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Abstract. The formation of NaH molecules in the lowest rovibrational level of the
ground electronic state is investigated using a pump-dump photoassociation (PA)
scheme. In short-range region, two colliding atoms Na and H are efficiently asso-
ciated into the NaH molecule in the rovibrational |0,0) state of the ground electronic
state via the intermediately rovibrational |10,1) state of the excited electronic state. The
changes of populations with the electric field amplitudes, frequency detunings, dump
pulse duration and delay time between two laser pulses are calculated and discussed.
The PA probability reaches 0.623 with a high state-selectivity.
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1 Introduction

In recent years, the control of atomic and molecular processes with ultrashort laser pulses
has made considerable progress, including photoassociation (PA) [1-4], photodissocia-
tion [5-10] and laser-control of molecular orientation [11-15]. In a PA process, exter-
nal laser field induces colliding atoms to associate into molecules. The PA process of
cold (T <1 K) or ultracold (T <1 mK) alkali-metal atoms taken place in a long internu-
clear range (2 < R <20000 ag, where ap is Bohr radius) has recently been widely inves-
tigated by using the shaped and chirpped laser pulse techniques [16-22]. And a small
number of research works have focused on the short-range (R < 30 ag) PA process of
atoms at high temperature (T > 1 K) [23-32]. The short-range PA at high temperature
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is a more challenging and significance research topic in physics and chemistry. Engel
and co-workers studied the PA reaction driven by the shaped laser pulse using the local
control theory [23,24]. Kosloff and co-workers focused their attention on the PA process
of thermally hot atoms [25,26]. Korolkov et al. investigated theoretically the vibrational
sate-selectivity PA reaction [27]. de Lima et al. calculated the PA probability using one-
dimensional wave-packet method [28,29]. We investigated theoretically the PA and pho-
todissociation processes driven by the femtosecond and picosecond laser pulses [30-32].

How to produce stable photoassociated molecules is an important topic in the quan-
tum control research field [24,33], since the PA molecules in the lowest rovibrational level
of the ground electronic state are the most stable ones. Up to now, most of theoretical
schemes for PA processes only study the control of vibrational states, and not take rota-
tional states into account. In the present work, we study the short-range PA process to
prepare the NaH molecule in the lowest rovibrational state of the ground electronic state
by using a pump-dump PA scheme including two electronic states and the vibrational
and rotational degrees of freedom. The numerical simulation shows that a high PA yield
can be achieved using this simple PA scheme.

2 Theoretical calculation methods

In the PA process of Na and H atoms, the Hamiltonian describing the transition from the
ground X'ET electronic state to the excited A'X" electronic state can be expressed as

ﬁ(t)_ T(R/9)+Vg(R)+W11 (R/G/t) WlZ(R/G/t) (2 1)
Wa1(R,6,t) T(R,0)+V.(R)+Wn(R,0,t) )’ '

where R is the internuclear distance and 6 the angle between the laser polarization and

the molecular axis. V,(R) and V,(R) denote the potentials of the ground X'S* and ex-

cited A'Z* electronic states, respectively. The kinetic energy operator T(R,6) is given

by

T(R,0)=Ti+Tp (2.2)
with
. n? 92
and
. o1 9,. .0
To=— 2mR2 sinf 00 (3“‘93_9) ! (2.4)

where m is the reduced mass of the NaH molecule. The laser-molecule interaction Hamil-
tonian Wij(R,G,t) is expressed as

Wl‘]‘(R,Q,t):—“l/ll‘,j(R)S(t)COSG, (25)
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where 1;;(R) denote the dipole moment matrix elements of the NaH molecule. In the cal-
culation, V,(R) and V,(R) are adopted from Ref. [34], and y;;(R) are taken from Refs. [34,
35]. The total electric field ¢(f) of the pump and dump pulses is given by

t—t t—t
e(t)=e1exp [—41n2(1_—pl)2} cos(wit)+erexp [—41n2(1_—pz)2] cos(wat), (2.6)
1 2

where ¢;, t,, T; and w; are the electric field amplitude, central time, duration and cen-
tral frequency of the ith pulse in order. The first and second pulses are referred to as
pump and dump pulses, respectively. The time-dependent Schrodinger equation of the
PA process is expressed as

i () =R ¥(1) @7)

with a two-component wave function

P1(R,0,t)
‘I’(t)=< Pa(R,0,0) ) (2.8)

where 1 (R,0,t) and ¢»(R,0,t) are the wave functions of the ground X'~ and excited
A'E* electronic states, respectively. The angular part of the wave function is taken to
be normalized Legendre polynomials [31]. The initial state is the continuum state of the
ground electronic state and can be described by the Gaussian wave packet

¥(R,0,0)= ( (#) v X Pj(cosf)exp [ikoR— (@)1 ) , 2.9)
0

where ¢ denotes the width of the initial wave packet. Ry and ko are the center location
and momentum of the initial wave packet, respectively. The collision energy E is given

by
RV |
E_ﬁ<k0+;). (2.10)

The time-dependent Schrodinger equation is solved by using the split operator method
[31,36]. For a short time step J in the propagation, the wave function at t+¢ can be de-
rived from ¥ () as follows,

Y (t+0)=exp ( _;(;Tk) exp ( _;(;Tg > exp ( _Z:V> exp ( _;(;TB) exp ( _;(;Tk)‘I’(t), (2.11)

with V being defined as

V= Vg(R)+W11 (R,Q,t) le(R,Q,t)
B W1 (R,6,t) Vo(R)+Wx(R,0,t) )

(2.12)



82 J. Lietal. / Commun. Comput. Phys., 17 (2015), pp. 79-92

0.14 T T T T T T

012 - y

0.08 =

0.04

Energy (a.u.)

0.00 -

-0.04

| v=0, j=0>
1 | 1 | 1 | 1

0 5 10 15 20
Internuclear distance R (a.u.)

-0.08

Figure 1: (Color online) The pump-dump PA scheme. The colliding atoms Na and H are excited by the pump
pulse to form a unstable NaH molecule in the rovibrational [10,1) state of the excited A'X* electronic state,

and then is transferred to the rovibrational |0,0) state of the ground X1+ electronic state by the dump pulse
to form a stable NaH molecule.

The rovibrational populations are given by

P, i(t)=|(v,jlg1(R,6,1)) %, (2.13)
Py o(5)=[{0",j [$2(R,6,1)) |, (2.14)

where the |v,j) and |¢/,j’) are the rovibrational eigenstates in the ground X'~ " and ex-
cited A'ZT electronic states, respectively. The total populations in the ground and excited
electronic states are calculated by P(t) =Y, P, ;(t) and P'(t) =}, i Pé,’j, (t), respectively.

In the pump-dump PA scheme, the colliding atoms Na and H are firstly associated
into the NaH molecule in the intermediately rovibrational |10,1) state of the excited elec-
tronic state by a pump pulse, and then the associated NaH molecule is transferred into
the lowest rovibrational |0,0) state of the ground electronic state by a dump pulse, as
shown in Fig. 1.

3 Results and discussions

In the calculation, the center of the initial Gaussian wave packet is chosen to be at
Ro =30.5 ap with ¢ =8.0 agp and ko = —2.071/ag. To achieve a large PA probability in
the |0,0) state, we need to select a proper intermediate state. Figs. 2(a) and 2(b) show
the maxima of the time-dependent Franck-Condon overlaps | (¢, 1(R)[$1r(R,t))|max and
(@l 1 (R)[P1r(R,£)) |max in the absence of laser pulses, where P1r(R,t) is the radical



J. Lietal. / Commun. Comput. Phys., 17 (2015), pp. 79-92 83

- S
< o4 @ 1032 3
@ ] =
£ =
=~ 16 10243
“ £
< 0.16 =_
= Py
2 o8¢ RS
@ 1008 >
= 3
b D
€ o00L ‘ 0.00 *
— 0 5 10 15 20 0 5 10 15 20 25 30
Vibrational quantum number v Vibrational quantum number v'
T T 0.7
— o032} () 0.6
< 105
S 024 29
= 104 ©
T =
= 016} 103 @
iy 102 @
© L =]
~ 008 101
0.00 S Ol
0 5 10 15 20 25 30 0.00.5 1.0 15 2.0 25 3.0 3.,54.0
Vibrational quantum number v' Time (ps)

Figure 2: (Color online) (a) The Franck-Condon overlap |{¢,1(R)|1r(R,t))|max Vversus vibrational quantum
number v. (b) The Franck-Condon overlap |(¢], ; (R)|t)1r(R,t))|max Versus v’. (c) The Franck-Condon factor

\<¢;//1(R)\¢0,0(R)>| versus ¢'. (d) The populations P{O,l and P{0/3 on the rovibrational |10,1) and |10,3) states

of the excited A1Z* electronic state versus time. The optimized parameters of pump pulse are used: 71 =0.31
ps, tp; =0.39 ps, 1 =2.9 MV/cm and Ap, =5 cm— L

part of ¥1(R,0,t). ¢,,(R) and ¢;, ,(R) are the radical wave functions corresponding
to the |,j) and |¢/,j') states. The Franck-Condon overlaps in Fig. 2(b) are larger than
those in Fig. 2(a) by two orders of magnitude. Since the transition probability depends
on the Franck-Condon overlaps, we can select an intermediate state from the rovibra-
tional states of the excited electronic state. Fig. 2(c) shows the Franck-Condon factors
[(# 1(R)|¢0,0(R))|, corresponding to the transition probability from the |/,j") = [¢/,1)
state to the |v,j) =10,0) state. From Figs. 2(a-c), it can be seen that the rovibrational
|v/,j") =110,1) state of the excited electronic state is a proper intermediate state for the
pump-dump PA process, owing to the larger Franck-Condon factor. The colliding atoms
Na and H are associated into the NaH molecule in the intermediately rovibrational |10,1)
state by the pump pulse. The maximal population P}, of the intermediate state reaches
0.593, as shown in Fig. 2(d), where the optimized parameters of the pump pulse are
used: duration 7y =0.31 ps, central time t, = 0.39 ps, electric field amplitude &; =2.9
MV /cm and detuning A;, =5 cm~ L. The detuning A;, is defined as the deviation, wi— fi,
where f; is the resonant frequency between the initial and intermediate states. The ratio
Py, /P'=0.93, indicating that 93% of population is transferred to the intermediate |10,1)
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state. The remainder is mostly distributed on the |10,3) state of the excited electronic
state, as shown in Fig. 2(d).

By fixing the optimized parameters of the pump pulse, the parameters of the dump
pulse are optimized as follows: 7, =1.14 ps, t,, =1.95 ps, &2=1.0 MV/cm and A, = -1
cm~!. Here, A;, = wy— f>, where f is the resonant frequency from the intermediate
state to the final state. Fig. 3(a) shows the electric fields of the pump and dump pulses.
Fig. 3(b) illustrates the population transfer process from the ground electronic state to
the excited electronic state steered by the optimized pump and dump pulses. In the time
range of [0.2,0.7] ps, under the action of pump pulse, the colliding atoms Na and H are
excited from the initially atomic state to the intermediately rovibrational |10,1) state of
the NaH molecule, leading to the drastic decrease of atomic population in the initially
electronic state and the rapid increase of molecular population in the rovibrational |10,1)
state of the excited electronic state. In the time range of [0.7,0.8] ps, the populations on
the ground and excited electronic states are nearly unchanged due to very low intensities
of the pump and dump pulses. When 0.8 <t < 1.3 ps, the population on the ground
electronic state decreases rapidly because of the absorbing boundary condition. With
the increase of dump pulse intensity, a little population is transferred from the excited
electronic state to the ground electronic state, which causes the population on the excited
state to decrease slightly. When 1.3 <t < 3.0 ps, under the action of dump pulse, the
population on the excited electronic state decreases while that on the ground electronic
state increases. Finally, after t=3.0 ps, the total population on the ground electronic state
reaches a stable value, 0.634.

Fig. 3(c) illustrates the time-dependent populations of the relevant rovibrational states
in the pump-dump PA process. The population Py of the NaH molecule in the low-
est rovibrational |0,0) state is equal to 0.623. This value is larger than Py, but smaller
than Pj,, + P}, because a part of P, ; is also transferred to the |0,0) state by the dump

pulse via the pathway |10,3) excited Jry ]0,2>ground 110,1) excited frany |0,0) ground- The ratio
S=Pyo/(P+P’)=0.98, meaning that a high state-selectivity is achieved and the popula-
tions in other rovibrational states are negligibly small. For comparison, we also calculate
the PA probability by using a one-dimensional model, where the rotational degree of
freedom is excluded. Under the action of the same optimized pulses, the population of
the lowest vibrational v =0 state on the ground electronic state is only 0.094. The result
shows that the pulse parameters optimized in the two-dimensional model do not sat-
isfy the one-dimensional model. Then the pulses are optimized in the one-dimensional
model and the population of the vibrational v = 0 state on the ground electronic state
reaches 0.957. Compared with that in two-dimensional model, the electric field ampli-
tudes optimized in one-dimensional model ¢; =2.0 MV /cm and e, =0.56 MV /cm have
remarkable changes, while the other parameters share the same values both optimized in
one- and two-dimensional models. The one-dimensional model can work out inspiring
PA Probability and select out exact values of optimized central times, durations and cen-
tral frequencies. However, the significant differences between the optimized electric field
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Figure 3: (Color online) (a) The optimized electric fields of the pump and dump pulses. (b) The populations P
in the ground electronic state and P’ in the excited electronic state versus time. (c) The populations Py and
Py on the rovibrational |0,0) and |0,2) states of the ground electronic state and Pj; on the |10,1) and P],
on the |10,3) states of the excited electronic state versus time. The optimized parameters of pump and dump
pulses are used: 71 =0.31 ps, tp, =0.39 ps, £1=2.9 MV/cm, A;, =5 em™1, ,=1.14 ps, tp,=1.95 ps, &2=1.0
MV/cm and A, =—1cm™ L.

amplitudes of the two models indicate that the one-dimensional model is not competent
to find out the accurate optimal laser pulses in our pump-dump PA scheme.

In order to investigate the influences of the electric field amplitudes €; and ¢, on
the PA process, we change the amplitude ¢; by ¢; = 57¢jop (0.1 <1 <2.0), where ¢, is
the optimized electric field amplitude of the ith pulse. For simplicity, we use M’ and
My, to label the total population of the excited electronic state and the population of
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Figure 4: (Color online) The influences of the electric field amplitudes €1 and €, on the pump-dump PA process.
(a) The populations M'(I), My (1), Pjg5(1), Poa(l) and Pop(l) versus 7. (b) The populations P(11) and Po(I1)
versus 1]. (c) The state-selectivity S(I) and S(II) versus 7.

the intermediate |10,1) state after the pump process is over, respectively. Fig. 4 presents
two cases: (I) changing ¢; and keeping ¢, = €0p unchanged and (Il) changing ¢, while
keeping 1 = e1p unchanged. In the case (I), the populations M'(I), My, ,(I) and Pop(I)
firstly increase and then decrease, as shown in Fig. 4(a). When 1 < 0.7, M'(I) is almost
equal to M, (I), meaning that a high state-selectivity of the intermediately rovibrational
110,1) state is achieved. With increasing 7, the difference between M'(I) and Mj,,(I)
increases. This is because the population on the |10,3) state of the excited electronic state
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increases with the increase of €1, which lowers the state-selectivity of the |10,1) state.
Moreover, the increase of the population on the |10,3) also lowers the state-selectivity
of the |0,0) state, as shown in Fig. 4(c). This phenomenon results from the “zigzag”
population transfer pathway from the |10,3) state to the |0,0) state. For each state related
to the pathway, there exists residual population, and the residual effect of population is
obvious especially when # > 1.0.

The inset of Fig. 4(a) shows the populations of the |¢/,j') =|10,3) and |v,j)=10,2) states
on which a small quantity of residual population resides. It can be seen that the residual
populations P{O,a(l) and Py, (I) increase with the increase of 77, which directly causes the
state-selectivity of the |0,0) state to decrease. In the case (II), the populations Pyo(II) and
P(II) and the state-selectivity S(II) increase from small values to their maxima located at
7=1.0 and then decrease to small values, as shown in Figs. 4(b) and 4(c). With the increase
of 1, the difference between P(II) and Py (II) is very small, and hence the population on
the |0,2) state is negligible. When 5 < 1.0, the variation tendency of Pyo(Il) is similar to
that of Pyo(I). However, Py o(II) decreases more rapidly than Py (I) with the increase of %
in the range of [1.0, 2.0], meaning that the variation of €, changes the PA probability more
drastically than that of &; in strong field condition (7 > 1.0). S(II) is more sensitive to 1
than S(I), indicating that the dump pulse has larger influence on the state-selectivity of
the |0,0) state than the pump pulse.

In the following, the influences of the detunings Ay, and Ay, on the PA process are
discussed. We change the detuning Ay, by Ar, = Ame +A (=20 <A <20 cm™ 1), where
AL, is the optimized detuning of the ith pulse. The two cases are considered here: (A)
changing A;, and keeping Aj, = A Loop unchanged and (B) changing Ay, while keeping
A, =Ap,,, unchanged. In the case (A), the populations M'(A), My, ;(A) and Pyo(A) in-
crease when A— 0, as shown in Fig. 5(a). The difference, M'(A) - M}, ;(A), increases with
decreasing |A| because of the increase of the population on the |v/,j') =[10,3) state. Mean-
while, the difference M'(A)— Py o(A) increases with the decrease of |A|. In the case (B), as
shown in Fig. 5(b), Py o(B) varies obviously, which is different from Py (A), indicating that
AL, has stronger influence on the PA probability than Ar,. When —10<A <20 cm™}, P(B)
is almost equal to Pyo(B) because that the population Py»(B) on the |v,j) =|0,2) state is
negligible small. However, in the range of —20<A<—10 cm ™!, Py2(B), describing the dif-
ference between P(B) and Py o(B), increases rapidly with the decrease of A. Consequently,
P(B) decreases slower than Py o(B), and then increases when A decreases from -10 to -20
cm~!. Moreover, when A< —15 cm ™!, Py, (B)> Py o(B). The rapid increase of Py»(B) can be
explained by the resonance conditions of the dump pulse through channel-i and channel-
ii, where channel-i presents the population transfer process from the intermediate state
to the |0,0) state, and channel-ii presents the population transfer process from the inter-
mediate state to the |0,2) state. With the decrease of A in the range of [-20,—10] cm!,
the frequency of the dump pulse approaches the resonance frequency in the channel-ii,
and hence channel-ii becomes a dominant dump channel. Fig. 5(c) describes the state-
selectivity of the |0,0) state in the cases (A) and (B). The variation of S(A) is negligible
small, meaning that the change of A;, has almost no influence on the state-selectivity of



88 J. Lietal. / Commun. Comput. Phys., 17 (2015), pp. 79-92

0.64 b

0.60

Population

0.56

0.52

0.6

0.4

Population

0.2

0.0

100 | _ ]

075 | 1

050 [ 3
S s

025 | S®) RN

State-selectivity

0.00

-20 -10 0 10 20
A (cm™)

Figure 5: (Color online) The influences of the pulse frequency detunings on the PA process. (a) The populations
M'(A), M}, ,(A) and Pyo(A) versus A. (b) The populations P(B) and Pyo(B) versus A. (c) The sate-selectivity
S(A) and S(B) versus A.

the |0,0) state. On the contrary, S(B) varies in a large range with changing A, indicating
that the state-selectivity of the |0,0) state is sensitive to the dump frequency.

Several similar pump-dump schemes have been used to control the molecular dissoci-
ation and electronic dynamics by Lan et al. and Liu et al. [37-39]. These works inspire us
to study and discuss the influences of the relative delay between the two pulses and the
pulse duration which play important roles in them. We now investigate the population of
the |0,0) state versus the delay time At between the two pulses, where At=t,, —t,, by fix-
ing t,, =0.39 ps. As shown in Fig. 6(a), the first maximum of the population Py (=0.623 is
located at At=1.6 ps, which is the optimal delay time that we have studied above. Then,
with the increase of At, the population Py oscillates periodically and the period is 1.7
ps. This oscillation is undiminished and P, reaches the same values 0.623 at the second
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(At =3.3 ps) and third (At =5.0 ps) peaks. The minima of Py located at At=2.4 and 4.1
ps share the same values, 0.529. Notice that, with increasing At, the overlap of the two
pulses decreases and is negligible when At > 3.0 ps, while the amplitude and period of
the population oscillation keep unchanged, indicating the population oscillation is not
induced by the change of the overlap between the two pulses. Fig. 6(b) shows the influ-
ence of the pulse duration 7, on the population Py . It can be seen that when 1; is small,
the pump-dump scheme is really inefficient and the population Py is small. With the in-
crease of Ty, Py o increases obviously and then reaches its maximal value, 0.623, at T,=1.14
ps, ie., our optimized point. When the 1; is above 1.14 ps, the population decreases with
increasing duration. Moreover, during the optimization process, we can select out the
optimal 1, with the other parameters fixed by this way.

4 Conclusions

We have investigated theoretically how to prepare the PA NaH molecule in the lowest
rovibrational level of the ground electronic state using the pump-dump PA scheme. The
intermediate state is chosen to be the rovibrational |10,1) state of the excited electronic
state due to the large Franck-Condon overlap. By optimizing the pump and dump pulses,
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the population of the |0,0) state Py reaches 0.623 with a high state-selectivity. Compared
with the one-dimensional model, the two-dimensional model can select out more accu-
rate values of the optimal electric field amplitudes. In the pump-dump PA process, the
electric field amplitude & and detuning Ay, of the dump pulse have larger influences
on the state-selectivity of the |0,0) state than those of the pump pulse. Moreover, the
duration 1> and the time delay between the two pulses have important influence on the
population of the |0,0) state.
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