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The vibrational state-selected population transfer from a highly vibrationally excited level
to the ground level is of great importance in the preparation of ultra-cold molecules. By
using the time-dependent quantum-wave-packet method, the population transfer dynamics
is investigated theoretically for the HF molecule. A double-Σ-type laser scheme is proposed
to transfer the population from the |v=16i level to the ground vibrational level |v=0i on the
ground electronic state. The scheme consists of two steps: The first step is to transfer the
population from |v=16i to |v=7i via an intermediate level |v=11i, and the second one is to
transfer the population from |v=7i to |v=0i via |v=3i. In each step, three vibrational levels
form a Σ-type population transfer path under the action of two temporally overlapped laser
pulses. The maximal population-transfer efficiency is obtained by optimizing the laser intensities, frequencies, and relative delays. Cases for the pulses in intuitive and counterintuitive
sequences are both calculated and compared. It is found that for both cases the population
can be efficiently (over 90%) transferred from the |v=16i level to the |v=0i level.
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atom by adiabatic passage, and they found the method
was robustly insensitive to minor changes in pulse properties [11]. Drummond et al. studied the realization
of the coherent molecular Bose-Einstein condensation
(BEC) from an atomic BEC by STIRAP. They identified the most appropriate way to maintain high conversion efficiencies [12]. The STIRAP technique has also
been extended to achieve coherent control of population transfer via ionization continuum [13, 14]. More
recently, it is proposed that by using the combination
of the Feshbach resonance and the STIRAP technique,
one can create ultra-cold molecules [15, 16].
Most of coherent control studies of population transfer focused on the excitation process from a lower state
to an upper state. We are motivated by the fact that
in the processes of photoassociation driven by infrared
(IR) laser fields, the collision atomic pair usually associates into a molecule on a highly vibrationally excited
level of the ground electronic state [17−23]. Thus, to
transfer the molecular population from such an energetic level to the ground vibrational level is of potential application. Based on this “upper-to-lower” population transfer process, one can increase the rate of
the photoassociation and the creation of the ultra-cold
molecules.
In this work, we take the HF molecule as a model system to propose a control scheme for the achievement of
efficient “upper-to-lower” population transfer. Liu et al.
recently investigated the photoassociation of H+F→HF
and obtained a high product yield of the HF molecule on
the |v=16i state [23]. We then take the |v=16i state as
the initial state and introduce an efficient laser scheme

I. INTRODUCTION

Preparation of specific quantum states is a widely
concerned subject in the atomic and molecular physics,
quantum information and other fields [1−3]. In both
theory and experiment, various techniques including optimal control, multi-channel technology, adiabatic channel technology have been proposed [4−8]. As one of the
most efficient techniques, stimulated Raman adiabatic
passage (STIRAP) has been investigated extensively [9,
10]. STIRAP can realize high efficiency of population
transfer with properly overlapped laser pulses in counterintuitive sequence. Here, the phrase, “counterintuitive sequence”, means that the laser pulse connecting
the intermediate state with the target state comes before and overlaps with the laser connecting the intermediate state with the initial state. In the two-photon
resonance conditions, the adiabatic passage is formed
by adjusting the intensity, duration of the laser pulse,
and delay time. By properly setting the laser parameters, the population can be transferred from the initial
state to the target state via an adiabatic passage without residual on the intermediate state during the whole
process.
There have been great progresses in the studies and
applications of STIRAP these years. Vitanov and Shore
created maximally coherent superposition in a two-state

∗ Author

to whom correspondence should be addressed. E-mail:
ychan@dlut.edu.cn

DOI:10.1063/1674-0068/28/cjcp1410186

43

c
°2015
Chinese Physical Society

44

Chin. J. Chem. Phys., Vol. 28, No.1

Li-hang Li et al.

to transfer the population from |v=16i to |v=0i. In a
conventional control scheme for the achievement of population transfer, an intermediate state is considered to
connect the initial and the target states. If the intermediate state is energetically located between initial and
target states, it is named as a “Σ”-type control scheme,
while if the intermediate state is located above the two
states, it is named as a “Λ” scheme. Here, we consider connecting two “Σ”-type schemes together, which
is named as a “double-Σ-type” scheme, to transfer population from the initial |v=16i to the target |v=0i. This
is because the energy gap between the two states is too
large and it is inefficient to transfer population via a single “Σ” scheme. As shown in Fig.1, the scheme consists
of two steps: The first step is to transfer the population
from |v=16i to |v=7i via an intermediate level |v=11i,
and the second one is to transfer the population from
|v=7i to |v=0i via |v=3i.
E

E

0
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Step I: |v=16i ←→
|v=11i ←→
|v=7i

E2

laser pulses

E3

Step II: |v=7i ←→ |v=3i ←→ |v=0i
In each step, three relevant vibrational levels form
a Σ-type population transfer path under the action of
two temporally overlapped laser pulses, i.e., E0(2) and
E1(3) . To investigate the feasibility of this double-Σtype scheme, we perform calculations for two cases according to the sequence of the two pulses involved in
each Σ-type step. We first consider the two pulses
in each step to be in counterintuitive sequence (case
I), which may lead to STIRAP-like population transfer
process, and then consider the two pulses in step II to
be in intuitive sequence (case II).
In this work, using the theoretical method, we demonstrate the determination of the intermediate states, and
present the results under the action of the double-Σtype laser scheme for cases I and II. The two cases are
compared and discussed in detail.

II. THEORETICAL TREATMENTS

The vibrational wave function of the HF molecular
on the ground electronic state under the interaction of
the laser pulses can be obtained by solving the timedependent Schrödinger equation
i~

∂
ψ(R, t) = [T̂ + V̂ (R) + Ŵ (R, t)]ψ(R, t)
∂t

(1)

where T̂ denotes the kinetic energy operator and V̂ (R)
denotes the potential energy operator. Invoking dipole
approximation, Ŵ (R, t) can be expressed as
Ŵ (R, t) = −E(t) · µ(R)

(2)

where µ(R) denotes the permanent dipole moment. The
relevant expressions and parameters for V (R) and µ(R)
are taken from Ref.[24]. E(t) is the electric field of the
DOI:10.1063/1674-0068/28/cjcp1410186

FIG. 1 The double-Σ-type scheme for the population transfer from |v=16i to |v=0i on the ground electronic state of
the HF molecule.

E(t) =

3
X
i=0

·
Ei sin2

¸
π(t − ti )
cos[ωi (t − ti )]
τi

(3)

where Ei , ωi , ti , and τi denote the peak amplitude,
center frequency, starting time, and the duration of the
ith laser pulse, respectively. Note that in this study,
we focus on the transition between the vibrational levels while the effect of the rotational motion of the HF
molecule on the stimulated transition is neglected. For
the discussions of the effect of the molecular rotation
on the stimulated transition process, see Ref.[25].
To solve Eq.(1), the initial wave function ψ(R, t = 0)
is set to be the eigen wave function of |v=16i, which can
be obtained with the Fourier grid Hamiltonian (FGH)
method [26], and then the wave function at a given time
t can be obtained by short-time propagation with the
split-operator method [27]:
µ
¶
½
i∆t
i∆t
ψ(R, t + ∆t) ≈ exp −
T̂ exp −
[V̂ (R)+
2~
~
µ
¶
o
i∆t
Ŵ (R, t)] exp −
T̂ ψ(R, t) (4)
2~
The population Pm (t) on a specific vibrational states
|v=mi at time t, can be calculated with the projection
operation,
Pm (t) = |hφm (R) | ψ(R, t)i|2

(5)

where φm (R) is the eigen wave function of the |v=mi
state obtained via FGH method [27].
In addition, in order to determine proper vibrational
levels to serve as the intermediate states, we calculated
the following overlap integrals for two selected vibrational levels, |v=ni and |v=mi,
Fn−m = |hφn (R)|µ̂|φm (R)i|2

(6)
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FIG. 2 The Fn−m factor for n=0, 3, 7, 11, and 16, respectively, and m varies from 0 to 22.

Actually, the factor Fn−m is the absolute square of the
transition dipole moment between the two given vibrational levels, |v=ni and |v=mi, and it denotes the coupling strength between the two levels. The quantum
numbers, n and m, vary in [0, 23], because the maximal vibrational quantum number for the HF molecule
is 23 [23].

III. RESULTS AND DISCUSSIONS
A. Determination of the intermediate states

The intermediate states, which connect the initial vibrational level |v=16i with the target level |v=0i, are
determined by the calculations of the Fn−m factors defined by Eq.(6). The Fn−m factors for n=0, 3, 7, 11,
and 16, respectively, are shown in Fig.2, with m varying from 0 to 22. It can be seen that the coupling of
|v=ni with |v=mi via the permanent dipole moment,
becomes weaker with the increase of the difference between the two quantum numbers. The strongest transition always occurs between |v=ni and |v=n±1i, and
this is consistent with the basic transition law of the
diatomic molecules. Moreover, the overtone transitions
can also occur due to the anharmonicity of the potential energy curve, although the transition probability is
rather weak.
It is worth noticing that the number of intermediate
states is expected to be small to avoid the midway loss
of the population and to reduce the number of the laser
pulses used for control. Thus, we select |v=3i, |v=7i,
|v=11i to be the intermediate states, which construct a
double-Σ-type transition path connecting |v=16i with
|v=0i. To investigate the feasibility of this double-Σtype scheme, we consider the following two cases. In
case I, we set the two pulses to be in counterintuitive
sequence for both steps, and in case II, we keep the
pulse sequence in the step I to be counterintuitive but
change that in step II to be intuitive. We will show
DOI:10.1063/1674-0068/28/cjcp1410186
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FIG. 3 The temporal envelopes of the electric fields of the
four pulses used in case I.

TABLE I The relevant parameters of laser pulses used for
case I.
i
Ei /10−2 a.u.
τi /ps
ti /ps
ωi /cm−1
0
1.025
3
1.7
8555.43
1
1.367
3
1.5
9966.32
2
2.108
6
4.95
12740.39
3
2.610
6
4.9
11376.62

that by properly choosing the laser parameters, an efficient population transfer probability can be obtained
for both cases. In the calculations, for each case, the
photon energy is set to be resonant with the energy difference between neighboring levels, while the other laser
parameters are varied to obtain an optimized population transfer probability. Specifically, the pulse duration varies from 1 ps to 7 ps with an interval of 100 fs,
the time delay between two pulses in each step varies
from 0 fs to 500 fs with an interval of 10 fs, and the peak
intensity of the electric field for each pulse varies from
0.005 a.u. to 0.03 a.u. with an interval of 0.0005 a.u.
The optimized population transfer probabilities for the
two cases are shown and discussed in detail in the following subsections, respectively.

B. Case I: counterintuitive pulse sequence for both steps

The temporal profiles of the optimized electric fields
of the four pulses used in case I are shown in Fig.3, and
the corresponding laser parameters are listed in Table I.
The two pulses in each step are assigned in counterintuitive sequence. Pulse 0 (E0 ) is switched on 200 fs later
than pulse 1 (E1 ) for step I, and pulse 2 (E2 ) is 50 fs
later than pulse 3 (E3 ). The peak intensities for the
pulses used in step II are more intense than those used
in step I, since the factors F3−0 and F3−7 for step II are
smaller than F7−16 and F7−11 for step I. The evolution
of the population among the five levels under the action
c
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FIG. 4 The evolution of population on the relevant vibrational levels for case I.
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FIG. 5 The evolution of the spacial distribution function,
|ψ(R, t)|2 .

of such external fields is shown in Fig.4. For each step,
the population transfer occurs during the overlapping
time interval of the two relevant pulses. After the action of the laser field, roughly 94% of the population
has been transferred to |v=0i.
Although the total loss of the population is rather
small, the |v=7i state plays a dominant role for the loss
out of the three intermediate states. This is because
the |v=7i state connects the two Σ-type steps, while in
each Σ-type step, the sub-intermediate state |v=11i (or
|v=3i) serves somewhat like the dark state used in the
conventional STIRAP scheme. As seen in Fig.4, roughly
98% of the population can be temporarily transferred
to |v=7i, while the maximal values for the temporary
population on |v=3i and |v=11i are both less than 60%.
We should note that it is not a real STIRAP process
for each step. It requires even more intense lasers to
overcome the weak overtone transition dipoles and to
form the real adiabatic passages, however, on the other
side of the coin, the intense laser would lead to unwanted excitations of the molecules. Therefore, we set
the laser intensities to be mildly intense, and set the delay times between two pulses involved in a certain step
to be much shorter than the pulse durations. With this
set of laser parameters, one can reduce the losses from
the sub-intermediate states |v=3i and |v=11i, while the
loss should mainly comes from the |v=7i state.
The spacial distribution function, |ψ(R, t)|2 , propagating with time are shown in Fig.5 as a contour plot.
Initially, we can see a clear distribution of the eigenstate |v=16i. With the evolution of time, the distribution merges to be that of |v=7i. Finally, a distribution
for the |v=0i state is easily distinguishable. From this
point of view, it also indicates that the intermediate
state |v=7i plays a more important role with respect
to the other two intermediate states, because one can
hardly observe the distributions of the |v=3i and |v=11i
states from Fig.5.
DOI:10.1063/1674-0068/28/cjcp1410186

FIG. 6 The temporal envelopes of the electric fields of the
four pulses used in case II.

C. Case II: counterintuitive pulse sequence for step I and
intuitive sequence for step II

We now consider case II, in which we keep most of the
laser parameters to be the same as the optimal values
used in case I, but only vary the durations and delay
times of the two pulses used for step II. In this case,
the two pulses for step I maintain in counterintuitive
sequence, while the other two for step II are assigned
in intuitive sequence. Pulse 2 is now switched on ahead
of pulse 3 by 450 fs, and the duration of pulse 2 are 1
ps shorter than the one used in case I. The laser parameters used for case II can be found in Table II, and
the electric-field profiles for the four pulses are shown
in Fig.6.
The corresponding population transfer dynamics for
case II is shown in Fig.7. Comparing Fig.7 and Fig.4,
we found that the corresponding population transfer dynamics for step I are almost the same for cases I and II.
This is because that the laser parameters for step I in
case II is kept to be the same as those used in case I and
the influence of the pulses 3 and 4 on the step I is negligible for both cases. Nevertheless, for step II, the dyc
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|v=0i via |v=3i. The feasibility and efficiency of this
control scheme are investigated by the consideration of
two cases concerning about the pulse sequence. Although it is hard to form real adiabatic passages in
this control scheme due to the weak overtone transition probability, the loss of the population on the intermediate state can be reduced to a rather small value
by properly choosing the laser parameters. For both
cases, we obtain efficiency population transfer probabilities (over 90%). It could be expected that this scheme
might present potential applications for the laser cooling molecules and the coherent control of the molecular
quantum states.
FIG. 7 The evolution of population on the relevant vibrational levels for case II.
V. ACKNOWLEDGMENTS
TABLE II The relevant parameters of laser pulses used for
case II.
i
Ei /10−2 a.u.
τi /ps
ti /ps
ωi /cm−1
0
1.025
3
1.7
8555.43
1
1.367
3
1.5
9966.32
2
2.108
5
4.45
12740.39
3
2.610
6
4.9
11376.62

namics presents a little difference between the two cases.
The maximal value of the temporary population on the
sub-intermediate state, |v=3i, in case I, roughly 0.57, is
smaller than the corresponding value in case II, roughly
0.64. This is because that the counterintuitive pulse sequence used in case I can form a population-transfer
passage directly connecting the target state with the
initial state. Although this passage formed in case I is
not adiabatic due to the mild laser intensities and the
relatively large overlap region between pulses 3 and 4, it
still can, to some extent, suppress the temporary population on the sub-intermediate state. After the actions
of the four pulses, the final population transferred to
the target |v=0i state is roughly 95% and 97% for cases
I and II, respectively, which are comparably and relatively high. It indicates that with this double-Σ-type
scheme and proper laser parameters, the population can
be efficiently transferred from the high vibrational level
to the ground level and this scheme is flexible for both
cases.

IV. CONCLUSION

By taking the HF molecule as an example, we proposed a double-Σ-type laser scheme to transfer the population from a high vibrational level, |v=16i, to the
ground vibrational level, |v=0i, on the ground electronic state. The scheme can be divided into two steps:
The first step is to transfer the population from |v=16i
to |v=7i via an intermediate level |v=11i, and the second one is to transfer the population from |v=7i to
DOI:10.1063/1674-0068/28/cjcp1410186
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