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Feshbach spectroscopy and dual-species Bose-Einstein condensation of 23Na-39K mixtures
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We present measurements of interspecies Feshbach resonances and subsequent creation of dual-species
Bose-Einstein condensates of 23Na and 39K. We prepare both optically trapped ensembles in the spin state
|f = 1,mf = −1〉 and perform atom loss spectroscopy in a magnetic field range from 0 to 700 G. The observed
features include several s-wave poles and a zero crossing of the interspecies scattering length as well as inelastic
two-body contributions in the M = mNa + mK = −2 submanifold. We identify and discuss the suitability of
different magnetic field regions for the purposes of sympathetic cooling of 39K and achieving dual-species
degeneracy. Two condensates are created simultaneously by evaporation at a magnetic field of about 150 G,
which provides sizable intra- and interspecies scattering rates needed for fast thermalization. The impact of
the differential gravitational sag on the miscibility criterion for the mixture is discussed. Our results serve as a
promising starting point for the magnetoassociation into quantum degenerate 23Na39K Feshbach molecules.
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I. INTRODUCTION

Mixtures of quantum degenerate gases, created by using
either different Zeeman sublevels or by using chemically
different species, provide a rich testbed for the validation of
a plethora of phenomena, ranging from quantum metrology
[1] to quantum emulation [2]. In recent years, the association
of ultracold heteronuclear mixtures into diatomic molecules
rose to considerable interest. In their absolute ground state,
these molecules possess a strong electric dipole moment that
enables the study of long-range interacting systems. Amongst
others, a characteristic feature expected in strongly dipolar
systems is the emergence of supersolidity in an optical lattice
environment [3,4]. Pioneering experiments using the atomic
species combination 40K + 87Rb were the first to demon-
strate the nowadays considered default strategy for producing
ground-state molecules, starting with two quantum degenerate
atomic clouds and performing ground-state STIRAP after
they have been magnetoassociated into Feshbach molecules
[5–7]. A multitude of different alkali-metal combinations are
investigated experimentally using this outlined path, including
LiNa [8], RbCs [9], NaRb [10], and LiCs [11], as well as more
exotic combinations involving alkaline earth as well as rare
earth elements [12].

Along the lines of the available alkali metals, the chemically
stable NaK with its electric dipole moment of 2.72 Debye is a
promising candidate for its use in such a molecular experiment.
Due to its long history of spectroscopic studies [13–19], ground
and excited state potential energy curves of NaK have been
accurately determined. Using the natural isotopes 39,40,41K, the
different NaK combinations provide the unique possibility to
switch between the study of fermionic and bosonic systems.
In seminal experiments at the MIT, dual quantum degenerate
samples using 23Na and the fermionic 40K have been created,
associated into molecules and prepared in their absolute ground
states [20–22]. Recently, Feshbach resonances and STIRAP

have been thoroughly studied theoretically and experimentally
also by other groups [23,24]. Both bosonic combinations,
23Na39K and 23Na41K, have been left unexplored in the
ultracold regime up to now. In this article, we present our
measurements of Feshbach resonances in the Bose-Bose mix-
ture as well as the experimental demonstration of a quantum
degenerate mixture of 23Na and 39K. To its end, we investigate
the dual-species collisional properties both theoretically and
experimentally, and discuss them in combination with their
respective homonuclear properties.

We start our investigation with the theoretical framework,
which is presented in Sec. I A. Our calculations, using recent
data of the isotope pair 23Na40K, outline the expected sig-
natures and provide landmarks for the following Feshbach
spectroscopy. After a brief description of our experimental
setup in Sec. I B, we display our measurements of strong
three-body recombination losses at B = 0 G in dual-species
operation, in agreement with the large, negative value of the
scattering length predicted in the theoretical part of this work.
In Sec. II, we show the measured Feshbach spectrum for the
incident channel of interest, in which the exact positions and
widths of the calculated signatures are measured. In Sec. III,
we combine the heteronuclear with the homonuclear Feshbach
resonance spectrum, giving rise to interaction domains, which
we discuss with respect to the mean-field stability of a dual-
species condensate. Having identified a suitable domain, we
show that forced evaporation in our dipole trap leads to
a dual-species Bose-Einstein condensate revealing bimodal
distributions in time-of-flight images of both species.

A. Theoretical model and expected signatures

The Hamiltonian H for the diatomic collision reads

H = T + V + Hhf + Hdd + HZee, (1)
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with T being the kinetic energy operator and Hhf,(dd),[Zee] the
hyperfine (magnetic spin-spin) [Zeeman] interaction, respec-
tively. V is given by the singlet (S = 0) and triplet (S = 1)
potential energy curves (PECs) and corresponding projectors,
V = P0V0 + P1V1. We use the PECs obtained in [19] and
refine them using data from a molecular beam study on
thermal 23Na39K [25] and data from Feshbach spectroscopy
on 23Na40K presented in [20] and most recently in [23]. The
resonances measured in [20] have mainly triplet character and
will therefore primarily refine the a3�+ potential, whereas
larger deviations might persist for the singlet part. The new
evaluation in [23] gave a significant change for the singlet
potential, because their observed resonances (s and d) involve
bound states with significant singlet character. Using the re-
fined PECs, we then perform isotopic rescaling by changing the
reduced mass μ in T of Eq. (1) as well as appropriate hyperfine
parameters and g factors for 39K. By numerically solving the
corresponding coupled-channel Schroedinger equation using a
Numerov algorithm at a given collisional energy, we obtain the
resonance-dependent collisional properties such as scattering
lengths and rates out of the scattering phase shift. The scattering
channels are written as (|f,mf 〉Na|f,mf 〉K|�,m�〉), where f is
given by the total angular momentum of the respective atom,
� by their relative angular momentum, and mf ,m� denote
their projection onto the quantization axis. In our experiment,
we are preparing the pair |1,−1〉Na + |1,−1〉K. We define
α = |1,−1〉Na|1,−1〉K|0,0〉 as our entrance channel, which is
dominant because of the low temperature. Similarly, we restrict
our Hilbert space to � = 0, and therefore do not include the
appearance of d-wave resonances or inelastic collisions due to
dipole-dipole interaction. Figure 1 shows the elastic and inelas-
tic two-body scattering rate constants Kel.

αα(B) and K in.
αα′ (B) for

the collision spaceM = mNa + mK + m� = −2 in a magnetic
field region from 0 to 1000 G and a collisional energy of 1 μK.
At least three different signatures can be identified, which we
denote as A, B, and C for convenience: For the incoming
spin state combination, Feshbach resonances (A.1 and A.2)

FIG. 1. Elastic (straight black) and inelastic (dashed red) two-
body scattering rate constants as a function of the magnetic field
for the incident channel α. The labels A, B, and C denote Feshbach
resonances, interaction zeros, and channel mixing, respectively.

are expected at 34.2 G and 248.1 G, as shown by the local
maxima of the elastic two-body scattering. Similarly, a zero
crossing (B) of the scattering length exists at 117.3 G. Finally,
at about 259 G, another channel of theM = −2 space, namely
mNa = 0 and mK = −2, opens up by crossing the threshold
E|α〉. At magnetic fields larger than 259 G, transitions to the
now open channel give rise to the inelastic part of the incident
channel, displaying a peak (C) at 651 G, with a shoulder at
690 G. We refer to Sec. II for a more detailed discussion of
the last feature. As all three of these signatures will evoke or
impede losses in the mixture, all of them can be located using
atom loss spectroscopy. We note that the low-field resonance
differs by about 30 G from the one predicted in [26]. If we
do not include the refinement procedure from the work of
[23], the calculated low-field resonance shifts significantly to
lower fields. Measuring the exact location of this resonance will
therefore be imperative, as it gives direct insight into the singlet
component. It further dictates the exact value of the interspecies
scattering length aNaK in the absence of magnetic fields. From
the calculations shown in Fig. 1, aNaK,|α〉(B = 0) = −416 a0

for |α〉 = |1,−1〉Na|1,−1〉K|0,0〉, where a0 is the Bohr radius.
This large value will aid sympathetic cooling mechanisms in
the low density stage of the experiment, but also produce losses
in the high phase-space density environment of an optical
dipole trap. We return to this in Sec. I C.

B. Experimental setup

Our experimental apparatus is based on the one described
in [27]. It combines two pre-cooled atomic sources into an
UHV collection region, where a two-color magneto-optical
trap (MOT) is operated. 23Na is heated up in an oven region
and slowed down using a spin-flip Zeeman slower. The atom
number is extracted by recording the MOT fluorescence, giving
4 × 109 atoms in the 3D-MOT. 39K is distributed using com-
mercial dispensers, and pre-cooled using a two-dimensional
MOT with an additional pushing beam along the longitudinal
axis. Bosonic 39K as well as fermionic 40K MOTs have been
realized in this setup. For the bosonic case, the MOT contains
1 × 108 39K atoms in single species and 6.4 × 107 atoms in
dual-species operation. 23Na and 39K are further sub-Doppler
cooled for 5 ms [28] and optically pumped into their respective
low-field seeking state |f = 1,mf = −1〉. Afterwards they are
captured in a magnetic quadrupole trap with a magnetic field
gradient of 216 G/cm along the strongly confining vertical
direction. A blue-detuned laser beam (λBP = 532 nm,P =
3.25 W,w0 = 39 μm) propagating along the symmetry axis
of the trap gives rise to a repulsive potential at the magnetic
field zero in the trap center, serving as an optical plug of the
magnetic trap bottom. In single-species operation, the lifetime
of the individual samples in the plugged trap exceeds 45 s,
allowing for evaporative cooling using either radio frequency
or microwave fields. We evaporate solely the 23Na ensemble by
selectively removing the hottest atoms from the trap through
microwave transitions to the high-field seeking f = 2 states.
In dual-species operation, a small fraction of 39K is added
and sympathetically cooled via 23Na. At the end of the 12-s
long evaporation stage, the phase space compressed sample
is transferred into a 90◦-crossed optical dipole trap (cODT)
consisting of two far-detuned (λODT = 1064 nm) overlapping

023623-2



FESHBACH SPECTROSCOPY AND DUAL-SPECIES BOSE- … PHYSICAL REVIEW A 97, 023623 (2018)

laser beams in the horizontal x-y plane. The optical trap
combines a tightly confining (4.72 W, w0 = 46 μm) beam
ensuring high optical trap depth and an elliptically shaped
[3.83 W, (w0,y,w0,z) = (143 μm × 40 μm)] beam enlarging
the trap volume. The temperature of the two atomic clouds
in the cODT is T = 2.3 μK, whereas the individual atom
numbers are tuned in a range of 104–106 depending on the
atom number imbalance that we want to prepare. A residual
guiding field Bres = 2.49 G, applied along the vertical direc-
tion, preserves the individual spin projection of the optically
trapped atoms, mf,Na = mf,K = −1.

C. Collisional properties at B = 0 G

Because of the high densities prevailing in the cODT, the
atomic clouds can experience sizable three-body recombina-
tion effects, with the three-body loss coefficient scaling with
the fourth power of the appropriate scattering length [29]. To
quantify the different loss contributions, we first extract the
single-species collisional loss properties of 39K. Following a
removal of the 23Na cloud via a resonant light pulse before
the cODT transfer, we monitor the potassium atom number
as a function of the holding time thold in the dipole trap. We
do not observe a considerable amount of three-body losses,
and extract a 1/e lifetime of the sample of 37.8 s which mainly
originates from collisions with background gas atoms. We then
repeat the experiment with the mixture at a temperature of
2.6 μK and an imbalanced atom number ratio NNa/NK � 1.
The atom number as a function of the holding time for both
species is depicted in Fig. 2. Rapid losses are observed in
the 39K signal, with an effective 1/e lifetime of about 240 ms,
whereas 23Na, being the majority cloud, shows only a slight
decrease over time. We extract the three-body loss coefficients

FIG. 2. Remaining fraction of 23Na (orange circles) and 39K (gray
diamonds) atoms as a function of the holding time in the dipole trap at
B = 0 G. Three-body losses lead to a rapid atom number decay of the
minority component 39K. The solid line is a fit of the coupled-system
loss rate equations solution to the acquired data. Both atom numbers
are normalized to their fitted value at t = 0, being 3.8 × 105 for 23Na
and 1.1 × 105 for 39K.

LNa,Na,K and LNa,K,K by fitting the experimental data to the
solutions of three coupled differential equations governing the
sodium and potassium atom number loss dynamics as well
as the temperature time evolution [29,30]; see Appendix. The
temperature increases because losses occur more frequently
in the high-density region of the trap center (antievaporation).
We do not account for competing evaporation effects in the
samples, because the temperature increase of about 30% is
well below the trap depth. We also neglect recombination
heating as it becomes critical only at positive scattering
length, where the probability that the recombination prod-
uct remains trapped considerably increases. The obtained
loss coefficient are LNa,Na,K = 1.03(62) × 10−25 cm6 s−1 and
LNa,K,K = 0.50(30) × 10−25 cm6 s−1, where the uncertainties
include the statistical error on the fit as well as systematic
uncertainties in the evaluation of the experimental quantities:
temperature, atom number, and trap frequencies for both
species. The relation between three-body recombination rates
and two-body scattering length depends on nontrivial Efimov
physics [31,32] and consequently on the presence or absence
of resonant structures for the studied mixture. Yet comparison
with extensive analysis on other alkali-metal mixture indicates
that the loss rate coefficients are on the order of the ones
observed in 39K87Rb and 41K87Rb [30], 40K87Rb [33], and
6Li133Cs [34,35] for scattering lengths of a few hundred
a0. Our extracted loss coefficients therefore appear to be
compatible with our theoretically calculated value of a(B =
0) = −416 a0. Future investigations on three-body loss rates
at different scattering lengths will allow a better understanding
of the underlying scenario in this specific mixture. With
the high amount of undesirable losses, B = 0 G does not
provide a suitable environment for operating the dual-species
apparatus beyond a low-density region. In order to impede
three-body losses, the interspecies scattering has to be reduced,
for example, by using magnetic fields.

II. FESHBACH SPECTRUM

A. Methods

We perform heteronuclear Feshbach spectroscopy by
preparing an atom-number imbalanced mixture (Nmajor/Nminor

≈ 10) through adjustment of the individual MOT loading
times, and searching for spectral features as a function of the
strength of an applied magnetic bias field B, using the minority
cloud as a probe while the majority component serves as a bath.
For the spin state under consideration, |f = 1,mf = −1〉,
both 23Na and 39K have been investigated and Feshbach
resonances located. For 23Na, the lowest magnetic field res-
onance in this particular spin state appears at 1195 G [36],
far beyond the magnetic field region B � 700 G probed in
this experiment. Homonuclear 39K collisions exhibit three
s-wave resonances, which are situated at 32.6 G, 162.8 G,
and 562.2 G, respectively [37]. Pure 39K Bose-Einstein con-
densates have been realized in the vicinity of all these res-
onances [38]. In order to distinguish between homonuclear
and heteronuclear effects, we record the pure 39K resonance
spectrum in addition to the dual-species loss spectrum. Our
magnetic fields are calibrated using microwave spectroscopy
of the 23Na cloud at 700–800 nK. For a given electric current
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producing the magnetic field, we measure microwave transi-
tions |f = 1,mf = −1〉 → |f = 2,mf = 0〉 and calculate the
corresponding magnetic field using the Breit-Rabi formula.
The microwave dip positions are determined with a statistical
uncertainty on the order of 10 kHz. For a given bias field
of 100 G, this translates into a magnetic field uncertainty of
34 mG. In our experimental sequence, the bias field is first
ramped up in 5 ms to a magnetic field value of B0 ≈ 100 G,
where it is held for less than half a second in order to ensure
that the samples are thermalized. This magnetic field window
serves as a safe spot for the dual-species operation, as neither
the inter- nor the intraspecies interactions are disruptive in this
region (see also Fig. 6). A rigorous discussion of this region
follows in Sec. III.

Starting from B0, the bias field is ramped in a few mil-
liseconds to a specific value Bf and held there for variable
holding times thold � 100 ms. At the end of each cycle, all
magnetic fields are switched off and the clouds are released
from the cODT. Atom numbers are obtained by performing
absorption imaging, where the majority is measured in situ and
the minority in time of flight. As soon as a spectral variation
in the atom number is found, the holding time is adjusted in
order to obtain a clearly visible drop in the respective signals
without depleting one of the atomic samples completely. A
magnetic field scan using this fixed holding time then recovers
the corresponding spectral feature. The expected heteronuclear
signatures are the ones outlined in Fig. 1.

B. Experimental results

Figure 3 shows the recorded atom losses corresponding
to signature A.1 (a) and A.2 (b). The low-field resonance
A.1 around 30 G was found to be strongly interwoven with
a homonuclear 39K resonance. To discern the overlapping
resonances, we make use of the fact that they exhibit largely
different widths. The homonuclear resonance is spectrally
sharp with a comparatively small width of σK = 5.7 G, where
σ denotes the full width half maximum value of the loss signal.
For the heteronuclear collision, the large negative background
scattering length is equivalent to the existence of a virtual state
right above threshold. Large continuum coupling persists in
this channel, which will in turn broaden the resonance strongly
(σA.1 = 27.3 G). We first measure the homonuclear resonance
[gray diamonds in Fig. 3(a)]. Our fit gives a location of 32.9 G,
being well in the error bars of [37], where 32.6 G ± 1.5 G was
measured. The heteronuclear signature is recorded using 23Na
as the minority probe. We determine a region spanning ≈2σK

in which the heteronuclear signature is affected by the 39K
resonance, and filter it out for our fitting procedure of the A.1
resonance location. Even without the central part of the feature
[39], we can locate it with a statistical uncertainty of 0.8 G to be
at 32.5 G. No complication exists for the high-field resonance
A.2, which is measured to be at 247.1 G ± 0.2 G using 39K as
the minority probe. Both locations are in agreement with our
theoretical predictions (see Fig. 1), with small deviations on
the order of one Gauss.

We now turn to the remaining signatures. Figure 4 shows
the part of the acquired spectrum in which the zero point
crossing (signature B) was investigated. The value at which
the interspecies scattering turns from repulsive to attractive

FIG. 3. Remaining fraction of atoms as a function of the applied
magnetic field strength B. The Feshbach resonances A.1 and A.2. are
visible because of drops in the atom number. (a) 39K atom number loss
in single-species operation (gray diamonds) and 23Na losses in dual-
species operation (yellow dots) unveil two overlayed resonances. The
fitted function (dashed line) determines the homonuclear resonance.
A Gaussian fit (solid line) to the wings of the 23Na minority signal
determines the heteronuclear resonance location. The absolute atom
numbers are 3 × 104 (23Na) and 1.5 × 105 (39K). (b) The high-field
resonance A.2, measured using 39K as the minority. The absolute atom
number is 2.6 × 105.

is of particular interest for the dual-species operation, as it
provides the magnetic field region in which atom losses are
expected to be low. Note that in general the position of the
two-body scattering zero crossing will not be identical to the
minimum of three-body losses, and a measurement similar to
Sec. I C can give misleading results. We instead localize this
field position by exploiting the two-body losses that appear
during optical evaporation. For the optical trapping potential
Ui, where i denotes the species, one finds UK ≈ 2.51 UNa,
i.e., a preferable ejection of 23Na as the cODT intensities are
reduced. Sympathetic cooling of 39K by 23Na will lead to an
enhancement of 23Na losses during rethermalization. In our
experiment, we first prepare an atom number balanced mixture
at ∼10 μK. After lowering the optical potential depth in 1.5 s
to a value which gives 2 μK in single-species 23Na operation,
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FIG. 4. 23Na atom number as a function of the magnetic field
strengthB in a forced evaporation sequence. The presence of 39K leads
to 23Na loss enhancement via sympathetic cooling. A revival of the
23Na signal at ∼117 G indicates the reduction of this loss enhancement
as the interspecies scattering rate goes to zero. A Gaussian fit (solid
line) is used to extract its location.

we record the sodium atom number after a thermalization time.
The loss enhancement will be reduced and ultimately disabled
as the interspecies scattering rate approaches zero, leading
to a sodium signal revival. By fitting a phenomenological
Gaussian to the observed signal in Fig. 4, we determine the
zero crossing to be located at 117.2 G ± 0.2 G, in agreement
with our predicted value of 117 G (see Table I).

The loss feature in Fig. 5, previously denoted as C, is
the result of channel mixing between the states spanning the
manifold of M = −2. At a magnetic field of 259 G, the state
|β〉 = |f = 1,mf = 0〉Na + |f = 2,mf = −2〉K becomes an
open channel by crossing the collisional threshold of the
incident channel |α〉. Starting from that field, |α〉 will be
embedded in the continuum of |β〉, and inelastic collisions
|α〉 → |β〉 are energetically allowed. This effect becomes
sizable in the magnetic field region between 650 and 700 G,
when two molecular states cross |α〉 and resonantly enhance
the scattering rate constant. Any collisional decay to |β〉 is
accompanied by a kinetic energy gain Eαβ = Eα(B) − Eβ(B)
of the atom pair. In the region B > 600 G, Eαβ > 9.7 mK
strongly exceeds the optical confinement, and the atom pair

TABLE I. Experimental magnetic field positions BExp., FWHM
widths σExp., and respective statistical standard errors (±) together
with the theoretically calculated positions BTh. of this article and a
comparison with recent work [26].

Feature BExp. σExp. BTh.
a BTh. [26]

A.1 32.5 (0.8) 27.3 (2.9) 34.2 2.0
A.2 247.1 (0.2) 9.5 (3.0) 248.1 241.4
B 117.2 (0.2) 11.7 (1.1) 117.0 75.7
C 646.6 (1.5) 48.6 (5.6) 651.5 –

686.2 (1.5) 40.9 (5.9) 686.7 –

aTheoretical calculations using the data presented in [23].

FIG. 5. Remaining fraction of 23Na atoms as a function of the
applied magnetic field strength B. Two overlapping loss features
are discerned, which are identified as signature (C) from Fig. 1. A
combined fit (straight line) is given together with two individual
Lorentzian loss profiles (dashed lines). The absolute atom number
is 3.7 × 105 23Na atoms.

leaves the trap. The channel mixing process can therefore be
directly probed using atom loss spectroscopy. As losses in
this resonance region will be primarily mediated by two-body
instead of three-body collisions, dynamics on faster time scales
are expected. We hold the sample at a given magnetic field
for thold � 10 ms, much shorter than the holding times for
signatures A.1 and A.2. We observe almost complete depletion
of the atomic signal, with a 1/e lifetime of 4 ms at 650 G. In
unison with the calculations presented in Sec. I A, the strongly
shortened effective lifetime suggests two-body collisions as the
driving loss mechanism. This assumption can be further tested
by examining the atom number decay at different densities or
temperatures [40], which is not investigated here. The observed
double feature corresponds to the predicted overlap of two
Feshbach resonances (see shoulder in the inelastic contribution
in Fig. 1). We extract their individual positions by a joint fit as
shown in Fig. 5. In total, we have located the s-wave resonances
A.1 and A.2, the zero crossing B, and the two closely spaced
resonances C. Their positions and widths, together with our
calculations and recent predictions of [26], are summarized in
Table I.

III. TUNABILITY OF INTERACTIONS

A. Interaction domains

Based on the recorded Feshbach spectrum, we are now
able to discuss magnetic field regions suitable for producing
quantum degenerate atomic samples of two species. To this
end, we search for a domain in which either both species
can efficiently cool themselves and display a nondestructive
interspecies behavior, or in which one of the samples can
efficiently cool the other one sympathetically. Figure 6 shows
the interspecies scattering length from 0 to 700 G based on
the results obtained in the last section, together with the
intraspecies scattering taken from [41] for 23Na and [37,42]
for 39K. Due to the magnetic field independent interaction of
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FIG. 6. Inter- and intraspecies scattering lengths aNaK, aNa, and aK as a function of magnetic field strength. The positions of 39K and 23Na39K
resonances are indicated by dashed vertical lines. (Inset) Miscibility parameter δg as a function of magnetic field. Three sign changes exist in
the magnetic field valley outlined by the two low-field 39K resonances.

23Na in this magnetic field window, it can be condensed at
arbitrary bias field values, and its scattering length aNa = 52 a0

will only contribute to a positive interaction offset on the dual-
species operation. For 39K on the other hand, the appearance
and relative shape of its Feshbach resonances constrains our
magnetic field of operation to a magnetic field valley between
32.6 G and 162.8 G and to the immediate left-side slope of
the 562.2 G resonance. Outside of these regions, the 39K
interaction will be negative, leading to mean-field collapse of
the condensate wave function. For the discussion that follows,
we discard the region around 562.2 G. We concentrate on the
valley region, where the 39K scattering length is strictly positive
and widely tunable between 10 a0 and ∞. Due to the location
of A.1 at the valley border and the appearance of the zero point
scattering near the valley center, the interspecies scattering
monotonically decreases in the discussed region, and can be
set to values −62.1 a0 < aNaK � ∞. This freedom regarding
sign and magnitude of intra- as well as interspecies interaction
marks the valley as a rich source for different two-species
scenarios, including miscibility, phase separation, collapse,
and droplet formation. The figure of merit for the identification
of different interaction domains is [43–45]

δg(B) = (
g2

NaK(B)/(gNa × gK(B))
) − 1, (2)

where gi(B) = ((2πh̄2ai)/μi) denotes the interaction param-
eter for the intra- and interspecies interaction, respectively,
h̄ being the reduced Planck constant and μi the respective
reduced mass. A condensed mixture is said to be miscible
if δg < 0, whereas δg > 0 implies either immiscibility or
mean-field collapse, depending on the sign of gNaK. The inset
of Fig. 6 shows δg(B) in the aforementioned magnetic field
valley, where four different interaction domains are identified.
In the region B1 : B < 109.1 G, the interspecies interaction
outweighs the intraspecies one, δg > 0, when the atomic
wave functions will be phase separated, rendering sympathetic
cooling of 39K inefficient. This changes in the region around
the zero point crossing, B2 : 109.1 G < B < 131.5 G. The
clouds are miscible in this domain, but due to the small
values of aK and aNaK, 39K cannot be efficiently cooled to

quantum degeneracy. At B3 : 131.5 G < B < 151.1 G, both
intra- and interspecies interactions are sizable, with δg > 0.
In this region, two clouds with high density overlap will not be
mean-field stable, leading to collapse of the mixture. Finally,
at B4 : 151.1 G < B < 162.8 G, δg becomes again negative
as 39K is approaching its second resonance. In this region
the individual intraspecies scattering lengths are large enough
allowing for efficient evaporation, whereas aNaK will be small
and negative, ensuring miscibility of the cloud. The region B4

can therefore be highlighted as most suited for the purpose of
condensing both clouds.

The exactness of Eq. (2) relies on equal densities, and
therefore neither accounts for density imbalances nor includes
geometric effects due to the unequal optical trap depths and
gravity [46]. The mass imbalance mK/mNa ≈ 1.7 partially
balances the stronger confinement of 39K, giving relative
trap frequencies ωK/ωNa ≈ 1.217. This leads to a differential
gravitational sag of δz0(ωz) = (3.19/ω2

z ) Hz2m, decreasing the
overlap region and shifting the boundaries of the magnetic field
domainsB1,2,3,4. In particular,B4 will extend to lower magnetic
fields. We lastly point out that at the borders of the collapse
region B3, beyond mean-field effects can lead to the formation
of self-stabilized droplets [47].

B. Dual-species degeneracy

We realize two stable condensates by operating our cooling
procedure at a magnetic field B̃ = 150.4 G, where all three
scattering lengths are of similar magnitude. In particular, we
find δg(B̃) = 0.047, when Eq. (2) would dictate mean-field
collapse as B̃ ∈ B3. Due to the previously outlined geometric
effect, the reduced cloud overlap can ensure stability at this
field strength, depending on the individual density distribu-
tions. Following a quick magnetic field ramp to B̃, we per-
form dual-species evaporation by consecutive linear intensity
ramps of the cODT. The final trap frequencies are ωx,y,z,(Na) =
2π (36,129,157) Hz. Both species are then released from the
optical traps and the bias field is subsequently switched off. To
ensure that both clouds are condensed in the same experimental
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FIG. 7. (Top) Typical absorption images of 23Na (left) and 39K
(right) after a ballistic expansion time of 11.3 ms (23Na) and 14.4 ms
(23K), respectively. (Bottom) Integrated column densities of the top
pictures (blue dots) together with bimodal fits of the thermal (red line)
and condensed parts (blue line), respectively.

cycle, we successively image both atomic clouds in the same
time of flight with a delay of 3 ms between the pictures.
Figure 7 shows the resulting density distributions for a typical
experimental run as well as the one-dimensional integrated
optical densities. A bimodal fit discerns the condensed (Nc) and
thermal part (NT) of the clouds. For the used parameters, we
obtain condensed fractions of Nc,Na = 42 % and Nc,K = 17 %
with a total atom number Nc + NT of 4 × 104 for 23Na and
7 × 104 for 39K, respectively. As outlined before, one possible
explanation for the stability of both condensed clouds can be
given by the details of our trapping geometry. At the final trap
frequencies, the differential gravitational sag δz0 = 3.27 μm
exceeds the individual (i.e., without interspecies interactions)
vertical Thomas-Fermi radii of the condensate wave functions,
when the condensate wave-function overlap of the two clouds
is already strongly reduced to about 30%. Hence the impact of
the interspecies interaction is reduced, and mean-field stability
can be obtained. We verify this by calculating stationary
solutions of the coupled Gross-Pitaevskii equations for the
mixture in the Thomas-Fermi approximation. For the used
experimental parameters and final observed atom numbers,
the derived chemical potentials dictate stability of the conden-
sates. The reduced overlap also modifies the thermalization
properties of the mixture. In an interacting and overlapping
scenario, both clouds have to be in thermal equilibrium
after a thermalization time, hence TNa ≡ TK. Yet in a forced
evaporation sequence with noninteracting or nonoverlapping
clouds, we will generally have TNa �= TK. The intermediate
regime, i.e., the effect of reduced interspecies collisions due to
decreased spatial overlap, has been studied before [48], where a
considerable decrease of the interspecies rethermalization rates
was found. In our sequence, we determine the individual cloud
temperature by Gaussian fits to the wings of the thermal cloud
fraction, giving TK = 186 nK and TNa = 87 nK, respectively.
Both values are consistent with the individual extracted con-
densed fractions and critical temperatures. It can be therefore
assumed that in our evaporation sequence, both samples are in

thermal equilibrium with themselves, but not with each other.
Verifying these findings by numerical simulations demands
exact tracing of the evaporation dynamics in the presence of
the thermal background and are therefore beyond the scope of
the stationary Gross-Pitaevskii equation ansatz that was used
to support our explanation of mean-field stability. Both effects,
the mean-field stability as well as the thermalization properties,
are left for future research.

IV. CONCLUSION

We have presented a detailed theoretical and experimental
investigation of the 23Na and 39K collisional properties at
ultracold temperatures in the channel |1,−1〉Na|1,−1〉K|0,0〉,
in order to achieve dual-species condensation. Our theoretical
calculations show three distinct signatures, and we have further
shown how all of them can be spectrally resolved using atom
loss spectroscopy. The measured features coincide well with
our theoretical prediction, highlighting the quality of the recent
data by [20] and [23] on the fermionic isotope pair. The
potential energy curves can be further improved by measuring
the remaining Feshbach resonances of the bosonic isotope in
other collisional channels. We have shown that the interplay of
intra- and interspecies scattering lengths gives rise to four dif-
ferent magnetic field regions B1,2,3,4, in which different mixture
phenomena can be studied. We have tuned aNaK to achieve a
quantum degenerate mixture by forced optical evaporation. We
have further discussed the influence of the differential gravita-
tional sag on the miscibility and the thermalization properties
of the mixture. In our system with reduced cloud overlap, we
have found the mixture to be out of thermal equilibrium as
we switch off the cODT, and the 23Na ensemble to be colder
due to the lower trap depth. Thermalization can be achieved
by raising the trap frequencies after the final stage of forced
evaporation, which reduces the differential sag. Combined with
the miscible interactions, a high spatial overlap of the atomic
clouds gives ideal starting conditions for the association of
Feshbach molecules and subsequent molecular ground-state
spectroscopy. A thorough study of the different interaction
regions B1,2,3,4 is left for future work. It is mentioned that
the borders of region B3 are of considerable interest due to
the possibility to study higher-order mean-field effects like the
Lee-Huang-Yang correction to the Gross-Pitaevskii equation.
This correction was shown to manifest itself in the formation
of quantum droplets in regimes which otherwise would display
mean-field instabilities. Droplets have been recently shown to
emerge in systems of magnetic dipoles [49–51] and Zeeman
state mixtures [52–54]. With the condensed clouds at hand, this
region can be revisited and quantum droplets studied. Together
with the immiscible region B1 and the miscible region B4

explored in this article, the magnetic field valley outlined in the
inset of Fig. 6 provides a wealth of possible phase transitions
to be studied in future research.
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APPENDIX: THREE-BODY LOSSES

The acquired loss data points are fitted to the solution of the
coupled differential equation system,

N ′
Na = − 2

3LNa,Na,K
〈
N2

NaNK
〉
V

− 1
3LNa,K,K

〈
NNaN

2
K

〉
V
, (A1)

N ′
K = − 1

3LNa,Na,K
〈
N2

NaNK
〉
V

− 2
3LNa,K,K

〈
NNaN

2
K

〉
V
, (A2)

using the three-body coefficients LNa,Na,K and LNa,K,K as fit

parameters. One- and three-body losses due to background
and interspecies collisions are fixed by the corresponding
single-species experiments. On the relevant time scale of the
experiment, defined here by the effective 1/e lifetime of 39K,

they appear negligible. The terms in brackets 〈...〉V refers
to the spatially averaged temperature-dependent three-body
densities in the volume V for the two different possible loss
sources, 〈Ni

AN
j

B〉
V

= ∫
V

ni
An

j

Bd3r where ni = ni(r,T ) is the
density of species i. We also consider the effects of antievap-
oration induced heating by solving the additional differential
equation,

3kBT ′ × (NK + NNa) = + βNa,Na,KLNa,Na,K
〈
N2

NaNK
〉
V

+ βNa,K,KLNa,K,K
〈
NNaN

2
K

〉
V
, (A3)

where kB is the Boltzmann constant, together with Eq. (A1).
The quantity β,

βNa,Na,K = 3

2
kBT − 2

3

∫
V

UNan
2
NanKd3r

∫
V

n2
NanKd3r

− 1

3

∫
V

UKnNan
2
Kd3r

∫
V

nNan
2
Kd3r

(A4)

(and similarly βNa,K,K), accounts for the mean potential energy
of the lost atoms, with U being the potential energy [29,30].
Note that also the second and third term of β are temperature
dependent through the temperature dependence of n.
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