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Abstract: The high-resolution microwave (MW) spectroscopy is employed to measure the 
rotational structures of ultracold 85Rb133Cs molecules prepared in the X1Σ+ (v = 0) ground 
state. These ground-state molecules are created using short-range photoassociation (PA) 
followed by the spontaneous emission. Using a combination of continuous-wave (CW) 
depletion spectroscopy and photoionization (PI) technique, we obtain the MW spectroscopy 
by coupling the neighboring rotational levels of ground-state molecules. Based on the 
frequency spacing obtained from the MW spectroscopy, the rotational constant of X1Σ+ (v = 
0) can be accurately determined with the rigid rotor model. The precision of the measurement 
by MW spectroscopy is found to be 3 orders of magnitude higher than the CW depletion 
spectroscopy. Our scheme provides a simple and highly accurate method for the measurement 
of molecular structure. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
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1. Introduction 

The preparation and manipulation of ultracold ground-state molecules produced from 
ultracold atoms have attracted intensive attention in the past few years. Benefiting from the 
rich internal structure and inter-molecular interactions, ultracold molecules have opened new 
possibilities for precision measurement [1–3], quantum control of cold chemical reactions 
[4,5], and quantum computation [6]. The approach to create ultracold ground-state molecules 
mainly includes magnetically tunable Feshbach resonance [7] and photoassociation (PA) [8]. 
In this context, the PA (in particular short-range PA) is widely used for its simplicity and 
convenience, as has been demonstrated in Rb2 [9,10], 7Li133Cs [11], 39K85Rb [12], 23Na133Cs 
[13], 85Rb133Cs [14–18], 7Li85Rb [19] et al.. 

The accurate structural information about the ultracold ground-state molecules allows 
determination of molecular structure constants, the detailed description of electronic character 
of molecular bonds, the manipulation of molecular states, and the investigation of molecular 
state chemistry. In order to obtain the structural information of ground-state molecules 
produced by short-range PA, the photoionization (PI) combined with time-of-flight (TOF) 
mass spectrometry [10–19] is usually adopted with vibrational selectivity. However, the 
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linewidth of the pulsed lasers used for ionization is usually larger than the energy spacing 
between rotational levels. Therefore, it is impossible to distinguish single rotational level and 
the rotational structural information. To solve this problem, the rotational level identification 
has been achieved by way of continuous-wave (CW) depletion spectroscopy [11,13,20–24]. 
Using a narrow linewidth (∼MHz) CW laser, the rotational population for the molecules in 
one vibrational state can be determined. Specifically, considering the linewidth of the 
depletion spectroscopy is ∼100MHz, and taking into account of the molecular structure of 
excited state, the uncertainty of structural information obtained from depletion spectroscopy 
is estimated as ∼10MHz [11,20,23,24]. 

We note that the frequency spacing between the rotational levels is within the microwave 
(MW) region. In addition, the rotational degrees of freedom of molecules allow a set of 
excited rotational states which can be easily coupled to the ground state using the MW field. 
Thus, the MW spectroscopy of transitions between rotational levels presents an ideal tool for 
probing the rotational structure. In particular, the rotational levels could be coupled directly 
via MW, such that the correction from molecular structure in the excited states can be ignored 
in contrast to CW depletion. As a result, the rotational structural information via MW 
spectroscopy with narrow intrinsic linewidth allows achievement of higher precision. 

In this paper, the high-resolution MW spectroscopy is employed to detect the structural 
information of ultracold 85Rb133Cs molecules in the X1Σ+ (v = 0) ground state realized via 
short-range PA. Basing on the electric-dipole allowed rotational transitions, we use the MW 
field to couple the neighboring rotational levels directly. The MW spectroscopy can be 
obtained as a result of combinations of the CW depletion spectroscopy and PI technique. The 
neighboring rotational frequency spacing is determined using the depletion and MW 
spectroscopy. The obtained frequency spacing is fitted with a rigid rotor model to determine 
the rotational constant for 85Rb133Cs molecules in the X1Σ+ (v = 0) state. 

2. Experimental setup 

Most details of the apparatus have been described before [24,25]. Our experiment starts with 
a mixed 85Rb-133Cs cold sample prepared in the dark spontaneous force optical traps (dark-
SPOTs) [26]. Under a vacuum background pressure of around 3 × 10−7 Pa and a magnetic 
gradient of around 15 G/cm, we trap a mixed atomic cloud which consists of ∼1 × 107 85Rb 
atoms in the 5S1/2 (F = 2) state and ∼2 × 107 133Cs atoms in the 6S1/2 (F = 3) state. The atomic 
density of 85Rb atoms is 8 × 1010 cm−3, and that of 133Cs atoms is 1 × 1011 cm−3. The 
translational temperature of the mixed atoms is measured to be around 100 µK by way of 
TOF imaging. 

Figure 1(a) illustrates the formation and detection mechanisms of ultracold 85Rb133Cs 
molecules in the X1Σ+ (v = 0) ground state. To form the 85Rb133Cs molecules in the X1Σ+ (v = 
0) state, the cold mixed atomic sample is irradiated by the PA laser, which is generated by 
employing a tunable Ti: sapphire laser system with a typical linewidth of 100 kHz and an 
output power of up to 1.5 W. We focus the PA beam on the center of the overlapped dark-
SPOTs with the Gaussian radius of 150 µm. The PA laser is locked by a subtle transfer cavity 
technique [29] to the selected rotational level (J = 0 or J = 1) of 23Π0 + (v = 10) at a short 
range. The uncertainty of locked PA laser frequency can be less than 2 MHz. The molecules 
in the vibrational ground state X1Σ+ (v = 0) are formed via two-photon-cascade decay [22]. 
The molecules in X1Σ+ (v = 0) are ionized by a tunable pulsed dye laser through the one-color 
resonance-enhanced two-photon ionization (RETPI) [24]. The pulse energy is about 2mJ with 
a diameter of about 3mm and the pulse width is 7ns. Since the linewidth of the dye laser (∼6 
GHz) is larger than the energy spacing between rotational levels, it is impossible to address 
molecules in a single rotational level. 

To deplete the population of any given rotational level in the X1Σ+ (v = 0) state, an 
additional CW diode laser is used. We choose the 23Π0 + (v = 8) level as the upper state of 
this depletion transition, whose molecular constant is well known [25,30]. The depletion 
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laser, locked by the transfer cavity technique as well, is obtained by a homemade external 
cavity diode laser with a power of ∼7 mW and a diameter of ∼1 mm. Since the PA and 
depletion laser share the same reference cavity, the uncertainty of the locked depletion laser 
frequency can also be less than 2 MHz. 

 

Fig. 1. (a) Formation and detection mechanism for ultracold 85Rb133Cs molecules in the X1Σ+ (v 
= 0) state. The potential energy curves are based on the data [27,28]. The partial enlarged 
detail shows the related energy levels in the measurement of depletion and MW spectroscopy. 
(b) The time sequence in our experiment. The shadow with different color means “on”, the 
blank means “off”, and the “oblique line” means the MW can be “selectively on or off” for 
different measurement. 

The MW field is supported by a RF signal generator (Stanford Research Systems, 
SG386), as referenced to a rubidium time-base. A fast (∼ns) switch is used to generate MW 
pulses with well-defined duration. After a power amplifier (Mini-Circuits, ZHL-4W-422 + ), 
the MW field is radiated on the molecular sample through a copper coil. This results in the 
coupling between rotational states of ground-state molecules. Due to the low radiation 
efficiency of the coil, the maximum irradiation power of MW in the sample region is on the 
order of mW. In the following measurements, the irradiation power of MW is set at 100 μW. 

As shown in Fig. 1(b), the loading procedure of dark-SPOTs and PA procedure are 
operated simultaneously, with a duration time of 90 ms, to produce molecules in the X1Σ+ (v 
= 0) state. Next, all the cooling lasers, PA laser and magnetic field are turned off. At the mean 
time, the MW field and depletion laser are switched on (2 ms) for the measurement of MW 
spectroscopy, or, for the depletion spectroscopy only the depletion laser is turned on (2 ms). 
Finally, the residual molecules are ionized through RETPI. The molecular ions are then 
accelerated by a pulsed electric field and detected by a pair of micro-channel plates (MCPs). 
After amplification, the electric signals can be monitored on a digital oscilloscope, and 
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recorded continuously using an NI PCI-1714 card with 10 averages following a boxcar 
(Boxcar, SRS-250). The repetition rate is 10 Hz in the experimental condition. 

3. Experimental results and analysis 

 

Fig. 2. (a) PA spectrum of 23Π0 + (v = 10) state, which is the intermediate state for the 
preparation of 85Rb133Cs molecules in the X1Σ+ (v = 0) state. Inset: PI spectrum of 85Rb133Cs 
molecules in the X1Σ+ (v = 0) state. (b) Depletion spectrum of molecules in the X1Σ+ (v = 0) 
state: (I) The frequency of PA laser is fixed at 23Π0 + (v = 10, J = 0), (II) The frequency of PA 
laser is fixed at 23Π0 + (v = 10, J = 1). The sum of depletion depths is over 90%, which 
indicates that the ion signal is produced through resonance excitation in our PI spectrum. 

Figure 2(a) presents the rotational structure of the excited 23Π0 + (v = 10) state. Because this 
state has relatively large free-to-bound and bound-to-bound Frank-Condon factors (FCFs) 
[18], it can be used for the preparation of molecules in X1Σ+ (v = 0) state. In this work, the PA 
frequency is fixed at about 11817.16 cm −1 (or 11817.18 cm −1), corresponding to J = 0 (or J = 
1) of 23Π0 + (v = 10) state. The PI spectrum has also been measured [see inset of Fig. 2(a)]. In 
the plots, the transition X1Σ+ (v = 0) → 21Π1 (v = 12) [24] has been taken. 

In order to detect the rotational levels, the depletion spectrum of the 85Rb133Cs molecules 
in X1Σ+ (v = 0) state has been measured. The depletion laser frequency is scanned around the 
rotational levels between X1Σ+ (v = 0) and 23Π0 + (v = 8) states. Once the depletion laser is 
resonant with the transition, the distribution of the resonant rovibrational level in the X1Σ+ (v 
= 0) state can be depleted [see Fig. 2(b)]. In order 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 averaged after 200 cycles, and their ratio is 
calculated to obtain a normalized depletion signal. When the PA laser is locked to the 23Π0 + 
(v = 10, J = 0), the rotational population of X1Σ+ (v = 0) state is in the J = 0 and J = 2, whereas 
for the PA laser locked to the 23Π0 + (v = 10, J = 1), the rotational population of X1Σ+ (v = 0) 
is in the J = 1 and J = 3. Such rotational population of X1Σ+ (v = 0) is determined by the initial 
PA rotational level due to two-photon-cascade decay [22]. All the observed linewidth is about 
80 MHz, which is broader than the natural linewidth of the excited state. Based on these 
measurements, the rotational levels could be detected selectively when the frequency of 
depletion laser is fixed at the resonant rovibrational transition. Furthermore, with the previous 
measured rotational spectra of 23Π0 + (v = 8) state [25], the rotational frequency spacing of 
X1Σ+ (v = 0) can be deduced as ∆v1-0 = f1 + ∆ν’2-1 - f2, ∆v2-1 = f2 + ∆ν’3-2 - f3 and ∆v3-2 = f3 + 
∆ν’4-3 - f4 [see the partial enlarged detail of Fig. 1(a)]. Here, the ∆ν(J + 1)-J and ∆ν’(J’ + 1)-J’ 
denote the frequency spacing of rotational levels of X1Σ+ (v = 0) and 23Π0 + (v = 8) states, 
respectively. In addition, fi labels the frequency of transition X1Σ+ (v = 0, J)→23Π0 + (v = 8,J’ 
= J + 1). 
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Fig. 3. MW spectrum of 85Rb133Cs molecules in the X1Σ+ (v = 0) state. (a) The MW transition 
of J = 1 → J = 0. The frequency of PA laser is fixed at 23Π0 + (v = 10, J = 1), the depletion 
laser is fixed at X1Σ+ (v = 0, J = 0) → 23Π0 + (v = 8, J’ = 1). (b) The MW transition of J = 1 → 
J = 2. The frequency of PA laser is fixed at 23Π0 + (v = 10, J = 1), the depletion laser is fixed at 
X1Σ+ (v = 0, J = 2) → 23Π0 + (v = 8, J’ = 3). (c) The MW transition of J = 2 → J = 3. The 
frequency of PA laser is fixed at 23Π0 + (v = 10, J = 0), the frequency of depletion laser is 
fixed at X1Σ+ (v = 0, J = 3) → 23Π0 + (v = 8, J’ = 4). 

Based on the short-range PA and depletion spectroscopy, we have experimentally 
determined three MW transitions in the X1Σ+ (v = 0) state by scanning the frequency of MW 
under different PA levels. In MW spectroscopy, rotational transitions between neighboring J 
states are allowed, so that the molecules in X1Σ+ (v = 0, J) level can be transferred to X1Σ+ (v 
= 0, J + 1) or X1Σ+ (v = 0, J - 1) level when applying a MW pulse. As mentioned before, the 
molecules in the J + 1 (or J-1) level could be detected selectively, provided the frequency of 
depletion laser is fixed at X1Σ+ (v = 0, J + 1) → 23Π0 + (v = 8, J’ = J + 2) (or X1Σ+ (v = 0, J - 
1) → 23Π0 + (v = 8, J’ = J)). Figure 3 illustrates the typical spectrum of the MW transition. 
There, three rotational transitions based on MW spectroscopy in the X1Σ+ (v = 0) state are 
observed. The Fig. 3(a) shows the MW transition of J = 1 → J = 0 when the frequency of PA 
laser is fixed at 23Π0 + (v = 10, J = 1) and the depletion laser is fixed at X1Σ+ (v = 0, J = 0) → 
23Π0 + (v = 8, J’ = 1). The MW transition of J = 1 → J = 2 is presented in Fig. 3(b), while the 
frequency of PA laser is fixed at 23Π0 + (v = 10, J = 1) and the depletion laser is fixed at X1Σ+ 
(v = 0, J = 2) → 23Π0 + (v = 8, J’ = 3). Figure 3(c) illustrates the MW transition J = 2 → J = 3, 
while the frequency of PA laser is fixed at 23Π0 + (v = 10, J = 0) and the frequency of 
depletion laser is fixed at X1Σ+ (v = 0, J = 3) → 23Π0 + (v = 8, J’ = 4). The data point is 
averaged over 200 times. The FWHM of the resonance is measured to be around 200-300 
kHz. According to [31], the hyperfine spacing of 85Rb133Cs molecules in the lowest 
vibrational state is on the order of 100 kHz. Even the electric and magnetic fields have been 
switched off during the measurement of depletion and microwave spectra, there are still stray 
magnetic fields arising mainly from the ion pump. However, the intensity of such field is 
small, which is measured to be less than 0.5 Gauss. This induces a Zeeman splitting on the 
order of 10 kHz following [31]. In addition, the temperature of the ultracold sample T is about 
100 μK which, according to 2

B
k T hν= , indicates a thermal broadening ν  of about 10 kHz. 

Here, kB is Boltzmann constant and h is Planck constant. Thus, the measured linewidth of 
MW spectrum is mainly limited by the hyperfine spacing. In higher actual irradiation power 
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of MW (about 2 mW) or lower available depletion laser power (1mW), we haven’t observed 
the frequency shift of the resonance center in the present experimental condition. 

The deduced frequency spacing ∆v with the depletion and MW spectroscopy allows us to 
obtain the rotational constant of molecular ground state. Figure 4(a) shows the dependence of 
∆v on the J for 85Rb133Cs in X1Σ+ (v = 0) state. The triangle dot represents the data obtained 
by the depletion spectroscopy, while the circle represents the data obtained by MW 
spectroscopy. For depletion spectroscopy, the ∆v1-0, ∆v2-1, ∆v3-2 are found as 1020(13) MHz, 
1945(16) MHz, and 2960(19) MHz, respectively. Here, the uncertainties are mainly caused by 
the measurement resolution of wavelength meter (∼10 MHz), the uncertainty of locked 
depletion laser frequency (∼2 MHz), the fitting error of the depletion spectroscopy (∼1 MHz), 
and the uncertainty of the excited 23Π0 + (v = 8) state rotational constant (∼2 MHz). For MW 
spectroscopy, the ∆v1-0, ∆v2-1, ∆v3-2 are deduced as 994.30(1) MHz, 1988.61(1) MHz, and 
2982.82(1) MHz, respectively. The uncertainty mainly comes from the energy splitting due to 
stray magnetic fields (∼10 kHz), thermal broadening (~10 kHz) and the fitting error of the 
MW spectroscopy (∼2 kHz). 

 

Fig. 4. (a) Dependence of the frequency spacing ∆v on J for 85Rb133Cs in X1Σ+ (v = 0) state. 
The experimental data are deduced with the depletion and MW spectroscopy, while the lines 
are the fits to the rigid rotor model. (b) The difference of frequency spacing ∆v between the 
fitting value and the experimental value. 

The molecules in low vibrational states can be well described by the rigid rotor model 
[32]. Define the rotational frequency spacing by ∆v = 2B (J + 1) (J ≥ 0), with B being the 
rotational constant. The solid lines are the fitting curves. The rotational constant obtained 
from the depletion spectroscopy is found as 493(4) MHz, where the uncertainty is the fitting 
error. This is consistent with the results obtained from the inverted perturbation approach 
which combines the laser-induced fluorescence and Fourier transform spectroscopy (497 
MHz) [33], as well as that predicted from the density-functional theory (511 MHz) [31]. In 
contrast, the rotational constant obtained from MW spectroscopy is 497.14(1) MHz with the 
uncertainty being the fitting error, indicating a much higher accuracy is achieved compared to 
the depletion spectroscopy. The difference of ∆v between the fitting value and the 
experimental value has also been derived for the depletion and MW spectroscopy, 
respectively. As illustrated by Fig. 4(b), we see that the measurement accuracy of MW 
spectroscopy increases by 3 orders of magnitude with respect to the depletion spectroscopy. 
We thus conclude that our MW spectroscopy is effective with higher accuracy in measuring 
the rotational structure of ground-state molecules. 

4. Conclusion 

We have obtained the high-resolution MW spectroscopy of ultracold 85Rb133Cs molecules in 
X1Σ+ (v = 0) ground state produced from short-range PA. With electric-dipole allowed 
transitions between the rotational levels, the MW field has been directly utilized to couple the 
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neighboring rotational levels. By scanning the MW frequency, the MW spectroscopy has 
been obtained by using the combination of CW depletion spectroscopy and PI technique. 
Using the rotational frequency spacing obtained from the MW spectroscopy, we have 
accurately determined the rotational constant of molecules in X1Σ+ (v = 0) state by fitting the 
frequency spacing to the rigid rotor model. Our experimental results by MW spectroscopy 
demonstrate a high precision, increasing by 3 orders of magnitude as compared to that from 
CW depletion spectroscopy. The present scheme provides a simple and high accuracy method 
for the measurement of molecular structures. 
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