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Understanding collisions between ultracold molecules is crucial for making stable molecular quan-
tum gases and harnessing their rich internal degrees of freedom for quantum engineering. Transient
complexes can strongly influence collisional physics, but in the ultracold regime, key aspects of
their behavior have remained unknown. To explain experimentally observed loss of ground-state
molecules from optical dipole traps, it was recently proposed that molecular complexes can be lost
due to photoexcitation. By trapping molecules in a repulsive box potential using laser light near a
narrow molecular transition, we are able to test this hypothesis with light intensities three orders of
magnitude lower than what is typical in red-detuned dipole traps. This allows us to investigate light-
induced collisional loss in a gas of nonreactive fermionic 23Na40K molecules. Even for the lowest
intensities available in our experiment, our results are consistent with universal loss, meaning unit
loss probability inside the short-range interaction potential. Our findings disagree by at least two
orders of magnitude with latest theoretical predictions, showing that crucial aspects of molecular
collisions are not yet understood, and provide a benchmark for the development of new theories.

I. INTRODUCTION

Diatomic molecules lie at an intriguing boundary in
our current understanding of quantum physics. They are
much more complex and richer objects than atoms, but
at the same time simple enough that achieving complete
understanding and control at the quantum level appears
to be within reach. For this reason, ultracold diatomic
molecules have been studied extensively during the last
two decades, and have been suggested as candidate sys-
tems for quantum simulation of dipolar systems [1–4],
universal quantum computation [5–8], and as ultrasensi-
tive probes of beyond-standard-model physics [9–11].

Dipolar bialkali dimers are a specifically interesting
class of molecules, both because they can be associated
from ultracold atoms, and because they offer large per-
manent dipole moments, making them an ideal choice
for the study of dipolar quantum many-body systems.
For this reason, a variety of ground-state bialkali dimers
have been experimentally investigated, including the
fermionic species 40K87Rb and 23Na40K [12, 13], as well
as the bosonic species 87Rb133Cs, 23Na87Rb, 23Na39K,
and 23Na133Cs [14–18]. Except for KRb, each of these
species has been predicted to be stable against chemical
reactions in low-energy collisions of two molecules [19]. In
spite of this, universal two-body loss, where almost ev-
ery collision leads to the loss of both molecules, has been
observed consistently in experiments [14, 17, 20–22]. We
mean by “universal” that the probability of loss inside
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the short-range part of the interaction potential is unity.
In this case, the collision process does not depend on
the details of the short-range potential, and the loss rate
is determined only by the long-range interactions that
govern the flux of molecules reaching short range [23].
Strong loss has also been found with 40Ca19F molecules
in optical tweezers [24]. Confining the molecules in very
deep optical lattices [25–27] or using engineered repulsive
interactions based on external dc or ac fields [28–37] al-
low one to mitigate such losses by suppressing close-range
collisions. Elastic collisions for the purpose of evapora-
tive cooling can alternatively be established via collisions
with atoms [38–40].

However, the collisional loss still represents a major
obstacle in the development of the field, as it makes evap-
orative cooling difficult and limits the lifetime of dense
molecule samples. It has been suggested that the two-
body loss may be caused by sticky collisions, where two
molecules form a long-lived, intermediate four-body com-
plex, which is subsequently lost from the trap. The first
hypothesis was that these complexes could then undergo
collisions with molecules [41–43]. However, recent calcu-
lations predicted that the complex sticking time is too
short for this to explain observations [44, 45]. Instead, it
was proposed that complexes could be excited by pho-
tons from the dipole trap, causing them to be trans-
ferred to states which do not decay back into ground-
state molecules. Recent experiments with 40K87Rb and
87Rb133Cs, in optical dipole traps that were chopped on
and off to be temporally dark, have provided evidence for
this hypothesis [46, 47].

In this work, we characterize the two-body collisions
of fermionic, chemically stable 23Na40K molecules un-
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der highly controlled conditions of varying light inten-
sity, temperature and electric field. Specifically, we re-
alize trapping conditions of permanently very low light
intensity in a blue-detuned optical box trap and compare
the results to those from standard, red-detuned optical
dipole traps. Under such low-intensity conditions, the
lifetime of molecules should be significantly increased, as
most sticky complexes are not excited by photon scatter-
ing and can therefore decay back into diatomic molecules.
Surprisingly, and in stark contrast to the results found
with other bialkali species, we find no dependence of
the collisional behavior on the trapping light intensity.
Our findings give a joint lower bound on the lifetime and
photoexcitation rate of sticky complexes which disagrees
by at least two orders of magnitude with state-of-the-art
theoretical predictions.

II. THEORY OF STICKY COLLISIONS

In a collision between two bialkali dimers, the strong
chemical interaction energies (1000s of cm−1) enable the
colliding molecules to access a large number of rovibra-
tionally excited states. With the molecules initially in
their absolute ground state, the emergent four-body col-
lision complex can only dissociate when both molecules
have returned to the ground state. This leads to a com-
plex sticking time τstick which is much longer than is
common in higher-temperature collisions [48]. If the
dynamics of the collision is chaotic, the sticking time
can be estimated from the density of states of the com-
plex ρs via Rice-Ramsperger-Kassel-Marcus (RRKM)
theory [41, 42]:

τstick ≈ τRRKM =
2π~ρs
Ns

, (1)

where Ns is the number of energetically available out-
going quantum states, with Ns = 1 for nonreactive
molecules. In Ref. [44] the sticking time for 23Na40K-
23Na40K collisions was calculated using this formalism to
be τRRKM = 18µs. This sticking time can be extended
in the presence of external fields or rotation-hyperfine
couplings which break conservation of motional angular
momentum.

A molecular sticking of τstick = 18µs by itself is not suf-
ficient to account for the observed two-body loss, since
the complexes have enough time to dissociate into di-
atomic molecules before being lost from the trap. How-
ever, it was predicted in Ref. [45] that collision com-
plexes can be electronically excited by photons from the
trapping laser. After excitation, the complex can spon-
taneously decay into a large number of different quan-
tum states, making a dissociation back into ground-state
molecules unlikely. The calculated excitation rate for
typical laser intensities in a red-detuned dipole trap is
at least an order of magnitude faster than the dissocia-
tion rate of the complexes. It has therefore been the ac-

FIG. 1. Overview of sticky collisions and the experimental
setup. (a) Probability for two molecules to survive a collision
at a given intensity of 1064-nm light according to Ref. [44].
An intermediate sticky complex is formed in every collision,
but at high intensity, almost every complex is lost via pho-
toexcitation. Only at low intensity, the complex can decay
back into ground-state molecules after a mean sticking time
τstick. At the critical intensity Ic, the survival probability is
50%. (b) Red-detuned crossed trap consisting of two elliptical
beams of wavelength 1064 nm and 1550 nm. (c) Blue-detuned
box trap at 866 nm with vertical cylinder beam and two hori-
zontal elliptical beams. One quadrant is cut out for visibility.
The arrows that indicate magnetic field and electric field are
valid for both (b) and (c). To compensate gravity in the box
trap, we use an electric-field gradient along the z direction.

cepted explanation for the experimentally observed two-
body loss of molecules (see Fig. 1).

III. EXPERIMENTS IN THE RED-DETUNED
DIPOLE TRAP

A. Molecule preparation and trapping

We typically create 2.5 × 104 23Na40K ground-state
molecules at temperatures between 300 nK and 1µK
from an ultracold atomic mixture that contains about
2 × 105 potassium and 1 × 105 sodium atoms. The
mixture is initially prepared in a crossed-beam opti-
cal dipole trap, which consists of two orthogonal laser
beams with wavelengths of 1550 nm and 1064 nm, as il-
lustrated in Fig. 1(b). The Na and K atoms are in
the states |F,mF 〉 = |1, 1〉 and |9/2,−9/2〉, respectively,
where F is the total atomic angular momentum and
mF is its projection onto the magnetic field axis. We
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then ramp the external magnetic field over the inter-
species Feshbach resonance at 78.3 G [49] in order to
form weakly bound molecules in the least-bound vibra-
tional state of an electronic manifold with mainly a3Σ+

character. Using a stimulated Raman adiabatic pas-
sage (STIRAP) pathway similar to the one described
in Refs. [13, 50, 51], we transfer typically 80% of these
molecules into the rovibrational and hyperfine ground
state |J,mJ ,mI,Na,mI,K〉 = |0, 0, 3/2,−4〉 of the elec-
tronic X1Σ+ manifold. Here, J denotes the total mole-
cular angular momentum excluding nuclear spin [52], mJ

is its projection onto the quantization axis, and mI,Na

(mI,K) is the nuclear spin projection of Na (K). In order
to study the collisional properties of the molecules, we
keep them confined in the crossed dipole trap at trap fre-
quencies of (ωx, ωy, ωz) = 2π × (89(2), 57(1), 205(3)) Hz.
The trap depth is kB × 6µK. Unless otherwise stated,
the STIRAP and holding of ground-state molecules are
performed at 72.4 G, where the STIRAP two-photon de-
tuning is insensitive to small changes in the magnetic
field. At the end of the experimental run, we reverse the
STIRAP and subsequently perform absorption imaging.

B. Data analysis

With the molecule density distribution expected in a
harmonic dipole trap, the remaining molecule number af-
ter a given hold time, N(t), is described by the differential
equation

dN

dt
= − βN2

ν0T 3/2
. (2)

Here ν0T
3/2 is the generalized trap volume given by ν0 =

(4πkB/mω̄
2)3/2, with ω̄ = (ωxωyωz)

1/3 the geometric
mean of the trap frequencies and m the molecule mass.
The two-body loss coefficient is denoted by β. During
the holding time, previous experiments have observed a
linear increase in temperature over time such that T (t) =
T0 + qt [53, 54]. This heating is caused by the lowest-
energy molecules being lost predominantly, as they are
located in the trap center where the density is highest.
With such heating present, the solution of Eq. (2) is

N(t) =
N0

1 + 2βN0

qν0

(
1√
T0
− 1√

T0+qt

) , (3)

where N0 is the initial molecule number and β is assumed
to be constant. This is a reasonable assumption because
the largest observed temperature change is below 25%
over the hold times used in the experiment. Importantly,
the model assumes thermal equilibrium of the molecule
sample at all times, and, even though thermalization is
impossible without elastic collisions, it still describes our
observations remarkably well.
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FIG. 2. Temperature dependence of two-body loss coef-
ficient β. (a) Measured β versus initial temperature of
the molecule sample in the crossed dipole trap. The or-
ange line is a linear fit to the data resulting in a slope
of β/T = 13.0(8)× 10−11 cm3/µKs, compared to β/T =
6.52× 10−11 cm3/µKs obtained from the MQDT calculation
without fit parameters (black line). The orange error bars rep-
resent the 1σ uncertainty of the fit, and the black error bars
additionally contain the systematic uncertainty. (b) Sample
data for molecule number versus hold time for two different
initial temperatures (triangles and circles) and two-body loss
fits (solid lines) according to Eq. (3). (c) Sample data for
sample temperature versus hold time of the same two data
sets shows a linear dependence of temperature on hold time.
For (b) and (c), error bars correspond to the standard error
of the mean of three repetitions.

C. Temperature dependence of collisions

For identical fermionic molecules, we expect p-wave
two-body collisions to give rise to the dominant loss
mechanism. As previously observed with fermionic
40K87Rb, the two-body loss coefficient β should follow
β ∝ T at temperatures much lower than the height of
the p-wave barrier [54]. We experimentally confirm this
by holding molecules in the crossed dipole trap for a hold
time t at different initial temperatures T0 and comparing
the remaining molecule number to our model (see Fig. 2).

From a multichannel quantum defect theory (MQDT)
calculation using the universal condition, Ref. [53] found
β = (11.48 ā)3(kBT/h) with the characteristic van-der-
Waals length ā = 12.7 nm [55]. This result is ap-
proximately two times smaller than our experimentally-
found β. One possible explanation for this discrepancy
could lie in our density calibration, which is subject to
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FIG. 3. Loss rate coefficient β depending on external elec-
tric field in the red-detuned crossed dipole trap at temper-
atures between 480 and 620 nK. The solid line shows a
parameter-free quantum close-coupling calculation at 550 nK.
The shaded area around the theory curve takes the highest
and lowest observed temperatures into account. The orange
error bars correspond to the 1σ uncertainty of the fits. The
black error bar additionally contains the systematic uncer-
tainty.

a systematic uncertainty estimated to be up to 50%
because we determine density indirectly from the mea-
sured molecule numbers, trap frequencies, and tempera-
tures. It is also possible that the collisions of nonreactive
molecules are nonuniversal, as it was found for 23Na87Rb
and 87Rb133Cs. In this case, interference between ingo-
ing and reflected parts of the molecular wavefunction in
a collision can modify the loss rate, so that β/T deviates
from the universal MQDT expression [21, 22, 56].

D. Dipolar collisions

Polarizing the molecules by an external dc electric
field induces a dipole-dipole interaction between them
which strongly modifies their collision behavior: side-by-
side collisions are suppressed by repulsion; at the same
time, the attractive interaction in head-to-tail orientation
weakens the p-wave barrier and increases the collision
rate. Using four rod electrodes situated inside the ultra-
high vacuum chamber, we applied dc electric fields to the
molecule samples and determined loss rate coefficients as
described previously. We again assumed β to be constant
in each fit, because at high electric fields, β depends only
weakly on T due to the significantly reduced p-wave bar-
rier. Hence, the effect of the temperature-dependence of
β is weak, even though the maximum temperature can
increase by up to 50% during our hold times. Fig. 3
shows our observed dependence compared to a numer-
ical coupled-channel calculation (see Appendix A). We
find overall agreement between theory and experiment
up to a constant factor ' 1.4, possibly also resulting
from uncertainties in our density calibration.

IV. EXPERIMENTS IN THE BOX TRAP

A. Trap setup

Previous experiments have used the method of
chopped, temporally dark dipole traps to investigate the
intensity-dependence of loss [46, 47]. This method is fun-
damentally limited to relatively short dark times due
to parametric heating which becomes strong once the
chopping frequency is on the same order as the har-
monic trap frequency. In contrast, by using a repul-
sive dipole force, molecules can be trapped in regions
of continuously low light intensity. Though trapping of
atoms in box potentials has been demonstrated previ-
ously [57, 58], achieving a repulsive optical dipole force
for molecules is nontrivial. This is because it is diffi-
cult to find laser wavelengths which are sufficiently far
blue-detuned from any one transition without being too
close to higher-lying transitions. In a recent study, we
have characterized the nominally forbidden transition
|X1Σ+, v = 0, J = 0〉 ↔ |b3Π0, v = 0, J = 1〉 at a
wavelength of 866.1428(3) nm, which exhibits a linewidth
much smaller than its separation to the next higher-lying
transition [59]. Working 300 MHz blue-detuned from this
transition thus allows us to apply a repulsive dipole force
while keeping photon-scattering rates small.

The employed light is generated by a Ti:sapphire laser
locked to a Fizeau-interferometer-based wavemeter. A
hollow ring-shaped beam with a radius of 60µm [60],
and two strongly elliptical beams at a distance of 75µm
together form the cylindrical box potential, as shown in
Fig. 1(c). Masks in the beam paths, which block light in
the low-intensity regions, are imaged onto the molecules.
The average light intensity experienced by a molecule
in the trap can thereby be reduced to 0.70(25) W/cm2,
6000 times lower than is typical for our crossed dipole
trap. The method by which we determined this value is
described in Appendix B. At this intensity, the photon-
scattering rate is 0.12(4) Hz, and we achieve a trap
depth of kB × 3µK. Hence, the box trap is an ideal
tool for studying the intensity-dependence of the com-
plex lifetime. Creating a homogeneous potential for the
molecules additionally requires compensation of grav-
ity, which can be achieved with an electric offset field
that linearly increases in magnitude along the z direc-
tion. The electrodes were used to create such an electric-
field distribution by applying a superimposed dipole and
quadrupole voltage configuration. The box trap was
loaded by first ramping up the electric field for levita-
tion and turning on the box trap with the molecules still
trapped in the crossed dipole trap. Afterwards, the depth
of the crossed dipole trap was adiabatically reduced to
zero to transfer the molecules with high efficiency into
the box trap, where they ended up with a temperature
of typically 140 nK. Because the box trap relies on near-
resonant trapping of a specific rovibrational state, resid-
ual atoms and molecules in other rovibrational states are
not trapped, ensuring a pure sample.
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B. Data analysis

The density distribution in the box trap is nearly ho-
mogeneous. Therefore, in contrast to the situation in the
harmonic crossed dipole trap, there should be no heat-
ing effect caused by colder molecules colliding more fre-
quently. Indeed, we did not observe temperature changes
during the hold time. However, as the box trap is oper-
ated with near-detuned light, the one-body loss due to
photon scattering must be taken into account, such that
Eq. (2) becomes

dN

dt
= −βN

2

V
− ΓscN, (4)

where V is the trap volume, which is numerically deter-
mined from the known intensity profile of the box trap,
and Γsc is the measured photon-scattering rate, which
is much smaller than the initial two-body loss rates (see
Appendix B). The solution in this case is

N(t) =
N0e

−Γsct

1 + N0β
V Γsc

(1− e−Γsct)
. (5)

In the box trap, the distribution of molecules can be de-
termined more precisely than in the crossed trap, as it
depends only weakly on temperature. However, there is
increased systematic uncertainty in the molecule num-
ber. Since the STIRAP beam size is comparable to the
box-trap size, the conversion efficiency of ground-state
molecules back to the Feshbach-molecule state for detec-
tion is reduced compared to the crossed trap. Because
Feshbach molecules are not trapped in the box trap, we
cannot distinguish between reduced STIRAP efficiency
and imperfect loading. A further systematic effect is
caused by the uncertainty of Γsc.

C. Light-intensity dependence of collisional loss

With the low intensity experienced by molecules in
the levitated box trap, a suppression of the loss rate
to a value significantly lower than the universal loss
rate would be expected (see Fig. 1). To be able to di-
rectly compare low- and high-intensity trapping condi-
tions, we used a large-diameter, non-modulated, 1064-
nm laser beam with high intensity I (subsequently called
the “kill-beam”). We measured loss rate coefficients both
with the kill-beam blocked and with values of kill-beam
intensity up to 300 W/cm2 at an offset electric field of
E = 411 V/cm. We did not observe any difference in
the loss behavior (see Fig. 4). The kill-beam radius is
350µm, sufficiently large to exclude density changes due
to an additional dipole trap effect. We then compared
our results to a simple model in which complexes can only
be lost either by photoexcitation with the theoretically
predicted rate or by leaving the trap (see Appendix C).
With this model we find that the smallest sticking time
that is consistent with our lowest-intensity data within
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FIG. 4. Intensity dependence of loss in the levitated box
trap. (a) Parameter space excluded by our data. The three
shaded areas indicate regimes that are excluded with 1σ, 2σ,
and 3σ confidence, with darker color corresponding to higher
confidence. The dashed lines indicate the predictions from
Ref. [45]. Our method becomes insensitive at complex life-
times above 3 ms because here, all complexes fall out of the
trap regardless of photoexcitation probability. (b) Compari-
son of loss with kill-beam off (blue diamonds) and on at an
intensity of I = 276 W/cm2 (orange circles). The dashed
(solid) lines are fits of Eq. (4) to determine β with the kill-
beam off (on). The error bars represent the standard error
of the mean of three repetitions. (c) Dependence of β on I.
For comparison, the solid line shows the expected value of
β, assuming τstick = τRRKM, while the dashed line assumes
τstick = 2.6 ms. For both curves it is assumed that complexes
are not trapped by the box trap. The shaded area indicates
the 3σ confidence region of the lowest-intensity data point.
The error bars indicate the 1σ uncertainty of the fit.

3σ is τstick = 2.6 ms, 140 times larger than τRRKM, as-
suming that the model predicts the photoexcitation rate
accurately. Fig. 4(a) shows the experimentally excluded
parameter regime for a variable photoexcitation rate.

In Ref. [44] it was shown that the sticking time can
be enhanced by orders of magnitude by external fields,
because breaking the conservation of angular momentum
leads to a large increase of the density of states. How-
ever, it is unclear how large electric or magnetic fields
need to be for this effect to occur. To exclude a possible
effect of the electric field on the complex lifetime, we re-
peated our measurements of the intensity-dependence of
the loss rate without applying voltage to the electrodes,
which results in electric fields of 1 V/cm or below. Our
results again show no difference between dark and bright
trapping conditions within our measurement precision,
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FIG. 5. Loss rate coefficient β depending on external electric
field E in the box trap with electric levitation at T = 140 nK.
The solid line is a parameter-free quantum close-coupling cal-
culation. The orange error bars represent the 1σ uncertainty
of the fit. The black error bars also contain the systematic un-
certainty from density calibration and photon-scattering rate.

see Appendix D. In this case the molecules can not be
levitated, causing complexes to be formed mostly at the
bottom of the trap, such that they leave the trap at a
faster rate. Hence our data only allows us to conclude
that τstick > 1.4 ms at zero electric field. We consider it
unlikely that the small background electric fields in the
nonlevitated box trap would be sufficient to cause a dras-
tic increase of the sticking time, since this was also not
observed in previous experiments [47]. We consider it
equally unlikely that the presence of the magnetic fields
causes the sticking time enhancement, as further exper-
imental checks also revealed no dependence of loss rates
on the magnitude of the magnetic background field for
values between 10 and 100 G.

D. Dipolar collisions

We then repeated the measurements of the dependence
of β on the dc electric field in the box trap with levitation
(see Fig. 5). As previously observed in the crossed dipole
trap, the loss rates are consistent with near-universal loss
over the entire investigated range of electric fields. The
laser frequency of the box-trap light was not changed for
varying E. This affects the detuning from the molecular
transition, as the transition frequency is increased due
to a dc Stark shift. However, at E < 1.2 kV/cm, the
measured β was unchanged for a detuning doubled to
600 MHz with unchanged trap power, proving that an
increased photon-scattering rate is not responsible for the
increased loss seen at high electric fields.
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FIG. 6. Comparison between low- and high-intensity trap-
ping of an incoherent mixture of the states |0, 0, 3/2,−4〉 and
|0, 0, 3/2,−3〉 in the box trap. (a) Remaining molecule num-
ber versus hold time with electric levitation. Dark diamonds
are taken without the kill-beam, bright circles are with kill-
beam intensity I = 204 W/cm2. The solid (dashed) line is a
fit of Eq. (5) to the data with kill-beam on (off). Error bars
represent the standard error of the mean of three repetitions.
(b) Like (a), but at zero electric field without levitation.

E. Enhanced sticking time due to p-wave barrier

The theory in Ref. [44] only describes the behavior of
the complex at short range. Here, we propose that the
long-range part of the potential, and in particular, the
centrifugal barrier, can have a strong effect on the effec-
tive sticking time. The idea is simple: just like molecules
need to tunnel through the centrifugal barrier to enter
the short-range part of the potential, they also need to
tunnel through the centrifugal barrier to leave the short-
range part of the potential again [61, 62]. This means
that the molecules do not just form the sticky short-
range complex once, but multiple times, depending on
the collision energy. The effective sticking time observed
in the experiment then becomes τstick ≈ τRRKMN with
the recollision number N . The number of recollisions
is estimated to be Ns-wave = 3 for the s-wave case and
Np-wave = 270 for the p-wave case (see Appendix E). Us-
ing this value, the resulting prediction is consistent with
the data shown in Figs. 4 and 9. This could also account
for the difference with the 87Rb133Cs and 40K87Rb exper-
iments, where this recollision effect plays a much smaller
role, because 87Rb133Cs is bosonic and barrierless and for
40K87Rb most of the outgoing channels are reactive.

To experimentally test the recollision hypothesis,
we created an incoherent mixture of molecules in
the two lowest hyperfine states, |0, 0, 3/2,−4〉 and
|0, 0, 3/2,−3〉 [53]. Since the fermionic molecules are then
no longer identical, collisions predominantly have s-wave
character, leading to a much smaller expected effect of
recollisions. In addition, τRRKM is three times smaller
for the s-wave case.

The mixture was created from a pure ground-state
sample with two microwave pulses. The first pulse creates
a coherent superposition |0, 0, 3/2,−4〉 + |1, 1, 3/2,−4〉,
which is held until the dipole trap light has led to
complete decoherence of the superposition. The second
pulse then transfers all population from |1, 1, 3/2,−4〉 to
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|0, 0, 3/2,−3〉. In order to not create additional unwanted
decoherence during the microwave pulses, all dipole traps
were switched off during the pulse duration. We then
repeated the loss measurements in the box trap, again
with and without the kill-beam present and both with
electric levitation and at zero electric field (see Fig. 6).
As expected, the collision rate is significantly increased
because of the s-wave contribution. However, we do not
see any evidence for a shorter sticking time of s-wave
complexes. The smallest values of τstick which are con-
sistent with our observations within 3σ are 2.3 ms for the
levitated case and 133µs for the zero-field case. Under
the conditions of this experiment, about 80% of com-
plexes should be formed in s-wave collisions. According
to the RRKM theory with recollisions, the lifetime of
these complexes is expected to be 18µs because the ef-
fect of recollisions approximately cancels out the shorter
τRRKM of s-wave complexes. Hence, even though the rec-
ollision hypothesis may hold, it can not fully explain our
experimental results.

V. POSSIBLE EXPLANATIONS

Our results can in principle be explained in two qual-
itatively different ways: either photoexcitation of the
complexes is indeed the main source of the molecule loss,
but the effective complex loss is at least two orders of
magnitude larger than expected; or there is an additional
loss mechanism that is dominant at low light intensities
and that does not require laser excitation. The former
could happen if either the photoexcitation rate of the
complex, or the sticking time, or a combination of both,
was underestimated in Ref. [45]. The predicted pho-
toexcitation rates have large uncertainties due to the dif-
ficulty of calculating transition-dipole-moment surfaces,
however, we do not expect the uncertainties in these rates
to be large enough to explain our results.

On the other hand, τRRKM could be larger by multiple
orders of magnitude if hyperfine spin flips are possible
within the complex. These, in principle, could be caused
by coupling between the electric-field gradient and the
nuclear quadrupole moment [63] and would increase the
number of accessible states for the complex significantly.
The time scale on which these spin flips would take place
is unknown. However, because they have not been ob-
served in the cases of 40K87Rb or 87Rb133Cs [47, 64], we
consider this unlikely to be an important factor.

The number of accessible states inside the sticky com-
plex can also be increased significantly in presence of
strong external magnetic or electric fields [45]. Again,
it is so far unclear what the critical value for these field
strengths would be, but we did not find any change in
collision rates, even at magnetic fields of 10 G and elec-
tric fields of less than 1 V/cm. A recent experiment with
40K87Rb also did not detect any influence of small fields
on collisions [65].

To exclude the possibility of a problem with the box

trap itself, we also performed experiments in a chopped
dipole trap. The results are described in Appendix F and
confirm the lack of intensity dependence of the loss.

Loss mechanisms other than laser excitation that could
explain the observations include collisions of the complex
with a third ground-state molecule, escape of the com-
plexes from the trap, and relaxation of the complex by
spontaneous photoemission. However, we estimate the
rates of these processes to be orders of magnitude slower
than the complex dissociation rate (without recollisions),
making it unlikely that they can explain our results. In
the presence of recollisions for fermionic molecules or an
otherwise increased sticking time, some of these processes
may play a role. Furthermore, it is possible that there
is a loss mechanism unaccounted for, which is dominant
under our experimental conditions.

VI. DISCUSSION AND CONCLUSIONS

We have demonstrated that 23Na40K molecules exhibit
near-universal two-body loss even under conditions of
very low light intensity. This was enabled by loading
molecules into an optical box trap with extremely low
residual light intensity. Though in this study, the pur-
pose of the box trap was only to enable low-intensity
trapping, we note that it also provides a homogeneous
potential for molecules. This may allow future studies of
e.g. the Fermi surface of strongly dipolar gases without
harmonic confinement.

Assuming that complexes are lost only by photon scat-
tering or leaving the trap, we determined a lower bound
for the average sticking time of τstick = 2.6 ms and
τstick = 1.4 ms, respectively, in the levitated and in the
electric-field-free case. These values are two orders of
magnitude larger than predicted. Our results also show
that the loss can not be reduced below the universal limit
using different magnetic and electric background fields,
different molecular hyperfine states, or with dominant s-
wave instead of p-wave collisions. We conclude that the
recent theoretical model of intensity-dependent loss of
sticky collision complexes in Refs. [44, 45] misses crucial
ingredients in the description of 23Na40K-23Na40K colli-
sions. The hypothesis that recollisions increase the ef-
fective lifetime of four-body complexes could resolve this
discrepancy for the case of identical fermions, but fails
to explain the results obtained with hyperfine mixtures.
Indeed, even for a mixture held without any electric field,
we still find τstick > 133µs, seven times larger than ex-
pected after taking recollisions into account.

In parallel with our work, similar results were
found with 23Na39K and 23Na87Rb in temporally dark
traps [66]. As both molecules are bosonic, recollisions
are insufficient to explain these observations. In com-
bination with our results, the new findings are partic-
ularly relevant because sticky collisions—and thus colli-
sional loss of ultracold molecules—were believed to be
understood since recent experiments on 87Rb133Cs and
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40K87Rb had shown good agreement with theory predic-
tions [46, 47]. This raises the question of whether there
is a yet unknown property that differentiates the mole-
cular species. Further investigation of this conundrum
will be crucial for the advancement of ultracold molecu-
lar research. It is likely that the creation of high-density
molecular gases in three dimensions, including the long-
sought Bose–Einstein condensate of dipolar molecules,
will only be possible with a proper understanding of col-
lisions. Such an understanding may also lead to simpler
and more efficient evaporative cooling schemes, enabling
the creation of deeply degenerate samples.
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Appendix A: Quantum close-coupling calculation

The quantum close-coupling calculation is performed
using a time-independent quantum formalism based on
Jacobi coordinates. It includes the internal rotational
structure of the molecules and is based on a partial-wave
decomposition of the total wavefunction [67]. The for-
malism also includes an electric field which mixes differ-
ent parities of the rotational states [68]. At short range,
a boundary condition is introduced for the wavefunction
so that when the two molecules meet, they are consid-
ered lost with unit probability. As previous experimental
results on fermionic 40K87Rb and bosonic 23Na87Rb in
electric fields reported very good agreement with theore-
tical predictions using this universal condition [20, 54], we
also adopt this assumption for the present study. A log-
derivative type of propagation is used to solve the coupled
Schrödinger equations. At long range, usual asymptotic
boundary conditions are applied, and one can extract the
scattering matrix for a given collision energy and electric
field. From this matrix, one can obtain the loss cross
section for the initial state prepared in the experiment.
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FIG. 7. Shape of the ring beam. Cuts through the beam
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and bottom. Note that, due to scattered light and imaging
noise, the residual intensity inside the trap is overestimated.
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FIG. 8. Determination of one-body loss rate in the box trap.
(a) Molecule loss in the levitated case, with box-trap detuning
300 MHz (600 MHz) shown as bright circles (dark diamonds).
The solid and dashed lines show a simultaneous fit of Eq. (5)
to both data sets. (b) Nonlevitated case. The fit was used to
determine Γsc. Error bars represent the standard error of the
mean of three repetitions.

To get the loss rate coefficient as a function of the tem-
perature, the loss cross sections are multiplied by their
relative velocities related to their collision energies. Then
this product is averaged over a Maxwell-Boltzmann dis-
tribution of the velocities for the given temperature.

Appendix B: Residual intensity in the box trap

For illustrative purposes, an image of the ring beam
is shown in Fig. 7. To determine the residual inten-
sity in the box trap accurately and in situ, both with
and without levitation, the one-body loss rate was ex-
tracted from our data. In the levitated case, we compared
datasets taken at two different detunings of the trap light,
300 MHz and 600 MHz. We then performed a simultane-
ous fit of Eq. (5) to both datasets, where we forced a
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TABLE I. Residual intensity at the molecule position during
the hold time in the box trap by wavelength.

Wavelength (nm) Intensity (W/cm2)
1550 25× 10−6

1064 1.9× 10−3

866 (with levitation) 0.70(25)
866 (without levitation) 6(2)
805 1.3× 10−3

767 0.12× 10−3

589 50× 10−6

567 1.3× 10−3

quadratic dependence of Γsc on the detuning [59]. This
results in Γsc = 0.12(4) Hz. For the nonlevitated box,
we instead took data at long hold times, where the one-
body loss to photon scattering outweighs the collisional
loss and determined Γsc = 1.0(3) Hz. The data and fits
for both cases are shown in Fig. 8.

These results were checked by microwave spectroscopy
on the |0, 0, 3/2,−4〉 ↔ |1, 0, 3/2,−4〉 transition. At a
given intensity, the repulsive walls of the box trap cause
a known light shift [59], which can be used to quantify the
mean intensity experienced by the molecules by compar-
ing with a case where the box trap is suddenly turned off
before the microwave pulse. A histogram of the distribu-
tion of molecules versus light intensity was reconstructed
from the microwave spectroscopy data. From this we
determined Γsc = 0.1 Hz for the levitated box trap and
Γsc = 1.0 Hz for the nonlevitated box trap, which is con-
sistent within 1σ with the values from loss data. In Ta-
ble I we give an overview of the residual intensities in the
box trap at 866 nm as well as at all other wavelengths
used in our experiment.

Appendix C: Complex loss model

We assume that there are two ways for complexes to
be lost—either by photoexcitation or by leaving the trap.
These processes are statistically independent, such that
the probability of a sticky complex to survive and disso-
ciate to diatomic molecules is Pdis = (1 − Pt)(1 − Psc).
Here, Pt is the probability to leave the trap and Psc is
the photon-scattering probability. The latter can be es-
timated as follows:

Psc =
1/τstick

1/τstick + γlI
. (C1)

Here, γl denotes the complex photoexcitation rate, which
was estimated in Ref. [45] to be γl = 452 Hz/(W/cm2)
for 1064-nm light. Though this rate may be higher at
866 nm, the difference is likely small.

Estimating the loss due to complexes leaving the box
trap requires knowledge of the distribution of their initial
positions and momenta. These are found by assuming
that the complexes are formed in thermal equilibrium
with the molecules, with a homogeneous density inside
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FIG. 9. Intensity-dependence of loss in the box trap with-
out levitation at E < 1 V/cm. (a) Comparison of loss
with kill-beam off (blue diamonds) and on at an intensity
of I = 204 W/cm2 (orange circles). Error bars represent the
standard error of the mean of three repetitions. (b) Two-
body loss rate L2 for different values of I. The solid (dashed)
line indicates the expected loss rate assuming a τstick of 18µs
(1.4 ms). The shaded area indicates the 3σ confidence region
of the lowest-intensity data point.

the trap. As it is unlikely that the complexes exhibit
the same near-resonant response to the trapping light as
free molecules, it is a reasonable assumption that the box
trap does not confine them. They can also not be elec-
trically levitated because their dc polarizability is very
small [45]. We therefore assume that they undergo ballis-
tic expansion with a velocity distribution corresponding
to the temperature of the molecule cloud and are addi-
tionally accelerated by gravity. This results in a known
probability distribution for the position of a complex at
a time t after its formation. By setting t = τstick and
calculating the integral of this distribution over the box
trap volume, we find Pt and hence also Pdis.

In the case of the incoherent mixture of hyperfine
states, we take both s- and p-wave collisions into account
using the MCQDT predictions for loss coefficients from
Ref. [53]. We then calculate the expected complex life-
time by taking a weighted average over s- and p-wave
collisions with their respective complex lifetimes.

Appendix D: Box trap at zero electric field

Because the levitation of molecules requires a sizable
electric background field, complex decay at very low elec-
tric fields can only be studied without levitation. With
no voltage applied to the electrodes, we found the resid-
ual electric field to be below 1 V/cm. Without levita-
tion, molecules accumulate on the bottom of the trap
due to gravity, and are closer to the high-intensity walls
of the box trap on average. This results in an increased
residual light intensity of 6(2) W/cm2 corresponding to
Γsc = 1.0(3) Hz. The two-body loss is still dominating
due to the larger density. Because we found a precise
determination of density to be impractical in this trap
configuration, we did not extract β, but rather the two-
body loss rate L2 = βn̄, with the mean density n̄, from
our data, see Fig. 9.



10

0 1 2 3
Internuclear distance R (R6)

-2

-1

0

1

2
In

te
ra

ct
io

n 
en

er
gy

 (E
6
)

¿RRKM Incoming

Recollision Dissociation

(a)

10−2 10−1 100 101

Collision energy E (E6)

10−3

10−2

10−1

100

P
ro

b
ab

ili
ty

(b)

FIG. 10. Overview of the recollision hypothesis. (a) Effec-
tive radial potential of the van-der-Waals interaction between
two molecules for s-wave (blue) and p-wave (orange) colli-
sions. When the molecules reach R = 0, a complex with
lifetime τRRKM is formed. Dissociation of a complex leads to
incoming flux emerging from short range. Part of this flux is
transmitted through the potential which leads to dissociation
to two free molecules. However, part of the flux is reflected
back to short range, where a short-range complex is again
formed. (b) Reflection (solid lines) and transmission (dashed
lines) probabilities at the long-range potential. Probabilities
for s- and p-wave collisions are shown in blue and orange,
respectively.

Appendix E: Simple recollision model

For dissociation of the short-range complex to yield
free molecules, the molecules must first traverse the long-
range potential. Depending on the collision energy, there
is however a probability PR for molecules to be reflected
back into the short-range potential. If the long-range
potential contains a barrier, as is the case for collisions
of indistinguishable fermions, the probability of success-
fully traversing the long-range potential, PT = 1 − PR,
can be very small. In the ultracold limit, this probability
becomes small even for barrierless long-range potentials.
Hence, molecules may repeatedly form short-range colli-
sion complexes, thus enhancing the effective lifetime of
the complex as shown in Fig. 10(a).

To quantify this effect, we performed a single-channel

scattering calculation for the Schrödinger equation,(
− d2

dr2
+
L(L+ 1)

r2
− 1

r6
− ε

)
φ(r) = 0, (E1)

in the reduced units r = R/R6 and ε = E/E6, where
R6 = (2µC6)1/4 and E6 = 1/(2µR2

6). The boundary
conditions are such that flux is emerging from the short
range—due to a short-range complex dissociating—and
flux can escape at long range or be absorbed fully when
it returns to short range. We note the probabilities for
transmission and reflection from the long-range poten-
tial are closely related to the MQDT transmission and
reflection amplitudes of Refs. [61, 62]. The calculated
probabilities are shown in Fig. 10(b). The mean num-
ber of times the complex forms is N = 1/PT , such that
τstick = τRRKMN . The effective lifetime of a complex
is extended by a factor N , which can be substantial
if E � E6, especially for p-wave collisions. For NaK,
E6 = 11.4µK, such that at a typical experimental tem-
perature of 0.5µK we should expect Ns-wave = 3 and
Np-wave = 270. For RbCs, E6 = 3.6µK, so if that ex-
periment is performed around 2µK we should expect
Ns-wave = 1.4, such that recollisions do not play an im-
portant role in the experiment of Ref. [47]. A more rig-
orous study using MQDT is currently in progress.

Appendix F: Temporally dark dipole trap

To support our conclusions and to exclude the pos-
sibility of the box trap causing additional loss in some
way, we probed the molecular lifetime in a chopped, red-
detuned dipole trap as previously demonstrated by Gre-
gory et al. [47]. The dipole-trap intensity was modulated
such that it remains the same on average, but is tem-
porarily reduced significantly. If the dark time is longer
than τstick, some complexes should dissociate, thus reduc-
ing the observed molecule loss. This further requires the
residual intensity during the dark time to be on the order
of the critical intensity Ic, where half of the complexes
are expected to dissociate.

In contrast to the data presented in all other sections
of this paper, the data in this section were taken with
molecules produced with a different STIRAP method,
described in Ref. [69]. With this method, we initially
produced molecules in the |0, 0,−1/2,−4〉 state, and then
used two microwave π-pulses to transfer them to the hy-
perfine ground state |0, 0, 3/2,−4〉.

The coupling between the two states was realized via a
rotationally-excited intermediate state with predominant
|1,−1, 3/2,−4〉 character and some |1, 1,−1/2,−4〉 ad-
mixture at a magnetic field of 85.5 G [70]. The transition
energy of the up-leg (down-leg) was h× 5.643 223 5 GHz
(h × −5.643 410 5 GHz) and we set the Rabi frequency
of the corresponding resonant π-pulse to 2π × 5.43 kHz
(2π × 3.23 kHz). The down-leg Rabi frequency was lim-
ited by the fact that about h× 5 kHz above the interme-
diate state there is a state with some |1, 0, 3/2,−4〉 char-
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FIG. 11. Molecules in the chopped crossed dipole trap.
(a) Time-dependent intensity of dipole trap and kill-beam
without (left side) and with chopping (right side). (b) Nor-
malized remaining molecule number versus chopping fre-
quency with kill-beam at I = 1.08 kW/cm2 (orange circles)
and without kill-beam (blue diamonds). (c) Dependence of re-
maining molecule number on kill-beam intensity at chopping
frequencies of 2 kHz (bright diamonds) and 25 kHz (dark cir-
cles). The vertical dashed lines indicate the predicted critical
values of fc = 1/(2τRRKM) and Ic,1064 from Ref. [44]. (d) Loss
of molecules in the excited hyperfine state |0, 0,−1/2,−4〉 at
fchop = 2.5 kHz with kill-beam at I = 1.08 kW/cm2 (orange
circles) and without kill-beam (blue diamonds). All error bars
represent the standard error of the mean of 3-5 repetitions.

acter, which would also couple to the hyperfine ground
state. During the microwave transfer the dipole traps
were turned off to avoid broadening of the transition
due to inhomogeneous light shifts. About 14% of the
molecules were lost during the state transfer.

For these measurements, the molecules remained in the
crossed-beam optical dipole trap. The intensity of the
trap beams was chopped using acousto-optical modula-

tors. During the square-wave modulation with 50% duty
cycle, the intensity was doubled during bright times, and
reduced to 5 W/cm2 (0.1 W/cm2) for the 1064-nm beam
(1550-nm beam) during dark times, see Fig. 11(a). The
dark-time intensities were significantly below the pre-
dicted critical intensities Ic,1064 and Ic,1550 of 123 W/cm2

and 623 W/cm2, respectively [44]. Following a holding
time in the chopped trap, we reversed the microwave
transfer in order to image the molecules.

Initially, we investigated the dependence of the
molecule loss on the chopping frequency fchop. The trap
was chopped for t = 170 ms (for fchop ≤ 2.5 kHz) or 50 ms
(for fchop > 2.5 kHz). These times were chosen to be long
enough that there is already significant molecule number
decay after an equally long hold time without chopping.
The remaining molecule numbers Ne without chopping
are 45% and 70% of the initial values, respectively, at the
chosen hold times. If the chopping had the desired effect,
we should observe that the remaining molecule numbers
are increased such that N/Ne > 1. For fchop > 2 kHz,
we found that the modulation itself causes negligible loss
or heating, as shown in Fig. 11(b). The results were
compared to measurements where we added a kill-beam
as described previously to ensure that any possible loss
caused by the chopping is present in both measurements
and can not confound our analysis. If the kill-beam is
turned off and fchop < 1/(2τRRKM), it is expected that
some molecules survive collisions. However, we neither
observed suppression of the loss when we chop the trap
nor a further enhancement of the loss when we add the
kill-beam.

Next, we varied the intensity I of the kill-beam at
fixed chopping frequencies, as shown in Fig. 11(c). For
fchop < 1/(2τRRKM) we would expect to find a suppres-
sion of the molecule loss when I < Ic,1064. However,
after a hold time t of 50 ms in the chopped trap, our
results are independent of I and consistent with the re-
sults in absence of the kill-beam. We also probed the loss
of molecules in the state |0, 0,−1/2,−4〉 in the chopped
trap by omitting the microwave transfer and observed no
difference between measurements with and without the
kill-beam, see Fig. 11(d).
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B. Neyenhuis, G. Quéméner, P. S. Julienne, J. L. Bohn,
D. S. Jin, and J. Ye, Quantum-state controlled chemi-
cal reactions of ultracold potassium-rubidium molecules,
Science 327, 853 (2010).

[54] K.-K. Ni, S. Ospelkaus, D. Wang, G. Quéméner,
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