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Ensembles of particles governed by quantum mechanical laws exhibit intriguing
emergent behaviour. Atomic quantum gases'?, liquid helium®* and electronsin
quantum materials®” all exhibit distinct properties because of their composition and
interactions. Quantum degenerate samples of ultracold dipolar molecules promise
therealization of new phases of matter and new avenues for quantum simulation®
and quantum computation’. However, rapid losses™, even when reduced through
collisional shielding techniques™ ", have so far prevented evaporative cooling to a
Bose-Einstein condensate (BEC). Here we report on the realization of a BEC of dipolar
molecules. By strongly suppressing two- and three-body losses viaenhanced collisional
shielding, we evaporatively cool sodium-caesium molecules to quantum degeneracy
and cross the phase transition to a BEC. The BEC reveals itself by abimodal distribution
when the phase-space density exceeds 1. BECs with a condensate fraction of 60(10)%
and atemperature of 6(2) nK are created and found to be stable with a lifetime close to
2s.This work opens the door to the exploration of dipolar quantum matter in regimes
that have been inaccessible so far, promising the creation of exotic dipolar droplets™,

self-organized crystal phases®™ and dipolar spinliquids in optical lattices™.

The behaviour of many-body quantum systems is dictated by the
interactions between their constituents. Starting from weak contact
interactions, Bose-Einstein condensates (BECs) of neutral atoms*?
were instrumental in gaining full control over atoms and in understand-
ing basic properties of superfluids. In conjunction with the ability to
tune the strength of contact interactions”*®, BECs established quan-
tum simulation as a viable experimental method'?°. BECs of highly
magnetic atoms enabled the study of systems with weak long-range
dipole-dipoleinteractions*and the realization of rich phases of matter
such as quantum ferrofluids?, droplets?*** and supersolids® . Even
stronger interactions give rise to the intriguing properties of liquid
helium?® or electron gases in solid-state systems®**,

Quantum gases of ground state dipolar molecules have been pro-
posed asacleanand controlled systeminwhichlong-range interactions
can be tuned from the weakly interacting to the strongly interacting
regime. Similar to dilute atomic clouds, in the limit of weak interactions
bosonic molecules are expected to show a phase transition to a BEC.
Oncethestrength of interactionsisincreased, theoretical predictions
abound both for bosonic and fermionic molecules® and include the
realization of strongly correlated phases of matter', from supersolids*
todipolar crystals®”and Mott insulators with fractional filling®. Thus,
low-entropy samples of dipolar molecules with tunable interactions
promise to constitute a platform for many-body physics and quantum
simulation.

The realization of a BEC of dipolar molecules has remained elu-
sive for more than two decades, since the first theoretical ideas on
their use were explored®®.In 2008, the first ultracold gases of dipolar

molecules were created by association from ultracold atoms®. Soonit
was found that chemical reactions can lead to fast losses that limited
their lifetimes™. In hopes to mitigate these losses, ground state samples
of chemically stable species® were prepared®*, but the problem of
shortlifetimes remained®*. Exploiting favourable quantum statistics,
it was shown that degenerate molecular Fermi gases can be directly
created by associating molecules from quantum degenerate atomic
samples****, Recently, various collisional shielding techniques**** have
led to the production of molecular clouds with reduced losses, which
was sufficient to create quantum degenerate gases of fermionic mole-
cules by evaporative cooling™*3, However, for bosonic molecules, losses
are intrinsically higher because of quantum statistical bunching®,
and recent work®**'showed that further substantial improvements to
collisional shielding are required to realize the phase transition from
athermal gastoaBEC.

Here we demonstrate the realization of a BEC of dipolar molecules.
By strongly suppressing two- and three-body losses, we evapora-
tively cool ensembles of sodium-caesium (NaCs) molecules from
700(50) nK to 6(2) nK within 3 s. Figure 1a,b shows sample images
during the evaporation sequence and an illustration of the experi-
mental approach. We reach the critical phase-space density for a
BEC with more than 2,000 molecules and further evaporate to BECs
with 200 molecules and small thermal fractions. The BECs are found
to be stable, with a 1/e lifetime of 1.8(1) s. These results show how
molecules have achieved a degree of quantum control analogous to
that of atoms, markedly expanding the scope of the quantum systems
that can be studied.
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Fig.1|BEC of dipolar NaCs molecules enabled by microwave shielding.

a, Absorptionimages of athermal cloud (left), a partially condensed cloud
(middle) and a quasi-pure BEC (right) after 17 ms of time-of-flight expansion.
Eachimageis anaverage of 20 individual pictures. The clouds, fromleft to
right, correspondto thoselabelled1,3and 5inFigs.2and 3a.b, Evaporative
cooling of NaCs molecules fromathermal cloud toaBEC. The molecules are
heldinanoptical dipole trap and dressed by circularly polarized (¢*) and
linearly polarized (i) microwave fields. The collisionally stable molecular gasis
cooled by lowering the trap depth, forcing out the hottest molecules. Thermal
(left) and condensed (right) gases have different density profiles. ¢, Rotational
levels of NaCs, coherently coupled by two microwave fields. The shielded
dressed stateisasuperpositionof|/, m) =10, 0),|1,0)and|1,1). The 0" microwave
field hasaRabifrequency Q,and adetuning4,fromthe |0, 0) < [1,1) transition,

Microwave shielding

For efficient evaporative cooling, collisional losses need to be strongly
suppressed. To achieve this, we transfer the molecules into a dressed
state using two different microwave fields, one with circular ¢ polariza-
tion and one with linear m polarization. The level diagram for the bare
rotational states of NaCs and the microwave frequencies coupling
themis shownin Fig. 1c.

Microwave shielding, as demonstrated so far, has afundamental limit
toits effectiveness as there is a trade-off between the suppression of
two- and three-body losses*®. Our current understanding is as follows:
whenasingle circularly polarized microwave field is used, a superposi-
tion of two rotational states induces arotating dipole moment. At short
range, this forms a strong repulsive barrier that prevents two-body
loss; the stronger the microwave coupling, the lower the losses. Atlong
range, the dipole-dipoleinteractions remain attractive (inthe s-wave
channel). Asaresult, atanintermolecular distance of about 2,000 a, (a,
denotes the Bohrradius), an attractive potential well appears (Fig.1d)
that supportsfield-linked bound states when the microwave coupling
is strong®>%. These bound states can give rise to loss by three-body
recombination, hence the more effective the suppression of two-body
loss, the stronger the three-body losses. This sets a lower limit to the
achievableloss rates and subsequently caps the efficiency of evapora-
tive cooling. The blue and orange curves in Fig. 1d show the intermo-
lecular potentials for shielding with a far-detuned and anear-detuned
o' field, limited by two- and three-body losses, respectively.

Tosuppress three-body losses, the field-linked bound states need to
beremoved while preserving a highly effective suppression of two-body
loss. Thisisachieved by compensating for the attractive dipole-dipole
interactions at long range while leaving the dipole-induced repulsive
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and the mmicrowave field has aRabi frequency Q,and adetuning4,fromthe
|0, 0) < |1, 0) transition. The boxes show the compensation of the - and
o*-induced dipole moments for a collision of two molecules in the vertical
direction: the vertically oscillating dipole moments, induced by the rfield,
interactattractively; conversely, the rotating dipole moments, induced by
the o*field, interactrepulsively. d, Potential energy curves of microwave-
shielded molecules approachingin the s-wave channel. The Rabifrequencies
and detuningsare: for theredline Q,=2n x 7.9 MHz,4,=2ntx 8 MHz and
0,=2nx6.5MHz,4,=2mnx10 MHz; for the orange line Q,=2mn x 7.9 MHz,
A,=2ntx 8 MHz and no rrfield; and for the blueline Q,=2m x 7.9 MHz,
A,=2nx17 MHzand no rrfield. The experimental uncertainty of Q,is 0.3 MHz
and that of Q,is 0.2 MHz. Scale bar, 20 um (a).

barrier at short range unaffected. Dipole-dipoleinteractions of rotat-
ing dipoles induced by a 0" field and oscillating dipoles induced by
amfield have opposite signs*. By simultaneously dressing the mol-
ecules with a circularly and a linearly polarized microwave field, we
compensate for the induced dipole-dipole interactions and minimize
thelong-range attraction (T.K. etal., manuscriptin preparation). This
enablesthe engineering of a purely repulsive intermolecular potential,
shownasthered curveinFig.1d, minimizing both two-and three-body
losses. A similar compensation of the induced dipole moment can also
be achieved by combining the microwave and electrostatic fields**.

Inadditionto suppressing collisional losses, our microwave dressing
scheme helps tuning the molecular interactions to a regime in
which Bose-Einstein condensation is possible. In the case of bosonic
dipolar molecules, the interactions are composed of s-wave contact
interactions, characterized by the s-wave scattering length, a,, and
dipole-dipole interactions, characterized by the dipolar length,
44 :Mdﬁff/(12nh2eo), where M denotes the mass of NaCs, d; the
effective dipole moment, ithe Planck constant hdivided by 2mand e,
the permittivity of free space. For stable BECs of dipolar particles, the
interactions must be repulsive (a, > 0), weak (n,a < 1and nya <1,
where n, is the peak number density), and the dipolar interactions
should be weaker than or of the order of contact interactions (€44 =
aq/a, s 1) (ref. 21). For NaCs molecules dressed by a single 0" field
that is sufficiently strong to suppress two-body loss, a,, is between
approximately 10,000 a, and 25,000 a,, making it hard to fulfil these
conditions. With the presence of the m field, the dipolar length can
be strongly reduced. Although in principle the full cancellation of
dipolar interactions is possible, in practice we achieve a4 = 1,300 q,,
because of the finite ellipticity of the ¢* field, and a, = 1,500 a,. Full
details on the calculation of a, and a4, are reported in a recent study



41(5) nK 15(4)% L 19(5)% 60(10)%
O g @ @)% ®  ap190% . ® (10)% ®
2 4 4r
‘D
@
© 2L
S 2 2
3
O
or or 0" 5
1 1 1 1 1 1 1 1 1
-25 0 25 -25 0 25 -25 0 25
X (um) X (um) X (um) X (um) X (um)

Fig.2|Formation of the molecular BEC. Each plot shows the 1D profile of
absorptionimages (integrated along the y axis) at different stages of the
evaporative cooling sequence, going from a thermal distribution to bimodal
distributionstoahighly condensed gas (left toright). The red lines show bimodal
Thomas-Fermi plus Gaussian fits to the profiles; the grey lines separately show

(T.K. et al.,, manuscript in preparation). Conversely, we believe that
the flexible control of a4, by dressing fields will be a cornerstone to
gaining access to strongly interacting dipolar phases with €44>1
(refs. 14,15) in future work.

Evaporative cooling

Our experiment begins with gases 0f 30,000 NaCs molecules in their
electronic, vibrational and rotational ground states, held in a crossed
opticaldipoletrap atatemperature of 700(50) nK. The molecules are
adiabatically prepared in the collisionally shielded dressed state by
sequentially rampingupacircularly polarized ¢* and alinearly polarized
mmicrowave field. We found Q, =21 x 7.9(0.3) MHz, A, = 21t X 8 MHZ,
0,=2mx6.5(0.2) MHz and 4,,= 21t x 10 MHz to provide good working
conditions for evaporative cooling. Here, Q,and 4, are the Rabi fre-
quency and detuning of the ¢* field and Q,,and 4, are the Rabi frequency
anddetuning of the field. Details on the preparation of the sample and
onthegeneration of the microwave fields are provided in the Methods.

We perform forced evaporation by decreasing the depth of the
optical dipole trap from kg x 5.3(0.3) pK to kg x 40(15) nK within 2.8 s,
followed by free evaporation for 400 ms by holding the sample in
the low-depth trap (Fig. 3a, inset). During the evaporation sequence,
the trap frequencies decrease from w/(2m) = (45, 78,162) Hz to
w/(2m) = (23, 49, 58) Hz. We record absorptionimages of the molecular
cloud after time-of-flight expansion at various points of the cooling
sequence, asshowninFig.2. Close to the end of the cooling sequence,
we start to observe the formation of a BEC through the emergence of
abimodal density distribution. Analysing the density profiles of the
molecular clouds, we find that a bimodal fit captures the shape nota-
bly better than a purely Gaussian fit, as shown in Extended DataFig. 2.
Forlarger condensate fractions, we observe amarked offset along the
xaxisbetween the centre of the thermal and condensed components,
potentially caused by trap imperfections or repulsion between the
two components in time of flight. At the end of the cooling sequence,
we observe a BEC with a small thermal cloud surrounding it.

Molecular BEC

To analyse the cooling process, we determine the phase-space density
(PSD), temperature and peak density of the thermal molecular gas
at various points of the cooling sequence (Fig. 3). Their evolution is
plotted as a function of molecule number in Fig. 3a-c. Our sample
starts at a PSD of 5 x 107> and the BEC transition is expected at a PSD
0f 1.202 in a 3D harmonic trap. We reach a PSD of about 1 at 20 nK
with more than 2,000 molecules. This aligns with the point at which
the density profiles show the onset of a bimodal distribution in time
of flight with a condensed core and a thermal cloud surrounding it.
Beyond this point, instead of PSD, we plot the condensate fraction,

the Gaussian part of the fit. On the top-left corner, the temperature (for the
thermal cloud) and the condensate fraction (for the partially condensed clouds;
see Methods) are shown. The temperature is obtained from ballistic expansion.
Each plotshows anaverage of 20 images after 17 ms time-of-flight expansion.
Theencircled numbersindicate the corresponding data pointsinFig. 3a.
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Fig.3|Evaporative cooling of NaCs molecules to quantum degeneracy.

a, The evolution of the PSD and condensate fraction of the microwave-shielded
molecular gas witha purely repulsiveintermolecular potential isshowninred.
Evaporationattempts of molecular gases with o*-only shielding are shownin
orangeandblue. The respective microwave parameters correspond to the data
withthesame colourinFig.1d. The dashed lines are power-law fits to the PSD of
the thermal clouds used to extract the evaporation efficiency. Error bars show
thestandard error of the mean of two runs of the experiment. Inset, the time
evolution of the trap depth during the evaporation sequence. b, Decrease of
temperature during evaporation. In the thermal regime, temperatures are
obtained from time-of-flight expansion of the thermal gas. Inthe degenerate
regime, temperatures are obtained from the expansion of the thermal
component of the cloud. ¢, Evolution of peak density during the evaporation.
Inbandc, the vertical dashed lines mark the onset of condensation. For all
datapointsinthefigure, circles denote data for thermal clouds and squares
denote datafor degenerate clouds. Cond. frac., condensate fraction.
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Fig. 4| Time-of-flight expansion. a, Quasi-pure BEC with acondensate
fraction of more than 50% released from an elongated trap with trap frequencies
®,/(2m) =23(2) Hzand w,/(2m) =49(3) Hz. The solid lines are linear fits to the
radii.b, Thermal gas at T=37(4) nK, just before the onset of degeneracy,
released fromanelongated trap with trap frequencies w,/(2m) =23(2) Hzand
®,/(2m) = 53(3) Hz. The solid lines are fits to the expansion of the thermal cloud
thatenable ustoretrieveitstemperature. For the BEC (thermal gas), data points
show the Thomas-Fermiradius (Gaussian 1/e? radius) for both the xand y axes.
Each datapointis the average of 20(5) iterations of the experiment. Error bars
showthelouncertainty fromthefits. Scale bar, 25 um.

thatis, the ratio of the number of molecules in the condensed core and
the total number of molecules in the gas, as extracted from bimodal
fits. At the end of evaporation, we observe a condensate fraction of
60(10)% for our coldest clouds. From fits to the expansion of the ther-
mal wings, we obtain a temperature of 6(2) nK. Using the data points
inthe thermalregime, we also determine the evaporation efficiency to
be-dIn(PSD)/d In(N) =2.0(1). In the course of the evaporative cooling
sequence, the PSD increases by more than three orders of magnitude,
which far exceeds the gains observed in previous demonstrations of
evaporative cooling of molecules™ #8367,

The peak density of the molecular cloud stays approximately con-
stant during the evaporation (Fig.3c). In the thermal regime, itisaround
ny,=1.5(3) x10” cm3, before slightly increasing to n, = 2.0(5) x 102 cm™
in the degenerate regime (Methods). Compared with atomic BECs,
which often reach peak densities above 10" cm™, these are unusually
low densities, induced by the large value of a,. Owing to these condi-
tions, our system is in the weakly interacting regime noa <1 and
N4 <1, which ensures that quantum depletion is negligible.

To illustrate the efficacy of the enhanced microwave shielding
scheme used in this work, we also show the evolution of PSD for two
cases of g"-only shielding. These two cases correspond to the scatter-
ing potentials shownin Fig. 1d. Following the exact same evaporation
ramp of the optical dipole trap as with the enhanced shielding scheme,
we now observe an evaporation efficiency of —0.2(1) for the scattering
potential with a weaker collisional barrier (blue) and 0.1(1) for the scat-
tering potential with a stronger collisional barrier and larger long-range
attraction (orange). These shielding schemes come with significantly
higher loss rates, such that no significant gains in PSD are made for
the given sequence.

Condensate properties

Having established the phase transition to aBEC, we investigate some
ofits qualitative properties. First, we observe the expansion dynamics
infreeflightby releasing aquasi-pure BEC from an elongated trap with
aspectratiow,/w,~ 0.5. We observe an anisotropic expansion of the con-
densate and theinversion of aspect ratio (Fig. 4a). Thisaligns with the
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Fig.5|BEClifetime. The BECis held in the optical dipole trap for a variable
hold time and the molecule number isrecorded. Theinitial peak density is
ny=2.0(5) 10 cm™. Each data point before1sis the average of 5 images and
after1sistheaverage of10images. Theinsetsare averaged images at different
hold times, recorded after 8 ms of time of flight. Errors show the standard error
ofthe mean from 3 runs of the experiment. Scale bar, 25 pm.

expected behaviour of matter wave-type expansion of a BEC released
from an elongated trap®®. It is markedly different from the behaviour
of athermal cloud that typically expands isotropically, independent
of the aspect ratio of the trap. We confirm that a thermal molecular
gasjust before the onset of condensation expands isotropically when
released from a trap with the same aspect ratio, as showninFig.4b.In
how far the residual dipolar interactions affect the dynamics of the
expanding BEC is a question that will be addressed in future work by
studying the expansion dynamics as a function of the magnitude and
direction of the dipole moment that can be controlled by the microwave
dressing fields. We also note that the observation of an expanding BEC
provides further confirmation that aweakly dipolar gas has been cre-
ated in contrast, for example, to a self-bound droplet that would not
expand in time of flight®.

Second, we measure the BEC lifetime. As shownin Fig. 5, we observe
themolecule numberinthe BEC asafunction of hold timeinanoptical
dipoletrap withadepth of k; x 40(15) nK. As three-body processes are
strongly suppressed because of enhanced microwave shielding, we fit
the data with akinetic model that includes one- and two-body losses
specific to a BEC (Methods). We find a 1/e lifetime of the condensate
of 1.8(1) s. The condensate fraction seems to be constant throughout
the measurement. From the data, we also extract atwo-body loss rate
of B,;=3(1) x10™ cm?s™!, which arises from the combined effect of
residual collisional losses and free evaporationin the relatively shallow
trap. Thislossrateis four orders of magnitude lower than the loss rate
of unshielded molecules.

Conclusion

In conclusion, we have created a BEC of dipolar molecules. Leveraging
the tunability of dipolar interactions, we achieved a dramatic sup-
pression of losses and simultaneously created the conditions for a
weakly interacting Bose gas. With hundreds of moleculesinanidentical
internal and motional state, the BEC is an ideal starting point for the
exploration of strongly dipolar quantum matter. Owing to its large
dipole moment of4.75 D (ref. 59), NaCsisideally suited to tune between
the weakly and strongly dipolar regimes, which is hard to achieve in
other dipolar systems, such as magnetic atoms or Rydberg atoms.
The nextimportant frontier will be to explore experimental pathways
to turn the weakly interacting Bose gas into a strongly interacting
system. Although control over the two microwave dressing fields
will readily allow the increase of dipolar interaction strength, itis a



key open question in how far effective collisional shielding can be
simultaneously maintained.

With the ability to create stable BECs, dipolar molecules make a
marked leap towards becoming a new modality for quantum simula-
tion, quantum information and the exploration of many-body quan-
tum systems. The BEC should give direct access to exotic forms of
self-organization in 3D, such as the formation of droplet arrays® and
macrodroplets®, predicted for densities and interaction strengths that
canbereached from current conditions. In2D systems, the emergence
of strongly interacting superfluids, dipolar crystals, supersolid and hex-
atic phases hasbeen predicted™®*, Furthermore, the BEC shouldbe an
ideal starting point for the study of optical lattice systems with dipolar
molecules. Stabilized through microwave shielding, the realization of
extended Hubbard models with finite tunnelling and wide tunability of
interactions comes withinreach, giving access to Mottinsulators with
fractional filling®®. In particular, it should become possible to realize
the long-standing goal of loading optical lattices with unity filling,
thatis, exactly one molecule per lattice site. This will be an important
prerequisite for the realization of spin models with hundreds of inter-
acting spins®. Combining the lattice-loaded molecules with microwave
dressing schemes, the formation of topologically ordered phases®* or
dipolar spin liquids'®®* may also come within reach.
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Methods

Sample preparation and detection

The starting point for the experiments in this work are ensembles
with about 30,000 ground state NaCs molecules at a temperature
of 700(50) nK. At the beginning of forced evaporation, the sam-
pleis held in a crossed optical dipole trap with trap frequencies
w/(2m) = (45, 78,162) Hz (measured for NaCs ground state molecules).
Thex-dipoletrapis elliptical and focused to waists of 108(1) pm (hori-
zontal) and 51.5(5) pum (vertical); the y-dipole trap is almost circular
with waists of 117(1) pm (horizontal) and 104.5(5) um (vertical). Optical
trapping light is generated by a 1,064-nm narrow-line single-mode
Nd:YAG laser (Coherent Mephisto MOPA). At the end of evaporation,
the trap frequencies are w/(2m) = (23, 49, 58) Hz.

The ensembles of ground state molecules are prepared in three steps.
First, overlapping ultracold gases of Na and Cs atoms are created®*.
Second, weakly bound NaCs Feshbach molecules are assembled by a
magnetic field ramp across the Feshbachresonance at B,.,= 864.1(1) G
(ref. 65). The magnetic field pointsin z-direction and sets the quantiza-
tion axis. Third, NaCs Feshbach molecules are transferred to the elec-
tronic, vibrational and rotational ground state, X'2*|v, /) = |0, 0), using
stimulated Raman adiabatic passage (STIRAP)***”, The specific hyper-
fine state of ground state molecules is Imy, m,C5> =13/2, 5/2), where
m; is the projection of the nuclear spin of sodium and m,_is the pro-
jectionofthe nuclear spin of caesiumonto the quantization axis. Owing
to the large Bfield, the nuclear spin is decoupled from the rotational
spin, such that the hyperfine substructure does not need to be consid-
eredinthe microwave shielding process. The STIRAP beams propagate
vertically along the zaxis, parallel to gravity. In this way, the molecules
remaininside the STIRAP beam profiles as they falland expandin time
of flight while shielded in the ground state to prevent losses. This is
important for precise thermometry of the molecular gas®.

At the end of time-of-flight expansion, the NaCs molecules are
detected by ramping down the dressing fields (80 ps), performing
bound-to-free reverse STIRAP resulting in Cs atoms in |F, m;) =3, 3)
(20 ps, 75(3)% efficiency), and optically pumping with a laser pulse
(100 ps) that is resonant with the Cs 6°S,,|3, 3) > 6°P, |4, 4) transition
at high magnetic field that depletes the initial state, immediately fol-
lowed by absorption imaging of Cs atoms with a laser pulse (100 ps)
that is resonant with the Cs 6°S,,|4, 4) > 62P;,|5, 5) transition at high
magnetic field. Here Fis the total atomic angular momentum and m,
its projection onto the quantization axis. We correct the molecule
numbers for the STIRAP efficiency and neglect the imperfectionsin
optical pumping (about 10%). The imaging resolution in our system
is 4.5(5) pm (standard deviation of a Gaussian), which results from a
diffraction-limited resolution of 3 pum and momentum diffusion of
about 3.5 um of Cs atoms during the 100 ps imaging light pulse. The
resolution is separately confirmed by measuring the smallest detect-
able cloud size for aNaCs BEC.

Microwave system

The setup to generate the microwave dressing fields consists of a
cloverleaf antenna array producing a circularly polarized (o) field
and two loop antennas, one producing the main linearly polarized (i)
microwave field and the other to control the angle between the 6" and
mfields. The array and the loop antennas are supplied by two separate
chains of microwave components, as shown in the block diagrams in
Extended Data Fig. 1. The array, described in detail in ref. 68, consists
of four resonant loop antennas in a cloverleaf configuration that are
fed by a single microwave source. Phase shifts between the loops can
be controlled to generate clean circular polarization. The cloverleaf
antenna is oriented to emit along the vertical z axis, with circular
polarizationin the x-y plane. The single-loop antenna producing the
main rrfieldis oriented to emit along the horizontal x axis, with linear
polarization along the z axis. The second loop antenna, which emits

alongthe zaxis, is used to align the polarization vector of the linear
field to the circularly polarized ¢" field. This is achieved by the care-
ful tuning of the amplitude and phase of the field. The molecules are
prepared in the microwave-shielded dressed state by first adiabati-
cally increasing the o field and then the r field. Each intensity ramp
is performed within 40 ps.

In detail, the chains of microwave components are as follows.
The 0" branch starts with a SG12000 signal generator from DS
Instruments. Its output is fed into a voltage-controlled attenuator
(General Microwave, D1954) followed by a radiofrequency switch
(Mini-Circuits, ZFSWA2R-63DR+). An amplifier (RF Bay, JPA-1000-
8000-5) is then used to reach the necessary high power. To reduce
the phase noise of the amplifier, responsible for one-body loss of
molecules because of transitions to unshielded states, its output s fil -
tered by a 6-MHz-bandwidth cavity (WT Microwave, WT-A10140-Q04).
To prevent potential reflections from the cavity that may damage
the equipment, we use isolators (Raditek, RADI-3.4-3.6-S3-10WR-
10WFWD-H21) on each of its sides. The amplified and filtered signal
is then split through a power splitter (Mini-Circuits, ZN4PD1-63-S+)
into four differentbranches, each connected to one of the four anten-
nas of the array. By varying the length of the cable connecting the
splitter to each antenna (labelled phase shifters in Extended Data
Fig.1), werealize therelative 90° phase shifts that generate o* polari-
zation. The mbranch starts with asecond SG12000 signal generator;
its output is immediately split into two branches, one with arela-
tive phase shift and attenuation with respect to the other given by
aPS6000L phase shifter from DS Instruments. The two branches
then follow identical paths mirroring the ¢* branch, except that the
two signals are not split into four but are directly fed into the two
loop antennas.

Rabi frequencies, angle between microwaves and ellipticities

To measure the 7 Rabi frequency, Q,, we observe Rabi oscillations
between |0, 0) and |1, 0). The ¢* Rabi frequency, Q,, is determined
using dressed-state spectroscopy (S.Z. et al., manuscript in prepara-
tion). Owing to the use of narrow-bandwidth cavity filters in the micro-
wave path, the direct measurement of the resonant Rabi frequency is
not possible. The probe field for the dressed-state spectroscopy is
given by the o output of the m antenna, which does not produce a
perfectly pure linear polarization. To perform dressed-state spectros-
copy, weinitially increase the ¢* field to prepare the molecules in the
|[+) dressed state, using the detuning reported in the main text. Then
we abruptly turn on the field produced by the m antenna for a time
shorter thanampulse between the [+) and |-) dressed states. By scan-
ning the frequency of the probe field, we find the centre frequency
of the transition, w, which in turn gives the ¢* Rabi frequency thro-

ugh the relation w —wy -4, = JQ2+A2  where wo/2T is the known
|0, 0) < |1, 1) transition frequency and 4, the known detuning from
the same transition.

Imperfections of the mr field are quantified in terms of its residual
circular polarization. For example, a tilt of the m field will lead to alin-
early polarized componentin the x-y plane, which canbe decomposed
intoa o' anda o contribution. We use the second loop antenna, which
emits along the zaxis, to minimize this 0 component, leaving a resid-
ual o*-polarized field at the frequency of the  radiation. To measure
it, we combine the knowledge of Q, with the measurement of Rabi
oscillations between the dressed states |+) and |-). Because the only
allowed transitions between these states involve ao* photon, the Rabi
frequency of the dressed state oscillation, Qy,...q, Shows the projection
of the mfield onto the ¢" field. Thus, the 6 component of the rfield is
determined by arctan(Qyes.eq/ (2,5in%(¢))). The quantity sin’*(¢)
accounts for the relative strength of the dressed state sideband
transitions (S.Z. et al., manuscript in preparation), with ¢ given by
sin(2¢) =1/./1+ (40/00)2 . From these measurements, we determine
thatthe o"-polarized component of the field is about 30% of the main



mcomponent. To ensure the full cancellation of the dipole moment,
thesize of this circular component of the field needs to be minimized,
setting the limit for how well we can compensate the dipole moment
(T.K. etal., manuscript in preparation).

We determine the ellipticity of the ¢* field through the direct meas-
urement of the relative Rabi frequencies of the 0 and ¢" transitions®®.
In our experimental setup, we cannot directly infer the orientation of
theellipticity, which determines the direction of the molecular dipoles.

Cloud fitting

To extract the thermal and condensed components of the molecular
gas, we perform bimodal fits to the absorption images. To this end,
theabsorptionimages areintegrated along the x- and y-directions for
better signal-to-noiseratios. The tworesulting 1D profiles are simulta-
neously fitted by the fitting functionin directiona (a =x, y):
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Along both directions, the molecule number in the thermal cloud,
N, the molecule numberinthe condensed cloud, Ny, and the Gaussian
radius of the thermal cloud, g, are keptidentical; o is the Thomas-
Fermi radius, ay is the centre of the condensed cloud and a; is the
centre of the thermal cloud in direction a.

Usingtheresults of thefit, the condensate fractionis givenby N, = Ny/
(N + Nyg) and the peak density is given by n, = [157°/(8m)[IM3@°N./
(R*a?)1?3 (ref. 69), where @ is the geometric mean of the trap frequen-
cies. We note that the calculation of peak density takes into account
the effect of s-wave interactions but neglects dipolar interactions.
Theirinclusionis expected tolead to slightly higher values of the peak
densities.

For absorption images obtained at various points of the evapo-
ration sequence, we compare the quality of the bimodal fits with
simple Gaussian fits. We find that in the thermal regime, the y*values
of the Gaussian and the bimodal fits are nearly identical, whereas in
the degenerate regime, the bimodal fit consistently yields a lower
x*value. Extended Data Fig. 2 shows the ratio of the x* values of the
Gaussian fits and the bimodal fits, withabehaviour similar to that seen
inref. 2.

Condensate lifetime model

We extract the two-body loss rate, 3,5, of a quasi-pure condensate from
afit of the lifetime data. For the fit, we use the model of ref. 70, which
includes one- and two-body contributions to the loss and takes into
account bosonic quantum statistics. The differential equation govern-
ing the evolution of molecule number as a function of time is

N==B,,c:N" =N/,

where 7, is the one-body lifetime, ¢, = [1575/(141)] [M@ /(ha)]1*”>, Mis
the molecular mass and @ is the geometric mean of the trap frequen-
cies. We use the one-body loss rate 7,3 = 5.0(2) sas afixed parameterin
this fit. The one-body loss rate is independently measured by fitting
theloss of amolecular cloud at 700 nK for very long hold times (about
20s). The one-body loss rate is probably set by off-resonant scattering
of the optical trapping light.

Calculation of scattering and dipolar length

We determine the scattering length and dipolar interactions from
coupled-channels scattering calculations (T.K. et al., manuscript in
preparation). The coupled-channels calculations are similar to those

described in refs. 47,71 but extended with a second microwave field
with a different frequency and polarization. In essence, the calcula-
tions describe two molecules modelled as rigid rotors that interact
with each other through dipole-dipole interactions, with a static
magnetic field and with two microwave electric fields. The end-
over-end rotation of the molecules about each other is described by
a partial wave expansion. We then numerically solve the coupled-
channels equations subject to an absorbing boundary condition at
short range that models collisional loss*’. By matching to the asymp-
totic boundary conditions at long range, we obtain a scattering S
matrix, from which we determine the elastic and inelastic cross-
sections and rate coefficients, and we extract the scattering length
a,fromthelow-energy behaviour of the elastic s-wave element of the
S matrix. We determine the dipolar length scale from the same cal-
culation by analysing the long-range interaction between two mol-
ecules in the initial state. This numerical calculation essentially
describes the time-averaged dipole-dipole interaction between
two molecules in eigenstates dressed by the two microwave fields.
We equate this interaction to —2d§ffC2,0(9, @)/41eyR%, which yields
an effective dipole moment that sets the dipolar length scale
agq=Md%:/(121th%e,). Here C, (6, @) is a Racah-normalized spherical
harmonic depending on the polar angles of the intermolecular axis
with respect to the lab-fixed frame in which the microwave polariza-
tions are defined. By diagonalizing the Hamiltonian excluding the
radial kinetic energy, we obtain the adiabatic potential curves shown
inFig.1d, and the bound states supported by this potential curve are
determined by a sinc-DVR calculation’.
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