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Stimulated Raman adiabatic passage in molecular electronic states
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We explore theoretically the rovibrational dynamics of stimulated Raman adiabatic passage (STIRAP) in
molecular electronic states including both the rotational and the vibrational degrees of freedom, with the LiH
molecule as an example. By using a pure rovibrational state as initial state, we find that, under the condition of
two-photon resonance, an efficient rovibrational population transfer can be achieved via STIRAP in molecular
electronic states and the desired target state can be selected by adjusting laser-pulse parameters. Besides the
interested rovibrational states, however, some unwanted rovibrational states may affect population transfer
process, especially while the two-photon detuning is taken into account. By inspecting the evolution process of
wave packet, we can easily search these unwanted rovibrational states and study their influences. Moreover, the

effect of rotational temperature on the population transfer process is discussed using thermal mixed state as

initial state.
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I. INTRODUCTION

Preparation of well-defined quantum states for atoms or
molecules is an important topic in quantum optics, atomic
and molecular physics, quantum information processing, and
contemporary laser physics [1-3]. Controlling population
transfers of atoms or molecules by strong laser pulses has
also attracted attention of researchers [4-7]. Several ap-
proaches are theoretically proposed to realize this goal by
pulse timing control, multipath interference, optimal control,
and adiabatic passage [8—12]. The stimulated Raman adia-
batic passage (STIRAP) technique, which was proposed and
experimentally carried out by Bergmann and co-workers
[13,14], is one of efficient ways used for controlling popula-
tion transfer with two counterintuitive and partially overlap-
ping laser beams. The STIRAP method has been widely
studied, both in atomic and molecular systems with a three-
level or multilevel structure [15-18].

Initially, the STIRAP was developed to steer efficiently
the rovibrational excitation of molecules with continuous
wave (cw) laser beams [14]. Since the transition dipole mo-
ments of many molecules are too small, currently available
cw lasers are not powerful enough to induce sufficiently a
larger Rabi frequency for successful application of STIRAP.
Therefore, it is of significant interest to explore the feasibil-
ity of STIRAP with laser pulses. Recently, manipulation of
rovibrational wave-packet composition has been studied both
theoretically and experimentally with laser pulses [19-22].
Chang and Sold [23] studied the Raman excitation of rovi-
brational coherent and incoherent states using long pulses
with bandwidth (frequency width) much less than the rota-
tional constant. However, molecular process is very compli-
cated due to the presence of the nuclear motion. When laser
field is strong but still insufficiently intense to cause multiple
ionization of molecules, the bound electronic states will be
significantly modified by the laser field. These modified
potential-energy surfaces will in turn affect the motion of the
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nuclei [12]. Therefore, it has to be kept in mind that, for
longer laser-molecule interaction time, the motion of nuclei
will play an important role in excitation process because the
electric dipole moment function depends on the vibrational
coordinate R. On the other hand, since molecule has a lot of
vibrational and rotational energy levels in each electronic
state, and these rovibrational levels are very congested, some
unwanted transitions among different rovibrational states
may occur. In addition, if the bandwidth of laser pulse is
large enough, the situation will become more complex: the
field may induce the population transfer from an initial state
to more rovibrational states. Therefore, it is not appropriate
to explore these complicated processes by using a simple
level model. Based on this consideration and the recent in-
vestigation of vibrational population transfer between mo-
lecular electronic states [24], we think that a more detailed
theoretical description of STIRAP including both the rota-
tional and the vibrational degrees of freedom is necessary.

In the framework of the Born-Openheimer approximation
(BOA), the time-dependent quantum wave-packet method is
very efficient and successful for dynamics calculations of
diatomic and triatomic molecules. An attractive aspect is that
much insight can be obtained by inspecting snapshots of the
wave packet at regular time intervals. From the snapshots, it
is easy to visualize the nuclear motion and the underlying
physics. In the present work, we explore the rovibrational
dynamics of STIRAP in molecular electronic states, taking
the LiH molecule for example. The molecular vibration and
rotation are taken into account in the calculation, and the
effect of unwanted rovibrational states on STIRAP is exam-
ined in detail. We also discuss the effect of temperature on
the rovibrational wave-packet manipulation using thermal
mixed state as initial state.

The rest of this paper is organized as follows. In Sec. II,
we summarize a standard model of STIRAP in a three-level
system and introduce the theoretical treatment of STIRAP in
molecular electronic states. The results and discussions are
demonstrated in Sec. III. Finally, some conclusions and fu-
ture perspective are given in Sec. IV
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FIG. 1. (Color online) Potential-energy curves and rovibrational
levels of the ground X 'S* and excited A 'S* states of the LiH
molecule. The solid and dashed arrows represent the R and P
branches the Raman transition, respectively.

II. THEORETICAL TREATMENTS

Figure 1 shows the Raman excitation process for one-
photon-allowed rovibrational transitions in the lowest two
electronic states of the LiH molecule. The pump laser
couples the ground rovibrational state [g)=X 'S*(v,J,M) to
the intermediate rovibrational state |e)=A 'S*(v',J M),
and the Stokes pulse couples the state |e)=A IS+, J' M)
to final rovibrational state |f)=X IS+, J",M). For conve-
nience, the ground electronic state X IS+ and the excited
electronic state A 'S* are abbreviated to X and A, respec-
tively. The total laser fields €(z) is expressed as

()= X Efi(Dcosa(t—1,)], (1)

k=P,S

where E}, f3(), t, and wy, are the field amplitude, normalized
pulse envelope, center time, and carrier frequency of the kth
pulse, respectively. The subscripts P and S represent the
pump and the Stokes laser pulses, respectively.

When linearly polarized laser pulses are used to excite the
molecule, the allowed coupling between two rovibrational
levels is determined by WL I M\ ul|v,J, M)
=y ,BfMM 0y =10y .m> Where & is the Delta Kronecker and
My, 1s the transition dipole moment between two vibrational
states. The angular overlaps are calculated by

J* - M?
LM _ oM _ _

i =B = J+1)(2J-1) @
for P(,Bﬁll’M ) and R(,B;_Af ) branches of the rotational spec-
trum [23], as shown in Fig. 1. The electric dipole selection
rules indicate that the rotational quantum number J changes
by £1 for one-photon absorption, and AJ=J"-J=0,2 and
-2 correspond to Q, O, and S branches of the Raman spec-
trum, respectively.

A. STIRAP in a three-level system

The goal of STIRAP is to control the population transfer
from the initial rovibrational state | g)=|v,J,M) to the final
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rovibrational state |f)=[v",J"”, M) while keeping the popula-
tion of the intermediate rovibrational state |e)=|v",J’ ,M) as
small as possible. We summarize the standard three-level
model of STIRAP [17]. The molecular wave function can be
expanded as

(1)) = Cy(1)|g) + C(D]e) + CANIP, ©)

where, C,(1), C,(#), and C((#) are the probability amplitudes
of the three levels |g) e), and [f} respectively. Using the
time-dependent Schrodinger equation one can derive the
coupled equation:

52 C(r) =
ifi—C(0) =H()C(0), )

where C(7) is a three-component column matrix, with the
elements {C,(t),C,(t),CAr)}. The Hamiltonian under rota-
tion wave approximation (RWA) reads [25]

1
1 1
H@) =h[ 290 Ap  SOs0) . )
1
0 Eﬂs(t) AP - AS

Here Qp and () are the Rabi frequencies of the pump and
Stokes pulses, respectively. fiAp=FE,~E,~fiwp and %l
=E,~E;~fiwg are the one-photon detunings of the pump and
Stokes pulses from their respective transitions, respectively.
An essential condition for STIRAP is the two-photon reso-
nance, i.e., Ap=Ag=A.

The theoretical treatment of STIRAP is greatly facilitated
by introducing an adiabatic basis. It is straightforward to
verify that the following linear combinations of the bare
states |g), |e), and |f) are eigenstates of H():

|D*(1)) = sin 9(1)sin @(1)|g) + cos ¢(1)|e)
+cos H1)sin o(2)|f), (6a)

|[@%(1)) = cos ¥(1)|g) — sin I(1)|), (6b)

|®7(1)) = sin I(t)cos ¢(1)|g) —sin ¢(1)e)
+cos H1)cos @()|f), (6¢)

where the mixing angles J(r) and ¢(r) are defined
(modulo  71) as  O(r)=arctan[Qp(2)/Qg(r)] and  ¢(7)
=%arctan[v’ﬂ%,(t)+ﬂ§(t)/ A]. Instead of applying the pluses
in the intuitive sequence, the Stokes pulse precedes the pump
pulse. If the two pulses overlap sufficiently and are strong
enough, |®°(¢)) is an adiabatic dark state, and the population
of the initial state |g) can be transferred completely to the
target state |f). Thus, the time-dependent populations of |g)
and [f) can be written as

P,(t)=cos® O(t), P/(t)=sin’> 9(t). (7)
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B. STIRAP in molecular electronic states

In the present work, we describe STIRAP in molecular
electronic states and do not invoke the RWA. Since the lin-
early polarized light is employed to excite the molecule, the
quantum number M is conserved, i.e., AM=0. The time-
dependent wave function can be expressed as

®,,(R,0,p,1) =MW, (R, 0,1)/R, (8)
where W, (R, 6,1) is calculated by

iﬁ%llfM(R, 0.1)=H(R.0.0W (R.0.1), ©)
with
B (//X(R,G,t)>
qrM(RﬁJ)_((//A(R,G,t) , (10)

where y(R, 0,r) and (R, 0,1) are the nuclear wave func-
tion in the electronic states X and A, respectively. The mo-
lecular Hamiltonian including the laser-molecule interaction
is given by

H(R,0,1) = (Tr+ Tyl + W(R, 0,1), (11)

where I is a unit matrix, R is the internuclear separation, and
0 is the angle between the molecular axis and the polariza-
tion direction of laser field, as shown in Fig. 1. The kinetic-
energy terms are given by

L
2m IR?

TR_

(12)

and

21 9. 9 . M?
Ty=- s\ sin 60— | + 5>, (13)
2mR~sin 096 00 2mR~ sin” 0

where m represents the reduced mass of the molecule. If the
laser pulse contains a resonant frequency of rovibrational
transition, the first-order dipole interaction is dominant com-
pared with the polarizability term [26], and therefore the
laser-molecule interaction W(R, 6,1) can be written as

VR) 0
0 Vu(R)

% (IU'XX(R) MXA(R))
pxa(R)  paa(R)/)°

where Vy(R) and V,(R) are the bare molecular potentials.
w;(R) (i,j=X,A) are the transition (i # j) and permanent (i
=j) dipole moments at R.

Before propagating the time-dependent Schrodinger equa-
tion in Eq. (9), its initial form has to be defined. The initial
wave packet is given by

W(R, 0,1) = ( ) — €(t)cos 0

(14)

X.(R) P} (cos 6) ) 1s)

lIIM(R, 0,t=l‘0)= ( O

where Py (cos 0) is the associated Legendre polynomial and
X.w(R) is J-dependent radial vibrational wave function.
PY(cos 6) satisfy the following equation [27,28]:
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1 9 d M?
- = —(sin 6—)+ ———JU+1) Py(cos 0)=0.
sin 606 00 sin” @

(16)

Using Fourier grid Hamiltonian method [29], one can com-
pute x,;(R) by solving numerically the radial Schrodinger
equation,

2 2
[_ﬂ +J<J+_1>ﬁ_sw}m(m=0,

(17)

where ¢, is the rovibrational energy of the ground electronic
state X.

The time propagation is accomplished by using the split
operator method [30,31]:

W(R,0,t+ At) = U(A)W(R, 6,1)
— e—(i/ﬁ)At[TR+TH+W(R,F),t)]q,(R’ 0, t)
~ ¢~ (iI2R) AT ,~(i12h)AIT,

X e—(i/ﬁ)AtW(R,0,t)e—(i/2ﬁ)AtTR

X e PMATA (R, 6,1). (18)

It is worth noting that the kinetic-energy operators, T and
Ty, are nonlocal in coordinate space. A basis-set expansion in
the terms of the normalized associated Legendre polynomials
are used to treat the angular part, and an evenly spaced grid
is employed to calculate vibrational degree of freedom. Thus,
in the calculation, Ty is transformed between momentum and
coordinate spaces by using the fast Fourier transform method
and T is switched forward and backward between the poly-
nomial representation and the coordinate space by utilizing
discrete variable representation (DVR) technique [32]. The
DVR is a unitary transformation of an finite basis represen-
tation (FBR) [33]. It is defined in terms of points 7 and
weights w, of the N-point Gaussian quadrature associated
with the orthogonal polynomial [34]:

T(7:J) =\, P} (cos ), (19)

where 7; is a discrete angular basis. W(R, 6,1) acts on the
wave function directly by multiplication in coordinate space.

The time-dependent population of the molecule in the
electronic state X(A) is computed by [35]

Py = J dfsin 6 f dR| )R, 0,1)|. (20)

The time-dependent rovibrational population Pygm in the
rovibrational eigenstate ¢, ;= XVOJO(R)P%(COS 0) is calcu-
lated by [36]

Py = Kby s V(R 0.0). (21)

III. RESULTS AND DISCUSSION

In the calculation, we let R to vary in a range of 1.75-11.0
in atomic units with a 1024-point Fourier grid. The angular
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FIG. 2. (Color online) (a)The time-dependent population in the
electronic states X and A. (b)The time-dependent rovibrational
population in |v=0,/=0,M=0), |[»'=9,J'=1,M=0), and |V’
=6,J"=0,M=0). The laser parameters are chosen to be Ip=3.1
X100 W/em?, 1,=232X10'" W/em?, 7p=75=5 ps, tp=0,
tg==2.5 ps, hwp=28 95437 cm™!, and hwg=21 482.29 cm™'.

grid points are 60 Gauss-Legendre quadrature points. The
length of time step Ar=0.05 fs. The data of the two
R-dependent potential-energy curves and the dipole moments
are taken from Ref. [37]. A Gaussian pulse profile,

fk(f) — e—4 In 2(r - ;k)Z/ri, (22)

is employed throughout this work, where 7, are full-widths at
half-maximum (FWHMSs) with 7p,=7¢=5.0 ps. The pump
pulse is centered at time tp=0 ps, while the Stokes pulse
with the center time #g=—2.5 ps is applied before the pump
pulse.

A. Rovibrational wave-packet manipulation via STIRAP using
|v=0,7=0,M=0) as initial state

We consider a case in which the initial rovibrational state
is |g)=|v=0,/=0,M=0), the intermediate state |e)=|v’
=9,J'=1,M=0), and the target state |f)=|v"=6,J"=0,M
=0). The center frequency fiwp is 28 954.37 cm™! with the
detuning AAp=—7 cm™!, and fwg is 21 482.29 cm™! with
the detuning AAg=—7 cm™'. The peak intensities of pump
and Stokes pulses are 3.1X10'© W/cm? and 2.32
X 10" W/cm?, respectively. Figure 2 shows the time-
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FIG. 3. (Color online) The real parts of the wave packet
W (R, 0,1) at (a) the initial time r==9.0 ps and (b) the final time
t=7.0 ps.

dependent populations in the electronic states X and A and
the rovibrational states |v=0,/=0,M=0), |v'=9,J'=1,M
=0), and |v"=6,J"=0,M=0). As can be seen in Fig. 2, the
population almost completely stays in ground state X during
the laser-molecule interaction, and the population on the ex-
cited state A is nearly the same as the rovibrational popula-
tion on the state |v’=9,J’=1 ,M=0). This indicates that the
population transfer process mainly takes place in the three
rovibrational states |g)=|v=0,/=0,M=0), |e)=|v'=9,J’
=1,M=0), and |f)=|1"=6,J"=0,M=0) without involving
other rovibrational states. A STIRAP relies on the existence
of a dark state |®°(¢)) in Eq. (6b). From Fig. 2(b), we can
find that the time-dependent rovibrational population P(z)
on |v=0,J=0,M=0) decreases smoothly from 1 to 0, while
Peoo(t) on [v'=6,J"=0,M=0) increases smoothly from 0 to
1. The population evolutions with time are well consistent
with Eq. (7). Therefore, a STIRAP is successfully con-
structed in molecular electronic states.

Figure 3 displays the real parts of the wave packet
W, (R, 0,1) at the initial time r=—9.0 ps and the final time
t=7.0 ps. In Fig. 3(a), the initial wave packet is prepared on
the rovibrational state |v:0,] =0,M=0). At the final time ¢
=7.0 ps, the rovibrational wave packet in angular direction
is very similar to the initial wave packet whose angular func-
tion is Py(cos 6), whereas in radial direction there are seven
peaks which means v"=6. Therefore a rovibrational wave
packet on the eigenstate [v'=6,J"=0,M=0) is obtained. As
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FIG. 4. (Color online) The time-dependent populations (a) in the
electronic states X and A and (b) in the rovibrational states
[v=0,/=0,M=0), [v'=9,J'=1,M=0), and |V'=6,J"=2,M=0).
The peak intensities [Ip=3.1X10'" W/em?> and Ig=3.5
% 10" W/cm?. The center frequencies fiwp=28 947.37 cm™! and
hwg=2143829 cm™.

can be seen in Fig. 3, the wave packet moves away from its
initial region, and hence the molecular vibration and rotation
should be taken into account.

In the above transition process, AJ=J"-J=0 corresponds
to the Q branch of the Raman transition. We can also select
the rovibrational state |f)=|v"=6,J"=2,M=0) as the target
state by the O branch of the Raman transition. Figure 4
shows the time-dependent populations in the electronic states
X and A and the rovibrational states |v:O,J =0,M=0), |2/
=9,J'=1,M=0), and [v'=6,J"=2,M=0). The center fre-
quency fAwp is fixed at the transition frequency
(28947.37 cm™) of [v'=9,J'=1,M=0)«|v=0,/=0,M
=0), and %wg is equal to the transition frequency of |V’
=6,J"=2,M=0)«|v'=9,J'=1,M=0). The peak intensities
of pump and Stokes pulses are 3.1X10' and 3.5
X 100 W/cm?, respectively. From Fig. 4(b), we find that the
population can be transferred completely from |v=0,J
=0,M=0) to |V'=6,J"=2,M=0). Figure 5 shows the real
part of Wy, (R, 60,t) at t=7.0 ps, and the Legendre function
P,(cos 6). The distribution of rovibrational wave packet in
angle direction is very similar to the curve of P,(cos 6). In
radial direction there are seven peaks. Therefore, the popu-
lation of the initial state is transferred to the rovibrational
state [v/=6,J"=2,M=0).

PHYSICAL REVIEW A 79, 023418 (2009)
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FIG. 5. (Color online) (a)The real part of the wave packet
W,(R, 0,1) at the final time =7.0 ps and (b) the Legendre function
P,(cos 6).

Besides the above three rovibrational states, a small
amount population can be transferred to other rovibrational
states. From Fig. 4, we can see that the population P, on the
excited state A is evidently larger than rovibrational popula-
tion Pgjgon |v'=9,J'=1,M=0). This indicates that the other
rovibrational states take part in the excitation process, and
the nonadiabatic coupling happens. There are two possibili-
ties to increase the population of the excited state A. First,
the population may be transferred from the final state |”
=6,J"=2,M=0) to the excited state A by the pump and
Stokes pulses. Second, the two-photon or multiphoton tran-
sition path between the X and A states can be opened because
of the mixed parity in at least one of the two levels for a
polar molecule [38,39]. As can be seen in Fig. 4(a), the popu-
lation on the excited state A reaches its peak value at 7=
—1.35 ps. To explore the population transfer mechanism in
Fig. 4, we depict the real part of wave packet ¢, (R, 0,1) at
t=—1.35 ps and the Legendre function P;(cos 6) in Fig. 6.
The distribution of the rovibrational wave packet in angle
direction is in conformity with the curve of Ps(cos 6), and
there are ten clear peaks in radial direction. Thus, we can
infer that the rovibrational state |v’=9,J '=3,M=0) is
coupled by Stokes pulse, corresponding to the AJ=J'-J"
=1 transition.

In order to explore the detail of the effect of the others
states on the population dynamics, we present the time-
dependent population distributions on the excited state A and
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FIG. 6. (Color online) (a) The real part of the wave packet
Ya(R,0,t) at r=—1.35 ps and (b) the Legendre polynomial
P5(cos 6).

the related rovibrational states in Fig. 7. The sum of the
populations on |[v'=9,J'=1,M=0) and |v'=9,J'=3,M=0)
is nearly equal to the total population on the excited state A.
Therefore, the first population transfer path induced by the
Stokes pulse is dominant, and the second population transfer
path is eliminated. However, if the intensities of laser pulses
become intense, and the multiphoton resonant condition is
satisfied, the second population transfer path will become

018" LR LI L LR ]

C A ]

! \_/ ]

FEY J

- L ]

.90'12 ]
=

o . ]

> [v=9,J=3,M=0> ]

Q ]

(@] 4

n_ L B

0.06 , -

[ v=9,J=1,M=0> ]

A ]

VSN e ]

0.0f— - — . . N AL e ]

-9 -6 -3 0 3 6

Time (ps)

FIG. 7. (Color online) The time-dependent populations on the
excited state A and the related rovibrational states.
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FIG. 8. (Color online) (a)The time-dependent populations in the
electronic states X and A and (b)the time-dependent rovibrational
populations in |v=0,/=1,M=1), |v'=9,J'=2,M=1), and |V
=6,J"=1,M=1). The center frequency Awp is 28 951.61 cm™!
with the detuning AA,=8 cm™!, and %wg is 21 482.07 cm™! with
the detuning #Ag=-8 cm™!. The peak intensities of pump and
Stokes pulses are 3.5X 10'% and 3.9 10'° W/cm?, respectively.

important for the increase in the excited-state population
[38,39].

B. Rovibrational wave-packet manipulation via STIRAP using
|v=0,7=1,M=1) as initial state

We have performed the calculations using the ground
rovibrational state as initial state, where the quantum number
M=0. We now present the calculated result using |v=0,J
=1,M=1) as initial state. According to the selection rules
AJ==*1 and AM=0, the intermediate state |e) should be
[v/=9,J'=2,M=1) and the target state |[f) may be [V
=6,J"=1,M=1) or |V'=6,J"=3,M=1). Figure 8 shows the
time-dependent population distribution when ['=6,J"
=1,M=1) is taken as the target state. The center frequency
fiwp is 28 951.61 cm™! with detuning #Ap,=-8 cm™!, and
fiwg is 21 482.07 cm™! with detuning #Ag=—8 cm™'. The
peak intensities of pump and Stokes pulses are 3.5 X 10'* and
3.9X 10" W/cm?, respectively. From Fig. 8(b), we can see
that the rovibrational population is nearly 100% transferred
from the initial state |¥=0,J/=1,M=1) to the final state |»”
=6,J"=1,M=1), and the intermediate state |V’=9,J’=2,M
=1) is almost unpopulated. As can be seen in Fig. 8, the
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FIG. 9. (Color online) (a) The real part of the wave packet
Vy(R,6,t) at t=-9.0 ps, (b) the real part of the wave packet
Wy (R,0,t) at t=7.0 ps, and (c) the associated Legendre polyno-
mial P}(cos ).

population on the rovibrational state |v'=9,J'=2,M=1) is
very close to the population on the excited state A. This
means that the effect of the other states on the STIRAP pro-
cess is very small. The population is adiabatically transferred
from the initial rovibrational state |[v=0,/=1,M=1) to a su-
perposition of the states |p=0,/=1,M=1) and |v'=9,J’
=2,M=1) during the laser-molecule interaction and finally
to the target state |v'=6,J"=1,M=1). Figure 9 shows the
real parts of the wave packet W), (R, 6,1) at 1=—9.0 and 7.0
ps and the function P{(cos 0). We can see that the wave
packet moves perfectly from the initial state |v=0,/=1,M
=1) to the target state |v"=6,J"=1,M=1) after the interac-
tion is over.
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FIG. 10. (Color online) The final rovibrational populations in
the rovibrational states |[v=0,J=1,M=1), |v'=9,J'=2,M=1), and
|[v"=6,J"=1,M=1) for different two-photon detuning Ag—Ap with
fixed one-photon detuning Ap=0.

The STIRAP is very sensitive to the two-photon detuning.
In Figs. 2 and 8, we have depicted the population transfer
processes in the case of one-photon detuning and two-photon
resonance. In the following, we discuss the influence of two-
photon detuning on the STIRAP in molecular electronic
states. Figure 10 shows the final rovibrational populations in
the rovibrational states |v=0,/=1,M=1), |v'=9,J'=2,M
=1), and |[V'=6,J"=1,M=1) for different two-photon detun-
ings Ag—Ap, where the one-photon detuning Ap=0, and the
other laser-pulse parameters are the same as those in Fig. 9.
We can see that the final population is very sensitive to the
two-photon detuning. Especially at two-photon detuning
filg—hAp=61 cm™!, the three rovibrational states are al-
most unpopulated. The population is completely transferred
to the other rovibrational states. To search the “lost” popula-
tion, in Fig. 11, we present the real part of W, (R, 0,t) at ¢
=7.0 ps and the function P;(cos 6). We can see that the
wave packet is almost located in an eigenstate. The real part
of ¥,(R, 6,1) in angular direction is very similar to the func-
tion P;(cos ), and there are seven peaks in radial direction.
Therefore, the lost population is searched on the rovibra-
tional state |V”=6,J"=3,M =1) which corresponds to the O
branch of Raman transition. In the typical multilevel STI-
RAP model, however, one must take enough levels into ac-
count to solve this problem. Thus, our treatment possesses an
evident advantage for the complicated situation where other
rovibrational states participate in the population transfer
process.

From the above discussions, we can conclude that the
desired target state can be selected by adjusting laser-pulse
parameters, but the two-photon resonance must be main-
tained. Goto and Ichimura [15] demonstrated that if the
variation in the Rabi frequency is sufficiently slow, and two-
photon detunings are small compared with the Rabi frequen-
cies, the adiabatic approximation with two dark states is
valid, and consequently the population transfer process can
be regarded as tripod STIRAP via the two dark states even in
the presence of small two-photon detunings. Based on this
approach, we can extend our method to investigate the tripod
STIRAP in molecular electronic states with small two-
photon detunings by adding a laser pulse.
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FIG. 11. (Color online) (a) The real part of the wave packet
¥ u(R, 6,1) at the final time t=7.0 ps and (b) the associated Leg-
endre polynomial P}(cos 6).

C. Rovibrational wave-packet manipulation via STIRAP using
thermal mixed state as initial state

We now present the calculated results using thermal
mixed state as initial state. Considering the effect of the tem-
perature is equivalent to statistically averaging over the so-
lutions of the Schrodinger equation for all possible initially
rovibrational states weighed by a Boltzmann factor vP(v,J)
[28,40]. Since we consider only the case of low temperature,
the statistically averaging over vibrational quantum numbers
v is omitted. The Boltzmann distribution P(v,J) associated
with the rotational states is given by

1 [=BIU+1)
P(v,J) = éexp[—KBT ], (23)
where
Q=E(2]+1)exp{—_BJ(J+l)} (24)
J=0 KBT

is the partition function. B, «p, and T are the molecular ro-
tation constant, the Boltzmann constant, and the rotational
temperature, respectively.

For simplicity but without loss of generality, we consider
a case at rotational temperature 7=20 K, where only initial
rotational states of /=0 and 1 make a significant contribu-
tion. The initial state of J=1 contains the rovibrational states

PHYSICAL REVIEW A 79, 023418 (2009)

1.0 g M=0 H H é

E L T=20K i t=-9.0ps (a)3

0.8 F 5 5 E

c E : : 3

206 F ! : E

(_“ E : : =

=] o H : 3

Sos b : : 3

£o4E 5 5 ]

02 E : 3

2 : : M=t 3

E ! M=0 1 7

00 E | [ 1 - In
v=0,J=0 v=0,J=1 v=0,J=1

0.02[ . : M=+1 .

i L T=20K E (b) A

r . t=7.0ps ; 1

c r ' ' ]

o) - i : ]

T [ : : ]

g_ N ' , ]

2.0.01f ; ! -

o L H H J

i M=0 E E ]

§ . L w0 :

0.00( : . : ]
v=0,J=0 v=0,J=1 v=0,J=1

1.0F : : 3

- M=0 P T=20K 5 (c) 1

08 ! t=7.0ps i E

c i : E

S 06f ! ! E

© E i , 7

=] E ! ! E

8_ E H | E

a O4E : : ]

02F i i 3

: T N

0.0F : . [ .
v'=6,J"=0 Vv'=6,J"=1 v'=6,J"=1

FIG. 12. (Color online) The thermally rovibrational populations
(a) at t=-9.0 ps, [(b) and (c) [ at t=7.0 ps. The pulse parameters
are the same as those in Fig. 2.

|[v=0,J=1,M=0) (statistical weight of 1/3) and |v=0,J
=1,M= =*1) (statistical weight of 2/3). Each of them has to
be propagated separately and then combined by using the
respective weights. Figure 12 shows the thermally rovibra-
tional populations at t=—9.0 and 7.0 ps with the same pulse
parameters as those in Fig. 2. When the molecule is initially
in a thermal mixed state, the population of the initial state
can be transferred to the target state through the different
branches of Raman transition. However, it is difficult to
transfer full population from the thermally mixed state to the
target state via a STIRAP because different rovibrational lev-
els of the thermally initial state correspond to different two-
photon resonant conditions. As can be seen in Fig. 12, the
efficiency of population transfer is lower than that using a
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pure adiabatic states as initial state. According to Egs. (2)
and (16), for a given J, all rotational states |J, M) are degen-
erate in energy, but the M quantum number influences the
strength of coupling. From Fig. 12, we can find that the
efficiency of population transfer from |v=0,/=1,M=0) to
the target state is evidently higher than that from |v=0,J
=1,M= = 1) because the Rabi frequency for M=0 is lager
than that for M= =*1.

IV. CONCLUSION

We have investigated the rovibrational dynamics of STI-
RAP in the molecular electronic states including both the
rotational and the vibrational degrees of freedom, with the
LiH molecule as the example. Using a pure rovibrational
state as the initial state, we have found that, under the con-
dition of the two-photon resonance, the population can be
transferred to the selective rovibrational state, and the target
state can be controlled by adjusting laser-pulse parameters.
Besides the interested rovibrational states, we have noticed
that some unwanted rovibrational states affect the dynamics
of STIRAP, especially while the condition of the two-photon
resonance was broken. Our calculations show that the rota-
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tional and the vibrational degrees of freedom should not be
ignored when we construct a STIRAP in molecular elec-
tronic states. By inspecting the evolution process of wave
packet, we can easily visualize the nuclear motion and the
underlying physics and explore the effect of the unwanted
rovibrational states on the population transfer. When the ini-
tial state of the LiH molecule is a thermal mixed rovibra-
tional state, it is difficult to transfer full population from the
thermally mixed state to the target state via a STIRAP and
the efficiency of population transfer was lowered in a certain
degree because different rovibrational levels of the thermally
initial state correspond to different two-photon resonant con-
ditions. In the present work, we only consider the one-photon
coupling between the two electronic states. The theoretical
treatment can be easily extended to the case of multiphoton
coupling and can also be applied to other diatomic mol-
ecules. Naturally, a comparison of the theoretical results with
experimental data is very desirable.
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