PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
= standard Terms & Conditions and the Ethical guidelines still

‘z?@ﬁs&é%: apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 23

Physical Chemistry Chemical Physics

The effect of pump-2 laser on Autler-Townes Splitting in Photoelectron Spectra
of K, molecule

Wei Guo'* and Xinggiang Lu’
'School of Electric Engineering, University of South China, Hengyang 421001, P. R.
China.
*School of Nuclear Science and Technology, University of South China, Hengyang
421001, P. R. China

Abstract:

We theoretically investigate the Autler-Townes (AT) splitting in the photoelectron
spectra of four-level ladder K, molecule driven by pumpl-pump2-probe pulses via
employing the time-dependent wave packet approach. The effect of the pump-2 laser
intensity and wavelength on AT splitting is detailed studied for the first time. The
triple splitting with asymmetric profiles arises due to the nonresonant excitation. The

triple splitting is transformed into double splitting when the pump-2 detuning
approached +1/2 times of pump-1 Rabi frequency. The splitting between two

sideband peaks in the triplet or doublet does not change with the pump-2 laser
wavelength. The three peaks shift to lower energy with different shift as pump-2
wavelength increases. The magnitude of AT splitting increases with increasing the
pump-2 laser intensity. The asymptotic behaviors of AT splitting with pump-2 laser
intensity are interesting in the threshold point of near resonant region and far-off

resonant region.
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1. Introduction

The ac-Stark effect, also known as Autler-Townes (AT) splitting, occurs due to
nonlinear interactions between light and matter in the presence of one or more strong
variable radiation fields." In recent years, the dependence of AT splitting on laser

6,7,9,12-16,21 pulse vvidth,4’5’17’19’20 pulse envelope21

parameters, such as laser intensity,
and time delay™ etc. has been studied theoretically and experimentally in multi-level
atomic/molecular system of various configurations.

For three-level system, the AT double splitting generally can be observed by using
a pump-probe laser configuration, and can be interpreted by the dressed-state theory.
Wollenhaupt ef al.*” observed experimentally the AT double splitting in photoelectron
spectra of K atoms, and studied the effect of pump intensity and time delay on AT
doublet. They suggested that the asymmetry of the splitting is due to the nonresonant
excitation, and the splitting monotonically increases with the laser intensity. Sun and
Lou* obtained theoretically the AT double splitting in Na, molecules, and studied the
effect of pump intensity and pulse width on the splitting. The longer pulse can induce
the asymmetry of doublet. Yuan ef al.” studied the effects of molecular rotation and
alignment on the AT double splitting in Na,. Yao e al.® observed the AT double
splitting in K, molecules, and suggested the pump intensity and wavelength determine
the magnitude of splitting and the enhancement of peaks.

Nonlinear effects due to the quantum coherence effect have also been studied in
four-level atomic system of various configurations. The AT splitting in four-level
system shares some similar features with that in three-level system. Wei et al.” and
Han ef al® studied theoretically the ac Stark effect in a four-level V-type atomic
system in the presence of three driving fields. It was found that the absorption spectra
can have two or three peaks depending on the intensity and wavelength of the driving
fields. The intensity and wavelength of the second driving field has effect on the AT
splitting. They used the dressed state theory to explain the absorption peaks in the
spectra. Many reportsg'12 studied the AT effect in a strongly driven
electromagnetically induced transparency (EIT) resonance with a four-level A-type
atomic system,. It is found that the absorption spectrum has two or three peaks
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structure in general and their positions and relative intensities are affected strongly by
the intensities of the driving fields and their detuning. Echaniz er al."> expected
three-peak absorption spectra in four-state N-type atomic system, and studied the
trajectories of three peaks as a function of Rabi frequencies and detunings of one
couple field. The expectation is verified in a cold Rb sample. Dutta and Mahapatra'*
expected two or three-peaks emission spectra in four-state N-type atomic system, and
suggested the double splitting increases with increasing intensity of one couple field.
Sandhya'’ studied the absorption profile of a four-level ladder atomic system
interacting with three driving fields. It is expected that there is three-peak absorption
(dynamic splitting) with strong middle transition coupling. The three-peak splitting is
also observed in the absorption profiles in a photonic crystal doped with five-level
nanoparticles, they also studied the features of triple splitting with different intensities
and/of detuning.'®

For four-level ladder system, Meier ez al.'™'® observed the AT triple splitting in Na,
molecules driven by three driving fields, and studied the effect of pulse width on the

.12 observed the

ATsplitting. Longer pulse indicates asymmetric AT triplet. Hu ef a
AT triple splitting in Li, molecules driven by three driving fields, and studied the
effect of pulse width on the splitting. Longer pulse indicates asymmetric AT triple
splitting. Yao and Zheng21 observed the AT triple splitting with asymmetric profiles
in four-level K, molecules driven by three driving fields in the near-resonant region,
and studied the effect of intensity, wavelength and envelope on the AT splitting when
the parameters of the three laser fields change simultaneously, they did not study the
case in resonant and far-off resonant region. They also did not study the effect of the
parameters of some pump laser field on the AT splitting.

Most experimental and theoretical studies above on the dependence of AT splitting
on laser intensity and wavelength are with the four-level N, V, and A configuration.
Few works are with the ladder configuration. No studies focus on the effect of
intensity and wavelength of the second pump pulse on AT splitting in four-level
ladder K; molecule. This paper presents new data on the nature of the AT splitting in
the photoelectron spectra of four-level ladder K, molecule driven by pump-1, pump-2
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and probe pulses by the time-dependent quantum wave packet method. We discuss
the effects of the pump-2 laser intensity and wavelength on AT splitting for three
cases: resonant pulse, near resonant pulse, and far-off resonant pulse. The
corresponding features are different at different intensities and/or wavelength of
pump-2 pulses.
2. Formalism

In this paper, we model the four-level ladder K; molecule by four electronic states,

ground state|X >IE; , two excited states|A>lE; and |2>1H; , and ionic ground state

‘X +>2Z; . For simplicity, they are abbreviated t0| X > , | A> , 2> and‘X +> in order. Fig.1

sketches the potential energy curves of K, relevant in this work. A similar model of

the K, molecule is also employed in experimental”*** and theoretical studies.”"** In

our treatment, we consider the case that pump-1, pump-2 and probe laser fields are

simultaneously applied to the K, molecule. The molecule in the ground state| X > is
resonantly excited to the excited state|A> by pump-1 laser pulse with the central
wavelength A, =848nm. The pump-2 laser pulse with the central wavelength
A,=785nm then excites resonantly the molecule from |A> t0|2>. Finally, the probe
laser pulse with the central wavelength A,=785nm is used to detect the emitted

photoelectron from the ionization state‘X +>. We neglect the rotational degree of

freedom in our treatment, since the rotational motion of the heavy K, molecules is
almost frozen on the femtosecond time scale.
Under the Born-Oppenheimer approximation, the wavefunctions ¥ can be

obtained by solving the time-dependent Schrodinger equation
in 2 Y=HY (1)
Ot

The Hamiltonian H of the system can be written as

H=H,+H =T+V+H, (2)
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where Hg =T +V is the Hamiltonian of the K, molecule, 7 is the operator of the

kinetic energy of nuclei, ¥ is the potential energy of the system and H is the

interaction between K, molecule and laser field. For the four-state model, the wave

functions can be written in the column vector

Y= WV W) s 3)

Where v, ,v,,¥,andy,  are the wave functions for the ground state| X >,excited

states|A> and|2> ,and ionization state‘X +> , 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 y,, can be further expressed as

W = ( A V/“)Y : “4)
where N is the number of discrete states of K, ion.

The kinetic energy 7 can be expressed as

2 2
T ®
Y7,

Where u is the reduced mass of the nuclei, R is the distance between the nuclei in

K, molecule.

1 0 0 o
01 0 o
T = ,
0 01 o
0 0 0 I

and 0=(0,0,...,0) is a zero vector with N-component, Ois the transverse of the

vector oand lisa N x N unit matrix.

The potential V' can be expressed as

0

OIOOX‘
o © N
oY o o
< o o o
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where V, ,V,and V, are the potential curves of the ground state| X > ,excited
states|A> and|2>, respectively. And V is a N x N matrix, which is the discretized

states of ionization state ‘ X +> . It can be written as

5(1) 0 0
()
vepste] 0o O )
0 o0 o &V
where §(i) ={-1)A¢ (=1,2,...,N)is the energy of the emitted photoelectron.
The interaction H between K, molecule and laser field is given by
o w, O o
: w 0o w o
H — 0 XA A2 , (8)
o w, ~0 W,
%) o W 0]

where W,, = (Wz(l.l), Vlfz(iz),...VI/Z(iN)) is the vector of coupling between |2> and‘X +> states

via laser field with N-component, andO is the N x N zero matrix. The coupling

between two states via external laser field is given as follows

Wy, =hR (R)cos(wt),

W,, =hR,(R)cos(m,t), (€))
W,, = hRy(R)cos(wyt),

Where R, = % s (R)-e.f (t) . Ry = % 11, (R)-e,f (1) and R, = % 16, (R) e,/ (1) are

the Rabi frequencies of laser fields for |X > —>|A> states, |A> —>|2> states
and | 2> - ‘ X +> states, respectively. iy, (R) 7 A2(R) and 1, (R)are the transition
dipole moments between different electronic states, e ,e,,e, are the amplitudes of

laser fields , @,,w,,w, are angular frequencies, and f(¢) is the envelope which we

chose to be a Gaussian function f(¢) = expl—4ln2 . (t/ T)ZJ. 7 is the full width at half

maximum (FWHM) of pulse, is 30 fs in our numerical calculations.
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The photoelectron spectrum, as a function of the electronic energy.f(i), can be

obtained as'®*>?’

Plg¥)=tim [ arly (R.1.£")

2

. (10)
The potential energy curves of K, molecule employed in our calculations are taken
form ref.28-31. These potential curves are in good agreement with relevant

32-34

spectroscopic constants of experimental results, and the detailed information of

the potentials can be obtained from ref.35. The transition dipole moments are taken

from ref.36 and 37. In this paper, the energies of the emitted photoelectron §(i) span

over 0-2 eV, and the number of discrete states of the K, ion, N, equals 120. The

time-dependent Schrodinger equation (eq.(1)) is solved by ”split-operator Fourier”

methods exactly.3 ™! The K, molecule is initially populated on its vibrational ground

state of | X > state.

3. Results and discussions

Fig.2 shows the photoelectron spectra as a function of the pump-2 laser intensities
L at I)=I=4l, (I,=1.0x10"" W/cm®), 4,=848nm, and A, =A4,=785 nm. The peaks of

photoelectron spectra show the triple splitting with symmetric profiles, one central

and two sideband peaks. The triple splitting with asymmetric profiles of K, molecule

has been obtained in the near resonant region of pump-1 with 4, =4, =4, =785nm.

But the resonant case was not studied.”’ The triplet with symmetric profiles has been

17,18 19,20

observed in Na, molecule " " and Li, molecule. This is similar to the expected
three-peak absorption (dynamic splitting) in four-level atomic system with various

configurations interacting with three driving fields with strong middle transition

coupling, i.e. R,00 R, R,,”™'*'""'*!5 which can be explained in terms of the dressed

state formalism. It is also observed in the absorption profiles in a photonic crystal
doped with five-level nanoparticles.'® The splitting pattern of photoelectron spectrum
is so-called AT splitting. In terms of the explanation of ac-Stark splitting in dressed

state picture, the three-peak structure arises from the sufficient Rabi oscillation within
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the resonant region during the ionization process.*'’?' From the dressed state
theory,” the excited state |2> is dressed by the laser field and splits into three
substrates, which correspond to the three peaks respectively. From Fig.2, we can see
that the magnitude of the triple splitting increases with increasing the laser intensities
of pump-2. This is similar to the observation in three-level K> Rb,® K,,% and Nay,*
and four-level K».*' A similar feature is shown in the absorption spectrum for
four-level atomic system interacting with three driving fields.”®'*">*% Fig 3 plots
the peak positions for the spectra shown in Fig.2 as a function of pump-2 laser
intensity I, (Fig.3a) and pump-2 Rabi frequencies R, (Fig.3b), respectively. The

position of the central peak is around 0.474 eV, which simply is

E, +Zha)k ~V,(R,),*"""" E , being the energy of vibrational ground state, %,
the photon energy, and V, (RO) the potential of |X +> state at equilibrium distance
R, of the neutral ground state, as indicated with arrows in Fig.1. The positions of
these three peaks are at 0.474 —R/2, 0.474, 0.474 + R/2 (effective Rabi

frequency R=4/R>+R? *®'*1172146) " which correspond to three substates

respectively, and this is plotted as a solid line in Fig.3b, which is seen to be in good

agreement with the numerical results. It is easily to know the asymptotic behaviors for
R, RandR,[] R, respectively. When the pump-2 field is weak (R, [l R,), there is
a linear splitting proportional toR,/2. On the other hand, with a very large R,
(R, R)), the two side peaks approach a linear splitting proportional to R, /2. These

are plotted as dashed straight lines and dotted straight lines in Fig.3b.

Fig.4 demonstrates the photoelectron spectra for different wavelengths of pump-2

(695 nm-895 nm) while keeping the pump-1 resonant, i.e. A,=848 nm, at [,;=L=1=41.

The pump-2 field detuning is given by A, =w,-w®,,, ®,, is the frequency of
|A>—>|2> state. When the pump-2 has a zero detuning (i.e. A,=785 nm), the

spectrum exhibits a triple splitting with symmetric profiles. Asymmetric profiles arise

8
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as the pump-2 is moved off resonance 785 nm. The asymmetry of the splitting is due
to the nonresonant excitation. This asymmetry has been observed in double splitting
in three-level K atoms® and K, molecules.® A similar feature is shown in the
three-peak absorption profiles*™ or emission spectra'® in four-level atomic system and
in five-level atoms.'® The three peaks move toward the lower energy with increasing
the pump-2 wavelengths. This is because that the longer wavelength indicates the
lower photon energy, which results lower photoelectron energy. This is identical with
the observation in K, molecule with Secant pulse and square pulse by Yao and Zheng,

but they did not give the results with Gaussian pulse.”’ Fig.5 plots the peak positions

for the spectra shown in Fig.4 as a function of pump-2 wavelength A, (Fig.5a) and
pump-2 detuning A, (Fig.5b), respectively. The linear fits are 0.311+0.986 A, ,

0.475+0.278 A,, and 0.641+0.981 A, for peakl, peak2 and peak3, respectively. These

indicate that the shifts of the three peaks are different, the two side peaks shift

detuning A, , while the central peak shift 1/4* A,. This behavior of peaks shift is not

shown in earlier works in four-level ladder system. Echaniz et al." studied the
trajectories of three peaks as a function of detuning of the second couple field with
four-level N-type Rb system. Their result indicates the peak shift is not linear to the
detuning. Compare Fig.5 with Fig.3, we can see that the splitting between adjacent
peaks in the triplet does not equal as that in the resonant case. This is agreement with
the fluorescence spectra’ and absorption spectra'® in four-level atomic system and in
five-level atoms'® in detuning case of driving field. However, the splitting (0.330eV)
between two sideband peaks in the triplet does not change. As the pump-2 is detuned
from the resonance wavelength 785 nm, the triple structure is transformed into double
structure gradually. This is similar to the evolvement of the absorption spectrum as a
function of the second driving field detuning while keeping the first driving field

resonant in four-level V-type atomic system interacting with three driving fields.’
When the pump-2 detuning approached + R, /2 (i.e. A,=695 nm or 895 nm), there

is an anticrossing between the states associated with one of the AT components and
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the displaced central component. The doublet formed when the pump-2 detuning
approached + R /2 as shown in Fig.4 is best discussed in terms of the doubly

dressed states as illustrated in ref.7.

The photoelectron spectrum at the anticrossing region is investigated further as a

function of pump-2 laser intensity when the pump-2 detuning A,equalsR /2, i.e.

A, =715nm. The result is shown in Fig.6. In the absence of the pump-2 field the
spectrum is simply an AT doublet associated with the pump-1 field with two peaks at
+ R, /2. Introducing the pump-2 field causes a doublet splitting in one of these two

peaks and results in a three-peak spectrum. This is agreement with the observation in
absorption spectra in four-level A-type system'? and susceptibility in three-level
A-type atom.*’ The peak positions of these three components are plotted in Fig.7 as a
function of I, (Fig.7a) and R, (Fig.7b), respectively, and are again agreement with the

prediction of the dressed-state formalism (solid lines in Fig.7b). In particular, when
the pump-2 field is weak (R, [l R,), there is a linear splitting proportional to R, / V2
in one of the AT components (see dashed lines in Fig.7b). on the other hand, with a
very large R, (R, R;) the position of the inner component approaches zero
detuning (0.637¢V), and the two outer components approach a linear splitting
proportional to R, .

Fig.8 shows the influences of the pump-2 wavelength on the photoelectron spectra
in the far-off resonant case of pump-2 laser field (R, >R /2). For very large

detuning A ,, the pump-2 field introduces negligible modification to the probe field
response and the dominant feature of the photoelectron spectrum is an AT doublet.
Similar to the case in the near resonant region in Fig.4, the two peaks shift to the
lower energy with increasing the pump-2 wavelength, due to the longer wavelength
indicating the lower photon energy, which results in lower photoelectron energy.

Fig.9 plots the peaks positions for the spectra shown in Fig.6 as a function of pump-2

wavelength A, (Fig.9a) and pump-2 detuning A, (Fig.9b), respectively. From Fig.9,

10
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It is noted that the magnitude of the double splitting does not change with the pump-2
laser wavelength in the far-off resonant case, which is the same as that in the near

resonant region. The linear fits are 0.321+0.989 A, and 0.650+0.996 A, for the two

peaks, respectively, indicates that both peaks shift detuning A, .

4. Conclusion and outlook

In this paper, we theoretical investigated the nature of AT splitting in the
photoelectron spectra of the four-level ladder K, molecule by employing the
time-dependent wave packet approach. The observation of photoelectron spectra maps
the information on dressed states. We discuss the effects of the laser intensity and
wavelength of pump-2 on the AT splitting for three cases: resonant pulse, near
resonant pulse, and far-off resonant pulse.

In resonant region, For fixed intensities of pump-1 and probe fields, The
photoelectron spectra show the triple splitting with symmetric profiles (in peak height

and splitting of two adjacent peaks), and the AT splitting increases with increasing

pump-2 intensity. When the pump-2 field is weak (R, J R,), there is a linear splitting
proportional to R, /2. On the other hand, with a very large R, (R, R,), the two side

peaks approach a linear splitting proportional to 7, / 2.

In the near resonant region, for the fixed intensities of three fields, the
photoelectron spectra show the triple splitting with asymmetric profiles (in peak
height and splitting of two adjacent peaks), and the splitting (0.330 eV) between two
sideband peaks in the triplet does not change with the pump-2 laser wavelength. The

peaks shift to lower energy with different shift as pump-2 wavelength increases. Both

two side peaks shift pump-2 detuning A,, while the central peak shift 1/4*A,. As the

pump-2 is detuned from the resonance wavelength 785 nm, the triple structure is

transformed into double structure gradually. The doublet formed when the pump-2
detuning A, approached R /2(i.e. 4,=695 nm or 895 nm), which is the threshold

point of near resonant region and far-off resonant region.

11
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In the threshold point of near resonant region and far-off resonant region, e.g.

A,=695nm, in the absence of the pump-2 field the spectrum is simply an AT doublet

associated with the pump-1 field with two peaks at + R, /2. Introducing the pump-2
field causes a doublet splitting in one of these two peaks and results in a three-peak

spectrum. When the pump-2 field is weak (R, [l R/), there is a linear splitting

proportional to R, / J2 in one of the AT components. on the other hand, with a very
large R, (R, R)) the position of the inner component approaches zero detuning
(0.637eV), and the two outer components approach a linear splitting proportional to
R,.

In the far-off resonant region, for the fixed intensities of three fields, the peaks of
photoelectron spectra show the double splitting with asymmetric profiles (in peak
height), and the splitting (0.330 eV) between the two peaks does not change with
increasing the pump-2 laser wavelengths. Both peaks shift to lower energy by pump-2

detuning A, with increasing pump-2 wavelength.
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Figure captions:

Figure 1. Potential energy curves of K, molecule used in the work. The arrows
indicate the excitation energy of 1.462 eV (848 nm), 1.579 eV (785 nm), and 1.579
eV (785 nm)respectively.

Figure 2. The photoelectron spectra for various laser intensities of pump-2. The

parameters are as follows: 10=1.0><10”W/cm2, Ii=I=41), A =848nm, A, = A,

=785nm, 7 =30fs.

Figure 3. Peak positions for the spectra in Fig.2 as function of (a) pump-2 laser
intensity I, and (b) pump-2 Rabi frequency R,. Also shown is the result using the

dressed-state formalism (curves in solid lines). The dashed straight lines and dotted
straight lines indicate the asymptotic behaviors for R, [l RandR,[] R,, respectively.

All the other parameters are the same as those in Fig.2.

Figure 4. The photoelectron spectra for various pump-2 laser wavelengths
(695nm-895nm) with pump-1 resonant. The parameters are as follows: J=1.0x10""
W/cmz, Ii=h=5L=4l,, 4,=848nm, A, =785nm, 7=30fs.

Figure 5. Peak position for the spectra in Fig.4 versus (a) pump-2 laser wavelengths
A, and (b) pump-2 detuning A, . Other parameters are the same as those in Fig.4.
Figure 6. The photoelectron spectra for various pump-2 laser intensity with
A, = R, /2. The parameters are as follows: I=1.0x10"" W/cm?, I} =I=41,, A =848nm,
A,=715nm A,=785 nm, 7=30fs

Figure 7. Peak positions for the spectra in Fig.6 versus (a) pump-2 laser intensity I.
(b) pump-2 Rabi frequency R,. Also shown is the result using the dressed-state

formalism (curves in solid lines). The dashed straight lines and dotted straight lines

indicate the asymptotic behaviors for R,[J R, andR, [ R,. All the other parameters

are the same as those in Fig.6.

Figure 8. The photoelectron spectra for various pump-2 laser wavelengths
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(455nm-695nm) with pump-1 resonant. The parameters are as follows: J=1.0x10""
W/cmz, Ii=h=5L=4l,, 4,=848nm, A, =785nm, 7=30fs.
Figure 9. Peak positions for the spectra in Fig.8 versus (a) pump-2 laser wavelengths

and (b) pump-2 detuning A, . All the other parameters are the same as those in Fig.8.
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Figure 4
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Figure 8
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The Autler-Townes (AT) splitting is theoretically investigated in the photoelectron
spectra of four-level ladder K, molecule driven by pump1-pump2-probe pulses via
employing the time-dependent wave packet approach.



