)

where ∆1 = ωpump − ω0 is the detuning frequency of
laser field.

In the case of ∆1 = 0, we have

∆S = ΩXB . (14)

Figure 3 displays the separation ∆S between two AT
splitting peaks, each as a function of pump laser inten-
sity I at resonant wavelength λpump = 640 nm. The
solid squares denote our exact numerical results and
the solid line is for the results of Eq. (14). From the
figure, we can obtain that our numerical results are in

good agreement with those from dressed state Eq. (14)
and the amplitude of AT splitting depends linearly on√

I for the case of ωpump = ω0. It should be noted
that the slope of the ∆S ∼ ΩXB line in Fig. 3 can be
used to infer the transition dipole moment µXB of K2

molecule.

Fig. 3. The amplitude of AT splitting varying with the

square root of pump laser intensity I at fixed wavelength

λpump = 640 nm. The solid squares denote our exact nu-

merical results and the solid line refers to the results of

Eq. (14). The other parameters of pump and probe laser

fields are the same as those in Fig. 2.

We now consider the case that K2 molecule is ex-
cited by the non-resonant (near resonant) pump pulse,
or ωpump 6= ω0. Figure 4 demonstrates the photo-
electron spectra for the different wavelengths of pump
pulse at an intensity of 4I0. From the figure, we
know that the wavelength of the pump pulse deter-
mines not only the amplitude of AT splitting, but also
the enhancement of peaks. Asymmetric profiles arise
when the pump pulse is slightly detuned from reso-

nance and the splitting peaks shift about
1
2
∆1 com-

pared with that of resonant pulse λpump = 640 nm.
At λpump = 620 nm, the right peak is enhanced and
moves toward higher energy, which corresponds to |α〉
substate. However, at λpump = 660 nm the left peak
is enhanced and moves toward lower energy, which
corresponds to |β〉 substate. Physically, because of
the influence of laser field, the “bare” state |B〉 with
pump pulse produces “dressed states” |α〉 and |β〉.
In this case, the energies of |α〉 and |β〉 states and
the transitions between these two states depend on
the wavelength of pump pulse. The peaks of photo-
electron spectra reflect the energies and transitions of
them. In the case of λpump = 640 nm, the dressed
states |α〉 and |β〉 will be equally excited because of
their symmetries, so the two symmetric peaks are ob-
tained (see the middle panel of Fig. 4). However, if
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the wavelength of pump pulse scans from 620 nm to
660 nm, the dressed states |α〉 and |β〉 will be shifted
and excited differently, the two asymmetric peaks are
obtained at near resonant pump pulse and the AT
splitting peaks shift toward lower energy with the in-
crease of laser wavelength. This process is shown in
Fig. 4.

Fig. 4. Variations of AT splitting with the wavelength of

pump pulse at fixed intensity 4I0. The other parameters

of pump and probe laser fields are the same as those in

Fig. 2.

Finally, we discuss the case that K2 molecule is
excited by the far-off resonant pump pulse, namely
|ωpump − ω0| > Ωpump. In this case, the AT split-
ting disappears and only a single peak appears in the
photoelectron spectrum of K2 molecule. According to
dressed state theory, we can deduce that the popula-
tion on the excited state is distributed only on one sub-
state: |α〉 or |β〉. Our calculation shows that the pop-
ulation on the |α〉 substate is zero for λpump ≥ 720 nm
in this work. In other words, the excited state |B〉 is
shifted under the strong far-off resonant laser field.
The shift of |B〉 state can be interpreted as ac-Stark
effect.[46,56] If ωpump > ω0, ac-Stark effect leads to up-
shift of |B〉 state. The reverse situation happens when
ωpump < ω0. The extent of shift depends linearly on
pump laser intensity I. Figure 5 shows the photoelec-
tron spectrum as a function of the pump laser intensity

I and photoelectron energy for the fixed wavelength
λpump = 740 nm. The asterisks in Fig. 5 denote our
exact numerical results and they represent the ener-
gies corresponding to the maximum probabilities of
photoelectron spectrum at intensity I. The black line
refers to the result of linear fitness. We can see that
the expected linear behaviours are shown to be unlike
the case of resonant excitation ωpump = ω0 which is
proportional to

√
I.

Fig. 5. Photoelectron spectrum of K2 molecule as a func-

tion of the pump laser intensity I and photoelectron en-

ergy for the fixed wavelength λpump = 740 nm. The other

parameters of pump and probe laser fields are the same as

those in Fig. 2.

4. Conclusion and outlook

In this paper, we theoretically present the nature
of AT splitting in K2 molecular system by employing
the time-dependent wave packet approach. With the
ultrashort and intense pump laser field, the popula-
tions on each electronic state show Rabi oscillations
during the excitation process. For the resonant pump
pulse, a symmetric profile is shown and the amplitude
of AT splitting is determined by the pump laser inten-
sity. For the near resonant pump pulse, the asymmet-
ric profiles are shown, the laser wavelength determines
the positions of AT peaks and the enhancement of the
peaks. When the pump pulse is far-off resonance, the
AT splitting vanishes and only a single peak appears in
the photoelectron spectrum of K2 molecule. The shift
of the single peak is proportional to pump laser inten-
sity I, unlike the AT splitting which is proportional
to

√
I in the case of resonant excitation ωpump = ω0.
Since the photoelectron spectra of AT splitting

map the information about dressed states, we are able
to manipulate the energies and populations of dressed
states with the laser intensity and wavelength. This
could be used to control quantum dynamics and chem-
ical reaction. In the view of applications to quan-
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tum control, selectivity and efficient population trans-
fer to the specific target states are of primary impor-
tance in physics, biology, and chemistry. These can be
achieved by tuning the dressed state energy into res-
onance with the target state. The laser wavelength
can be used to manipulate the populations on the
dressed states whereas the intensity of the strong pulse
is used to determine the dressed states splitting. This
dynamic information can be obtained accurately by
the observation of the photoelectron spectrum. With
the help of a strong ultrashort laser pulse in the fem-
tosecond domain, the course of reaction can be con-
trolled into distinctive reaction channels by changing
the dressed potential surfaces. Even faster switching
among the different final states is achieved by the con-
trol of the electronic coherence via selective popula-
tion of dressed states. The strong non-resonant laser
field introducing ac-Stark effect can be applied to the
control of molecular dynamics via the time-dependent
modification of an effective Hamiltonian. The insights
into the physical mechanism of dressed states permit
us to design specific strong field pulse in order to max-
imize the laser control efficiency, a larger molecular
system with more electronic states is currently stud-
ied in our group to realize the laser control.
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