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Abstract

We investigate the field intensity effect on the dissociation of vibrating D, in intense laser pulses at
two central wavelengths (792 and 198 nm) by numerically solving the non-Born—Oppenheimer
time-dependent Schrodinger equation and the coupled equations among electronic states. The
dissociation degree oscillates with increasing intensity of the interaction field, which can be
explained with the Floquet representation. Besides, the Rabi oscillations can also be used to reveal
the underlying mechanism of the population oscillations: the Rabi frequency will be increased with
the increase of the external pulse, which leads to the oscillations of the dissociation populations.
When a single cycle terahertz pulse with a central wavelength of 36 um is used to steer the electron
motion after the excitation of the 792 and 198 nm pulses, about 97.6%, respectively, 92.1% electron

populations of all the dissociation events can be localized at one potential well.

Keywords: laser induced molecular dissociation, vibrationally excited D,*, non-Born—
Oppenheimer time-dependent Schrodinger equation, Floquet representation, Rabi oscillation

(Some figures may appear in colour only in the online journal)

1. Introduction

The interactions of diatomic molecules with ultrashort intense
laser pulses can yield very complex dynamics, one of which is
molecular dissociation. With H,™ and its isotopes, people
have unveiled a series of interesting scenarios about laser
induced molecular dissociation, such as bond softening (BS)
[1-3], bond hardening (BH) [4-6], above threshold dis-
sociation [7, 8], multiphoton dissociation [8, 9], zero-photon
dissociation [10, 11], and so on [6, 8, 12].

With the time-dependent Schrodinger equation (TDSE)
of a two-state model, one can find that the dissociation
probability of the field-aligned H,™, whose initial state of
the vibrational level is v = 5, shows an increasing trend
with increasing intensity of the external field with a central
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wavelength in the proximity of 780 nm. While the popu-
lations of the dissociation state drop off obviously at some
intensities, due to trapping in one- and three-photon field
induced adiabatic potential wells [13, 14]. With the non-
Born—-Oppenheimer (non-BO) TDSE, the dissociation
probability of H,™ shows only one peak value with
increasing intensity of the 800 nm pulse (there is only one
maximum dissociation probability and then monotonic
decrease due to ionization), when the ground state (elec-
tronic 1so, state and vibrational v = 0 state) is chosen to be
the initial state [15]. The simulation results show that, at
low field intensities, the dissociation ratio increases mono-
tonously with increasing intensity of the external pulse.
However, at high intensities, the dissociation probability
shows a monotonous decrease with a continuous increase
of the pulse intensity, because more and more electron
populations are ionized away.
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There are two experimental methods for preparing H,™
and its isotopes: the ionization of the corresponding neutral
molecule with a pump pulse [16—18] or by high energy
electron impact [19-21]. When H," is produced by the
ionization of H, on the leading edge of a laser pulse, the
relative populations of the vibrational levels of the molecular
ion are found to be concentrated in the lowest vibrational
levels [16]. Whereas, the single ionization of H, by an
extreme ultraviolet (UV) attosecond pulse train [17], a strong
infrared (IR) pulse [18] or an electron impact [19-21] will
lead to a Franck—Condon (FC) distribution of the H,™ vibra-
tional manifold. In the present work, we consider the case of
incoherent FC distribution [22-26]. Results obtained with this
case agree well with the experimental results [27], though the
time-evolving phase factor of each vibrational state is ignored
[17]. In the paper, a systematic investigation of the pulse
intensity dependence in the laser induced dissociation of a
vibrating D, is reported. The central wavelengths of the few-
cycle exciting pulses are 792 nm and 198 nm, respectively. The
dissociation degree oscillates with increasing intensity of the
external field. The population oscillating can be explained with
BS [1-3] and BH [4-6]. Besides, this oscillating phenomenon
can also be explained with the Rabi oscillations, which can
take place both in atoms and molecules [26-33].

The electron populations can be driven back and forth
between the two nuclei in the laser induced dissociating D, .
When the inter-nuclear potential barrier becomes too large for
the electron to tunnel, it is stabilized at one of the two
potential wells. This is the so-called laser induced dissociation
control, and attracts much attention since the landmark
experiment of Kling ef al who observed the asymmetric
electron distribution in the dissociating D,* by utilizing a
few-cycle phase-stabilized pulse [22, 34-39]. For a single
800 nm multicycle pulse, about 70.0% populations of all t
he dissociation events can be steered onto one potential well
in the laser-induced dissociation control of the vibrating
molecular ion D,*. Whereas, the asymmetry distribution can
be significantly smeared out in the few-cycle regime, because
different vibrational states exhibit different carrier-envelope
phase (CEP) dependences [24, 39]. In the present work,
we utilize a single cycle 36 pm terahertz (THz) pulse to steer
the electron motion after the one-photon resonant excitation
of a short few-cycle 792 nm IR pulse or after the two-photon
resonant excitation of a short few-cycle 198 nm UV pulse,
about 97.6%, respectively, 92.1% populations of all the
dissociation states can be stabilized at one potential well at
the end of the simulation, even though more than half the
populations of all the dissociation events are localized at the
250, state after the exciting of the UV field.

This paper is organized as follow: section 2 describes
briefly the model system of the vibrating D,*. In section 3,
the numerical results for the exploration of the 792 nm pulse
strength dependence landscape of electron dynamics are stu-
died. And the physical mechanism underlying is demon-
strated with the Floquet representation [40, 41] and the
coupled equations (CEs) of the four lowest electronic states
[42]. The involvement of higher excited states with the

dependence of the dissociation degree on the 198 nm UV
pulse strength is studied in section 4. Section 5 describes the
advantages of a single optical cycle 36 ym THz laser pulse as
a steering field in the dissociation control of the vibrating
D,*. Finally, a brief summary and conclusions are contained
in section 6.

2. Simulation model

In order to obtain the dynamics of the molecular ion D, ™, the
three-body non-BO TDSE with both electronic and nuclear
degrees of freedom should be numerically solved. A real
nine-dimensional TDSE is beyond the current capability,
therefore, a reduced model is usually used [43-45]. The
molecular rotation of D, ™, whose time scale is several hun-
dreds of femtoseconds, can be neglected in the ultrashort laser
fields. When the molecular axis and the electron movement
direction are restricted to the polarization direction of the
external fields, we can use a two-dimensional (one molecular
plus one electronic degree of freedom) model to conduct the
simulation. This model agrees well with the three-dimen-
sional model, even though some quantitative deviations exist
[46]. The corresponding non-BO TDSE can be written as
(e = h =1 in atomic unit (a.u.), which are used throughout
the paper unless otherwise stated) [43—45]

%%(R, a0 = [Ho® 20 + W DI%R 0, (1)
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Here W, (R, z; t) is the temporal wave function corresp-
onding to the vth vibrational level. m,, respectively, m; are
the electron mass and nucleus mass (m, = 1, my = 3674).
Throughout the paper, R and z collectively represent the
relative inter-nuclear distance and the electronic coordinate
with respect to the center of mass of the two nuclei, respec-
tively. W (z, t) indicates the interaction of the particle with the
external laser field, which can be described as
me

Wiz, t) = (1 + )ZE(I), 3)

2my + m,
where E(t) is the time dependent electric component of the
external exciting field, which is defined by the vector potential
A(t) = —Ey/w sin (nt/T)? cos(wt + degp). Then E(t) can
be expressed as E(f) = —0A(t)/0t, here E, is the peak
electric field amplitude in atomic units, 7 is the pulse duration,
w is the central frequency and ¢.gp is the CEP of the external
pulse, respectively. In this work, ¢.pp is chosen as zero.

In our simulation, each vibrational state of the molecular
ion D,T is weighted by a constant coefficient C,, whose
square is known as FC factors [24, 25]. Then the initial wave
function corresponding to the vth vibrational level can be
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expressed as
U(R, z; 0) = G x, (R 9(R, 2), 4)

with x, (R) being the vth eigenstate of the nuclear bound on
the lowest potential curve in the BO approximation. The
electronic wave function ¢(R, z) is found by solving the
Schrddinger equation at each fixed inter-nuclear distance R by
using the imaginary time propagation method [47]. The
contribution coefficient C, refers to [48]. With the second-
order split-operator technique [49], the temporal wave func-
tion V,(R, z; t) can be obtained by solving equation (1)
numerically on a two-dimensional grid which contains 4096
points on the z axis with a step of 0.3 a.u. and 4096 points on
the R axis with a step of 0.05 a.u. The time step is set to 0.05
a.u. A masking function cos'/® is employed in the simulation,
which can avoid spurious reflections of the wave packets
from the three boundaries (one boundary of the R axis
plus two boundaries of the z axis). The time-dependent total
wave function satisfies |U(R, z; 1)* = ZV U, (R, z; )
[24-26, 39].
The dissociation probability of D, is defined as [39]

Rux R/2.0+5.0
P — f dR f Azl VR, 2 tond) . (5)
10.0 —R/2.0-5.0

where Ry.x is the boundary of the R axis and W(R, z; f,.4)
corresponds to the final wave function. In our simulation, #,,,4
is taken at 120 fs after the on-set of the external pulse, the
electron-nuclear stabilization is stable then. The total ioniz-
ation probability can be set as P = 1.0 — E;,, with

Rn]ZIX Zmﬂx
E, — f dR f dz |U(R, 2; tg)? being the final
0.0 —Zm;

electron survival prbgability, and +z,,. are the two bound-
aries of the z axis.

The temporal populations of the ith electronic state of the
dissociating D, ™ can be expressed as [50]

—<max

Rinax Zmax /2
D- = R v,i ,R, 2»
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here v, ;(z, R; t) is the electron wave function of the ith
electronic state, which is obtained by projecting the temporal
electron-nuclear wave function W,(R, z; t) of the vth vibra-
tional level onto the ith electronic bound state ¢, (R, z)

Goi(R 23 1) = &R, 2) fo o IR £ ™ YHR, 2 06,

Zmax

x (R, 2)dz.
@)

Here, i equals to 0, 1, 2 and 3, corresponds to the 1so,,
2po,, 2s0, and 3po, states of D, T, respectively.

Under the BO approximation, the molecular wave func-
tion of D, corresponding to the vth vibrational level is
written as [33]

7R,z 1) =Y x;,(R, D, (R, 2), ®)

here 7 (R, t) represents the nuclear wave packet, and
¢,,(R, z) is the corresponding electronic state. Inserting

equation (8) into the TDSE yields the governing equation of
the CEs among the electronic states of D,™

X\| (T+W D Diwm - -\[Xi
X5 Dyy T+Vs - Doy - I X5
za— = . . . )
Tl | P Doz o TV - ||\
Where T = —mi;—; is the kinetic operator. V,, is the potential-
14

energy surface corresponding to the mth electronic bound
state ¢,,(R, z). Dy, , is the transition dipole moment between
the mth and the nth electronic bound states of the vibrating
D,* times the electric field of the external pulse. When FC
averaging is included, the total populations of the mth state
are x,[2 = 32 €7 [xul2.

A THz pulse, whose time dependent electric component
is expressed as Er(t) = —0Ar(t)/0t with Ar(t) =
—Erq /wr sin (7t /Tr)* cos(wt) being the vector potential, can
be utilized to realize a high control ratio in the dissociating
D,™". Here Ey(, Ty and wy are the strength, pulse duration and
central frequency of the THz field, respectively. Then the
interaction of D,* with the external laser fields can be
described as

me

Wi t=|1+-—7-—
2my, + m,

)z[ET(t) + E@ —dn], 10)
where dt is the time delay between the on-set of the exciting
and the dissociation control (THz) fields. When the on-set of
the THz pulse is ahead, dr is positive, otherwise, dr is
negative.

3. Simulation results with laser field at 792 nm

3.1. Simulation with TDSE

In this section, a short few-cycle laser pulse with a central
wavelength of 792 nm and a duration of 7.7 fs is used to excite
the electron wave packets of the initial 150, state of the vibrating
D,™ onto the excited states. The total dissociation probability P,
and the ionization probability P of the dissociating D, " versus
Ej, the peak electric field strength of the IR laser pulse, are
depicted in figure 1 (see the solid red and dashed green curves)
(the results obtained with the CEs of the four lowest electric states
are also depicted, see the solid gray curve in figure 1, which will
be discussed in section 3.2). When the vibrational level corresp-
onding to the initial ground state of the laser induced dissociating
H,™ is employed as v = 0, the dissociation probability increases
monotonously when the peak intensity of the 800 nm pulse is
between 2.0 x 10! W cm * (the corresponding strength is
0.075 au.) and 7.5 x 10 W cm 2 (0.145 a.u.). In addition,
with a further increase of the field strength, the dissociation
probability drops monotonously (see figure 5(a) in [15]).
Whereas, our results reveal an anomalous dependence of the
dissociation probability on the laser strength. Overall, the dis-
sociation degree shows a growing trend with increasing field
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Figure 1. Laser induced dissociation probability P, and ionization
probability P of the vibrating D, " as functions of the electric-field
strength Ejy of the 792 nm laser pulse, whose duration is 7.7 fs.
Franck—Condon averaging is included. The populations are obtained
with the non-Born—Oppenheimer time-dependent Schrodinger
equation (see the solid red and dashed green curves), and the coupled
equations of the four lowest electronic states of D,™ (see the solid
gray curve), respectively.

strength at the beginning, but it oscillates with a further increase
of the strength (see the solid red curve in figure 1). Specifically,
the dissociation ratio shows a monotonous increase during the
initial region, 0.03 a.u. (the corresponding peak intensity is
32 x 108 W cm?) <E(<0.0562 au. (1.12 x 10"
W cm ™). When the strength of the external pulse is
Ejp = 0.0562 au. (1.12 x 10 W cm2), the dissociation
probability reaches its first maximum, 0.206. For intermediate
strength  values, 0.0562 au. (.12 x 104 W cm™)
<E;p < 0.0726 au. (1.88 x 10'* W cm ), the dissociation
degree drops monotonously, and there follows the first minimum,
reaching 0.0151 at Ejy = 0.0726 a.u. (1.88 x 10* W cm2).
As the field strength continues to increase, more oscillations
with smaller amplitudes exist when 0.0726 au. (1.88 x 10'4
W em ) < Ejp < 0.11 au. @.31 x 10" W cm ™). The total
ionization probability shows a monotonous increase as the
strength of the external pulse increases (see the dashed green
curve in figure 1), which is consist with the results in [15].
The increasing ionization probability could drop the total
dissociation ratio.

The temporal populations of the four lowest electronic
states of D, ™ as functions of evolution time 7 are depicted in
figure 2. The strength of the IR pulse is 0.0562 a.u.
(1.12 x 10¥Wem™?)  for figure 2(a) and 0.0726 a.u.
(1.88 x 10 Wem™?) for figure 2(b), respectively. From
figure 2 one can find that most populations of all the dis-
sociation events are stabilized at the lowest dissociation state,
the 2pg, state, in the photon induced dissociation of the
vibrating D, by the 792 nm IR pulse (see the solid blue
curve in figure 2). Few populations are stabilized at the other
excited states at the end of the simulation.

In order reveal the underlying mechanism in realizing the
strength dependence in the laser-induced dissociation of
the vibrating D, ™, the electron localization probabilities of the
twelve lowest vibrational states as functions of the electric-
field strength of the IR pulse are demonstrated in figure 3.
From this figure one can see clearly that the vibrational levels
v = 6—9 dominantly contribute to the oscillating of the total
dissociation probability P, in figure 1 (see the thick dashed
red, thick dashed—dotted green, thick dotted black and thick
solid gray curves in figure 3).

Several theoretical models for describing molecules in
strong laser fields have been developed. One of the most
descriptive models is the Floquet representation [40, 41],
which can provide an intuitive insight into the dissociating
H,™ and its isotopes [6, 13, 44, 51]. The dressed potential
energy curves of D,T in the photon field are shown in
figure 4. The central wavelength the external pulse is 792 nm.
The two lowest electronic states: the attractive 1so, state and
the repulsive 2pg, state are considered, because most electron
populations of all the dissociation events are localized at the
lowest excited state after the excitation of the IR pulse, see
figure 2. The molecular curves must be repeated at all discrete
energies of the photon field since D,* and photons are con-
sidered as a whole. For low laser intensities (especially
without an external field), the molecule ion can be described
by diabatic potential curves, which correspond to the potential
curves of the two lowest electronic states shifted by n photons
(n is the number of photons absorbed) (see the solid gray
curves in figure 4). With increasing intensity, the curve
crossings become avoided crossings, due to the coupling of
the gerade 150, and the ungerade 2po, states by the laser field.
A widening energy gap between the upper and lower bran-
ches of the so-called, adiabatic potential curves are formed.
The adiabatic potential curves for the pulses with peak
intensities of 10'> W cm ? (the corresponding strength
is 0.0053 a.u., see the dashed blue curves in figure 4),
103 W em 2 (0.0168 a.u., the dotted red curves) and
10" W cm ™2 (0.053 a.u., the solid black curves) are calcu-
lated by using 20 Floquet blocks in the present work [44, 51].

As the intensity of the external field increases, the dia-
batic curves evolve into the adiabatic ones and the 1w avoided
crossing (the crossing at R;) opens (see the dashed blue curves
in figure 4). Any vibrational states whose eigenvalues lie
among the energy gap to the dissociative states are allowed.
The potential changes from a binding one for R < R to a
repulsive one for R > R; when passes through the 1w cross-
ing. With increasing intensity of the 792 nm pulse, the two
adiabatic curves move farther and farther away from their
unperturbed position, the lw crossing (see the dotted red
curve in figure 4). More and more vibrational states become
unbound. This lowering of binding potential by laser fields is
called BS [1-3]. As the eigenvalues of the vibrational states
7 < v < 9 are higher than the asymptotic energy of the final
|u, n — 1) state (see the solid green line in figure 4), all
vibrational states with 7 < v < 9 can dissociate. The vibra-
tional state » = 6 is below the final |u, n — 1) state, some
amount of dissociation can occur due to the quantum-
mechanical tunneling [8] (see the thick dashed red curve in



J. Phys. B: At. Mol. Opt. Phys. 53 (2020) 085603

1

0.8

Probability
o
)

o
S

0.2}

VSR NERPN TRPIT LT 7N

0 2 4 6 8 10
Evolution time (fs)

Z M Jia et al
1
(b)

0.8}
— 150
]
z 06} —2p0,
5 == 2SO0
= ]
<] 3po
a 04 u

0.2

e DD VNN \rmm—

0 2 4 6 8 10
Evolution time (fs)

Figure 2. Temporal Franck—Condon-averaged electron populations D;(¢) of the lowest four electronic states of the vibrating D,™ as functions
of evolution time ¢. The central wavelength and pulse duration of the external laser pulse are 792 nm and 7.7 fs, respectively. The field
strength is 0.0562 a.u. for (a) and 0.0726 a.u. for (b), respectively. The results are obtained with the non-Born—-Oppenheimer time-dependent

Schrodinger equation.
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Figure 3. Electron localization probabilities of the twelve lowest
vibrational states of the molecular ion D, after considering Franck—
Condon distribution as functions of the electric-field strength of the
external pulse, whose central wavelength and duration are 792 nm
and 7.7 fs, respectively. The populations are calculated with the non-
Born—-Oppenheimer time-dependent Schrodinger equation.

figure 3). The BS and quantum-mechanical tunneling lead to
the population decreasing of the vibrational states of
v = 6-9, and the increase of the dissociation degree, when
the strength of the 792 nm pulse is between 0.03 a.u.
(3.2 x 10" W cm™?) and 0.057 a.u. (1.16 x 10'* W cm™?)
(see the thick dashed red, thick dashed—dotted green, thick
dotted black and thick solid gray curves in figure 3, and the
solid red curve in figure 1).

With a further increase of the intensity of the IR pulse, the
3w avoided crossing (the crossing at R,) opens (see the solid
black curves in figure 4). The actual middle position of the 3w
gap is somewhat lower with respect to the three-photon diabatic
crossing. In addition, the one-photon gap at these intensities is so
large that it is no longer recognized. Accompanying the creation
of a lowering potential crossing, an adiabatic potential well
above the energy gap occurs at each avoided crossing. The wave
packets of the vibrational states with higher eigenvalues (v > 6)
slow down in the shallow part of the adiabatic potential well

-0.62

-
s
>
E)
Q
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[}
S
Z -0.72
15}
5
o
«——10"Wiem® g 005
| v=6 N s
L A/————
2 4 6 8 10

Figure 4. Field-free diabatic (solid gray) and field-dressed adiabatic
molecular potential energy curves of D, ™ for three different
intensities. The central wavelength of the external pulse is 792 nm.
The adiabatic potential curves for 10!2 W cm ™2 (dashed blue),

1013 W cm 2 (dotted red) and 10 W cm ™2 (solid black) are
calculated by using 20 Floquet blocks.

above the 3w avoided crossing, and can be trapped in such a
laser-induced adiabatic well, because most of the wave packets
cross the gap diabatically [52]. This phenomenon is referred to
as BH [4-6]. Strictly speaking, the Floquet formalism describes
the interaction of a molecule with an infinitely monochromatic
wave. It is well suited when the pulse envelope changes slowly
compared to the nuclear dynamics. For ultrashort laser pulses,
the envelope has to be taken into account when considering the
dynamics of the wave packet on the adiabatic curves [S1]. As
the intensity decreases in the falling edge of our short few-cycle
laser pulse, the shape of the adiabatic potential well above the
3w avoided crossing changes from concave to convex. It
becomes the bottom part of the 1w avoided crossing. The trap-
ped wave packets can move back to the 150, state or dissociate
with almost zero energy [6]. At still higher intensities, multiple
oscillations in this adiabatic well above the 3w gap can occur;
this explains the next extrema in P, versus Ej in figure 1 when



J. Phys. B: At. Mol. Opt. Phys. 53 (2020) 085603

Z M Jia et al

0.4

——P_(TDSE)

— Pp (CEs, enveloped pulse)

o
w

T Pp (CEs, half cycle pulse)

Probability
o
N

‘o“ .’o" R
o“ .,’
0.1 . 2
. .:
0'.' ....
* A
0 [ L L I ..". -". L
0.04 0.06 0.08 0.1
EIO

Figure 5. Calculated results with the non-Born—-Oppenheimer time-
dependent Schrodinger equation and the coupled equations of the
four lowest electronic states of D, ™. The solid red and gray curves
are the same as those in figurel. For the dotted blue curve, the central
wavelength and duration of the external field are 792 nm and 1.33 fs
(half of an optical cycle), respectively.

the strength is between 0.059 a.u. (1.24 x 10" W cm™?) and
0.11 au. (4.31 x 10" W cm™?) [14].

Compared with the first oscillation lying between 0.03
au (3.2 x 108 W em ™) < Ejp < 0.0726 a.u. (1.16 x 10
W cm ), which is induced by the BS and quantum-
mechanical tunneling of the 1w crossing, and the population
trapping in the 3w adiabatic well, the amplitude of the second
population oscillation in the dissociating D, between 0.0726
au. (1.88 x 104 W em™?) < Ejg < 0.0948 au. (3.2 x 10
W cm™2) will decrease (see the solid red curve in figure 1),
because the second oscillation is triggered by the population
oscillating in the three-photon field induced adiabatic poten-
tial well. Only part the populations in the adiabatic well will
move back to the ground state or dissociate [6].

3.2. Simulation with coupled equations

As can be found in figure 2, with the 792 nm IR pulse, most
populations of all the dissociation events are localized at the
lowest dissociation state, the ungerade 2pg;, state, at the end of
the simulation. Whereas, some populations are stabilized at
the 250, and 3po, states during the dissociation process,
especially with a strong IR pulse (see figure 2(b)). To further
demonstrate the electron dynamical behavior in the dis-
sociation of the vibrating molecular ion D,™, we consider the
CEs among the lowest four states. The obtained dissociation
population P, of the dissociating D, versus Ej is depicted as
the solid gray curve in figure 5 (this curve is also depicted in
figure 1, see the solid gray curve in figure 1) (as comparison,
the dissociation population curve obtained with TDSE is also
depicted in figure 5, see the solid red curve, which is the same
as the solid red curve in figure 1). The same as the results
obtained with TDSE, P, calculated with CEs of the four
lowest states also oscillates with increasing intensity of the IR
field (see the solid red and gray curves in figure 5). Whereas,

there show some discrepancies between the two models in
terms of the field strengths giving maxima/minima of dis-
sociation probability and the relative dissociation yields. For
instance, with TDSE, the dissociation probability reaches its
first maximum, 0.206 when the strength of the IR pulse is
Ejo=0.0562 au. (1.12 x 10 W cm 2. And when
Ejo = 0.0726 a.u. (1.88 x 104 W cm™?), the dissociation
degree reaches the first minimum 0.0151. While with the CEs
of the four lowest electric states of D,™, the dissociation
degree reaches its first maximum 0.1063 at E;y = 0.0524 a.u.
(0.977 x 10" W cm™?), and there follows the first minimum
0.0044 when Ejo = 0.0667 au. (1.58 x 10 W cm™).
Additionally, with TDSE, the total ionization probability
shows a monotonous increase as the strength of the IR pulse
increases, and the increased ionization probability could drop
the total dissociation ratio. However, ionization is not con-
sidered in the CEs, the dissociation probability shows a
monotonous increase when the strength of the IR pulse is
larger than 0.0993 a.u. (3.51 x 10'* W cm 2, see the solid
gray curve in figure 5).

When illuminated by laser fields, the populations of a
two-level atom may stay in the upper or lower levels peri-
odically by absorbing or emitting photons. This is usually
called Rabi oscillation [28]. Rabi oscillation can also occur in
molecules [29-33], which includes free—free Rabi oscillation,
happening between two excited states [31], and bound-free
Rabi oscillation, taking place between the ground state and
the first electronically excited state [32]. The temporal
population in one state of an atom or a molecule is roughly
proportional to sin*(Qk?/2 + «). Here ) is the Rabi fre-
quency, which is dependent on the strength of the interaction
field, and the dipole moment induced between the two atomic
or molecular energy levels. « is the carrier phase of the
oscillation. In molecules, several Rabi oscillations may
coexist, especially with a short enveloped pulse laser. There is
a relation between the pulse duration and the width of the
spectrum. The shorter pulse duration, the broader is the
maximal frequency spectrum that can be obtained [45]. The
energy curves of D™ are continuous, and when illuminated
by a resonant short pulse laser, transitions among the lower
and upper energy levels will in general have several different
transition moments and hence different Rabi frequencies,
which will lead to some complicated phenomena, e.g. the
damping of the Rabi oscillations (especially when the dis-
sociation control field is not strong enough), which have been
demonstrated both theoretically and experimentally [53, 54].
In order to shed some light on the field intensity effect on the
laser induced dissociation of the vibrating D,*, we employ a
half optical cycle 792 nm pulse to conduct the simulation with
the CEs of the lowest four electronic states. As the results
obtained with an enveloped IR pulse (both with TDSE and
CEs, see the solid red and gray curves in figure 5), the
obtained dissociation probabilities are also oscillating with
increasing strength of the IR pulse (see the dotted blue curve
in figure 5), though the three curves are not perfectly con-
sistent with each other, as shown in figure 5.

The Rabi oscillations between the two lowest electronic
states of D," can be clearly seen in the temporal states
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Figure 6. Temporal populations of the lowest four electric states of
D, " as functions of evolution time ¢. The results are calculated with
the coupling of the four lowest electronic states, and the central

wavelength and pulse duration of the external field are 792 nm and
1.33 fs (half of an optical cycle), respectively. The field strength is
0.03 a.u. for (a), 0.058 a.u. for (b) and 0.092 a.u. for (c), respectively.

populations, as shown in figure 6. The Rabi frequency 2 is
dependent on D,,(R), the transition dipole moment dg,(R)
between the 150, and 2po, states, times Ej, the strength of the
IR pulse. With increasing IR pulse strength, {2z will increase,
which can lead to a reduced population oscillating period (see
the solid blue and gray curves in figure 6). For instance, when
the strength of the IR pulse is 0.03 au. (0.32 x 10" W
cm %), the population oscillating period lasts about 1.03 fs,
and when Ej, = 0.058 a.u. (1.2 x 10" W cm™?), the oscil-
lating period reduces to 0.8 fs. The entire pulse duration of the
IR pulse (the total duration of the Rabi oscillation) lasts about
1.33 fs. The changes in Rabi frequency will lead to the
oscillating of the dissociation populations of the vibrating
D, ™ with increasing intensity of the IR pulse.

4. Simulation results with laser field at 198 nm

In this section, we consider an exciting pulse with a central
wavelength of 198 nm. The duration of this short few-cycle
UV pulse lasts about 7.7 fs, which is same as that of the
792 nm pulse in the above section.

Most populations of all the dissociation events are loca-
lized at the lowest excited state, the 2po, state, after the
exciting of the IR pulse, see figure 2. While, with increasing
strength E,o of the 198 nm pulse, populations of the ground
state of the vibrating D,* can be transferred onto higher
excited states with a multiphoton transition, as can be found
in figure 7. The populations are obtained with the non-BO
TDSE (see the thick curves in figure 7) and the coupling
among the six lowest electronic states of D,™ (see the thin
curves in figure 7), respectively.

03 —P, (TDSE)
sk ST A P,, (TDSE)
P_, (TDSE)
B 0.2 —— Pe5 (TDSE)
§ o5 P, (TDSE)
o 7
a /../. Pp (CEs, 6 states)
0.1 Pt (CEs, 6 states)
L (CEs, 6 states)
0.05 ©
' P, (CEs, 6 states)

o

Figure 7. Franck—-Condon-averaged dissociation probability B, and
populations of the 2po, (1), 250, (F.2) and 4fo,, (F.s) states of the
molecular ion D, ™ as functions of the electric-field strength of the
198 nm laser pulse, whose duration is 7.7 fs. The populations are
obtained with the non-Born—Oppenheimer time-dependent Schro-
dinger equation, see the thick curves, and the coupled equations of
the six lowest electronic states of D, ™, see the thin curves,
respectively. The thick solid cyan curve is the ionization probability
P, obtained with the time-dependent Schrodinger equation.

0.5
/
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Figure 8. Same as the thin curves in figure 7 (these four thin curves
are also depicted here in order to compare the differences when
changing the number of coupled states) except the coupled equations
are changed into the coupling among the three lowest electronic
states. For comparison, the solid gray curve depicts the strength
dependence of the total dissociation probability P. when the two
lowest electronic states are considered.

At low strengths, the absorption dynamics rather proceeds
via a one-photon jump from the initial 1so, state onto the 2pg,
state (see the dotted blue curves in figure 7). The dissociation
degree shows a mnotonous increase with increasing strength of
the UV pulse. For intermediate strength values, the dominant
feature corresponds to the two-photon absorption. Most
populations of all the dissociation events absorb two photons,
and are excited onto the 2s0, state (see the dashed green curves
in figure 7). The total dissociation probability reaches its first
peak value, and then drops with decreasing dissociation
probability of the two-photon channel. Above E,, = 0.05 a.u.
(8.9 x 10'* W cm™2), the dissociation probability toward the
three-photon channel increases to such an extent that for
E, 0 = 0.068 a.u. (1.65 x 10 W cm?), it is the same order of
the two-photon channel, and for higher strength values, it
describes the dominant process (see the dashed—dotted gray
curves in figure 7). In short, with increasing strength of the
198 nm pulse, the dissociation populations of D,* oscillate, a
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Figure 10. Electronic field of the dissociation control THz field,
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and 120 fs, respectively.

similar conclusion as that obtained with the 792 nm pulse,
even though the amplitude of the oscillation decreases. For
simplicity, we just consider the four lowest electronic states in
the present work. The three-photon channel is induced by
electron transition between the initial 150, state and the 4fo,
state, the sixth lowest state, which is not considered in the
present study.

With the CEs of the three lowest electronic states of the
vibrating D,™, one can see clearly that the two-photon
transition dominates the dissociation probability oscillations
(see the thick solid red and thick dashed green curves in
figure 8). Compared with the results obtained with the CEs of
the six lowest electronic states, one can find that P, oscillates
more violently without the higher 41, state, because the two-
photon transition oscillates more obviously without the three-
photon channel (see the thick and thin solid red curves, and
the thick and thin dashed green curves in figure 8). The
vibration of the one-photon transition between the 1so, and
2pa, states with varying strength is weak (see the thick dotted
blue curve in figure 8). For reference, the dependence of the
total dissociation probability P. obtained with the coupling of

the two lowest electronic states, on the UV pulse strength is
depicted (see the thick solid gray curve in figure 8). With a
weak UV pulse, the two population curves, P, (obtained with
CEs of the lowest three electric states, see the thick dotted
blue curve) and P., overlap. There just shows some small
differences as the field strength increases. The population
localization probabilities of the 2pg, state change slightly
with and without the 2s0, state. Populations of the 250, state
are dominantly from the initial 1so, state through a two-
photon transition, rather than from the 2pg, state by another
one-photon transfer.

The laser induced electron transition between the lso,
and 2so, states is through a two-photon transfer. Therefore,
the Floquet representation is no longer applicable. When the
initial state is chosen as the ith vibrational level, one can find
that the oscillating populations of the 2so, state with
increasing strength of the UV pulse are dominantly from
levels v = 4—8, as can be found in figure 9(a). The energy
gaps between these vibrational states and the 250, state at the
equilibrium internuclear distances are close to the two-photon
energy of the 198 nm UV pulse, as can be seen in figure 9(b).
The Rabi oscillations can take place. The populations of states
v = 4-38 can be resonantly transferred onto the excited 2so,
state by absorbing two photons of the 198 nm UV pulse.
Meanwhile, the electron wave packets of the 2s0, state can
also be transferred back to levels v = 4—8 through emitting
two photons of the UV pulse. The Rabi frequency (2 is
dependent on the strength of the interaction field, which will
lead to oscillating populations of the 2so, state as the strength
of the UV pulse increases.

5. Electron localization control with a THz pulse

In this section, a THz pulse, whose central wavelength, strength
and duration are 36 um, 0.01 au. (3.56 x 102 W cm )
and 120 fs, respectively (detail information in figure 10), is
utilized to steer the electron motion of the dissociating D, ™ after
the excitation of the 792 nm IR pulse and the 198 nm UV
pulse, respectively.
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(a) and 33.4 fs for (b), respectively.

Figure 11 shows the temporal electron localization
probabilities PD.. of the right (PD,) and left (PD_) potential
wells as functions of evolution time ¢ [42], and the snapshots
of the common logarithm of the electron-nuclear probability
density distribution taken at the end of the simulation. For the
left panels, the central wavelength, pulse duration and
strength of the exciting field are 792 nm, 7.7 fs and 0.058 a.u.
(1.2 x 10" W cm™?), respectively. The time delay of the IR
and THz pulses is dt = 13.2 fs. For the right panels, a UV
pulse with a central wavelength of 198 nm, a duration of 7.7 fs
and a strength of 0.046 au. (7.53 x 101> W cm™?) is
employed to excite the molecular ion before the dissociation
control of the THz field. The time delay of the UV and THz
pulses is chosen as df = 33.4 fs.

With the two-pulse scheme of the IR and THz spectral
regimes, most populations of all the dissociation events are
steered to the left potential well during the effective time
window for the laser induced dissociation control of the
vibrating molecular ion D, ™, which lasts about 20.2 fs, as can
be seen in figure 11(al). One can find that the populations of
the left and right potential wells are PD_ = 0.202, respec-
tively, PD, = 0.005 when the system is stable. 97.6%
populations of all the dissociation states are localized at the
left nucleus, as can be found in figure 11(bl).

When the exciting pulse is changed into the short 198 nm
UV pulse, most populations of all the dissociation events can

also be steered onto the left potential well in figure 11(b2),
which is the same as that obtained after the exciting of the IR
pulse. Whereas, more populations can be excited onto higher
dissociation states under the exciting of the UV pulse, which
will lead to a more complicated simulation result. As shown
in figure 11(a2), populations of the two potential wells are
comparable at the beginning of the effective dissociation
control time window, which is changed into 31.5 fs. Then the
dissociation populations oscillate between the two wells
during the middle period of the time window. Finally, most
populations are steered onto the left nucleus and stabilized at
the last period of the time window. One can obtain that
PD_ = 0.234 and PD, = 0.02 when stable. 92.1% popula-
tions of all the dissociation events are localized at the left
potential well at the end of the simulation, see figure 11(b2).

To explore the underlying mechanism in realizing the laser
induced dissociation control of the vibrating D, ™, the temporal
populations D;(#) of the four lowest electronic states are
demonstrated. With the 792 nm pulse, most populations of all
the dissociation states are stabilized at the 2pg, state, as shown
in figure 12(a). When the time delay of the 792 nm IR and the
36 pm THz pulses is df = 13.2 fs, the effective time window
for the dissociation control starts at ¢+ = 17.1 fs, and ends at
t = 37.3 fs, which lasts about 20.2 fs (as can be found in
figure 11(al)). When the evolution time lies between 19.5 and
37.3 fs, the electric field of the THz field is Er < O (see
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Figure 12. Same as the upper panels in figure 11, except the temporal electron probabilities of PD. are changed into the temporal populations

D;(t) of the four lowest electronic states of the molecular ion D, ™.

figure 10), the left potential well of the dissociating D, ™ is
ascended and the right one is descended. For the populations of
the dissociative state 2pa,, they move oppositely to the electric
field force direction and are stabilized at the dressed-up
potential well, the left one, at the end of the simulation [55].
When the time delay of the 198 nm UV and the THz
fields is dt = 33.4 fs, about 39.7% and 55.5% populations of
all the dissociation events are localized at the 2pg, and the
higher 2s0, states at the end of the simulation, respectively, as
shown in figure 12(b). The effective time for the dissociation
control starts at ¢t = 37.3 fs, and ends at r = 68.8 fs, which
lasts about 31.5 fs. When 37.3 fs <t < 59.6 fs, the electric
field of the THz pulse is Er < 0, the left potential well is
dressed-up and the right one is dressed-down. Populations of
the 2pg, state move oppositely to the THz field and are sta-
bilized at the dressed-up potential well, the left one, before
t < 57.5 fs, because the effective dissociation control time
window for the populations of the 2pg, state lasts about
20.2 fs. Whereas, for the populations of the 250, state, they
move along the THz field, and need a longer time to be
stabilized [50]. When 59.6 fs < ¢ < 68.8 fs, the THz field is
E7 > 0, the right potential well is ascended and the left one is
descended. Populations of the 250, state move along the THz
field and are localized at the left nucleus at the end of the
simulation. At last, 92.1% populations of all the dissociation
states can be stabilized at the left potential well when stable.

6. Summary and conclusion

In conclusion, we have shown the field intensity effect on the
laser induced dissociation of the vibrating D, ™ in intense laser
pulses at two central wavelengths: 792 and 198 nm by
numerically solving the non-BO TDSE and the CEs among
electronic states. The dissociation degree oscillates with
increasing intensity of the external field. For the IR pulse, most
populations of all the dissociation events are stabilized at the
lowest excited state, both the Floquet representation and the
Rabi oscillations can be employed to disclose the underlying
mechanism of the population oscillating. Whereas, for the
198 nm UV pulse, the 250, state dominantly contributes to the
population oscillating. The electron transition between the 150,

and 2so, states is a two-photon transfer, the Floquet repre-
sentation is no longer applicable. The energy gaps between the
vibrational levels v = 4—8 and the 2s0, state at the equilibrium
internuclear distances are close to the two-photon energy of the
UV pulse, and the Rabi oscillations can be produced. Popula-
tions of the 2s0, state will be increased or decreased through
absorbing or emitting two photons of the UV pulse. A THz
pulse can realize a high control ratio in the laser induced dis-
sociating of the vibrating D,™ molecular ion after the exciting
of the IR and UV pulses. For instance, when a single cycle
36 pum THz pulse is used to steer the electron motion after the
exciting of the two pulses, about 97.6% and 92.1% populations
of all the dissociation states can be stabilized at one potential
well at the end of the simulation, respectively.
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