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Long-lived fermionic Feshbach molecules with tunable p-wave interactions
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Ultracold fermionic Feshbach molecules are promising candidates for exploring quantum matter with strong
p-wave interactions; however, their lifetimes were measured to be short. Here we characterize the p-wave
collisions of ultracold fermionic 23Na 40K Feshbach molecules for different scattering lengths and temperatures.
By increasing the binding energy of the molecules, the two-body loss coefficient reduces by three orders of
magnitude, leading to a second-long lifetime 20 times longer than that of ground-state NaK molecules. We
exploit the scaling of elastic and inelastic collisions with the scattering length and temperature to identify a
regime where the elastic collisions dominate over the inelastic ones, allowing the molecular sample to thermalize.
Our results provide a benchmark for four-body calculations of molecular collisions and pave the way for
investigating quantum many-body phenomena with fermionic Feshbach molecules.

DOI: 10.1103/PhysRevA.107.053322

I. INTRODUCTION

Ultracold molecules have gained considerable attention in
the past years. Their rich internal structure offers unique op-
portunities for quantum-engineering and quantum-chemistry
applications [1–3]. However, a major challenge for their
usability to investigate quantum many-body physics is to
identify interacting molecular systems where the undesired
collisional loss processes are under control.

A promising platform are optically trapped Feshbach
molecules which are formed through an atomic interspecies
Feshbach resonance [4]. These molecules do not only repre-
sent a key intermediate product for generating ground-state
polar molecules, but also are intriguing due to their rich
collisional behavior near the Feshbach resonance. When the
molecules are weakly bound and the wave function extends
beyond the interatomic potential, the only relevant length
scale in the system is the interspecies scattering length. It
determines the size of the dimers and the interactions between
them in the so-called universal halo regime [5]. Molecules
composed of one boson and one fermion are especially inter-
esting as the dominating collision channel in these composite
fermions is p wave. As a consequence, the molecules are
protected by a centrifugal p-wave barrier from reaching short
range and undergoing inelastic loss. In addition, a theoretical
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study has shown that the elastic p-wave collisions drasti-
cally increase with the interspecies scattering length and with
temperature. These scalings are expected to be stronger than
those for the inelastic collisions [6]. In contrast, the ratio
of elastic-to-inelastic collisions in spin-polarized fermionic
atoms reduces with increasing p-wave interactions due to
enhanced three-body losses [7]. Therefore, fermionic Fes-
hbach molecules are promising to realize unconventional
superfluidity [8,9].

However, common wisdom dictates that Feshbach
molecules, being in a highly excited vibrational state, should
be short lived, especially when compared to molecules in the
rovibronic ground state. In addition, unlike bosonic molecules
composed of fermions [10,11], Pauli blocking does not protect
fermionic Feshbach molecules from undergoing three-body
loss, involving two bosons and one fermion colliding at
short range. The collisional instability of fermionic Feshbach
molecules was confirmed in experiments where lifetimes on
the order of hundred milliseconds [12,13] or as short as a
millisecond [14] were measured. Due to the short lifetime of
these molecules, so far no experimental evidence for elastic
p-wave collisions could be provided, despite the predicted
favorable scaling of elastic-to-inelastic collisions with
temperature and scattering length. In addition, calculating
four-body collisions is highly nontrivial. Only in the extreme
case that one constituent atom is much lighter than the other
can the collisions be reduced to a three-body problem under
the Oppenheimer approximation. However, these calculations
are only considered to be valid in the halo regime [6]. It is not
clear whether the predictions apply to molecules consisting
of two atoms with comparable mass and how the collision
properties change away from the halo regime.

In this work we realize tunable p-wave interactions in a
trapped sample of fermionic NaK Feshbach molecules. By
tuning the magnetic field close to an atomic s-wave Feshbach
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resonance, the Feshbach molecules enter the halo regime,
where they feature strong p-wave interactions. We observe
that the inelastic collision rates can be changed by three or-
ders of magnitude, and we see indication of an even higher
tunability for the elastic collision rates. While the inelastic
collision rates follow closely the expected universal p-wave
scaling to scattering length and temperature in the deep halo
or nonhalo regime, nonuniversal behavior occurs in the inter-
mediate regime, indicating a potential Efimov resonance [15].

II. INELASTIC COLLISIONS

In a first set of measurements, we characterize the loss
between NaK Feshbach molecules which occurs when the
molecules overcome the centrifugal p-wave barrier. Once they
reach the short-range regime, the loss can be described by Na-
Na-K three-body recombination, where the additional K atom
acts as a spectator and carries away the kinetic energy on the
order of the Feshbach-molecule binding energy [16]. The in-
elastic collision rate is determined by the barrier height Vb and
the collision energy Ec and is proportional to (Ec/Vb)3/2 [17].
In the halo regime and in absence of an Efimov resonance,
Marcelis et al. calculated that Vb ∝ a−2 and, therefore, the
loss rate scales with a3T [6]. Here a is the s-wave interspecies
scattering length and T is the temperature of the sample. In
comparison, the elastic collision cross section is proportional
to V 2

p T 2, where Vp is the p-wave scattering volume. Under the
same approximation, Marcelis et al. calculated that Vp ∝ a3.
Therefore elastic collision rates are predicted to scale with
a6T 2.5. However, as we will show later, the p-wave scatter-
ing volume might not be strictly defined for all measured
scattering lengths, for example, when the collisional behavior
deviates from the universal p-wave collisions due to Efimov
resonances. To make the least assumptions about the system,
we characterize the collisions in terms of collision rates as a
function of the interspecies scattering length.

We start from a mixture of bosonic 23Na and fermionic
40K atoms in their respective energetically lowest hyperfine
states |F, mF 〉 = |1, 1〉 and |9/2,−9/2〉, where F represents
the total angular momentum and mF the projection onto
the magnetic-field axis. To associate Feshbach molecules,
we ramp the magnetic field across an interspecies Feshbach
resonance at 78.3 G, which we have previously character-
ized [18], followed by an additional fast magnetic-field ramp
to 72.3 G where the Feshbach molecules have a vanishing
magnetic moment. As the remaining atoms possess a finite
magnetic moment, we remove them from the trap by applying
a magnetic-field gradient of 40 G/cm. This procedure typi-
cally produces 3 × 104 Feshbach molecules at a temperature
of 500 nK in a crossed optical dipole trap. The trapping fre-
quencies are (ωx, ωy, ωz ) = 2π × (57, 91, 246) Hz, where the
z direction is the direction along gravity.

We investigate the dependence of the collisional loss on the
scattering length by ramping the magnetic field to the target
magnetic field B, where we hold the molecules for a variable
time. For detection we first turn off all dipole traps, then
ramp the magnetic field back through the Feshbach resonance
to dissociate the molecules. Finally, the dissociated atoms
are detected in time of flight using absorption imaging. The

imaging beam propagates along the y direction, allowing us to
extract the temperatures in the x and z direction.

We fit the loss of Feshbach molecules in a harmonic trap
with the two-body loss model,

dN

dt
= −βinelN2

ν0T 3/2
, (1)

where βinel is the inelastic collision coefficient, N is the num-
ber of molecules, ν0T 3/2 is the generalized trap volume given
by ν0 = (4πkB/mω̄2)3/2, with ω̄ = (ωxωyωz )1/3 the geometric
mean of the trap frequencies, kB the Boltzmann constant,
and m the mass of molecules. Since we do not observe a
significant change of the temperature during the measurement,
we do not include any heating effects in our model. We also
ignore the inelastic collisions between Feshbach molecules
and spectator K atoms that remain in the trap close to the res-
onance where their collisions are strongly suppressed by Pauli
blocking [12,19].

We extract the interspecies scattering length from the mag-
netic field using a model with two overlapping Feshbach
resonances given by

a(B) = abg

(
B − B∗

1

B − B0,1

)(
B − B∗

2

B − B0,2

)
, (2)

where abg = −619 a0 [20] is the background scattering length,
B0,1 = 78.3 G and B0,2 = 89.7 G are the two resonance po-
sitions, and B∗

1 = 73.03 G and B∗
2 = 80.36 G are the zero

crossings of the scattering length [18].
Our findings of βinel as a function of a are summarized

in Fig. 1. In the halo regime, we observe a strong depen-
dence of the loss coefficient βinel on the scattering length.
We check the scaling by fitting the two-body loss coefficient
with a polynomial of the form βinel(a) = cala for scattering
lengths a > 1000 a0 and obtain la = 2.58(14). We note that
not all data points used for the fit are deep enough in the halo
regime to exhibit the predicted a3 scaling. In fact, as shown in
Appendix A, the locally extracted a-scaling exponent la still
increases for a > 1500 a0 [19]. All measured rates of inelas-
tic collisions are below the unitarity limit βunitary = 2h̄λdB/μ

[22], which corresponds to a value of β = 1.77 × 10−9 cm3/s
at a temperature of 500 nK. Here λdB corresponds to the de
Broglie wavelength of a molecule and μ to the reduced mass
of the molecule pair. Interestingly, the loss coefficient does
not seem to saturate to the unitarity limit close to resonance.
We believe that two reasons might contribute to this: First, the
changes in la might mask the onset of the saturation. Second,
in this regime βinel might be overestimated by up to 15%
because of additional loss that stems from an accumulation
of Na atoms, as discussed in Appendix B.

For a < 1000 a0, the effect of the scattering length on
the loss rate is weaker. In particular, once the molecules
are deep in the nonhalo regime where a is smaller than the
van der Waals length avdW, the two-body loss approaches
βinel = (3.3 ± 0.1stat. ± 1.1sys. ) × 10−12 cm3/s [see Fig. 1(b)].
We compare this value to the predictions from multichan-
nel quantum defect theory (MQDT), which have previously
reproduced the loss coefficient for molecules in rovibronic
ground states [21,23] and in high-lying vibrational states [24].
The predicted two-body loss coefficient in collisions of indis-
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FIG. 1. Two-body loss coefficient βinel as a function of the scat-
tering length a for T = 500 nK. (a) Deep in the nonhalo regime
the loss approaches βinel = (3.3 ± 0.1stat. ± 1.1sys. ) × 10−12 cm3/s.
The gray dashed line indicates the loss coefficient of βinel = 1.65 ×
10−12 cm3/s predicted by MQDT calculations. For a > 1000 a0, βinel

is fitted with βinel (a) = cala , which yields la = 2.58(14) (blue dashed
line). The red triangle indicates the coefficient of inelastic collisions
in NaK ground-state molecules for T = 500 nK [21]. The statistical
error in βinel is given by the error of the fit. A systematic error of 30%
in βinel is expected from a 10% error in the trapping frequency. The
horizontal error bars result from a 15-mG uncertainty in the magnetic
field. (b, c) The number of Feshbach molecules as a function of the
hold time for B = 72 G (a = −47 a0) and B = 77.8 G (a = 1300 a0).
The solid line shows the fitted molecule number from the two-body
loss model described by Eq. (1), assuming a constant temperature.

tinguishable fermions is given by

βinel(T ) = �(1/4)6

�(3/4)2
ā3 kBT

h
= 1513ā3 kBT

h
, (3)

where ā = 2π (2μC6/h̄2)1/4/�( 1
4 )2 = 88.8 a0 is the average

scattering length, C6 is the van der Waals coefficient, and
�(x) is the gamma function [25]. The average scattering
length ā = 0.956 avdW can be understood as the size of the
molecule in the nonhalo regime. We calculate the van der
Waals coefficient of NaK Feshbach molecules by approximat-
ing the long-range interaction to be the sum of the contribution
from individual atoms, i.e., C6,FB = C6,Na + C6,K + 2C6,Na−K,
where C6,Na = 1556, C6,K = 3897 [26], and C6,Na−K = 2454
[27] in atomic units. At a temperature of 500 nK, Eq. (3) then
yields 1.65 × 10−12 cm3/s, which is a factor of 2 lower than
the measured value. The deviation from the universal limit
can be attributed either to the 30% systematic uncertainty of
the measurements or to nonunity loss probability at the short
range. In the latter case, reflection from the short range can
interfere with the incoming molecular wave function, thereby
enhancing or reducing the loss rate [25].

We note that the two-body loss coefficient of NaK Fes-
hbach molecules in the nonhalo regime is 20 times lower
than that of the ground-state molecules [21]. This contra-

FIG. 2. Temperature-dependent collisional loss of Feshbach
molecules. (a) The coefficient βinel is shown for various temperatures
at a = −14 a0, 554 a0, 1542 a0, 3000 a0 (from bright to dark blue).
The loss coefficient obtained from the respective data sets are fitted
with a polynomial of the form cT lT (solid lines). The statistical error
in βinel is given by the error of the fit. A systematic error of 30%
in βinel is expected from a 10% error in the trapping frequency.
The horizontal error bars represent the statistical error of of Tavg

during the hold time. (b) Extracted exponent lT as function of the
scattering length. The vertical error bars represent error of the fit,
and the horizontal error bars are the error in the scattering length.
The gray dashed line is a guide to the eye corresponding to a linear
temperature scaling. The distinct data point (diamond) corresponds
to the temperature scaling of the loss in Fig. 4.

dicts the naive expectation that the rovibronic ground-state
molecules should live longer than the weakly bound Feshbach
molecules. However, this can be explained by considering
that the strong molecule-frame dipole moment d present in
ground-state molecules modifies the van der Waals inter-
action. This effectively increases the van der Waals length
for ground-state molecules and thus the universal two-body
loss coefficient [28]. The agreement of the loss coefficients
for ground-state and Feshbach molecules with these mod-
els strongly suggests that the lifetime of fermionic NaK
molecules is determined by the long-range interaction poten-
tial, regardless of the loss mechanism at short range.

Next we study the temperature dependence of the col-
lisional loss. We achieve different temperatures between
300 nK and 1000 nK by adiabatically compressing or decom-
pressing the trap before the loss measurement. As shown in
Fig. 2, βinel increases with temperature for all data sets. We
fit a polynomial of the form cT lT to the loss coefficient. The
data is closely approximated by a linear fit [see Fig. 2(b)].
However, especially in the regime close to 500 a0, the scaling
seems to be stronger than linear. Anomalous temperature de-
pendence of inelastic collisions was also observed in bosonic
Feshbach molecules such as Cs2 and NaRb at around 500 a0,
and its origin is still unclear [5,29]. In addition to the anoma-
lous temperature dependence of βinel, an enhanced loss of βinel

as a function of the scattering length occurs at around 500 a0,
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as shown in Fig. 1. We speculate that the deviations result
from a Na-Na-K Efimov resonance, which also shows up in
the rate coefficient of atom-dimer collisions in Appendix B.

III. ELASTIC COLLISIONS

In the second set of measurements, we investigate elas-
tic collisions between Feshbach molecules. As introduced in
the previous section, the elastic collision rate is predicted
to scale as a6T 2.5 in the halo regime if Efimov resonances
are absent [6]. Thus we expect that elastic collisions domi-
nate over inelastic collisions for high temperatures and large
scattering lengths, such that a molecular sample out of equi-
librium can rethermalize during its lifetime. We create such
an out-of-equilibrium molecular sample by nonadiabatically
compressing the optical dipole trap after the molecule associ-
ation such that the trapping frequencies ωy, ωz increase more
than ωx. After compressing the trap at 77 G, we ramp the
magnetic field to the target magnetic field B within 1.5 ms.
where we hold the molecules for a variable time. We typically
produce 1 × 104 Feshbach molecules with an initial tempera-
ture of Tx = 350 nK and Tz = Ty = 550 nK.

To obtain both the elastic and inelastic collision coeffi-
cients, we adapt the model used for two-body collisions in
polar molecules [30] to obtain the following set of differential
equations:

dn

dt
= −n2

3
Kinel(2Tz + Tx ) − n

2Tx

dTx

dt
− n

2Tz

dTz

dt
, (4)

dTz

dt
= n

12
KinelTzTx − �th

3
(Tz − Tx ) + cl , (5)

dTx

dt
= n

12
Kinel(2Tz − Tx )Tx + 2�th

3
(Tz − Tx ) + cl . (6)

Here n is the average density of the sample, and Kinel =
βinel/T is the temperature-independent coefficient of inelastic
collisions. Tx and Tz are the effective temperatures of the
molecules in the horizontal and vertical direction, respec-
tively. We checked that the temperature along the direction
of the imaging beam Ty is equal to Tz and assume this for
all measurements. �th is the thermalization rate given by
�th = nσ v̄/α, where σ is the cross section of the elastic
collisions, which is assumed to be constant for each measure-
ment, v̄ = √

16kB(2Tz + Tx )/(3πm) is the average velocity of
molecules, and α = 4.1 is the number of collisions needed
for thermalization in p-wave collisions [30,31]. The linear
heating term cl has been introduced to phenomenologically
account for isotropic heating that we observe in these mea-
surements. We numerically fit Eqs. (4)–(6) in the basis of the
average temperature Tavg = (2Tz + Tx )/3 and the difference
in temperature 
T = Tz − Tx to reduce the common mode
fluctuation in the temperatures.

The resulting coefficients of inelastic and elastic collisions,
βinel and βel = σ v̄, are summarized in Fig. 3 as a function of
the scattering length for a temperature of 500 nK. Deep in the
nonhalo regime, collisions of Feshbach molecules predomi-
nantly result in loss such that the number of elastic collisions
during the lifetime of the molecular sample is negligible.
As a result, cross-dimensional thermalization is absent [see
Fig. 3(b)]. For higher scattering lengths the elastic collision
rate increases notably faster than the inelastic collision rate.

FIG. 3. Elastic p-wave collisions of fermionic Feshbach
molecules. (a) Elastic collision coefficient βel (red) and inelastic
collision coefficient βinel (blue) as a function of the scattering length
a for a temperature T = 500 nK. Data points for βel are marked
(open symbols) when the number of K atoms increases during the
measurement, and therefore our model, which ignores K-dimer
elastic collisions, does not apply. The red dashed line shows the
expected a6 scaling in the halo regime according to the simplified
theory. The blue dashed line shows the a2.58 scaling which is deduced
from a fit to the loss coefficients in the first set of measurement.
The vertical error bars for the inelastic and elastic collision rates are
given by the error of the fit. The horizontal error bars result from a
15-mG uncertainty in the magnetic field. A systematic error of 30%
in the collision-rate coefficients is expected from a 10% error in
the trapping frequency. The rate coefficient for elastic collisions for
a = −37 a0, 322 a0 lie outside of the plotting range. (b), (c) Effective
temperatures Tz (dark gray) and Tx (light gray) as a function of the
hold time for magnetic fields of 72.25 G (−37 a0), 77.25 G (610 a0).

Due to cross-dimensional thermalization, the temperatures in
the two directions approach each other during the measure-
ment [see Fig. 3(c)].

Unfortunately, our measurement does not allow us to quan-
titatively extract the scaling of βel with the scattering length a
in the halo regime due to the following two reasons. First,
even though we intentionally reduced the initial molecule
density to n0 = 0.4 × 1011 cm−3, the elastic collision rate be-
comes comparable to the trap frequencies for a scattering
length of a > 2000 a0. Therefore the system enters the hy-
drodynamic regime and the measured value of βel saturates
near the so-called hydrodynamic limit given by ω̄α/(2πn0) =
1.71 × 10−9 cm3/s with a geometric mean trapping frequency
ω̄ = 2π × 167 Hz [32]. We note that in the presence of strong
loss, the measured elastic collision rate can exceed the hydro-
dynamic limit calculated for a constant density. Second, our
model, which only considers dimer-dimer elastic collisions, is
only valid in deducing βel for scattering lengths up to 610 a0.
When a > 610 a0, we observe an accumulation of spectator K
atoms which can contribute to the cross thermalization. Due to
these limitations, we see a strong deviation from the expected
a6 scaling. Nevertheless, this measurement shows that the rate
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FIG. 4. Elastic p-wave collisions in fermionic Feshbach
molecules for different temperatures. Elastic collision coefficient
βel (red) and inelastic collision coefficient βinel (blue) as a function
of the temperature averaged during the hold time for a scattering
length a = 610 a0. The vertical error bars are given by the error of
the fit. The horizontal error bars represent the statistical error of Tavg

during the hold time. A systematic error of 30% in the collision rate
is expected from a 10% error in the trapping frequency. The blue
and red solid line are the fits of the polynomial function to the rate
coefficients.

coefficient of elastic collisions exhibits a stronger scaling with
the scattering length than that of inelastic collisions.

In addition, we measure the scaling of the elastic col-
lision rate with the temperature. To this end we perform
the nonadiabatic compression to different trap depths while
keeping the ratio between the trapping frequencies fixed.
To ensure that cross-dimensional thermalization results from
elastic collisions between the Feshbach molecules, we per-
form the measurement at a scattering length of a = 610 a0,
where we checked that the number of K atoms does not
systematically change for the different temperatures. The re-
sults are summarized in Fig. 4. One can see that the elastic
rate coefficient scales stronger with temperature compared
to the inelastic one. For temperatures around T = 300 nK,
the rates of elastic and inelastic collisions are comparable,
while for T = 1000 nK, the elastic collision rate is larger
by almost one order of magnitude. We fit the temperature
scaling with the polynomial cT lT and obtain lT = 1.39(12)
and l = 3.46(63) lT = 3.46(63) for βinel and βel, respectively.
The measured temperature scaling of the elastic collision rate
is faster than the T 5/2 scaling expected for p-wave collisions,
pointing to nonuniversal collisional behavior.

IV. CONCLUSION

In conclusion, we have characterized inelastic and elastic
collisions of fermionic NaK Feshbach molecules and found
reasonable agreement with the threshold behavior of p-wave
collisions between Feshbach molecules. The measured scal-
ings qualitatively agree in the halo regime with the calculation
for molecules that consist of two atoms with high mass im-
balance. Our investigations in both the halo and the nonhalo
regime provide a benchmark for calculations of the four-body
problem that predict the collisional behavior in other het-
eronuclear molecules. The surprisingly strong suppression of
dimer-dimer loss in the nonhalo regime suggests that after
molecule formation, dimer loss can be strongly reduced by

quenching the magnetic field into the regime of large binding
energies. This has, for example, been essential in our recent
work on the generation of degenerate Fermi gases of NaK
molecules [33,34].

With the discovery of long-lived interacting Feshbach
molecules, it seems unfortunate that the pursuit for utiliz-
ing these molecules for quantum many-body physics has
predominantly ceased. Further improvement of the ratio of
elastic-to-inelastic collisions is expected when confining the
molecules in two-dimensional traps [9,35], which should
allow for evaporative cooling of Feshbach molecules and pos-
sibly the observation of p-wave paired phases. The authors
of Ref. [9] have identified 40K – 39K as a promising system
in this regard. Furthermore, it would be interesting to prepare
fermionic Feshbach molecules formed by two magnetic atoms
such as 170Er 161Dy [36], which are expected to be long lived
and exhibit large magnetic dipole moments [37].
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APPENDIX A: LOCAL SCALING OF THE INELASTIC
DIMER-DIMER COLLISIONS

As can be seen from Fig. 1 in the main text, the inelas-
tic rate coefficient βinel shows three regimes. In the nonhalo
regime, βinel is constant, while in the halo regime, it is ex-
pected to scale as βinel ∝ a3. In between, there is a transition
regime. The exponent la therefore depends on the region in
which the fit is performed. When using the data for a >

1000 a0, we find la = 2.58(14), smaller than the expected
value. However, by choosing different fit regions, we can
show that the exponent indeed converges to la ≈ 3 at higher
scattering lengths. To do this we perform multiple fits, each
time using only five consecutive data points from Fig. 1.
The resulting exponents are plotted versus the fit region in
Fig. 5. As expected, the exponent is close to 0 for small a,
then increases to nearly 3 at the top end of the probed range.
Interestingly, while one expects a monotonous increase of
la from the nonhalo to the halo regime, the increase of la
seems to pause in the regime between 200 a0 and 700 a0. This
behavior might be the result of a potential Efimov resonance
that causes deviations from the universal scaling p-wave col-
lisions. We note that anomalous temperature dependencies of
dimer-dimer collisions were previously observed with bosonic
Cs2 [5] and NaRb [29] Feshbach molecules at around 500 a0.

APPENDIX B: EFFECT OF UNBOUND ATOMS
ON THE DIMER-DIMER LOSS MEASUREMENT

In our measurements we detect the Feshbach molecules
in time of flight using a Stern–Gerlach separation technique.
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FIG. 5. Local scaling of the dimer-dimer loss on the scattering
length. We extract the local exponent la as a function of the scattering
length from Fig. 1 in the main text by considering the data of the
inelastic collision-rate coefficient βinel in the regime indicated by the
horizontal bars. The error bars in the vertical direction show the error
of the fit.

This allows us to determine the number of Feshbach
molecules and atoms individually [33]. While we clearly
do not observe unbound atoms for short hold times, we
potentially see an accumulation of atoms for longer hold
times. The number of accumulated atoms strongly depends
on the interspecies scattering length a and thus on the binding
energy of the Feshbach molecules.

The accumulation of K atoms can be understood from the
underlying Na-Na-K three-body loss when two NaK Feshbach
molecules collide. In this process, two Na atoms and one K
atom form a short-lived trimer. In the consequent breakup,
the binding energy of the trimer, on the order of 100 mK,
is carried away by the atomic constituents [16], leading to
their immediate escape from the trap. The remaining K atom
in the collision acts as a spectator and takes away kinetic
energy of about the binding energy of the Feshbach molecule
Eb = h̄2/(2μa2). Thus the accumulation of K atoms is ex-
pected once the binding energy is less than the trap depth
U = kB × 6μK. The accumulation of Na atoms is caused
by thermal dissociation of dimers. Once the binding energy
of the dimers becomes comparable to the temperature, the
collisional energy is large enough to break one of the dimers
into their atomic constituents which subsequently remain in
the trap.

Figure 6 shows the number of accumulated atoms during
longest holding times as a function of the scattering length a
for the measurements presented in Fig. 1 of the main text. We
can identify three regions in this plot. For scattering length
below a < 350 a0, we see no accumulation of atoms. Here
the binding energy of the Feshbach molecules is larger than
the trap depth. For scattering lengths a > 350 a0 where the
binding energy is smaller than the trap depth, K atoms start
to accumulate in the trap. The number of K atoms remains
below 1000 until the binding energy becomes lower than the
average kinetic energy kBT = kB × 500 nK at a > 1300 a0.
In this regime the number of K atoms strongly increases, and
Na atoms also start to accumulate in the trap. Here the thermal
energy can suffice for the molecules to break apart into atomic
constituents, whereas it is not large enough for the atoms to
leave the trap. If this thermal dissociation is the dominant

FIG. 6. Unbound atoms from three-body recombination and
thermal dissociation. Number of accumulated Na atoms (blue) and K
atoms (red) for the loss measurements presented in Fig. 1 at various
scattering lengths a. For each measurement we prepare the system
under the same conditions and average over the number of unbound
Na or K atoms for the respective longest four holding times. The error
bar indicates the standard deviation. The dashed line shows Eb = U ,
where U = kB × 6μK is the effective trap depth. The dash-dotted
line indicates Eb = kBT , where T = 500 nK is approximately the
temperature of the molecular sample.

process for the accumulation of unbound atoms, we might
expect the detected number of K and Na atoms to be roughly
the same. While our data does not seem to confirm this be-
havior, we note that this is likely a result of the Na-dimer loss
being much larger than the K-dimer loss. This is illustrated
in Fig. 7.

Based on the number of accumulated atoms and the atom-
dimer loss coefficients presented in Fig. 7, we can estimate the
effect of atom-dimer collisions on the measurements of the
inelastic dimer-dimer collision-rate coefficient. As discussed
in the main text, we ignore the effect of the accumulated
K atoms on the inelastic dimer-dimer collisions. We justify
this by the negligible number of K atoms for most scattering
lengths. Close to resonance the number of K atoms becomes
at most comparable to the number of Feshbach molecules.
However, as shown in Fig. 7, in this regime the rate coef-
ficient of inelastic K-NaK collisions is about two orders of
magnitude smaller than the extracted coefficient of inelas-
tic dimer-dimer collisions. While the number of Na atoms
also remains negligible for most scattering lengths, close to

FIG. 7. Rate coefficients for Na-NaK (blue) and K-NaK (red)
atom-dimer loss as a function of the scattering length measured at
a temperature of 250 nK. The Na-NaK data is adapted from the
Supplemental Material of Ref. [18].
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resonance we do detect a noticeable number of accumulated
Na atoms. In addition, the Na-NaK loss rate coefficient is
comparable to the dimer-dimer loss rate coefficient. We esti-
mate the upper bound of the Na-NaK contribution to the mea-
sured βinel at 4000 a0, where we expect the highest atom-dimer
losses. We consider that the number of K atoms at the end of
the loss measurement gives us an upper boundary of thermally

dissociated Na atoms, which amounts to about 5000 atoms, as
the thermally dissociated K atoms do not undergo collisional
loss with the molecules near the resonance. We also consider
that these 5000 Na atoms can undergo loss with the Feshbach
molecules. If the rate coefficient of Na-dimer and dimer-dimer
collisions is about the same, at most 15% of the measured βinel

comes from Na-dimer loss.
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