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Recent years have witnessed tremendous progress in creating and manipulating ground-state ultracold
polar molecules. However, the two-body loss regardless of the chemical reactivities is still a hurdle for
many future explorations. Here, we investigate the loss suppression of nonreactive bosonic 23Na87Rb
molecules with a circularly polarized microwave blue detuned to the rotational transition. We achieve
suppression of the loss by 2 orders of magnitude with the lowest two-body loss rate coefficient reduced
to 3 × 10−12 cm3=s. Meanwhile, the elastic collision rate coefficient is increased to the 10−8 cm3=s level.
The large good-to-bad collision ratio has allowed us to carry out evaporative cooling of 23Na87Rb with an
efficiency of 1.7(2), increasing the phase-space density by a factor of 10. With further improvements, this
technique holds great promises for creating a Bose-Einstein condensate of ultracold polar molecules.

DOI: 10.1103/PhysRevX.13.031032 Subject Areas: Atomic and Molecular Physics,
Quantum Physics

I. INTRODUCTION

Ultracold polar molecules (UPMs) with strong and long-
range electric dipole-dipole interactions (DDIs) have long
been considered as a very promising platform for quantum
science and technology [1–3]. For many years the progress
in this research direction was hindered by the difficulty in
creating samples of UPMs. Following the recent break-
throughs in both heteronuclear atom association [4–13] and
direct laser cooling of molecules [14–18], this problem has
now been largely solved. Currently, the main issue is the
rapid two-body losses even without chemical reactions due
to the formation of two-molecule complexes [19–26]. This
poses a great challenge for achieving quantum degeneracy
which is required as the initial condition for many appli-
cations. Several methods have been investigated, including

the optical lattice isolation [27–30], 2D suppression
with in-plane DDI [31,32], and engineered long-range
interaction potential barriers via dc field induced Förster
resonance [33–35] and blue-detuned microwave shielding
[36–40] or optical shielding [41,42], to mitigate this issue.
With the latter methods, quantum degenerate Fermi gases
of 40K87Rb and 23Na40K molecules have been produced
very recently [40,43]. However, for bosonic UPMs,
which suffer from the loss more severely due to the
absence of the p-wave barrier, Bose-Einstein condensates
have not been realized.
In this work, we realize the blue-detuned microwave loss

suppression of ground-state bosonic 23Na87Rb molecules
and, with its help, demonstrate evaporative cooling for
increasing the phase-space density (PSD). 23Na87Rb mol-
ecules are nonreactive. However, in previous experiments,
rapid two-body losses were still observed and attributed to
the formation of Na2Rb2 complexes at the short range
[20,25,44]. As collisions between identical bosons proceed
via the barrierless s wave, the measured two-body loss rate
coefficient of several times 10−10 cm3=s is very large. As
depicted in Fig. 1, applying a circularly polarized micro-
wave blue detuned to the J ¼ 0 ↔ J ¼ 1 rotational
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transition can induce a long-range potential barrier, thus
preventing molecules from reaching the short range and
forming the complex [36–38,45]. Here, we successfully
suppress the total two-body loss rate coefficient βtl to as
low as 3.0ð3Þ × 10−12 cm3=s. This has allowed us to
extract the elastic collision rate coefficient βel from the
cross-dimensional rethermalization and confirms the
large good-to-bad collision ratio which is enough for
an efficient evaporation at sample densities away from the
hydrodynamic regime.
As illustrated in Fig. 1(a), the rotational transition

frequency between jJ ¼ 0; mJ ¼ 0i and j1; 1i for ground-
state 23Na87Rb is 4.180 GHz [46]. Here, J and mJ are the
rotational quantum number and its projection along the
magnetic field, respectively. The ac electric field of a σþ
polarized microwave signal near this frequency can interact
with the d0 ¼ 3.2 D permanent dipole moment strongly.
This polarizes the molecule rotating in the plane of the
electric field and induces a time-average effective dipole
moment deff ¼ d0=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12ð1þ Δ2=Ω2Þ

p
[47–49], with Ω

the on-resonance Rabi frequency and Δ the detuning.
However, the direct effective DDI alone, which is
∝ −d2effð1 − 3 cos2 θÞ=r3, cannot provide the 3D repulsive
barrier between two molecules as it is attractive for
collisional angles θ (with respect to the quantization
axis along the vertical direction) larger than 54.7°. The
second-order DDI, the microwave dressing modified
rotational Van der Waals interaction, must be included
to ensure a repulsive barrier for all θ. We note that because
of the different signs of the dipolar interactions, the 3D

long-range barrier exists only for blue-detuned circularly
polarized microwave fields.
The rigorous NaRb-NaRb adiabatic interaction poten-

tials with microwave coupling can be derived with the
multichannel dressed state framework. In the simplified
picture as illustrated in Fig. 1(b), we first consider the bare
two-molecule states j0; 0ij0; 0i, j0; 0ij1; 1i, j0; 0ij1; 0i, and
j0; 0ij1;−1i. Because of the resonant DDI between J ¼ 0
and J ¼ 1, the potential energy curves of the latter three
states are all split into an upper repulsive branch and a
lower attractive branch. In the dressed state picture without
the coupling, the potential energy curve of j0; 0ij0; 0i
plus the photon energy crosses the repulsive branch, with
the point of intersection moving toward short range at
larger blue detunings. In the presence of σþ polarized
microwave, the 23Na87Rb molecule is in the dressed states
jþi ¼ sin ϕj0; 0i þ cos ϕj1; 1i, and j−i ¼ cos ϕj0; 0i−
sin ϕj1; 1i, with ϕ ¼ arctanð−Ω=ΔÞ=2 the mixing
angle. The microwave also causes coupling between the
two-molecule state j0; 0ij0; 0i and j0; 0ij1; 1i and leads
to an avoided crossing near the Condon point Rc ¼
ðd20=12πϵ0ℏΩ̃Þ1=3 [48], with Ω̃ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ω2 þ Δ2

p
the general-

ized Rabi frequency. The potential energy curve of the
resulting two-molecule dressed state jþþi has a rather
high barrier for intermolecular distance R < Rc. For the
parameters used in Fig. 1(b), the calculated Rc locates
near 680a0 which is far away from the intermolecular
range for forming the Na2Rb2 complex. Two-body losses
due to complex formation can therefore be effectively
suppressed, at the expense of some small amount of
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FIG. 1. Microwave shielding of 23Na87Rb molecules. (a) Sketch of the experiment setup and the related energy levels. The optical
dipole trap is formed by crossing two elliptical shaped 1064 nm laser beams. A 346 G magnetic field in the vertical (y) direction always
presents. The blue-detuned and circularly polarized microwave field is broadcast to the sample through a doubly fed waveguide,
coupling the j0; 0i ↔ j1; 1i rotational transition to generate the dressed states jþi and j−i. (b) The potential energy curves for
two molecules plus the microwave field without (dashed line) and with (solid line) the microwave coupling for collisional angle θ ¼ 90°.
The detunings are Δ ¼ 2π × 10 MHz and, for the latter, Ω is 2π × 5 MHz.
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microwave-induced losses [36,37]. In addition, the DDI
also induces a large elastic collision cross section. With the
loss suppressed and the elastic collisions enhanced, this
opens the possibility of evaporative cooling of 23Na87Rb.

II. EXPERIMENT CONFIGURATIONS

The experiment starts from optically trapped samples of
ultracold ground-state 23Na87Rb molecules prepared in the
nuclear spin stretched state of the j0; 0i rotational level via
magnetoassociation and stimulated Raman population
transfer [9] (Appendix B 1). The oscillation frequencies
of the molecules in the crossed optical dipole trap are
ðωx;ωz;ωyÞ ¼ 2π × ð40; 40; 200Þ s−1. For typical samples
with 3.5 × 104 molecules and a temperature T of 700 nK,
the calculated peak density reaches n ¼ 4.6 × 1011 cm−3.
At this temperature, the measured two-body loss rate
coefficient without any loss suppression is 3.8ð5Þ×
10−10 cm3=s. As shown in Fig. 2(a) the two-body loss
limited effective lifetime is only 16 ms.
The microwave signal is generated by a low phase noise

signal generator and amplified to about 50 W by a high
power amplifier (Appendix A 1). To further suppress noises
with sideband frequencies near Ω, which could drive
nonadiabatic transitions between the dressed states and
thus sabotage the shielding effect, we add two 10 MHz
bandwidth bandpass filters in series before the amplifier.

The amplified signal is then split into two paths and fed into
a doubly fed waveguide antenna. The relative phase and
amplitude between the two paths are then fine-tuned to
achieve the purest σþ polarization. From Rabi oscillations of
the σþ, σ−, and π rotational transition driven with low
microwave powers, the best measured polarization ratios are
Eσþ∶Eσ−∶Eπ ¼ 1∶0.054ð2Þ∶0.072ð3Þ, corresponding to an
ellipticity angle ξ of 3.1(3)°. For the rest of the work, unless
otherwise specified, the on-resonance Rabi frequency is
fixed to Ω ¼ 2π × 9.8ð3Þ MHz (Appendix A 2).

III. LOSS SUPPRESSION

To observe the loss suppression, we need to prepare the
jJ ¼ 0; mJ ¼ 0i molecules in the jþi dressed state adia-
batically. This is done by ramping the microwave power
up exponentially in 100 μs right after the Raman transfer.
After some holding time t, we apply a reversed micro-
wave ramp to convert the molecules back to the bare
state for detection. Measurements from the back-to-back
microwave ramping, with very short holding time in
between, show that the molecular dressed state is pre-
pared with near perfect fidelity. Figure 2(a) shows a
comparison of the molecule number versus the holding
time without and with the microwave. A dramatic
increase of the lifetime from less than 20 ms to over
1 s is observed, indicating microwave shielding for
23Na87Rb is working.
However, to extract the two-body βtl from the data,

several other effects must be taken into account. The
residual microwave noise [50], as well as off-resonance
photon scattering from the trapping light [30,51], can cause
one-body losses while evaporation following elastic colli-
sions leads to extra two-body losses. With low density
samples with hni ≈ 2 × 1010 cm−3, we minimize loss
contributions from two-body processes and measure a total
one-body loss rate of Γ ¼ 0.119ð3Þ s−1 in microwave fields
at Δ ¼ 2π × 8 MHz. The photon scattering induced one-
body loss rate calculated from the measured trapping light
intensity is γL¼0.107ð4Þ s−1. Assuming Γ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ2L þ γ2MW

p
,

the microwave noise induced one-body loss rate γMW

should be 0.052ð11Þ s−1. Based on the model of the
phase noise induced loss, the calculated phase noise near
the Rabi frequency is −159.5ð9Þ dBc=Hz [50]. To min-
imize two-body losses from evaporation, we raise the
trap depth U to increase the truncation factor η ¼ U=kBT
to larger than 9. Here kB is the Boltzmann constant. With
the smaller Boltzmann factor e−η, this reduces the two-
body loss contribution from evaporation to below 9%
which, for simplicity, we choose not to account for
separately (Appendix C 1). As a result, the measured
total two-body loss rate coefficient βtl includes contri-
butions from the suppressed complex formation at short
range, the microwave-induced loss, and the residual loss
from elastic collisions.
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FIG. 2. Loss suppression. (a) The decay of 23Na87Rb number N
without (red squares) and with (blue circles) the microwave field.
For the latter case, the detuning Δ is 2π × 8 MHz. The solid
curves are guides for the eye. Error bars represent standard
deviation of typically six shots. (b) βtl versus Δ for temperatures
of about 700 nK. The shaded band is from the coupled-channel
calculation for ξ between 5° and 7°. Error bars are from fitting.
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We then measure the number evolution versus holding
time t in the dressed state for a range ofΔ. We fit the data to
the rate equation [52],

dn
dt

¼ −βtln2 − Γn; ð1Þ

to extract βtl for each Δ with Γ obtained independently for
the same microwave configurations following the afore-
mentioned one-body loss measurement (Appendix C 2).
Only data at short t are used to keep the temperature
increase from the antievaporation effect to less than 30% so
that we can consider βtl a constant in the evolution of
molecule number. The peak density n is calculated from the
measured trap frequencies and the sample temperature.
The measured βtl are summarized in Fig. 2(b) with the

lowest value of 3.0ð3Þ × 10−12 cm3=s occurring at
Δ ¼ 2π × 8 MHz. The loss is suppressed by a factor of
125 compared to the value of 3.8ð5Þ × 10−10 cm3=s
measured with samples of the same initial conditions
without the microwave shielding. Away from the mini-
mum point, βtl becomes larger in both directions. The
increase of βtl at larger Δ can be understood intuitively by
the decrease of Rc and thus less effective loss suppression.
However, the βtl increase for smaller Δ cannot be under-
stood following this picture.
This discrepancy is also observed when comparing the

experiment with the coupled-channel calculation. The shaded
band in Fig. 2(b) represents the calculated βtl for ξ between 5°
and 7°. This range of ξ, which is slightly larger than the
measured value from the low power calibration, is chosen for
the best matching with the measured βtl values for Δ ≥ Ω.
However, for small detunings, the disagreement between
theory and experiment is obvious. Qualitatively, the calculated
βtl also starts to increase for very smallΔ, but the turning point
occurs around 2π × 4 MHz, much smaller than the observed
turning point at 2π × 8 MHz. More importantly, even with
the large polarization imperfection, the calculated βtl can still
reach well below 10−13 cm3=s, much smaller than the
best measured value. Currently, we cannot tell whether this
disagreement is of technical origin, for instance, the detuning
dependent phase noisedue to the finite bandwidthof the filters,
or from some unknown loss processes not accounted for.

IV. ELASTIC COLLISION

Next, we measure βel with the cross-dimensional retherm-
alization method in the presence of microwave shielding.
To this end, as shown in Fig. 3(a), we heat the sample along
the y direction with parametric heating and measure the
evolution of Tx and Ty. We fit the measured temperature
difference Ty − Tx with the exponential function to extract
the thermalization rate Γth [Fig. 3(b)]. βel is then calculated
from Γth ¼ hniβel=Ncol [35,53–55], with Ncol the number
of collisions per rethermalization. In our system, Ncol
ranges from 10 to 16 due to the strong DDI [56] (see

Appendix D 2). This is much larger than the typical value of
2.5 for pure s-wave collisions.
As βel is expected to be very large, the hydrodynamic

limit, in which Γth is capped to the trap frequency, may be
reached with our highest density samples. This will make
the measured βel smaller than the real value. To avoid this,
the densities are reduced by first holding the samples for
different durations before the parametric heating. As can be
seen from the inset of Fig. 3(c), the linear dependence of Γth
on density proves that the hydrodynamic limit is not
reached for the typical densities used in this measurement.
The lower densities also ensure that the number loss and
heating from the inelastic collisions are small and thus need
not to be considered here.
Figure 3(c) shows the measured βel for Δ from

2π × 3 MHz to 2π × 12 MHz using this method. Beyond
this range, the reduced βel=βtl ratio makes the measurement
difficult due to the longer thermalization time and the
non-negligible number loss and heating from lossy collisions.
Indeed, the βel values are very large, reaching the level of
10−8 cm3=s for smaller detunings and thus larger deff.
The shaded band is the theoretical calculation for ξ between
5° and 7°, same as the range of ξ used in Fig. 2(b). Unlike βtl,
βel shows almost no dependence on ξ. A good agreement
between experiment and theory is clearly visible.
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FIG. 3. Measurement of βel. (a) Example cross-dimensional
rethermalization data after the parametric heating along the y
direction for Δ ¼ 2π × 11 MHz. Tx and Ty are the temperatures
along the horizontal and the vertical directions, respectively.
(b) Temperature difference Tx − Ty for extracting the thermal-
ization rate Γth. Solid curves are from exponential fitting. (c) βel
versus Δ. The shaded band is from the coupled-channel calcu-
lation for ξ between 5° and 7°. The inset shows the linear
dependence of Γth on the mean density hni at Δ ¼ 2π × 8 MHz.
The error bars in (a) and (b) represent the standard deviation,
while those in (c) are from fitting.
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V. EVAPORATIVE COOLING

At Δ ¼ 2π × 8 MHz and temperature T ¼ 800 nK, the
ratio between the elastic collision rate hniβel and the loss
rate hniβtl, the so-called good-to-bad collision ratio, can
reach up to 1500. This should support evaporative cooling
with high efficiency. Indeed, as shown in Fig. 4, by
decreasing the optical trap depth in two steps we observe
decrease of the temperature from 800 to 200 nK and
increase of the PSD from 0.001 to 0.01 after losing the
number of molecules from 16 000 to 5000. The temperature
decreases following a slope d ln T=d ln N ¼ 1.2ð1Þ while
the evaporation efficiency −d ln PSD=d ln N is 1.7(2).
Rapid loss is observed when the trap depth is further

reduced, most likely due to the disappearance of the
trapping potential along the gravitational direction. We
have tried to further improve the evaporation by intro-
ducing an additional trapping beam from the vertical
direction to tighten the confinement. However, this only
results in an evaporation efficiency smaller than one. We
attribute this to the higher density which brings the system
into the hydrodynamic limit [57]. As the thermalization
rate is capped while the loss rate keeps increasing, the
good-to-bad collision ratio becomes worse and the evapo-
ration becomes less efficient. For the measurement in
Fig. 4, the peak density stays around 1.6 × 1011 cm−3
during the whole process and the hydrodynamic limit is
never reached. However, while high efficiency evapora-
tive cooling is feasible in this parameter range, to achieve
a BEC, which requires higher density, βtl needs to be
lowered further. Nevertheless, our result indicates that
high efficiency evaporative cooling is indeed possible
for ultracold polar molecules. With further improved
loss suppression and initial sample conditions, further
increase in PSD by evaporative cooling to achieve a BEC
should be feasible.

VI. CONCLUSION

To summarize, we establish microwave shielding as a
convenient yet powerful way for suppressing the loss of
bosonic UPMs to enable efficient evaporative cooling.
Although the BEC of UPMs has not yet been achieved,
results demonstrated here are already useful for many
interesting experiments. For instance, loading the sample
into optical lattices following the evaporation and with
the microwave shielding, the filling factor should be
increased significantly so that effects of DDI can be probed
directly [30]. The large βel makes it possible to enter the
hydrodynamic regime with currently achievable densities.
Interesting behaviors of thermal gases with strong DDIs
have been predicted in this regime [58].
This work represents an important step toward the

creation of a BEC of bosonic UPMs. Future studies will
be focused on ways to lower βtl further so that high good-
to-bad collision ratios can be maintained in the high density
regime. Following our theoretical predictions, βtl on the
low 10−13 cm3=s level should be achievable with higher
microwave Rabi frequencies. The shielding effect can also
be enhanced by using a quasi-one-dimensional potential to
constrain the collision angle θ to small values. Eventually,
these improvements will engineer favorable collision prop-
erties for creating the BEC of UPMs which, once achieved,
will lead to the realization of many of the exotic quantum
phases with strong and long-range DDIs [2,59–62].
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Note added.—Recently, we became aware of similar work
on microwave shielding with bosonic NaCs molecules [63].
We obtained hints regarding the calculation of Ncol from
their results.

APPENDIX A: MICROWAVE SYSTEM

1. Generating the high power
and low noise microwave signal

As shown schematically in Fig. 5, we use a low noise
signal generator (HP/Agilent 8665B) as the 4.2 GHz micro-
wave source. The signal then passes through a switch
followed by a variable attenuator which is used for the
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FIG. 4. Evaporative cooling of 23Na87Rb with microwave
shielding. Panels (a) and (b) are the trajectories of the temperature
and the PSD at different molecule numbers in log-log scale,
respectively. The solid lines are linear fits for extracting the
evaporation efficiencies. The inset of (b) depicts the decrease in
trap depth U with evaporation time t. Evaporation mainly occurs
in the constant power regions between the two ramp steps, as
marked by the three numbers. The error bars for T are from fitting
while for N and PSD they represent the standard deviation.
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adiabatic creation of the dressed state. The combined
maximum isolation of the switch and the attenuator is about
−120 dB. The phase noises for sidebands near the Rabi
frequency are further suppressed by two bandpass filters
with 10 MHz bandwidths before the signal is amplified to
approximately 50 W by a low noise figure high power
amplifier (Microwave Amps AM43). The amplified signal is
then split into two paths and fed into the two input ports of a
doubly fed waveguide. The waveguide is fabricated by
soldering five pieces of printed circuit boards together
with dimensions of 40.8 mm × 40.8 mm× 68.3 mm. A
mechanical phase shifter and a mechanical variable attenu-
ator, both rated to high powers, are placed before one of the
input ports of the waveguide for relative phase and power
balance control to generate an output signal with near perfect
circular polarization [55].
In our experiment, the bandpass filters are playing a

very critical role. Without the filters, the signal generator’s
phase noise is not good enough to achieve the current long
one-body lifetime to observe the 2 orders of magnitude
suppression of loss. However, because of the fixed center
frequency and the finite bandwidth of the filters, the phase
noise of the filtered signal at sidebands near the Rabi
frequency changes with the carrier frequency. Also, the
phase noises for sidebands within the passband of the
filters are not suppressed. The residual σ− and π polarized
signal output from the waveguide may cause accidental
near-resonant dressing with other nuclear spin levels. These

issues have not been taken into account in the theoretical
modeling. In future works, these issues can be mitigated by
using a signal generator with better low frequency phase
noise or by adding a high quality factor microwave cavity
as an additional narrow bandwidth filter.

2. Polarization and Rabi frequency calibrations

To calibrate the microwave polarization, the low power
Rabi oscillations between the rotational excited states
j1; 1i, j1;−1i, j1; 0i and the ground state j0; 0i, at
335 G are measured as shown in Fig. 5(b). The power
of the microwave field is low enough so that off-resonance
coupling can be ignored. The optical trap is turned off
during the microwave pulse to avoid the differential ac
Stark shift. The measured ratios of electric field compo-
nents are Eσþ∶Eσ−∶Eπ ¼ 1∶0.054ð2Þ∶0.072ð3Þ. These cor-
respond to a polarization ellipticity angle ξ in the frame of
the microwave field of 3.1(3)° and a tilting angle of the
microwave propagation direction with respect to the
magnetic field of 5.6(3)°. The microwave polarization is
assumed to be the same for high power operation.
The Rabi frequency used in the microwave shielding

experiment is measured with detuned Rabi oscillations.
As the Eσ− and Eπ components are small, at large
detunings, their contributions can be safely neglected.
Figure 5(c) shows the Rabi oscillation of the j0; 0i ↔
j1; 1i, transition with detuning Δ ¼ 2π × 5 MHz. From
the generalized Rabi frequency Ω̃ obtained from the fit,

the on-resonance Rabi frequency Ω ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ω̃2 − Δ2

p
is

2π × 9.8ð3Þ MHz.

APPENDIX B: SAMPLE PREPARATION AND
DETECTION

1. Creation of ground-state 23Na87Rb

Detailed procedures for preparing ground-state 23Na87Rb
have been discussed in our previous works [9]. In this
work, we have made some adjustments to reduce the
loss caused by atom-molecule collisions. Briefly, immedi-
ately after the magnetoassociation with the Feshbach
resonance at 347.65 G, we apply a stimulated Raman
adiabatic passage (STIRAP) at 346 G to transfer the
population to the rovibrational ground state jJ ¼ 0;
mJ ¼ 0; mNa

I ¼ 3=2; mRb
I ¼ 3=2i. Here, mNa

I and mRb
I are

projections of the 23Na and 87Rb nuclear spins, with
I ¼ 3=2 for both, to the quantization axis as defined by
the B field. As only the nuclear spin stretched states are
used in this work, for simplicity, we use jJ;mJi to label the
single molecule states throughout this work. Residual
Na and Rb atoms are then quickly removed with resonant
light in less than 1 ms without affecting the ground-state
molecules. Afterward, the molecular sample is further
purified by pulsing on a magnetic field gradient.
As densities of the residual atoms are high, atom-

molecule collisions induced losses are one of the main
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FIG. 5. (a) Schematic of the microwave system. The passive
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(b) Rabi oscillations of the σþ, σ−, and π transitions, i.e., the
j0; 0i ↔ j1; 1i, j0; 0i ↔ j1;−1i, and j0; 0i ↔ j1; 0i for micro-
wave polarization calibration. (c) The detuned Rabi oscillation
for measuring Ω at the high microwave power used in this work.
The Δ used is 2π × 5 MHz. The measured on-resonance Rabi
frequency is Ω ¼ 2π × 9.8ð3Þ MHz.
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factors limiting the number of molecules in the group state.
Compared with the previous procedures with the STIRAP
and atom removal taking place after ramping the magnetic
field to 335 G, this new procedure shortens the interaction
time between the residual atoms and molecules substan-
tially. As a result, a 60% increase in molecule numbers is
routinely obtained.

2. Detection and thermometry

For detection, the ground-state molecules have to be
transferred back to Feshbach molecules. Starting from the
dressed state, we first ramp down the microwave power in
100 μs to bring the molecules back to the bare j0; 0i, state.
The optical dipole trap is then turned off abruptly and
the reversed STIRAP sequence is applied to transfer the
population to the weakly bounded state. After some time-
of-flight (TOF) expansion time t, the molecule number and
rms size σðtÞ of the sample are determined from the high-
field absorption images of the Rb atoms right after breaking
down the 23Na87Rb Feshbach molecules to free Na and
Rb atoms with a 10 μs photodissociation pulse [64].
Typically, the temperature T is determined from fit σðtÞ

to σðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ20 þ kBTt2=m

p
with the initial size σ0 and T as

the free parameters. Here, m is the mass of 23Na87Rb. For
the cross-dimensional rethermalization experiment, long
expansion time is not possible because of the high temper-
ature caused by the parametric heating. Instead, we use a
fixed expansion time, typically t ¼ 1.4 ms, and determine

the temperature from σðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBT=ðmω2

x;yÞ þ kBTt2=m
q

with the measured trap frequencies ωx and ωy. With lower
temperature samples, we have measured that the temper-
ature differences obtained from these two methods are
less than 14%.

APPENDIX C: MODELING THE LOSS

1. Full model

As mentioned in the main text, multiple one- and two-
body processes can lead to number losses and temperature
changes. To measure βtl, contributions from all other
processes must be accounted for. Including all these
processes, the number and temperature evolution can be
modeled by the coupled differential equations,

Ṅ ¼ −βevA
N2

T3=2 − βtlA
N2

T3=2 − ΓN; ðC1Þ

Ṫ ¼ 3 − η − κ

3
βevA

N

T1=2 þ
�
1

4
þ h0

�
βtlA

N

T1=2 ; ðC2Þ

where A ¼ ðω̄2m=4πkBÞ3=2 with ω̄ ¼ ðωxωyωzÞ1=3 the
mean trap frequency. The βev terms account for the number
loss and cooling from evaporation induced by elastic
collisions. In the deep trap limit with truncation factors

η ≥ 6, it can be approximated as βev ≈ ðη − 4Þe−ηβel=Ncol
with κ ≈ ðη − 5Þ=ðη − 4Þ [65,66]. ðηþ κÞkBT is the aver-
aged energy carried away by an evaporated particle. The βtl
terms are the number loss and heating from two-body
inelastic collisions, including contributions from both
complex formation and microwave induced loss [36,37].
We include the h0 term to account for heating from all
additional possible contributions [20]. The Γ term
describes the total one-body losses which include con-
tributions from the microwave phase noise [39,40] and
off-resonance scattering of the trapping light. Collisions
with background gas molecules can also cause one-body
losses, but for our UHV system the timescale of these
collisions is too long to be relevant.
In practice, it is very difficult, if not impossible, to

reliably extract all the one- and two-body loss coefficients
from a single number and temperature evolution measure-
ment. Therefore, we choose to measure them sequentially,
taking advantage of their very different dependencies on
density and trap depth.

2. One-body loss

As only two-body processes are density dependent,
when the density is low enough, their contributions to
the loss will become less important compared with those
from one-body processes. As shown in Fig. 6(a), we control
the density by reducing the molecule number until the
observed loss is dominated by one-body processes. From
the number evolution, the total Γ is obtained by exponential
fitting. This is done for all microwave detunings involved,
as summarized in Fig. 6(b).
Figure 6(b) also shows the loss rate γL induced by

scattering of the trapping light which is calculated from the
measured light intensity and the imaginary polarizability.
From the total loss rate Γ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ2L þ γ2MW

p
, the one-body loss

induced by the microwave phase noise γMW is then
determined. The microwave phase noise at the Rabi
frequency is calculated from γMW with the microwave
phase noise induced one-body loss model [33].
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FIG. 6. (a) Number evolution at Δ ¼ 2π × 3 MHz for low
density samples. Γ is extracted by exponential fitting as shown by
the solid curve. (b) The one-body lifetime 1=Γ versus Δ. The
dashed line is the lifetime limited by the off-resonance scattering
of the optical trapping light. Error bars are standard error from
fitting.
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3. βtl measurement

With Γ measured independently, we further simplify the
model by using η ≥ 9. In such a deep trap, βev is less than
9% of βtl because of the ðη − 4Þe−η factor, despite the very
large βel. The number loss from evaporation is then
neglected in the analysis for extracting βtl. We also only
use data at short holding times to ensure the temperature
increase is less than 30% [Fig. 7(b)]. We then ignore the
temperature evolution and use only Eq. (C1) to extract βtl
from the number evolution. These simplifications lead to
the model in the main text:

dn
dt

¼ −βtln2 − Γn: ðC3Þ

In the density calculation, the mean temperature during the
number evolution is used.
We note that the temperature evolution can also be

included in the simplified model. βtl can then be extracted
from the joint fit to the number and temperature data,
as done in our previous work [20]. As demonstrated in
Fig. 7, for Δ ¼ 2π × 8 MHz, we obtain βtl ¼ 3.3ð3Þ ×
10−12 cm3=s from this joint fitting. This is within the error
bar of the 3.0ð2Þ × 10−12 cm3=s value obtained from fitting
the number evolution with Eq. (C3) only.
An important issue revealed by the joint number and

temperature fitting is the large additional heating. The
extracted h0 with the microwave shielding is 0.36(17).
This is larger than that of the bare state which is 0.12(6).
Currently, the mechanism behind this surprising obser-
vation is still unclear. The microwave-induced loss is
indeed accompanied by energy release on the order of ℏΩ.
This is much larger than the trap depth, and secondary
collisions with other molecules, which are required for
transferring energy to the sample, seem unlikely.
However, we do not know whether there are other off-
resonance transitions, for instance, driven by the phase
noise, which could produce trappable hot molecules to
deposit energy to the sample.

APPENDIX D: THEORETICAL CALCULATIONS

1. Calculations of βel and βtl
We numerically compute the elastic scattering rate and

the total two-body loss rate by closely following the
multichannel method detailed in Refs. [36,45,48,49].
Here, we briefly outline the main procedure for the
numerical calculations by adopting the notations intro-
duced in Ref. [49].
The NaRb molecules are treated as rigid rotors with an

electric dipole moment d0. For a single molecule, only the
lowest two rotational levels with total four rotational states
are considered in the calculations. As a result, the two-
molecule Hilbert space is of dimension 16 in which the
intermolecular dipole-dipole interaction are expanded. To
achieve microwave shielding, all molecules are prepared in
the highest dressed state, jþi, in an elliptically polarized
microwave field. Consequently, we only need to consider
the scattering of two identical molecules in the ten-
dimensional Hilbert subspace consisting of the sym-
metrized two-body states. Fortunately, it turns out that
only seven of these two-molecular states are mutually
coupled, which we define as scattering channels ν ¼ 1
to 7 in the multichannel calculations. In our convention, the
ν ¼ 1 channel corresponds to the two-molecule state
jþ þi and the incident energy E is defined with respect
to the asymptotical energy of ν ¼ 1 channel. Other than
the long-range dipole-dipole interaction, we also add an
attractive Van der Waals term −C6=r6 to account for the
short-range loss [47,67]. For NaRb molecules, we have
C6 ¼ 1.5 × 106 a:u: [68–70].
To proceed, we expand the wave function of the νth

channel in the partial-wave basis as ψνlm with l (≤ lcut) being
the orbital angular momentum and m its z component. For
parameters covered in this work, lcut ¼ 8 is sufficient to
ensure the convergence of the loss rate. Moreover, we
impose a capture boundary condition [36,45,48,71–73] at
r ¼ 50a0 from which the scattering wave functions are
numerically propagated to a large distance rM (> 5 × 104a0)
using the log-derivative method [74]. The step size for the
numerical integration has to be small enough to ensure the
convergence of the solution and, in our calculations, it is
typically smaller than 0.5a0. Then by comparing the wave
functions with the asymptotic boundary condition, we obtain
the scattering K matrix which subsequently leads to the
S matrix with element being denoted as Sν

0l0m0
νlm . The cross

sections for elastic scattering and total loss can be computed,
respectively, according to

σelðEÞ ¼
2π

k2
X
lml0m0

jS1l0m0
1lm − δll0δmm0 j2; ðD1Þ

σtlðEÞ ¼
2π

k2
X
lml0m0

ðδll0δmm0 − jS1l0m0
1lm j2Þ; ðD2Þ
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FIG. 7. (a),(b) Number and temperature evolution at
Δ¼ 8 MHz. The blue solid lines are from the joint fitting
following Ref. [20]. See text for details. Error bars in (a) represent
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where k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mE=ℏ2

p
is the incident momentum with m

being the mass of the molecule. Finally, to calculate βel and
βtl, we assume a Maxwell-Boltzmann distribution for the
thermal gases of temperature T. Then the elastic scattering
and the two-body inelastic loss rates are [47]

βel;tl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
16kBT
πm

r
1

ðkBTÞ2
Z

∞

0

σel;tlðEÞe−E=kBTEdE; ðD3Þ

where kB is the Boltzmann constant. The integral in Eq. (D3)
is numerically computed with 45 incident energies logarith-
mically spaced between 0.02kBT and 8kBT. The computed
βel and βtl are compared to experimental measurements in
the main text.

2. Dipolar thermalization

To measure βel in the cross-dimensional rethermalization
experiment, it is necessary to determine the number of
collisions required for each thermalization, denoted as Ncol,
in order to calculate βel from the measured thermalization
rate Γth using the formula Γth ¼ hniβel=Ncol. To this end,
we begin by computing the collision integral in the Enskog
equations [56],

C½Δp2
j � ¼

Z
dq3

n2ðqÞ
N

Z
dp3

r

2m
prcrðprÞ

Z
dΩp0

dσ
dΩp0

Δp2
j ;

ðD4Þ

using the differential cross section dσ=dΩp obtained
from the aforementioned multichannel calculation. Here,
j∈ fx; y; zg denotes the corresponding Cartesian coordi-
nate in the laboratory frame, n2ðqÞ refers to the spatial
distribution, and crðprÞ represents the distribution of
relative momenta pr.
We then express the rethermalization rate as

Γth ¼
C½χj�
hχji

¼ C½Δp2
j �

2mhχji
; ðD5Þ

with hχji ¼ kBðT j − TeqÞ the phase-space averaged quantity
in which T j ¼ mω2

jhq2ji=2kB þ hp2
ji=2mkB is the pseudo-

temperature, and Teq is the final equilibrium temperature.
Finally, Ncol is calculated directly using the equation

Ncol ¼
hnihσelυi

Γth
; ðD6Þ

with hni the mean density, and hσelυi the thermal averaged
cross section.
In Fig. 8, the blue circles are Ncol for different Δ

calculated following this procedure. As depicted by the
dashed line, we can observe that Ncol is significantly larger
than that for s-wave collisions, which is only 2.5. This is

due to the highly anisotropic nature of the microwave-
dressed potential [49]. Ncol is smaller for larger Δ because
of the reduction in the effective dipole moment deff .
Nevertheless, even for the largest Δ used in the retherm-
alization measurement, Ncol is still above 10.
To cross-check our calculations, we also simulate the

thermalization using the direct-simulation Monte Carlo
(DSMC) method [75], employing stochastic sampling
based on the differential cross section to determine the
postcollision momenta. As shown in Fig. 8, The DSMC
simulations confirm the validity of our calculations, with
the obtained Ncol values approximately 15% lower than
those from direct calculations but with a consistent over-
all trend.
Finally, the βel values presented in Fig. 3(c) of the main

text are calculated using the Ncol values obtained from the
direct numerical integration.
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