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Stimulated Raman adiabatic passage through permanent dipole moment transitions
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The rovibrational dynamics of stimulated Raman adiabatic passage (STIRAP) through permanent dipole
moment transitions are investigated theoretically using a time-dependent quantum wave packet method for the
ground electronic state of an HF molecule. The two basic STIRAP processes, A and ladder systems, are simulated.
The calculated results show that nearly 100% of the population can be transferred to the target state. Besides the
interested transitions, the pulses can induce other transitions which affect the dynamics of STIRAP. The final
populations of the initial and target states depend on delay time.
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I. INTRODUCTION

In recent years, the interaction of molecules with the
laser field is an interesting and active research subject [1-3].
Many investigations have been focused on the preparation
of well-defined quantum states by properly designed laser
fields [4—6]. The manipulation of population to a prescribed
target state is relevant to many applications, including optical
control of chemical reactions, molecular spectroscopy, and
collision dynamics. Several approaches have been proposed
to control population transfer, such as optimal control theory
(OCT) [7,8], multipath interference [9], chirped laser pulse
[5,10], or adiabatic passage [11-13].

Stimulated Raman adiabatic passage (STIRAP) technique
has become an important tool for controlling population
transfer in both atomic and molecular systems [14—18]. The
STIRAP method employs two partly overlapping laser pulses
in which the Stokes pulse precedes the pump pulse. In its
simplest three-level system, the initial state |1) is coupled
with intermediate state |2) by a pump pulse, state |2) is
coupled with target state |3) by a Stokes pulse. This two-pulse
scheme can produce a complete population transfer from
states |1) to |3) without a significant population in state |2).
According to the energy distribution of the three states, the
STIRAP process is divided into A and ladder systems. Many
investigations about these two systems have been reported
in detail both theoretically and experimentally [19-23]. In
most cases, the three-level system is composed of two or three
bound electronic states, and the population transfer takes place
in different bound electronic states through dipole moment
transitions [24-26].

In this article, we take the HF molecule for example to
explore the rovibrational dynamics of STIRAP in a ground
electronic state using the time-dependent quantum wave
packet method. For the ground electronic state of an HF
molecule, the adjacent electronic state is not suitable for the
intermediate state because of a large energy gap (more than
14 eV) at the equilibrium distance. In our model, the three-level
system is described by the three rovibrational levels in the
ground electronic state, and the STIRAP process is achieved
by permanent dipole moment transitions. We numerically
investigate the transition (|0, 0) — |2, 1) — |1, 0)) for the A
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system, and the transition (|0, 0) — [1, 1) — |3, 0)) for the
ladder system, as shown in Fig. 1. The two counterintuitive
pulses can induce a nearly complete population transfer
from the initial state to the target state via the intermediate
state.

This article is organized as follows: In Sec. II we introduce
the time-dependent wave packet method that we use for
dynamics calculation of population transfer. In Sec. III. we
calculate the populations of the three rovibrational levels,
and discuss the effect of the delay time on the population
transfer. Finally, some conclusions are briefly summarized in
Sec. IV.

II. THEORETICAL METHOD

In our model, the ground electronic state of an HF
molecule is taken into account. In the Born-Oppenheimer
approximation, the wave function W(¢) is obtained by solving
the time-dependent Schrodinger equation

ih%\m) = [HApo + WIW(2), (1

where H, is the time-independent Hamiltonian of the HF
molecule. In the present work, we assume the initial rovi-
brational level to be |v = 0, j = 0). In the linearly polarized
laser field, the molecular magnetic quantum number m = 0
is conserved, and the two-dimensional molecular Hamiltonian
can be expressed as

I:Imol(R» 0,1) = TR + 7,\19 + V
n* 92 o1 o9 (. 9
= ———— | sinf —
2m OR?>  2mR? sinf 36
+V(R), 2
where m is the reduced mass of the two nuclei, R the
internuclear separation, and 6 the angle between the molecular

axis and the laser electric field axis. V (R) stands for the Morse
potential function

V(R) = Dofexp[—2B(R — Ro)] — 2exp[—B(R — Ro)l},
3)

where the equilibrium distance Ry = 1.732516 ay, Morse
parameter 8 = 1.174014 a, l(ao is the Bohr radius), and
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FIG. 1. Schematic diagram of the three-level A and ladder systems.

well depth Do = 0.225009 hartree [27]. In the dipole
approximation, the field-molecule interaction term W can be
written as

W = —u(R)cos0e(t), 4)
with
1(R) = poR exp(—&RY), (5)

with parameters po = 0.454141 e and § = 0.0064 a,, 4 [27].
The electric field &(¢) of the two laser pulses is

given by
e(t) = ¢e,() +¢&,@)
w(t —t
=E, sin’ [M} cos(w,t)
w(t—t

+ E,sin’ [¥} cos(wt), (6)

tS
where ¢ E w and 7, are the start time, electric

P(S)° P(S)? P(S)? P(S)
field amplitude, carrier frequency, and duration of the two
pulses, respectively. tl’% = .5 T Ty /2 is the center time of
the pulses. The delay time between the two laser pulses can
be obtained by At = g — 1}.

The initial wave function is described by the rovibrational
eigenfunction |[v = 0, j = 0). The rovibrational eigenfunction
|v, j) can be obtained by a direct product of radial eigenfunc-
tion ¢, ;(R) and the Legendre polynomial P;(cos ), which is
the eigenfunction of the angular part [28]. The j-dependent
vibrational function ¢, ;j(R) and the rovibrational eigenvalue
E, ; can be solved by the Fourier grid Hamiltonian method
[29]. The initial wave function is propagated using the split
operator method [30], that is,

‘Ij(t + At) — e—iAI[TR+T0+V(R)+W(R,9)]/7!llj(t)

N efiAtf"R/ZhefiAtfg/ZhefiAt[V(R)JrW(R,G)]/h

« efiAtﬁ;/ZhefiAtTR/thj(t)' (7)
In the calculation, the fast Fourier transform method [31] is
employed to solve operator T by transforming ¥ between
momentum space and coordinate space. Using the discrete
variable representation technique [32], W is switched forward
and backward between the polynomial representation and the
coordinate space to calculate operator Ty. The operators V(R)
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and W(R, 0) act on the wave function directly in the coordinate
space by multiplication.

The time-dependent populations P, ; of the rovibrational
levels are calculated by the projection of wave function on
rovibrational eigenstates

P, (1) = (v, jIW@)* (8)

The time-dependent vibrational and rotational energies of the
wave function are computed by

El (1) = (Y| Tg + Ty + VW (1))
= (W()|Tx + VW) + (W@0)| Ty W (@)
= E; + E;, )

where E}, and £, are the vibrational and rotational energies of
the wave function, respectively.

III. RESULTS AND DISCUSSION
A. STIRAP in a A system

We focus on the specific example of a A system (see
Fig. 1) in which the initial rovibrational state is |[v = 0, j = 0),
the intermediate state |v' =2, j' = 1), and the target state
[v” =1, j” = 0). In this transition process, Aj = j" — j =0
corresponds the Q branch of the Ramam transition.

Figure 2 shows the nearly complete population transfer
from the initial state to the target state. The left and right-hand
panels are obtained within the intuitive pulse sequence and the
counterintuitive pulse sequence. From Fig. 2, we can see that
the durations and amplitudes in Fig. 2(e) are larger than those
in Fig. 2(b). In Fig. 2(a), the population transfers from |0, 0)
to |2, 1) induced by the pump pulse, and then to |1, 0) induced
by the Stokes pulse. The final populations of the intermediate
and target states at the end of the respective pulse are 0.999
and 0.991. The oscillatory behavior of the curve demonstrates
that little population transfers to other bound states during the
transition from |0, 0) to |2, 1). In Fig. 2(d), the population Py o
decreases, and the population P, increases induced by the
two pulses. A small amount of population P, ; (<10%) can
be found in the intermediate state during the laser-molecule
interaction. When the pump pulse is over, the final populations
Poo, P>,1,and P; g reach 0.001, 0.013, and 0.981, respectively.
Besides the previous two transitions, the two partly over-
lapping pulses can produce other excitation pathways, such
as 0,0) = [1,1) 2 2,0) 210, 1) and [0,0) 2 [1,1) =
|2,2) 2 |0, 1). Therefore, the curves of the populations dis-
play obvious oscillatory behavior. Figures 2(c) and 2(f) show
the time-dependent energy of the wave function. In Fig. 2(c),
the energy increases from —0.2157 au. to —0.1802 a.u.,
which corresponds to the revibrational eigenenergy of the
state V' =2, j' = 1), and then decreases to —0.1977 a.u.,
which corresponds to the revibrational eigenenergy of the
state [V = 1, j” = 0). It can be seen from Fig. 2(e) that the
energy of the wave function increases from —0.2157 a.u. to
—0.1977 a.u. directly. This indicates that the population in the
state [v' = 2, j = 1) is very small during the whole transition
process.

043406-2



STIMULATED RAMAN ADIABATIC PASSAGE THROUGH ...

PHYSICAL REVIEW A 81, 043406 (2010)

|v=2,j=1)

Population

0.0 freeee”

Iv=1,j"=0)

(d)

[v=0, =0) [v'=1,j"=0)
0.6 - b

04+ ll -f

02 L [v'=2,/=1) b
A ]
0.0 @ T s

200 |-
-

100 -

Electric Field (MV/cm)
[=]

-100

200

Electric Field (MV/cm)

L L L L L

018 T T T T T oas b T T T T T T ]
()

-0.19 -0.19 4

-0.20

Energy (atomic unit)

-0.21

022 b

Energy (atomic unit)

022 L1

0.0 0.3 0.6 0.9 1.2 1.5
Time (ps)

P IS S S RS
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Time (ps)

FIG. 2. Complete population transfer from the initial state |[v =0, j = 0) to the target state |[v” =1, j” = 0) via the intermediate
state [v' =2, j' = 1). Results obtained within the intuitive pulse sequence (left-hand panels) and the counterintuitive pulse sequence
(right-hand panels) are compared. (a) and (d) Population dynamics. (b) The pump and Stokes pulses with a intuitive sequence:
E, =190.52 MV/cm, w, = 7795.83 cm™', 7, = 0.98 ps, 1, =049 ps, E; = 38.57 MV/cm, w; = 3829.39 em™!, 7, =0.75 ps, 1=

1.35 ps. (e) The pump and Stokes pulses with a counterintuitive sequence: E, = 264.57 MV /cm, w, = 7783.32 cm™

1, =2.27 ps,

t, =213 ps, E; =46.80 MV/cm, o, = 3810.74 cem™!, T, =2.88 ps, t; =144 ps. (c) and (f) Time-dependent energy of the wave

function.

In Fig. 2(e), the frequencies of the pump and Stokes pulses
are 7783.32 cm™! and 3810.74 cm~!, and the one-photon
detunings of the two pulses from their transition frequencies
are A, = —11.64cm~!and A, = —19.32cm™!, respectively.
Figure 3(a) shows the final rovibrational populations in the
states |0, 0), |1, 0),and |2, 1) with two-photon detuning A = 0,
where the frequency of the Stokes pulse is 3818.42cm™!,
and the other laser pulse parameters are the same as those
in Fig. 2(e). From Fig. 3(a), we find that the population
Py decreases when t < 2.3 ps, and then increases when
t > 2.3 ps. The final populations of the initial and tar-

get states are 0.111 and 0.868, respectively. Usually, the
most efficient population transfer can be obtained as the
two-photon resonance A = |A | —|A,|=0 is met in
the STIRAP thought dipole moment transitions. However, in
this case, the population transfer with the two-photon detuning
A =7.68cm™! is more efficient than that with the detuning
A = 0. In our model, the population transfer takes place in
the ground electronic state through permanent dipole moment
transitions, and the energy gap of the three levels is small,
which results in other transitions. Figures 3(b) and 3(d) show
the time-dependent populations in the states |2, 0) and |2, 2)
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FIG. 3. (a) The time-dependent populations in the revibrational
states |0, 0), |1, 0), and |2, 1) with two-photon detuning A = [A | —
A, = Ocm™'. (b) and (d) The time-dependent populations in the
states |2, 0) and |2, 2) with two-photon detuning A = 7.68cm™". (c)
and (e) The time-dependent populations in the states |2, 0) and |2, 2)

with two-photon detuning A = Ocm™".

as two-photon detuning A = 7.68 cm~!. The Stokes pulse
can induce the population Py to transfer to |1, 1), and then
to |2, 0) or to |2, 2). The one-photon detunings for the three
transitions are —194.07cm™"', 59.14cm™!, and 56.47 cm™!,
respectively. The large amplitude oscillations of the curves
in Figs. 2(b) and 2(d) illustrate that the population transfer
to and fro takes place in the states |0, 0), |1, 1), |2, 0), and
|2, 2). We can see that the populations P, ¢ and P, , increase
to the maximal value at + = 2.0 ps, and then decrease to 0
at t = 3.5 ps. This indicates that all the populations in the
states |2, 0) and |2, 2) have been transferred back to |0, 0)
because of the large detunings. It can be seen from Fig. 2(d)
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FIG. 4. The final populations at the end of the pulse sequence
versus the delay time Ar. (a) The population of the initial state.
(b) The population of the intermediate state. (c) The population of the
target state. All other parameters are the same as in Fig. 2(e).

that almost all of the population Py derived from |2, 0)
and |2, 2) can be transferred to |1, 0) through the STIRAP
process. When w, = 3818.42 cm~! in Figs. 3(c) and 3(e), the
detuning of the transition |0, 0) = |1, 1) is reduced, and the
populations P, o and P, are increased. As these increased
populations transfer back to |0, 0), only part of population
Po o can be transferred to |1, 0) through the STIRAP process,
and some population (about 11%) can be found in the state
|0, 0).

The populations of the three states depend on the parameters
of the two pulses. Figure 4 shows the final populations
versus the delay time Af. As the delay time of the two
pulses increases from —1.1 to —0.69 ps in Fig. 4, the
final populations Py and P, decrease, and P increases.
As the delay time Ar increases from —0.69 to O ps, the
final populations Py and P»; increase, and P; o decreases.
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FIG. 5. Complete population transfer from the initial state |[v = 0, j = 0) to the target state |[v” = 3, j” = 0) via the intermediate state
[v' =1, j' = 1). Results obtained within the intuitive pulse sequence (left-hand panels) and the counterintuitive pulse sequence (right-hand
panels) are compared. (a) and (d) Population dynamics. (b) The pump and Stokes pulses with a intuitive sequence: E, = 37.80 MV /cm,
w, = 4005.46 cm™!, 7, = 0.96 ps, t, =048 ps, Eg = 113.13 MV/cm, o, = 7370.57 em™!, T, = 0.93 ps, t; = 1.43 ps. (¢) The pump and
Stokes pulses with a counterintuitive sequence: E, = 55.28 MV/cm, @, = 3975.17 cm™!, 7, = 2.23 ps, t, =184ps, E; = 193.35 MV/cm,
w, = 7396.27 cm™!, 7, = 2.42 ps, t; = 1.21 ps. (c) and (f) Time-dependent energy of the wave function.

When At = 0, the final population of the target state is only
0.082.

B. STIRAP in a ladder system

We now consider a ladder process (see Fig. 1) in which
the initial state [v = 0, j = 0) and intermediate state |v' = 1,
Jj/ = 1) are coupled by the pump pulse, and [v' =1, j/ = 1)
is coupled with the target state |v” = 3, j” = 0) by the Stokes
pulse. Figure 5 shows the nearly complete population transfer
from the initial state to the target state. The left-hand panels
show results obtained within the intuitive pulse sequence,
and the right-hand panels are for the counterintuitive pulse

sequence. Similarly to the A system in Fig. 2, the durations and
amplitudes for the counterintuitive pulse sequence in Fig. 5(e)
are larger than that for the intuitive pulse sequence in Fig. 5(b).
From Fig. 5(d), we can see that 98.7% of the population can
be transferred to the target state. For the intermediate state,
the population P;; increases to the maximal value 0.081 at
t = 1.52 ps, and then decreases to 0.001 at the end of the
two pulses. Besides the transition |1, 1) — |3, 0), the Stokes
pulse can provide the other two transitions, |0,0) = |2, 1)
and |2, 1) = |4, 0). Therefore, 1.2% of the population can be
transferred to |4, 0) in Fig. 5(d). In Fig. 5(c), the energy of the
wave function increases from —0.2157 a.u. to —0.1975 a.u.,
which corresponds to the revibrational eigenenergy of the
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FIG. 6. The time-dependent populations in the revibrational
states 10,0), [1,1), |3,0), and |4,0) with two-photon detuning
A =0cm™.

state [v' =1, j' = 1), and then increases to —0.1641 a.u.,
which corresponds to the revibrational eigenenergy of the
state [v” =3, j” = 0). The increment speed of the energy
for the transition |1, 1) — |3, 0) is larger than that for the
transition |0, 0) — |1, 1). In Fig. 5(f), the energy directly
increases from —0.2157 a.u. to —0.1641 a.u. with a constant
speed.

In Fig. 5(e), the one-photon detunings of the pump and
Stokes pulses from their respective transition frequencies
are —29.64cm~! and 26.56cm™!, and the corresponding
two-photon detuning is —3.08 cm™'. Figure 6 shows time-
dependent populations with two-photon detuning A = 0,
where the frequency of the Stokes pulse is 7399.35 cm™!,
and the other laser pulse parameters are the same as those in
Fig. 5(e). The one-photon detuning of the Stokes pulse for
the transition |0, 0) = |2, 1) in Fig. 6 is smaller than that in
Fig. 5(d). More population can be transferred to |4, 0) via
|2, 1). When the two pulses are over, 2.1% of the population
can be found in the state |4,0). Because of the to and fro
population transfer in the states |0, 0), |2, 1), and |4, 0), 2% of
the population stays in the state |0, 0). The final population of
the target state is 0.959 at the end of the pulses.

Figure 7 shows the final populations versus the delay time
At. From Figs. 7(a) and 7(c), we can see that the final
populations of the initial and target states are very sensitive
to the delay time. When At = —0.63 ps, the final population
Py o reaches the minimal value 0, and P; o reaches the maximal
value 0.987. When At = 0 ps, only 11.0% of the population
can be transferred to the target state, and 87.2% of the
population stays in the initial state. For the intermediate state in
Fig. 7(b), the final population reaches the maximal value 0.017
when the delay time is O ps. Comparing with Fig. 4(b), the
variation of the delay time has a small effect on the distribution
of the final population in Fig. 7(b).

IV. CONCLUSION

In this article, we have studied the rovibrational dynamics of
STIRAP through permanent dipole moment transitions in the
ground electronic state, with the HF molecule as the example.
The two basic STIRAP processes, A and ladder systems,
are described by the two transitions |0, 0) — |2, 1) — |1, 0)
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FIG. 7. The final populations at the end of the pulse sequence
versus the delay time Ar. (a) The population of the initial state.
(b) The population of the intermediate state. (c) The population of the
target state. All other parameters are the same as in Fig. 5(e).

and |0, 0) — |1, 1) — |3, 0). The calculated results show that
nearly 100% of the population can be transferred to the target
state. Besides the interested transitions, we found that the
pulses can induce other transitions. Under the condition of
the two-photon resonance, the unexpected transitions will
be increased, which affects the dynamics of STIRAP. The
population distributions have also been calculated as a function
of delay time. The final populations of the initial and target
states depend on the delay time. For the ladder system, the
variation of the delay time has a small effect on the final
population of the intermediate state.
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