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Dual-species Bose-Einstein condensates of 23Na and 41K with tunable interactions
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We report the creation of dual-species Bose-Einstein condensates (BECs) of 23Na and 41K. Favorable back-
ground scattering lengths enable efficient sympathetic cooling of 41K via forced evaporative cooling of 23Na
in a plugged magnetic trap and an optical dipole trap. The 1/e lifetime of the thermal mixture in the stretched
hyperfine state exceeds 5 s in the presence of background scattering. At the end of evaporation, we create dual
BECs in the immiscible phase, with about 3 × 105 23Na atoms surrounding 5 × 104 41K atoms. To further enable
the tuning of the interspecies interaction strength, we locate multiple Feshbach resonances at magnetic fields up
to 100 G. The broadest s-wave resonance located at 73.4(3) G features a favorable width of 1.8(2) G. This work
sets the stage for the creation of ultracold gases of strongly dipolar bosonic 23Na 41K molecules as well as the
exploration of many-body physics in bosonic 23Na - 41K mixtures.
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I. INTRODUCTION

Quantum mixtures of atoms with tunable interactions have
enabled the controlled exploration of strongly correlated phe-
nomena. Realized in atomic mixtures of different hyperfine
states [1–3], isotopes [4–6], or species [7–16] near a Fesh-
bach resonance, they give access to paradigmatic problems in
many-body physics such as the emergence of superfluidity in
strongly interacting Fermi gases [17,18], coupled excitations
in binary superfluids [19], Bose and Fermi polarons [20–23],
and beyond mean-field effects in self-bound quantum droplets
[24,25].

For heteronuclear mixtures, a particularly intriguing ap-
plication lies in the creation of ultracold gases of polar
molecules. Produced through a two-step process that involves
the association of loosely bound dimers and the subsequent
transfer to the tightly bound ground state, these molecules
feature large electric dipole moments that reach up to a
few Debye [26]. This gives rise to strong long-range and
anisotropic dipole-dipole interactions. Quantum degenerate
gases of polar molecules are thus expected to realize a host of
exotic many-body phases of matter such as quantum crystals
[27] and topological superfluids [28,29], and can be employed
as efficient qubits for the construction of molecular quantum
computers [30–34].

Since the first creation of fermionic 40K 87Rb [35], ultra-
cold polar molecules of diverse combinations of alkali atoms
have been realized [36–44]. Among them, NaK features a
unique combination of strengths. First of all, thanks to the

*jeewoopark@postech.ac.kr

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

existence of stable isotopes of K, ultracold gases of both
bosonic 23Na 39,41K and fermionic 23Na 40K can be realized,
even within a single experimental system. Not only does this
give access to the study of strongly dipolar many-body sys-
tems in both Bose and Fermi gases, but also opens the door
to highly consistent studies of the role of quantum statistics
in chemical reactions [45–47]. Furthermore, NaK has a large
electric dipole moment of 2.72 D [48], and its stability against
binary exchange reactions in the absolute ground state can
suppress two-body collisional losses [38,49], which can be
important, for example, in an optical lattice [50].

Experiments with ultracold NaK have achieved remarkable
progress in recent years. Since the first creation of ultracold
23Na - 40K Bose-Fermi mixtures [12], ground-state 23Na 40K

200 µm

23Na

41K

0.2

1.0

TK = 0.45 µK

(a) (b) (c) (d)

0.22 µK 0.08 µK

FIG. 1. Absorption images of 23Na and 41K during evaporative
cooling. (a)–(c) are vertical sets of 10 ms time-of-flight (TOF)
absorption images of 23Na and 41K. Temperatures are estimated
from the thermal wings of 41K. Atom numbers of 23Na (41K) are
(a) 19 (2.8) × 105, (b) 5.3 (2.5) × 105, and (c) 2.4 (0.4) × 105 for
the shown images. (d) is the hole-sliced column density of (c). Phase
separation of the mixture emerges at the trap center, due to the oblate
trap geometry and the strong interspecies repulsion.

2643-1564/2024/6(1)/013183(7) 013183-1 Published by the American Physical Society

https://orcid.org/0009-0008-4128-4712
https://orcid.org/0000-0002-6964-6788
https://orcid.org/0000-0003-4329-5163
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.6.013183&domain=pdf&date_stamp=2024-02-20
https://doi.org/10.1103/PhysRevResearch.6.013183
https://creativecommons.org/licenses/by/4.0/


CHANG, LEE, KIM, LIM, AND PARK PHYSICAL REVIEW RESEARCH 6, 013183 (2024)

molecules have been realized [38], and their degenerate Fermi
gases have been created via direct evaporative cooling [51].
For bosonic 23Na 39K, degenerate 23Na - 39K Bose-Bose mix-
tures [15] and ultracold ground-state 23Na 39K molecules [41]
have been created. However, due to the large and negative
background interspecies scattering length, elaborate interac-
tion tuning is required for sympathetic cooling, which makes
the realization of deeply degenerate 23Na - 39K mixtures
challenging.

Here, we report the creation of dual-species Bose-Einstein
condensates (BECs) of 23Na - 41K. Thanks to the favorable
inter- and intraspecies background scattering lengths, we
achieve highly efficient and simple sympathetic cooling of
41K with 23Na. At the end of evaporation, we create essen-
tially pure BECs in their immiscible phase, with 3 × 105

23Na atoms surrounding 5 × 104 41K atoms. The lifetime of
the thermal mixture in the presence of background collisions
exceeds 15 s in the ground hyperfine state and 5 s even in
the excited stretched state, facilitating the creation of large
degenerate samples. In a highly oblate trap, the 41K BEC
leaves a sharp density depletion near the center of the 23Na
BEC, which forms a toroidal structure. To further enable the
tuning of the interspecies scattering length, we locate seven
Feshbach resonances in the s- and p-wave collision channels.
The broadest s-wave resonance in the lowest hyperfine state
combination features a width of 1.8(2) G at 73.4(3) G, which
enables precise control of the interaction strength between
23Na - 41K. These results serve as the stepping stone for the
creation of strongly dipolar 23Na 41K bosonic ground-state
molecules, as well as the exploration of coupled superfluid dy-
namics and beyond mean-field effects in 23Na - 41K mixtures.

II. DUAL-SPECIES MAGNETO-OPTICAL TRAP LOADING

Our experiment employs a spin-flip Zeeman slower [52]
and a two-dimensional magneto-optical trap (2D+ MOT)[53]
to load 23Na and 41K atoms into the main vacuum chamber,
respectively. The 2D+ MOT glass cell contains about 30 mg
of enriched potassium, which consists of 25.6% 41K, 5.5%
40K, and 68.9% 39K. Note that the natural abundance of 41K is
6.7%. By a simple manipulation of the laser cooling system,
the 2D+ MOT can generate atomic fluxes of either bosonic
41K or fermionic 40K [54]. This work focuses on 41K, where
about 107 atoms are loaded into the MOT in 5 s. For 23Na, a
dark spot MOT is used to achieve high atomic densities [55],
and about 3 × 109 atoms are loaded into the MOT in 5 s.

When capturing the atoms in the MOT, we first load the
23Na atoms, perform molasses cooling and optical pumping
to the magnetically trappable stretched |F, mF 〉 = |2, 2〉 state,
and then capture them in a magnetic trap. Here, F is the total
angular momentum quantum number, and mF is its projection.
Then, we load the 41K atoms, while 23Na remains trapped
in the magnetic field gradient of the 41K MOT. The sepa-
ration of the MOT loading sequence prevents light-assisted
collisional losses between 23Na - 41K, and it further allows us
to independently optimize the field gradients of each MOT.
Specifically, we observe that applying different magnetic field
gradients of 6.5 and 9.7 G/cm for 23Na and 41K, respectively,
optimizes the MOT performance. Once the 41K atoms are
loaded into the MOT, we apply a compressed MOT phase and
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FIG. 2. Phase-space density evolution of 23Na and 41K as a func-
tion of the atom number. Green diamonds: 23Na alone. Blue squares:
23Na with 41K. Red circles: 41K. Data points below the dashed line
are measured in the plugged magnetic trap and those above are mea-
sured in the optical dipole trap. The gray dotted-dashed line indicates
the phase-space density above which Bose-Einstein condensation
occurs.

optical pumping before transferring the mixture to an optically
plugged magnetic trap.

III. SYMPATHETIC COOLING

In the magnetic trap, we perform forced radio-frequency
(rf) evaporative cooling of 23Na on the |2, 2〉 → |1, 1〉 transi-
tion. 41K is sympathetically cooled via elastic collisions with
23Na. To protect the atoms from Majorana losses, we employ
a blue-detuned plug laser beam (wavelength 532 nm, power
15 W, and waist 80 µm), which is aligned close to the magnetic
trap center. During rf evaporation, the magnetic field gradient
B′ is kept at 80 G/cm for the first 8 s to maintain a high
elastic collision rate. Then, B′ is monotonically decompressed
to 26 G/cm within the last 10 s to reduce inelastic losses.
The frequency of the rf source driving the 23Na hyperfine
transition is decreased from 1840 to 1773.5 MHz during this
time. At the end of rf evaporation, the mixture, which has a
temperature of 6.7(1) µK, is transferred to an oblate optical
dipole trap (ODT).

Our single-beam ODT (wavelength 1064 nm and maxi-
mum power 9 W) is tightly focused along the gravitational
direction with a waist of wz = 12 µm and transverse waist
of wx = 615 µm. The initial dipole trap depth is UNa = kB ×
40 µK for 23Na and UK = kB × 102 µK for 41K, where kB is
the Boltzmann constant. In the ODT, the mixture is further
evaporatively cooled for 4 s by reducing the trap depth. Since
the trap depth for 41K is approximately twice that of 23Na,
23Na atoms are dominantly removed from the trap.

At the end of evaporation, we create dual BECs of
23Na and 41K, as shown in Fig. 1. For the coldest samples
created, both BECs are essentially pure, and each BEC con-
tains NNa = 2.9(2) × 105 and NK = 4.9(1) × 104 atoms. At
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FIG. 3. Feshbach loss spectroscopy of 23Na |1, 1〉 + 41K |1, 1〉. (a) The fraction of 41K atoms that remain in the dipole trap after a variable
hold time is shown as a function of the magnetic field. The hold times are optimized to maximize the visibility of each loss feature. Insets
show zooms of the narrow loss features at 18.36(1) and 21.77(1) G. Error bars are the standard error of the mean. (b) The bound-state energies
calculated in the asymptotic bound-state model (blue solid lines) are shown together with the open-channel threshold (black solid line). The
bound-state color represents its spin character, from light (singlet) to dark (triplet) blue. At low magnetic fields, the resonances arise from
dominantly triplet bound states.

the final ODT trap depth UNa = kB × 1.7 µK for 23Na and
UK = kB × 4.4 µK for 41K, the trapping frequencies are mea-
sured to be [ωNa

x , ωNa
y , ωNa

z ] = 2π × [9(1), 5(1), 476(11)] Hz
and ωK � 1.12 × ωNa. The approximate Thomas-Fermi (TF)
radii are [RNa

x , RNa
y , RNa

z ] = [69(1), 130(2), 1.4(1)] µm and
[RK

x , RK
y , RK

z ] = [30(1), 57(2), 0.6(1)] µm. Here, RNa
x,y are ob-

tained from fits neglecting the density-depleted hole in the
sample, and Rz is estimated from trap parameters for both
species. Our highly oblate trap geometry gives rise to a differ-
ential gravitational sag of �z � 0.33 µm, which, compared
to the TF radii of the samples, ensures good spatial overlap
between the atomic clouds along the z axis.

Due to the repulsive interaction in their stretched hyperfine
states, the two BECs are spatially separated. The background
scattering lengths of 23Na and 41K are 64.30(40) a0 and
60.54(6) a0 [56,57], respectively, and between 23Na - 41K, it
is predicted to be 267 a0 [58]. For our number-imbalanced
samples, the 23Na atoms condense first at the trap center
[Fig. 1(b)]. This implies that 41K should start to condense
at the boundary of the 23Na BEC to minimize the repulsive
energy cost. However, at the end of evaporation, we observe
that the 41K BEC exists near the trap center, and it fully
depletes the 23Na BEC along the tightly confining direction
[Fig. 1(c)]. This nontrivial formation dynamics of the dual
BECs in a highly oblate trap will be further explored in future
works.

To characterize the efficiency of sympathetic cooling, we
measure the phase-space density (PSD) evolution of the mix-
ture, as shown in Fig. 2. Here, temperatures are extracted from
the thermal wings of the clouds after 10 ms time-of-flight
(TOF), and atom numbers are extracted from the images as-
suming resonant absorption cross sections. The steep increase
of the 41K PSD in the magnetic trap during rf evaporation
shows that 23Na is an efficient sympathetic coolant for 41K.
The cooling efficiency � = −d ln(PSD)/d ln(N ), where N
is the atom number, reaches �K = 35 for 41K, which is re-
markably higher than that of other mixtures [12,16,59]. �Na

for 23Na is given by 3.7, and in the presence of 41K, it is

slightly reduced to 3.0 due to the added thermal load. In the
dipole trap, sympathetic cooling becomes less efficient with
�Na = 3.1 and �K = 2.7. This reduction is most likely from
the enhanced collisional losses at higher atomic densities.

IV. FESHBACH RESONANCES

Tuning the interaction strength using a Feshbach reso-
nance is essential for the exploration of many-body physics
with ultracold atoms and also for the efficient formation
of Feshbach molecules. For Na-K, Feshbach resonances in
23Na - 40K Bose-Fermi mixtures and 23Na - 39K Bose-Bose
mixtures have been previously investigated [12,15]. These
works have led to the refinement of Na-K ground-state po-
tentials via coupled-channel calculations [58,60]. Based on
these theoretical investigations and the asymptotic bound-
state model (ABM) calculations [61] that we have performed,
we proceed with atom-loss spectroscopy to locate 23Na - 41K
Feshbach resonances. To this end, we initially prepare a
thermal mixture of 23Na - 41K in the dipole trap with about
5−10 × 104 atoms per species in their stretched |2, 2〉 states.
Then, we apply a sequence of rf Landau-Zener sweeps to
transfer the atoms to the desired hyperfine states. In this work,
we search for resonances in three different combinations of
23Na |1, 1〉 + 41K |1, mF 〉, with spin states mF = 1, 0, and −1.
To access the enhanced inelastic loss features near a Feshbach
resonance, we ramp the magnetic field to a targeted value in
40 ms, apply a variable hold time of 0.25–6 s set for each
resonance, and then ramp the field down to 2 G. Finally, ab-
sorption images are recorded, from which we extract the atom
numbers. Figure 3(a) shows a representative loss spectrum in
23Na |1, 1〉 + 41K |1, 1〉.

From our search, we locate seven interspecies Feshbach
resonances in the s- and p-wave collision channels, as summa-
rized in Table I. Particularly, we find an s-wave resonance at
73.4(3) G with a width of 1.8(2) G in 23Na |1, 1〉 + 41K |1, 1〉.
The relatively broad width compared to its position makes this
resonance appealing for precision control of the interspecies
scattering length and for the creation of Feshbach molecules.
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TABLE I. Summary of the interspecies Feshbach resonances
between 23Na and 41K. The resonance positions and widths are deter-
mined by applying phenomenological Gaussian fits (e−(B−Bexpt )2/�2

expt )
to the loss features. For the features at 18.36 and 21.77 G, theoretical
calculations predict the existence of both s- and p-wave resonances
near this field. Hence, we do not attempt to further assign their
resonance types.

Entrance channel Bexpt (G) �expt (G) Resonance type

23Na |1, 1〉 + 41K |1, 1〉 18.36(1) 0.08(1) s or p
21.77(1) 0.06(1) s or p
51.55(1) 0.18(2) s
73.4(3) 1.8(2) s

23Na |1, 1〉 + 41K |1, 0〉 67.39(8) 0.32(9) s
87.1(4) 0.9(3) s

23Na |1, 1〉 + 41K |1, −1〉 106.4(3) 1.2(5) s

A simple ABM calculation that neglects the open-channel
coupling shows that the s-wave resonances found in this work
arise from dominantly triplet bound states. Since the singlet
states only weakly mix with the triplet states in the explored
magnetic field regime, we fix the singlet bound-state energy
to a value extracted from the NaK ground-state potential
(Es ≈ 806 MHz) [60] and perform a least-squares fit to op-
timize the triplet bound-state energy (Et ≈ 2085 MHz). The
calculated resonance pattern matches well with the observed
experimental data [see Fig. 3(b)]. The resonance positions and
widths are also in good agreement with the coupled-channel
predictions from Ref. [58].

V. LIFETIMES

To characterize the collisional stability of the mixture, we
measure its lifetime in the presence of background collisions,
as shown in Fig. 4. For this, we prepare thermal clouds of
23Na - 41K in their stretched |2, 2〉 state [Fig. 4(a)] or ground
|1, 1〉 state [Fig. 4(b)] in the dipole trap at a magnetic field of
2 G, away from any scattering resonances. The atom numbers
are set close to 106 for both species, and the temperature of the
mixture is at 0.53(1) µK, which is slightly above the critical
temperature for 41K. The lifetime is measured by applying
a variable hold time and extracting the number of remaining
atoms.

For both states, we observe an early-time nonexponential
decay, which is most likely due to the combined effects of
interspecies three-body losses that cause evaporative heating
and single-particle losses from evaporative cooling. After-
ward, only single-body losses persist. Note that the triplet
(singlet) background scattering length between 23Na and 41K
is predicted to be 267a0 (−3.65 a0) [58]. For the |2, 2〉 state
combination, the mixture additionally experiences inelastic
dipolar losses. The measured 1/e lifetimes in 23Na |2, 2〉 +
41K |2, 2〉 are 6.0(5) and 5.8(3) s for 23Na and 41K, respec-
tively, while in 23Na |1, 1〉 + 41K |1, 1〉, are 16(1) and 20(2) s.
These can be compared to the lifetime observed in 23Na - 39K
mixtures, which was about 240 ms due to the large and attrac-
tive background interspecies interaction [15].

We also explore the lifetime of the mixture at the broadest
s-wave resonance [see Fig. 4(c)]. Here, after preparing the
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FIG. 4. Lifetimes of the 23Na − 41K thermal mixture in the dipole
trap. (a)23Na |2, 2〉 + 41K |2, 2〉 at 2 G, (b) 23Na |1, 1〉 + 41K |1, 1〉 at
2 G, and (c) 23Na |1, 1〉 + 41K |1, 1〉 at unitarity. Blue squares (red
circles) indicate the atom number of 23Na (41K) and error bars are
the standard error of the mean. Dotted lines in (a) and (b) are guides
to the eye, and lines in (c) indicate the fit of coupled differential
equations governing the loss dynamics of the mixtures.

thermal mixture in the 23Na |1, 1〉 + 41K |1, 1〉 state, the mag-
netic field is rapidly ramped across the low-lying Feshbach
resonances in 50 ms and then jumped to unitarity at 73.4 G in
5 ms before applying a variable hold time. In this case, we
observe a rapid decay of the atom number of both species
with characteristic timescales of ∼100 ms [Fig. 4(c)]. The
loss rate is significantly higher in 41K, which demonstrates
that the loss mechanism at unitarity is dominated by the three-
body Na-K-K collisions [62]. To quantify the three-body loss
coefficients, we fit the observed atom losses to a coupled loss
model describing the three-body loss dynamics of the mixture
[63]:

dNNa

dt
= −2

3
LNNK

∫
n2

NanKd3r − 1

3
LNKK

∫
nNan2

Kd3r,

dNK

dt
= −1

3
LNNK

∫
n2

NanKd3r − 2

3
LNKK

∫
nNan2

Kd3r.

Here, NNa(K) and nNa(K) are the atom numbers and the
atomic densities for each species, and LNNK(NKK) is the three-
body loss coefficient for the Na-Na-K (Na-K-K) channel.
From the fits, we obtain LNNK = 7.4(3) × 10−25 cm6 s−1 and
LNKK = 4.3(1) × 10−23 cm6 s−1. Since the loss rate in this
regime is inversely proportional to the temperature squared
[64], the scaled loss rate λ3 = LNKKT 2 is extracted to be
1.2(1) × 10−23 cm6 µK2 s−1 for the dominant loss channel.
This value is comparable to the loss rate observed in unitary
K-Rb Bose-Bose mixtures [63] but different from homonu-
clear mixtures with λ3 = 3.0(3) × 10−20 cm6 µK2 s−1 [65].
Note that λ3 is not expected to be universal for heteronuclear
mixtures [66].

013183-4



DUAL-SPECIES BOSE-EINSTEIN CONDENSATES OF … PHYSICAL REVIEW RESEARCH 6, 013183 (2024)

VI. SUMMARY AND OUTLOOK

In conclusion, we have created a degenerate Bose-Bose
mixture of 23Na - 41K and revealed their interspecies Feshbach
resonances. The long mixture lifetimes in the presence of
background collisions dramatically simplify the sympathetic
cooling process, since it does not require the mixture to be
prepared near any Feshbach resonances. In fact, fine tuning
the interspecies scattering length near a Feshbach resonance
during evaporative cooling can further enhance the cooling
efficiency in the dipole trap. This will lead to the creation of
even larger dual BECs. For the prospect of creating quantum
degenerate gases of polar molecules, preparing larger atomic
samples near quantum degeneracy will increase the molecule
number that can be evaporatively cooled in the presence of dc
or ac electric fields [51,67–69].

Furthermore, the highly oblate 23Na - 41K dual BECs pro-
duced in this work give a unique opportunity to explore
unusual nonequilibrium dynamics in coupled superfluids. For
example, understanding the formation of dual BECs in an
oblate trap and its connection to the underlying interactions

may open up a new route to realize ball-shell structured BECs
[70–72], with its distinctive collective modes [73–75], ther-
modynamics [76], and vortex dynamics in a closed-surface
topology [77]. Also, the exploration of beyond mean-field
effects in quantum droplets, particularly the role of quantum
fluctuations in the 3D-2D crossover, is within reach [78].
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