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We theoretically investigated the coherent control of Autler-Townes splitting in photoelectron spectroscopy of

K2 molecule within an ultrafast laser pulse by solving the time-dependent Schrodinger equation using a

quantum wave packet method. It was theoretically shown that we can manipulate the splitting of photoelectron

spectroscopy by altering the laser intensity. Furthermore, it was found that the percentages of each peak in

photoelectron spectroscopy can be controlled by changing the envelope of the laser pulse. 
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Introduction

With the rapid development of ultrafast laser pulse techno-

logy, many interesting phenomena have been investigated

and discovered both theoretically and experimentally, includ-

ing above threshold ionization and dissociation,1,2 the laser

control of molecular alignment and orientation,3,4 the gene-

ration of attosecond pulses,5 and dynamic Stark control of

photochemical processes.6 The relevant laser parameters,

such as intensity, width and shape of pulse, have been used

to control the molecular excitation, dissociation and ioni-

zation.

When the transition between two quantum levels is driven

strongly with a resonant drive field, the resulting ‘dressed’

system can be equivalently viewed as two split levels, with

splitting equal to the Rabi frequency of the drive field. This

splitting can be observed spectroscopically by probing

transitions to a third level in the system, which comprises the

Autler–Townes (AT) effect. Autler-Townes splitting of

atomic system has been observed for a long time.7 In recent

years, the ac-Stark effect and the AT splitting in gas-phase

molecules have also been investigated.8 Quesada et al.
reported that one can obtain the transition dipole moment of

H2 molecules from the measurement of the AT splitting.9 Qi

et al. pointed out that AT splitting induced by CW pulse can

be used as a way to facilitate all-optical control of molecular

angular momentum alignment.10,11 Sun and Lou demon-

strated that one can observe the AT splitting in the photo-

electron spectrum of a two-level Na2 system with a proper

ultrashort laser pulse.12 Hu et al. studied theoretically this

kind of AT splitting in the photoelectron spectrum for a Li2

molecular system using one-dimension wave packet method.13

But because of the relatively small value of the typical mole-

cular transition dipole moment and rigorous requirement for

laser pulses, the experimental observation and coherent

control of AT splitting in a molecular system caused by

femtosecond laser pulses has been hardly ever reported.

In the present work, we theoretically investigate the cohe-

rent control of AT splitting in the photoelectron spectroscopy

of K2 molecules by solving the time-dependent Schrodinger

equation using a quantum wave packet method. We demon-

strate that we can manipulate the splitting and the percent-

ages of each peak in photoelectron spectrum by changing the

laser intensity and the laser envelope.

Theoretical Method

Our numerical simulations include four electronic states14-

18, the ground state  the two excited states  and

, and the ionic ground state , as shown in Figure

1. For convenience, we refer to the four electronic states as

, , , and , respectively. The rotational degree of

freedom is neglected in our treatment because rotational

motion of K2 molecules is almost frozen in femtosecond

time scale. Under the Born-Oppenheimer approximation, the

wavefunction ψ(R, t) can be obtained by solving the time-

dependent Schrödinger equation
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Figure 1. Relevant potential energy curves of K2 used in this
work.14-18
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where Ĥ is the time-dependent Hamiltonian including the

laser-molecule interaction, R is the internuclear separation.

The molecular wavefunction ψ(R, t) can be expressed as

,  (2)

where a = 0, 1, and 2 are the three bound states, and χI (R, t)
is the wavefunction of ionic state.

The ionization continuum is discretized into a band of

quasicontinuum levels in terms of electron eigenstates 

containing the core and free electron.19 The states are labeled

according to kinetic energy of the ejected electron: 

, (3) 

where E1 and En are the smallest and largest energy which

can be transferred to the ejected electron, respectively.

 are the nuclear wavefunction of  corre-

sponding to the emission of an electron with kinetic energy

En. This leads to a Hamiltonian matrix of (N+3)*(N+3)

dimensions, including three bound states and N ionization

quasicontinuum states. In the present work, N is chosen to be

241, E1 and En are taken as 0 and 1.2 eV, respectively. Thus,

Eq. (1) can be rewritten as

.  (4)

The diagonal elements can be expressed as

.  (5)

where m is the reduced mass of K2 molecules, and Vi(R)

including the bound and quasicontinuum states are potential

matrix elements of molecule in the absence of laser fields. In

the dipole approximation, the matrix elements describing the

laser-molecule interaction can be written as

,

, (6)

,

where μ10, μ21, and μI2 represent the transition dipole

moments20,21 between different electronic states and ε (t)
denotes the laser fields which are given by

,  (7)

where ε0 the is peak intensity, f(t) is the pulse envelope and

the center frequency of the ultrashort laser pulse ω is set to

be 12 739 cm−1, corresponding to the laser centre wave-

length of 785 nm.

The time-dependent populations of the state is calculated

by 

.  (8)

The photoelectron spectroscopy is defined as

.  (9)

Results and Discussion

The initial wavefunction of the ground vibrational states

of the  state is obtained by using the Fourier Grid

Hamiltonian (FGH) method.22-24 The propagation of wave-

function ψ(R, t) is accomplished by employing the split-

operator method.25-27 

Figure 2 displays the photoelectron spectroscopy of K2

calculated within the quantum wave packet model mention-

ed above, where the envelope of laser pulse is chosen to be a

Gaussian function ( f (t) = exp[−2ln2(t/τ)2] ), the full width at

half maximum (FWHM) of the laser pulse τ is 20 fs and the

peak intensity is 5.0 × 1011 W/cm2. We find that the photo-

electron spectrum consists of three peaks centered at about

0.30 eV, 0.51 eV and 0.73 eV, which corresponding to slow-

energy (S), medium-energy (M) and fast-energy (F) photo-

electrons, respectively. It is obviously that the splitting of

photoelectron spectroscopy in Figure 2 are almost the same

but the percentages of S, M and F photoelectrons are 3.9%,

35.3% and 60.7%, respectively. 

The time evolution of the population of the states , 

and  are shown in Figure 3(a), (b) and (c), respectively.

There are obvious Rabi oscillation in the time evolution of

the population of three states. The splitting pattern in the

photoelectron spectrum can be regarded as the AT splitting,

which comes from three strongly coupled coherent vibrational

states evolving along their own molecular electronic potential

curves (i.e., the AT splitting is induced by sufficiently rapid

Rabi oscillations shown in Fig. 3). Since the motion as-

sociated with the molecular vibration is quite slow on the
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Figure 2. The photoelectron spectroscopy of K2 for the Gaussian
pulse, the full width at half maximum (FWHM) of the laser pulse τ
is 20 fs and the peak intensity is 5I0 (I0 = 1.0 × 1011 W/cm2).
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field-molecule interaction time scale, the excited wave

packets on the electronic  and  states don't move from

the initial region where they are resonantly coupled by laser

fields. The resonant region ΔR is located near the equili-

brium position R0 in the electronic ground state where ħω
equals the energy difference between the potentials of the

three electronic states. Therefore, the process of the field-

molecule interaction can be regarded as that of a three-level

filed-atom interaction, and the corresponding levels are of

,  and , respectively. In term of the tradi-

tional explanation of ac-Stark splitting in dressed stated

picture, the three-peak structure should arise from the suffi-

cient Rabi oscillation between three intermediate resonant

states during the ionization process.

Next, we consider the case of K2 molecule driven by the

different intensities of laser pulse. Figure 4 displays the photo-

electron spectra as a function of the laser intensity I for the

centre wavelength λ = 785 nm. We find that the position of

these three peaks are good agreement with the straight lines

shown in Figure 4, which corresponding to the functional

expression . At the

laser intensity of 3I0, the S, M, and F photoelectrons are

situated at 0.36 eV, 0.51 eV and 0.68 eV, and the percentages

of S, M and F photoelectrons in the photoelectron spectrum

are 4.9%, 34.1% and 61.0%, respectively. When the laser

intensity increase to 7I0, the S, M, and F photoelectrons are

situated at 0.26 eV, 0.51 eV and 0.78 eV, and the percentages

of S, M and F photoelectrons in the photoelectron spectrum

are corresponding to 3.7%, 30.5% and 65.8%, respectively.

We conclude that the intensity of laser pulse varies from 3 I0

to 7 I0, there are fewer effects on the percentages of S, M and

F photoelectrons, but the positions of S and F photoelectrons

are shifted by about 0.1 eV. From the intuitive physical picture

of the observed photoelectron spectra shown in Figure 4, we

could directly deduce the energies and populations of the

dressed states ,  and , which corresponding to the

S, M and F photoelectrons in the photoelectron spectrum,

respectively. Compared to the “bare” state , the energies

of dressed states ,  and  are shifted about

, 0 and ,
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Figure 3. The time evolution of the population of the state (a) ,
(b)  and (c) .
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Figure 4. The photoelectron spectra of K2 molecule as a function
of laser intensity I. The other parameters of the laser pulse are
same as that used in Figure 2.

Figure 5. The electric field profile for (a) Secant, (b) Gaussian and
(c) super-Gaussian laser pulse, the full width at half maximum
(FWHM) of the laser pulse τ is 20 fs and the peak intensity is 5.0 ×
1011 W/cm2.
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respectively. The ratio of dressed states populations on ,

 and  states is almost unchanged as the laser intensity

varies from 3I0 to 7I0. Thus, we can manipulate the dressed

states energies without changing the selective population of

dressed states. Moreover, the AT splitting can be used to

determine the R-dependent effective molecular transition

dipole moment or the peak intensity of laser filed.

Furthermore, we consider the case of the K2 molecule

driven by different pulse shapes. Here, we adopt three different

envelopes: Secant ( f (t) = sech[2ln(1+21/2)t/τ]), Gaussian ( f
(t) = exp[−2ln2(t/τ)2]) and super-Gaussian ( f (t) = exp[−
8ln2(t/τ)4] ).The electric field profile of the three pulses are

shown in Figure 5(a), Figure 5(b) and Figure 5(c), respec-

tively. The full width at half maximum (FWHM) and the

peak intensity of the three laser pulse are same as that used

in Figure 2. The corresponding calculated photoelectron

spectrum are shown in Figure 6(a), Figure 6(b) and Figure

6(c), respectively. When the pulse envelope f (t) takes the

Secant form, the right peak is the highest one, the S, M, and

F photoelectrons are situated at 0.30 eV, 0.51 eV and 0.78

eV, and the percentages of S, M and F photoelectrons in the

photoelectron spectrum are corresponding to 0.9%, 16.9%

and 82.2%, respectively. Compared to that of the Gaussian

form, the left peak and the medium peak are reduced and the

right peak is enhanced. However, this situation is obviously

changed for the super-Gaussian pulse: the medium peak

becomes the highest one, the S, M, and F photoelectrons are

situated at 0.28 eV, 0.51 eV and 0.75 eV, and the percentages

of S, M and F photoelectrons in the photoelectron spectrum

are corresponding to 15.0%, 50.4% and 34.6%, respectively.

Therefore, when we change the envelope of laser pulse

varies from Secant to super-Gaussian, the percentages of S,

M and F photoelectrons change a lot, but there are fewer

effects on the positions of S, M and F photoelectrons. As

mentioned above, the dressed states ,  and  are

corresponding to the S, M and F photoelectrons in the photo-

electron spectrum, respectively. Thus, the populations on the

dressed states are dependent on the pulse shape and we can

steer the dressed states population without altering the

energies of dressed states by changing the laser envelope.

Conclusion

In conclusion, the coherent control of photoelectron spectro-

scopy of K2 molecule in an ultrafast laser pulse was theore-

tically investigated by using the quantum wave packet

method. It was theoretically shown that the splitting of

photoelectron spectrum can be controlled by changing the

laser intensity. When the laser intensity varies from 3I0 to

7I0, the energies of S and F photoelectrons are shifted about

0.1 eV. In addition, the percentages of each peak of photo-

electron spectrum can be manipulated by altering the

envelope the laser pulse. When the envelope of the laser

pulse vary from Secant to super-Gaussian, the percentages

of the S and M photoelectron increase from 0.9% to 15.0%

and 16.9% to 50.4%, respectively, but the F photoelectron

decrease from 82.2% to 34.6%.
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