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The transition dipole moments (TDMs) of ultracold 85Rb133Cs molecules between the lowest vibrational ground
level, 𝑋1Σ+ (𝑣 = 0, 𝐽 = 1), and the two excited rovibrational levels, 23Π0+ (𝑣′ = 10, 𝐽 ′ = 2) and 21Π1 (𝑣′ = 22,
𝐽 ′ = 2), are measured using depletion spectroscopy. The ground-state 85Rb133Cs molecules are formed from
cold mixed component atoms via the 23Π0− (𝑣 = 11, 𝐽 = 0) short-range level, then detected by time-of-flight
mass spectrum. A home-made external-cavity diode laser is used as the depletion laser to couple the ground
level and the two excited levels. Based on the depletion spectroscopy, the corresponding TDMs are then derived
to be 3.5(2)×10−3𝑒𝑎0 and 1.6(1)×10−2𝑒𝑎0, respectively, where 𝑒𝑎0 represents the atomic unit of electric dipole
moment. The enhance of TDM with nearly a factor of 5 for the 21Π1 (𝑣′ = 22, 𝐽 ′ = 2) excited level means that it
has stronger coupling with the ground level. It is meaningful to find more levels with much more strong coupling
strength by the represented depletion spectroscopy to realize direct stimulated Raman adiabatic passage transfer
from scattering atomic states to deeply molecular states.

PACS: 33.80.−b, 32.70.Cs, 32.80.−t DOI: 10.1088/0256-307X/35/10/103301

Ultracold molecules have attracted widespread at-
tention in recent years. Compared with homonu-
clear molecules, heteronuclear (or polar) molecules
have unique properties: tunable, long-range and
anisotropic dipole-dipole interaction. These proper-
ties mean ultracold polar molecules have many impor-
tant applications, such as ultracold chemistry, quan-
tum computer, quantum simulation and precision
measurement.[1,2]

Up to date, the methods to prepare ultra-
cold molecules include photoassociation (PA) by
continuous[3] and shaped laser,[4] magentoassocia-
tion (MA)[5] or spin-orbit coupling[6] from precooled
atoms, and direct laser cooling[7] from preexisting
molecules. Especially in recent years the short-range
PA, due to the merit of direct formation, continuous
accumulation and potential direct stimulated Raman
adiabatic passage (STIRAP) transfer from scattering
atomic states to deeply molecular states,[8,9] is veri-
fied to be an interesting alternative pathway to pro-
duce cold polar molecules in the lowest vibrational
ground state (𝑣 = 0).[10−17] Among these molecules,
85Rb133Cs[13−16] (hereafter superscript will be omit-
ted) is particularly interesting due to several distinc-
tive merits, including chemical stability, considerable
permanent electric dipole moment, and low cost. In
addition, the molecule product rate is also consid-
erable. However, the formed mechanism for RbCs
molecules decays through a two-photon cascade decay,
which is different from a one-step spontaneous decay

for other heteronuclear molecules. This is an obsta-
cle to transferring mixed cooled atoms directly to the
deeply bound molecular state. Thus it is meaningful
to search for more suitable excited PA states which
have both singlet and triplet characters for efficiently
producing and transfering molecules from atoms. Re-
cently, Shimasaki et al. studied such mixed 21Π1-
23Π1-33Σ+

1 states.[18] It is found that the product rate
is comparative with the previous value of two-photon
cascade decay, and the direct spontaneous decay may
play an important role due to the mixed characters.
Especially for the 21Π1 state, it has mainly a single
character and may have stronger coupling with the
ground state. Thus we need to measure the corre-
sponding transition dipole moments (TDMs), which
represent the strength of transition between the ini-
tial and final states, and compare the values for the
23Π0+ state.

Many effective methods have been used to measure
the TDM of atoms and molecules before, such as two-
photon dark resonance spectroscopy,[19] electromag-
netically induced transparency,[20] and Autler–Townes
splitting.[21] All of these systems involve three or four
energy levels. Also, a number of samples are usually
needed to obtain a good signal-to-noise ratio (SNR).
However, the number of experimentally formed cold
molecules is ordinarily on the order of thousands or
even fewer, which will limit the SNR based on these
methods. Usually a rapid, sensitive photoionization
(PI) spectroscopy is used to detect the formed cold
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molecules with vibrational resolution. To realize the
rotational resolution of ground state molecules, a de-
pletion spectroscopy is firstly introduced by Wang et
al.[22] and has been widely used in recent years. As the
depletion laser couples molecules between the ground
state and excited states, it is also suitable to measure
the corresponding TDM between them.

In this work, we measure the transition dipole mo-
ments for 85Rb133Cs molecules from the lowest vibra-
tional state, 𝑋1Σ+ (𝑣 = 0) to different excited states,
23Π0+ (𝑣′ = 10) and 21Π1 (𝑣′ = 22). The former of
the excited states can produce ground-state RbCs mo-
elecules via two-photon cascade decay while the lat-
ter has strong spin-orbit mixing with 23Π1 and 33Σ+

1

states, and thus may have more strong one-step spon-
taneous decay due to strong coupling with the ground
state. The corresponding TDM is derived by fitting
the dependence of depletion ratio on both power and
irradiated time of depletion laser to the classical ab-
sorption formula for a two-level system. The TDM for
21Π1 (𝑣′ = 22) with a factor of 5 larger than the value
for 23Π0+ (𝑣′ = 10) is observed, verifying the much
stronger mixing with the ground state.

Most details of the apparatus have been described
before, such as in our recent[23] and previous[15,16]
works. The starting point for this work is a mix-
ture of laser cooled 85Rb and Cs atoms in space-
adjustable dark spontaneous force optical traps (dark-
SPOTs).[24] Under a vacuum background pressure of
around 3×10−7 Pa and a magnetic gradient of around
15 G/cm, we trap mixed atomic clouds with about
1× 107 85Rb atoms in the 5𝑆1/2 (𝐹 = 2) state with a
density of 8 × 1010 cm−3, and about 2 × 107 133Cs
atoms in the 6𝑆1/2 (𝐹 = 3) state with a density
of 1 × 1011 cm−3. The translational temperature of
the mixed atoms is measured by time-of-flight (TOF)
imaging to be around 100µK.
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Fig. 1. (Color online) (a) Formation and detection mech-
anism of ultracold 85Rb133Cs molecules in the lowest vi-
brational ground state. (i) PA, (ii) decay, (iii) depletion,
and (iv) detection. The potential energy curves are based
on the data in Ref. [25]. (b) and (c) are PA spectra for
the chosen upper states of depletion transitions, 23Π0+

(𝑣′ = 10) and 21Π1 (𝑣′ = 22), respectively.

Figure 1(a) shows the preparation and detection
mechanisms of formed ultracold 85Rb133Cs molecules

in the 𝑋1Σ+ (𝑣 = 0, 𝐽 = 1) ground level. (i) First
of all, the loading procedure (the duration time of
90 ms) of dark-SPOTs and PA procedure occur si-
multaneously to produce the molecules in the 23Π0−

(𝑣 = 11, 𝐽 = 0) level. The PA laser (typical
linewidth of 100 kHz, output power of 1.5W, Gaus-
sian radius of 150µm) is locked by a subtle transfer
cavity technique.[26] (ii) At the same time with (i),
the molecules are distributing in different vibrational
ground states after the two-photon-cascade sponta-
neous emission process, including the 𝑋1Σ+ (𝑣 = 0,
𝐽 = 1) level. (iii) Then all the dark-SPOT lasers and
PA laser are turned off. Meanwhile, the depletion laser
is turned on for several ms to couple the transition
from the 𝑋1Σ+ (𝑣 = 0) state to the 23Π0+ (𝑣′ = 10),
or 21Π1 (𝑣′ = 22) state. The depletion laser frequency
(linewidth of 2 MHz, actual power of up to 10 mW)
can be controlled based on the same transfer cavity
technique. To locate the accurate depletion laser fre-
quency, the rotational levels of two upper states are
measured with the PA spectrum in advance, as shown
in Figs. 1(b) and 1(c). The spectral widths are fitted to
be 17(2) MHz and 200(10) MHz by single-peak Lorentz
and multi-peaks Lorentz formulas, respectively. The
large width for the 21Π1 (𝑣′ = 22) state arises
from the hyperfine structure.[18] (iv) The PI laser
(pulse energy of around 1mJ, pulse duration of 7 ns,
linewidth of 6GHz, diameter of about 3mm) with res-
onant transition between 𝑋1Σ+ (𝑣 = 0) and 21Π
(𝑣 = 12)[15] is used to photoionize the formed ground-
state molecules through one color resonance-enhanced
two-photon ionization (RETPI).[27] The photoionized
molecular ions are then accelerated by a pulsed ac-
celerating electric field and detected by a pair of mi-
cro channel plates (MCPs). The repetition rate is
10 Hz in our experiment. To obtain depletion spec-
troscopy, a home-made external-cavity diode laser is
scanned around the transitions between the upper and
lower molecular levels. Once it is on the resonant,
the formed molecules populated in the 𝑋1Σ+ (𝑣 = 0)
state will be transferred to other vibrational states,
inducing the depletion of molecular ions.
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Fig. 2. (Color online) PA spectrum of 85Rb133Cs
molecules in the chosen 23Π0− (𝑣 = 11) state.

To avoid the same upper state having depletion
transition, the PA state here is chosen to be at the
23Π0− (𝑣 = 11, 𝐽 = 0) level, which also has compara-
tive molecule product rate with 23Π0+ (𝑣 = 10).[13,16]
Figure 2 shows our measurements on the PA spec-
trum of the 23Π0− (𝑣 = 11) state, and the photoion-
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ized molecular number is truly comparative with the
23Π0+ (𝑣 = 10) observed previously in our experi-
ment. The simple rotational structure is easy for us
to assign the rotational number based on our systemic
study on the 23Π0− short-range electronic state.[28] In
the following experiments, the PA laser is locked to
the 23Π0− (𝑣 = 11, 𝐽 = 0) special level because the
rotational population is expected to be only 𝐽 = 1
according to Ref. [14], which will benefit the SNR and
assignment of depletion spectroscopy. In that study,
there is a static electric field left to have Stark mix-
ing inducing that rotational populations are located
at 𝐽 = 0, 1, and 2. However, in our experimental
setup, we can eliminate the influence of stark mixing
as the external electric field is pulsed in our experi-
ment. Figures 3(a) and 3(b) show our high resolution
depletion spectra of the RbCs molecules in the 𝑋1Σ+

(𝑣 = 0) state. We observe that the depletion is nearly
100% on the transitions from 𝑋1Σ+ (𝑣 = 0, 𝐽 = 1)
to 23Π0+ (𝑣′ = 10, 𝐽 ′ = 2) and 21Π1 (𝑣′ = 22, 𝐽 ′ = 2)
levels. These results are consistent with the calcula-
tions in Ref. [28]. The spectral width in Fig. 3(a) is
fitted to be 19(2) MHz while the value in Fig. 3(b) is
180(6) MHz. This is consistent with the PA spectra
in Figs. 1(b) and 1(c). To reduce the effect of drifts in
the ion signal, we cycle the depletion laser on and off
for consecutive detection pulses. The signals with and
without the depletion laser are separately average af-
ter 192 cycles and a ratio is taken of both the averages
to obtain a normalized depletion signal.
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Fig. 3. (Color online) Depletion spectra of 𝑋1Σ+ (𝑣 = 0)
state RbCs molecules for the rotational transitions be-
tween 𝐽 = 1 to 𝐽 ′ = 2 of (a) 23Π0+ (𝑣′ = 10) and (b)
21Π1 (𝑣′ = 22) states. The insets are the dependence of
FWHM of depletion spectra on laser power. The solid
curves in main graphs are fitted by Lorentz function while
the ones in insets are linearly fitted curves.

The upper excited states are chosen to be 23Π0+

(𝑣′ = 10, 𝐽 ′ = 2) and 21Π1 (𝑣′ = 22, 𝐽 ′ = 2) levels for
Figs. 3(a) and 3(b), respectively, due to the following
reasons. The 𝑣′ = 10 vibrational state of the 23Π0+

short-range excited state is calculated to have the
largest products of free-to-bound and bound-to-bound
Frank Condon factors (FCFs)[13] and also verified in
our previous study,[15] thus one upper excited state
of depletion transition is chosen as this vibrational
state. As mentioned above, the 21Π1 state is inter-
esting due to the potential large strong coupling with
the ground state. In Ref. [18], the vibrational states
from 𝑣 = 17 to 𝑣 = 34 are observed. Among these
vibrational states, the 𝑣 = 22 state is the best candi-
date as it is the closest to the strongest photoionzed
transition, 21Π1 (𝑣′ = 12)← 𝑋1Σ+ (𝑣 = 0),[13] and
also has a considerable molecule product rate. Thus
we choose this state as a typical vibrational level of
the 21Π1 state. Considering the rotational selection
rule ∆𝐽 = ±1, the upper rotational quantum num-
ber is chosen to be 𝐽 ′ = 2. It is noticed that we
can obtain the same measurements when the upper
rotational quantum number is chosen to be 𝐽 ′ = 0 as
the rotational quantum state has a slight influence on
transition, compared with vibrational quantum states.

This depletion spectroscopy is then used to mea-
sure the TDMs between these chosen upper excited
states and the ground state, as the rovibrational res-
onant transitions between the ground state and the
excited states can be regarded as an open two-level
energy system. The residual molecule number can be
expressed as[29]

𝑁 = 𝑁0𝑒
−𝑡iΩ

2
P𝛾/(𝛾

2+4Δ2
P), (1)

where 𝑁0 is the initial number of molecules with
far detuning, 𝛾 is the linewidth of excited state, 𝑡i
is the irradiated time, and ΔP is the detuning of
the laser from resonance. The transition Rabi fre-
quency is ΩP = ⟨𝜇⟩𝐸/~ with ⟨𝜇⟩ being the TDM, and
𝐸2 = 4𝑃/𝜋𝜔2𝑐𝑛𝜀0, where 𝐸 is the electric field vector,
𝑃 is the depletion laser power, the waist of depletion
laser 𝜔 is measured to be 0.15 cm, 𝑐 is the speed of
light in a vacuum, 𝑛 is the refractive index, and 𝜀0 is
the permittivity of free space.

When ΔP = 0, Eq. (1) can be rewritten as

𝑁 = 𝑁0𝑒
−𝑡iΩ

2
P

𝛾 . (2)

Thus the depletion ratio 𝑅 can be defined as

𝑅 =
𝑁0 −𝑁0𝑒

−𝑡iΩ
2
P

𝛾

𝑁0
= 1− 𝑒

−4𝑡i𝑃⟨𝜇⟩2

𝜋~2𝜔2𝛾𝑐𝑛𝜀0 . (3)

According to Eq. (3), ⟨𝜇⟩ could be deduced
when other experimental parameters are determined.
Among these parameters, the value of linewidth 𝛾 is
very important and can be derived from the depen-
dence of full width at half maximum (FWHM) on the
depletion laser power, which is shown in the insets of
Figs. 3(a) and 3(b). The irradiated times are 2.5ms
and 2 ms, respectively. It is shown that the FWHM
increases as the laser power increases. The linewidths
are linearly fitted to be 8(1) MHz and 88(5)MHz, re-
spectively.
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After we obtain 𝛾, then we can obtain the TDM
if we know the values of depletion laser power and
irradiated time. To reduce the measured error, we
plot the depletion ratio on the power and irradi-
ated time respectively in Figs. 4(a) and 4(b). The
irradiated times are 2.5ms and 2ms for 23Π0+ and
21Π1 states in Fig. 4(a). The powers of depletion
laser are 7.3 mW and 1.5 mW for 23Π0+ and 21Π1

states, respectively, in Fig. 4(b). We can see that
for the two curves, the depletion ratio increases and
saturates gradually. We use Eq. (3) to fit Figs. 4(a)
and 4(b). According to Eq. (3), we can define the
characteristic power 𝑃c = 𝜋~2𝜔2𝛾𝑐𝑛𝜀0/4𝑡⟨𝜇⟩2 and
characteristic time 𝑡c = 𝜋𝛾~2𝜔2𝑐𝑛𝜀0/4𝑃 ⟨𝜇⟩2. The
characteristic powers in Fig. 4(a) are 1.13(8) mW and
0.81(5) mW while the characteristic times in Fig. 4(b)
are 0.45(4)ms and 0.98(6)ms for the 23Π0+ and 21Π1

states, respectively. From these values, the transi-
tion dipole moments ⟨𝜇⟩ between 𝑋1Σ+ (𝑣 = 0,
𝐽 = 1) and 23Π0+ (𝑣′ = 10, 𝐽 ′ = 2) are obtained
to be 3.6(3)×10−3𝑒𝑎0 and 3.4(2)×10−3𝑒𝑎0, where 𝑒 is
the electron charge, 𝑎0 is the Bohr radius, and 𝑒𝑎0
is the atomic unit of electric dipole moment. The
averaged value is 3.5(2)×10−3𝑒𝑎0. The transition
dipole moments ⟨𝜇⟩ between 𝑋1Σ+ (𝑣 = 0, 𝐽 = 1)
and 21Π1 (𝑣′ = 22, 𝐽 ′ = 2) are obtained to be
1.6(1)×10−2𝑒𝑎0 and 1.7(1)×10−2𝑒𝑎0. The averaged
value is 1.6(1)×10−2𝑒𝑎0. The enhancement of TDM
with nearly a factor of 5 for the 21Π1 (𝑣′ = 22, 𝐽 ′ = 2)
excited level means that it has more strong coupling
with the ground level.
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Fig. 4. (Color online) Dependence of the depletion ratio
on depletion laser power (a) and irradiated time (b) for
rotational transitions from the 𝑋1Σ+ (𝑣 = 0, 𝐽 = 1) level
to the 23Π0+ (𝑣′ = 10, 𝐽 ′ = 2) and 21Π1 (𝑣′ = 22, 𝐽 ′ = 2)
levels. The curves in (a) and (b) are both fitted by Eq. (3).

In conclusion, we have measured transition dipole
moments of ultracold RbCs molecules between the
lowest vibrational ground level, 𝑋1Σ+ (𝑣 = 0, 𝐽 = 1),
and two excited rovibrational levels, 23Π0+ (𝑣′ = 10,

𝐽 ′= 2) and 21Π1 (𝑣′ = 22, 𝐽 ′ = 2) using a deple-
tion spectroscopy. The TDMs are obtained by ana-
lyzing the dependence of the depletion ratio on laser
power and irradiated time. We need to notice that
we measure the TDMs for only one rotational transi-
tion between the chosen vibrational states as it is ex-
pected and verified that the rotational transition has
slight influence on TDMs. However, it is meaning-
ful to find more potential mixed states with stronger
coupling strength by the represented depletion spec-
troscopy to realize direct STIRAP transfer from scat-
tering atomic state to deeply molecular state. In ad-
dition, the represented method is also meaningful for
other cold molecules.
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