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Rovibrational cooling of photoassociated **Rb, molecules at millikelvin temperature
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We investigate theoretically the rovibrational cooling of the 3Rb, molecule resulting from the photoassocia-
tion of 35Rb, atoms at millikelvin temperature. At several millikelvin temperature, the populations of the initial
state and the photoassociated 85Rb, molecule are distributed on hundreds of rovibrational levels. In the laser
rovibrational cooling process, the population of the photoassociated molecule is first transferred to the deep
vibrational state |,7—39) and then further to the rovibrational ground state |v,»— ;=) via the intermediate state
|y —42.1,=1). After the cooling process is over, the population transferred from the intermediate state |r,/—42;,—1)
is fully distributed in the vibrational ground state [v” = 0). Of the population in the vibrational ground state,
51.59% is concentrated in the rotational ground state |/ = 0), and the rest of population is distributed in the low

rotational states |l = 1 — 3).

DOI: 10.1103/PhysRevA.99.053428

I. INTRODUCTION

Cold and ultracold atoms and molecules possess some
special properties and hence are widely applied to quantum
information processing [1-3], fundamental physical constants
measurement [4,5], ultracold chemistry [6], and so on. Pho-
toassociation (PA) is an efficient way of preparing cold or
ultracold molecules. In a photoassociation process, two atoms
are associated into a molecule under the action of a laser field
[7-15].

The molecule associated by a laser field usually lies in a
large range of rovibrational levels of the excited electronic
state [16—18]. In order to improve the efficiency of associa-
tion, researchers often use a short or ultrashort shaped laser
pulse to manipulate the photoassociation process, such as the
chirped pulses and the slowly turned on and rapidly turned
off laser pulses [19-22]. Because of the large bandwidth of an
ultrashort pulse, a lot of vibrational and rotational levels are
activated and populated in the photoassociation process [23].
Even if a continuous-wave laser with a very small bandwidth
is applied, it can still excite a few rotational levels [24].

Temperature is one of the determinant factors in a photoas-
sociation process. In the case of ultralow temperature, atomic
scattering results mainly from the s-wave scattering [25].
With increasing temperature, high rotational and vibrational
degrees of freedom are activated. The rotational barrier plays
an important role in atomic collisions. A quasibound diatomic
state trapped behind a rotational barrier can cause elastic scat-
tering resonance, which is known as shape resonance [26—29].
The photoassociation probability can be enhanced by shape
resonance in the scattering of ground-state atoms, because the
shape resonance increases the amplitude of the wave function
inside the centrifugal barrier [30]. The rotational barrier and
the weight distribution of the initial state will be changed to
some extent, which affects the photoassociation probability.
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The collisional energy at which the shape resonance occurs
usually exceeds several hundred microkelvin or several mil-
likelvin or even higher. For example, for the °Rb collisional
atoms, the collisional energies in shape resonances for / =
10, 14, and 18 are 10.1, 13.0, and 10.9 mK, respectively [31].
At higher temperature, the atomic scattering state can easily
penetrate the rotational barrier due to the higher collisional
energy. The association process mostly takes place at a short
interatomic separation, which is in favor of the population
increase of the photoassociated molecule on the deeply bound
rovibrational levels of the excited electronic state [32]. Due
to the thermodynamics effect, the Boltzmann weights will
govern the population distribution on the rovibrational levels
of the initial state [31]. At several millikelvin temperature,
several hundred rovibrational levels of the initial state may
be populated. Therefore, the existence of a thermodynamics
effect will enlarge the population distribution range of rovi-
brational levels in the excited electronic state. Experimen-
tally, the investigation of photoassociation at millikelvin or
higher temperatures is feasible. Some important works have
been performed. Gardner et al. investigated the collisions of
doubly spin-polarized 3°Rb atoms and the photoassociation
spectroscopy at millikelvin temperatures [33]. Zinner et al.
studied the rovibrational spectra of Ca, molecules resulting
from the photoassociation of Ca atoms at 3 mK [34]. Rybak
and Levin et al. investigated experimentally the femtosecond
photoassociation of hot Mg atoms at 1000 K [35,36].

For the purpose of application, the photoassociated
molecules on the high vibrational and rotational levels of the
excited electronic state need to be cooled to the rovibrational
ground state or the deep rovibrational state of the ground
electronic state. The rovibrational cooling of photoassociated
molecules at ultralow temperature has been experimentally
implemented. Aikawa et al. researched experimentally how
to convert the laser-cooled atoms into ultracold molecules
in the rovibrational ground state via photoassociation fol-
lowed by stimulated Raman adiabatic passage (STIRAP) [37].
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FIG. 1. Schematic diagram of the photoassociation and the sub-
sequent rovibration cooling processes at millikelvin temperature. The
initial state related to the ground electronic X Eg* state and high rovi-
brational levels (dashed blue line) of the excited electronic 0] state
are coupled by short laser pulse L1. The photoassociated molecules
are cooled to the rovibrational ground state via the intermediate states
[v" = 39) and |v' = 42) by laser pulses L2, L3, and L4. The dashed
lines just above the X! Eg’ state denote the initial continuum state
with thermal distribution.

Bruzewicz et al. prepared the ground-state RbCs molecules
via the photoassociation of ultracold Rb and Cs atoms fol-
lowed by radiative stabilization [38]. Shimasaki et al. pre-
pared the rovibrational ground-state RbCs molecules via
two-photon-cascade decay [39]. Mark et al. investigated the
coherent preparation of the rovibrational ground-state Cs;
molecules via a multiphoton transfer process [40]. The weakly
bound molecules were first prepared by sweeping the mag-
netic field across the Feshbach resonance from Bose-Einstein
condensates of ultracold Cs atoms [41], and two successive
two-photon STIRAPs [42] were then used to realize the
population transfer from the weakly bound ground state to the
rovibrational ground state. Koch er al. investigated the forma-
tion of ground-state molecules from ultracold cesium atoms
in a two-color pump-dump photoassociation with chirped
picosecond laser pulses [43]. The vibrational period of the
85Rb, molecular wave packet near the threshold in the excited
electronic 0 (58 + 5P;») state is about 200 ps. By turning on

J

T + VxlE;(R) + %
H= AR - E(1)
0 Ans

where T is the kinetic energy operator and R the interatomic
distance. [ is the angular momentum operator. App and Apy
denote the diagonal and off-diagonal spin-orbit couplings,
respectively. u is the reduced mass. wy; (i = 1, 2, 3, and
4) is the laser frequency for laser pulse Li (i = 1, 2, 3, and
4). The potential function Vxlzg (R) of the ground electronic

x! E; state is adopted from Ref. [46]. The potential functions
Vars+(R) and Viap, (R) of the excited A'S; and b*I1, states
and the spin-orbit coupling are taken from Ref. [47]. The

A(R) - E(1)
T +Vis:(R) + #;2

the picosecond dump laser when the excited electronic wave
packet reaches its inner turning point, the transfer efficiency
can be considerably enhanced. Many experimental techniques
have been developed to observe the photoassociation and
rovibrational cooling processes, such as laser-induced fluores-
cence spectroscopy [33,35], resonantly enhanced multiphoton
ionization [44], and rotationally resolved trap-loss spectra
[45].

Rovibrational cooling of the photoassociated molecules at
millikelvin temperature has been little studied in both exper-
iment and theory. Vibration cooling of the photoassociated
molecules lying in the excited electronic state is difficult,
because there is no strict selection rule restricting the tran-
sition from the excited electronic state to different vibrational
levels of the ground electronic state. In the present work, we
investigate theoretically the vibration and rotation cooling of
the ®Rb, molecule resulting from the photoassociation of
85Rb atoms at millikelvin temperature. We discuss how to
convert the photoassociated molecules in the excited state into
the stable ultracold molecules in the rovibrational ground state
of the ground electronic state.

The paper is organized as follows: The theoretical ap-
proach is given in Sec. II. The rovibration cooling of photoas-
sociated molecules at millikelvin temperature is described and
discussed in Sec. III. A conclusion is drawn in Sec. IV.

II. THEORETICAL APPROACH

In the photoassociation and the subsequent rovibration
cooling processes, two cold colliding 8Rb atoms in the
ground electronic X 12; (58 + 55) state are first associated
into the Rb, molecule in the excited electronic 0f (55 +
5Py ),) state by a picosecond laser pulse L1. The photoasso-
ciated molecules on the high rovibrational levels of the 0}
state are then cooled to the rovibrational ground states of the
ground electronic X' Zg (58 4 59) state by 3-ps laser pulses
L2, L3, and L4, as shown in Fig. 1 . The 0F (55 + 5Py;) and
0, (58 + 5P3),) states in Hund’s case (c) are coupled by the
spin-orbit interaction. Within the dipole approximation and
rotating-wave approximation, the Hamiltonian describing the
photoassociation and laser-cooling processes can be expressed
in the diabatic representation as

0
— 71(1)(),' An): P (1)
T + Vi, (R) + 25% — Ann — fiwy;

(

R-dependent transition dipole moment 1 (R) is obtained from
Ref. [48].

The photoassociation and cooling processes can be de-
scribed by solving the time-dependent Schrodinger equation,

a N
ih—|®@)) = H@)[@ (1)), 2

using the mapped Fourier grid Hamiltonian method [49] and
the Chebyshev polynomials propagation method [50,51].
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The initial-state distribution at thermal equilibrium can be
described by the initial density operator

T
Pl (ty) = ZefﬁHg’ 3)

where 8 = 1/(kgT), with kg being the Boltzmann constant.
T is the temperature and ﬁg is the ground-electronic-state
Hamiltonian. Z = Tr[e”mg] is the partition function. The
eigenfunction ,; of ﬁg can be used to represent the basis
function of the density operator, as in Ref. [52]. We have
studied the initial-state distribution at thermal equilibrium and
the density operator in detail in Ref. [31]. The weight of |y,;)
is given by

! —BEu
Wnl = m(Zl + l)e ", (4)

The sum over translational n and rotational / quantum num-
bers is cut off by the Boltzmann weight [31].

In the photoassociation process, the population in the
rovibrational state |y,,) of the excited electronic state after
propagating the eigenstate |1,,;) from initial time #; to time ¢
is given by

PY(@0) = [t |0 @, 10)| ) I 5)

where U(z, 1) is the time-evolution operator. The thermally
averaged population of the rovibrational state |y, ) of the
excited electronic state is expressed as

Py, =Y WuPj). 6)

nl

The vibration cooling process is governed by the relevant
transition matrix elements. The transition matrix element be-
tween the initial eigenstate |v,,;) and the rovibrational state
|¥1,) of the excited electronic state is calculated by

Myt = (W, |t (R) ) (7)

Due to the thermodynamics effect, the weights W,,; of different
states |Y,;) are different. Thus, the Boltzmann weight should
be included in the transition matrix element. The weighted
transition matrix element is given by

, e PEu )
My = S e P [, [ (RO W)~ (®)
The time-dependent transition matrix element between the
rovibrational state |y,;) of the ground electronic state and
the excited electronic state |, (¢)) is given by

M1 (@) = [(Y1, Ol R Yron) . 9
[V, () s

The excited-electronic-state
expressed as

wave packet

W, N
W)y =>>" Z—V’V/lwmw, 10)[Vu)[Yu,). (10)

The rotation cooling process is governed by the angular
momentum transition selection rules. The off-diagonal term
L(R) - E@) in Eq. (1) couples different rotational states and
its matrix element can be expressed as

(PIIAR) - E@)|P,) = =5 u(R)Eof(1)C}', Y

with
C) = (Pi|cosd |P;,). (12)

In Eq. (11), f(¢) (Ep) denotes the temporal envelope (ampli-
tude) of the laser pulse. / and /, are the rotational quantum
numbers of the ground and excited electronic states, respec-
tively. P, and P, denote the Legendre functions.

The population in the rovibrational state |y,,) of the
ground electronic state after propagating the eigenstate [1/,;)
from initial time #; to time ¢ is calculated by

P,(0) = (Yo Ut t0) W) | (13)

The thermally averaged population in the rovibrational state
of the ground electronic state is given by

Pyi =Y WuPy,. (14)
nl

III. RESULTS AND DISCUSSION

The electric field of the laser pulse is expressed as E (w) =
A(w)e~ @) in the frequency domain [53]. E (w) is a complex
function containing all the information of the laser pulse.
A(w)=exp[—2In2(w — w)? / a)%] is the spectral amplitude,
with w; being the FWHM. ¢(w) is the spectral phase of the
laser pulse. By using the Fourier transform, the electric field
of the laser pulse in the time domain of Eq. (1) is given
by E(t) = % f_ooooE(w)e’i”’dw. The phase and amplitude
of the laser pulse can be modulated by a Fourier transform
pulse shaping technique [54]. In order to obtain high cooling
efficiency and prepare pure ground-state molecules, the laser
pulse parameters used in our calculations are optimized. The
spectral phases ¢ (w) of all laser pulses are taken to be 0. The
peak intensities of laser pulses L1, L2, L3, and L4 are chosen
as 2.5 x 10, 2.5 x 10'°, 6.0 x 108, and 1.0 x 10'° W /cm?,
respectively. The FWHM of laser pulses L1, L2, L3, and L4
in the frequency domain are taken to be 2.0, 10.0, 1.0, and
10.0 cm~! in order. The evolution time is taken to be 200 ps,
with a step size of 0.01 ps, which is much shorter than the
lifetimes of the Rb(5p*P; /2,5 PPPs /2) levels and the excited
electronic 07 state of the ®Rb, molecule. Thus the spon-
taneous emission can be ignored. The range of interatomic
distance is taken to be 5 — 1000 ag (ag is the Bohr radius).

0.0 ————

—— 7=0.5 mK
@ 7=1.0mK | ]
—A7=2.0mK

0.06

=~ 0.04

0.02

1

0 10 20 30 40 50 60

Rotational quantum number /

0.00

FIG. 2. Weight W; = Y, W,, vs rotational quantum number / at
T =0.5, 1, and 2 mK, where W, is the weight of the |,,) state.
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FIG. 3. Weight W,; of |v,,) vs translational quantum number n
and rotational quantum number / at 7 = 2 mK.

For such a long box, the lowest scattering level with energy
oc1/R2, is in the magnitude order of 107® K. Therefore the
discretization of the continuum states is suitable for the energy
of the mK magnitude order.

Figure 2 shows the weight W, = )" W, of the initial
state versus rotational quantum number [ at T = 0.5, 1.0,
and 2.0 mK. At 7 = 0.5 mK, W; is mainly distributed in
the range of [ = 0 — 30, and its maximum appears at [ = 6.
When 7 = 1.0 mK, W, is mostly distributed in the range
of [ =0 — 45, and its maximum appears at [ =9. At T =
2.0 mK, W, is mostly distributed in the range of I = 0 — 60,
and its maximum is at / = 13. As temperature increases, the
activated rotational levels increase and a rotational quantum
number [ corresponding to the maximum of W, becomes
large. Figure 3 shows the weight W,; of |i,;) in the ranges
of ] =0-60 and n = 124-155 at T = 2 mK. W,; describes
the population change with rotational quantum number / and
translational quantum number n of the initial scattering state.
The distributions of W,; and W; are determined by the de-
generacy factor (2/ + 1)/4m and the energy-level distribution
factor e~PEn respectively. The weighted distributions of the
rotational and vibrational states provide a window for us to
observe the property of the initial state.

M'v’le,nl (a. u.)

=002

(a)

0.01

In the photoassociation process, |/, = 1) is chosen as the
target rotational state. The population P,;, is mainly deter-
mined by the weighted transition matrix elements M,,, . The
weighted transition matrix elements for / = 2, n = 124-150,
[, = 1, and v = 440-500 are shown in Fig. 4(a). In the design
of a laser-cooling scheme, we encounter trouble. The transi-
tion matrix element between |Y,;,) and |[,—0;=0) is very
small. Fortunately, the transition matrix elements between
|¥v1,) and some deep bound states |yr,;) are very large. Thus,
we can first transfer the population to the deep bound state and
then transfer it to the rovibrational ground state.

The population P,,; of the ground electronic state de-
pends mainly on the transition matrix element M, , =
(o, | L (R) [y |> and the population P,;,. Figure 4(b)
shows the transition matrix element M, ,, for [ =0,
v'=30-45, [, =1, and v = 440-500. The transition ma-
trix element M, ,» reaches its maximum at v” = 39. The
weighted transition matrix element M, , in Fig. 4(a) and
the transition matrix element M, . in Fig. 4(b) are used to
determine the central frequencies of laser pulses L1 and L2,
respectively. The wave packet of the excited electronic state
driven by laser pulse L1 is not a thermodynamic equilibrium
state. Therefore, when determining the central frequency of
laser pulse L2, we use the transition matrix element My, ,»
instead of the weighted transition matrix element Mz/)’le,nl' In
order to get a large rovibrational population P,; of the ground
electronic state, the central frequency wy; of laser pulse L1 is
taken to be resonant with the rovibrational state [Y,—4731,=1)
of the excited electronic state, and the central frequency wq;
of laser pulse L2 is taken to be resonant with the rovibrational
state |,r=391,—0) of the ground electronic state.

After the central frequencies of laser pulses L1 and
L2 are determined, the central times of L1 and L2 need
to be chosen. The central time of laser pulse L1 is taken to
be 25 ps. In order to find an optimal central time of laser pulse
L2, we depict the evolution of the excited-electronic-state
wave packet in Fig. 5(a) and calculate the time-dependent
transition matrix element M; ,~(¢) in Fig. 5(b). The wave
packet initially moves to short interatomic distance and then
moves backward to large interatomic distance. At t = 105 ps,

My, »1(a. u.)

FIG. 4. (a) The weighted transition matrix element M{,,,M, between |v¥,,;) and |v,,) in the ranges of [ =2, n = 124-150, [, =1, and
v' = 440-500. (b) The transition matrix element M, ,»; between |,~) and |,,) in the ranges of [ =0, v” =30-45, [, =1, and V' =

440-500.
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FIG. 5. (a) The excited-electronic-state wave packet [, (¢)) vs
R and time for /[, = 1. (b) Time-dependent transition matrix element
M,, ,»(t) between the excited-electronic-state wave packet for [, =
1 and the rovibrational level of the ground electronic state for [ =
0, v = 0-100.

the wave packet enters the short interatomic distance region
(R < 20 ap). The wave function of the deep vibrational state
|[v” = 39) is mainly distributed in the interatomic distance
range of R < 7 ay. As shown in Fig. 5(b), the time-dependent
transition matrix element M; —; , =39 ;—0(¢) reaches its max-
imum at t = 105 ps. Therefore, + = 105 ps is an optimal
central time of laser pulse L2.

Figure 6 shows the population P,,, versus v’ and [, atr =
90 ps and T = 2 mK. P, is mostly distributed in the range
of [, = 0-8. The maximal contribution to the population of
the excited electronic state comes from [, = 1. When [, > 4,

Pv’,lg
3.0x10°

FIG. 6. The thermally averaged population P,,, of the rovibra-
tional state |,;,) vs v" and [, atz =90 ps and T = 2 mK.

Pv”,/
!4.4x10-5

2.2x10°0

FIG. 7. The thermally averaged population P, of the rovibra-
tional state |y,»;) for I = 0-8 and v” = 0-100 at T = 2 mK before
laser pulse L3 is turned on.

the population starts to decrease significantly. When /, = 9,
the population is close to zero. This is because the weighted
transition matrix element is very small when [/, > 9. With the
increase of rotational quantum number, the rotational potential
barrier of the ground electronic state increases, which restrains
the amplitude of the wave function at short interatomic dis-
tance. The population Py, is distributed in a wide range of
vibrational levels (v = 375-500).

In the laser-cooling process, the photoassociated molecules
are first cooled to the deep vibrational level of the ground elec-
tronic state by laser pulse L2. Figure 7 shows the rovibrational
population P, of the ground electronic state for / = 0-8 and
v” = 0-100 at T = 2 mK before laser pulse L3 is turned on.
It can be seen that the population P,; is distributed only on
the vibrational level v” = 39. The energy difference between
the vibrational level v” = 39 and its neighboring vibrational
levels for [ = 0-8 are all larger than 45 cm~!. However,
the FWHM of laser pulse L2 is 10 cm~!. The population
P = Zigio P, is mostly distributed in the range of / = 0-6,
and its maximum appears at / = 1. The molecules in the deep
rovibrational state |, —39 1—0—¢) can be then transferred to the
rovibrational ground state [,/ —o j=0)-

In order to transfer the population from [y,/—39;=0—6)
to |[Yry—0.1=0), we need to find an appropriate intermediate
state in the excited electronic state. Figure 8(a) shows the
transition matrix elements My,=1 y=39,1=2, My1,=1,17=0,1=0
and their product My, —1 v=391=2 X My,=1'=01=0, Where
My,—1,v7=39,1=2 denotes the transition matrix element be-
tween the deep rovibrational state |y, —39 ;—2) of the ground
electronic state and the rovibrational state |y, ;=) of the
excited electronic state. My~ ,7—0,/=0 denotes the transi-
tion matrix element between the rovibrational ground state
|y —0,1=0) of the ground electronic state and the rovibrational
state |y, ;,—1) of the excited electronic state. As can be seen
from Fig. 8(a), when v/ = 42, the product My, =39, 1=2 X
My,—1,v7=0,1=0 reaches its maximum value. Therefore, we
choose [,y=42,1,=1) as the intermediate state. Thus, the central
frequencies wg3 and w4 of laser pulses L3 and L4 are taken to
be 9356.86 and 11 375.62 cm ™!, respectively.

The %5Rb, molecule in the deep rovibrational states
|¥y7=39.1=0—6) 1 then cooled to the rovibrational ground state
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FIG. 8. (a) The transition matrix elements My,— ,=39=2,
Myi,=1,v7=0,1=0, and the product My,—1.v/=39,1=2 X My/j,=1,v7=0.1=0-
(b) The thermally averaged population P, _y; vs rotational quantum
numbers / of the ground state |y, —o ).

|y —0,1=0) by laser pulses L3 and L4. The population of
the ground electronic state transferred from the intermediate
state |Yry=42,,=1) 1s fully distributed only in the vibrational
ground state |v” = 0), indicating that the vibration cooling
efficiency is very high. As shown in Fig. 8(b), the thermally
averaged population P,y ;—¢ of the rovibrational ground state
|¥yr—0.1=0) is 1.04 x 1075, The thermally averaged popula-
tion being of the order of 107> is in a reasonable range. In
the experiments of conversion of *'K and %’Rb atoms into

ultracold *'K®’Rb molecules by laser cooling, the conversion
probability was of the order of 107>~10~* [37]. In the experi-
ments of preparing the ultracold LiCs molecules in the ground
state via photoassociation, the conversion probability was of
the order of 107> [55]. In the experiment of the vibration
cooling of Cs, molecules in the ground electronic state, the
transferred population was of the order of 107* [56,57]. We
can see from Fig. 8(b) that 51.59% of the population in the vi-
brational ground state is concentrated in the rotational ground
state |l = 0). The rest of the population in the vibrational
ground state is distributed in the rotational states |/ = 1 — 3).

IV. CONCLUSION

In this paper, we have investigated theoretically the vibra-
tion and rotation cooling of the 8*Rb, molecule resulting from
the photoassociation of 83Rb atoms at millikelvin temperature.
At temperature 7 = 2.0 mK, the weight W,; of |y/,,;) is mainly
distributed in the ranges of / = 0-60 and n = 124-155. The
population P,;, of the associated 3 Rb, molecule in the excited
electronic state is distributed in hundreds of rovibrational
states. Since the transition matrix elements between [y,,)
and |V, —0 1=0) are very small, we first transfer the population
to the deep vibrational state |y,»—39) and then transfer it to
the rovibrational ground state |y, —¢ ;o) via the intermedi-
ate state |V, —42,=1). After the cooling process is over, the
population transferred from the intermediate state |[v,/—42 ;,=1)
is fully distributed in vibrational ground state |[v” = 0), and
51.59% of population in the vibrational ground state [v” = 0)
is concentrated in the rotational ground state | = 0). The rest
of the population in the |v” = 0) state is distributed in the low
rotational states |/ = 1-3).
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