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A thorough understanding of molecular scattering in the ultralow temperature regime is crucial for
realizing long coherence times and enabling tunable interactions in molecular gases, systems which offer
many opportunities in quantum simulation, quantum information, and precision measurement. Of
particular importance is the nature of the long-lived intermediate complexes which may be formed in
ultracold molecular collisions, as such complexes can dramatically affect the stability of molecular gases,
even when exothermic reaction channels are not present. Here, we investigate collisional loss in an
ultracold mixture of 40K87Rb molecules and 87Rb atoms, where chemical reactions between the two species
are energetically forbidden. Through direct detection of the KRb2� intermediate complexes formed from
atom-molecule collisions, we show that a 1064 nm laser source used for optical trapping of the sample can
efficiently deplete the complex population via photoexcitation, an effect which can explain the strong two-
body loss observed in the mixture. By monitoring the time evolution of the KRb2� population after a
sudden reduction in the 1064 nm laser intensity, we measure the lifetime of the complex [0.39(6) ms], as
well as the photoexcitation rate for 1064 nm light [0.50ð3Þ μs−1 ðkW=cm2Þ−1]. The observed lifetime,
which is ∼105 times longer than recent estimates based on the Rice-Ramsperger-Kassel-Marcus statistical
theory, calls for new theoretical insight to explain its origin.
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I. INTRODUCTION

At the microscopic level, chemical reactions are quantum
mechanical transformations from one chemical species to
another. Establishing a full quantum picture of such
processes therefore requires the ability to resolve the
relevant quantum states of these species. With the develop-
ment of techniques to create cold and ultracold molecular
samples, it has become possible to control all quantum
degrees of freedom of molecular reactants [1–3], which has
allowed for precise investigations of molecular collisions

and chemistry in the lowest temperature regimes [4–8].
Previous studies, for instance, have elucidated the various
roles that scattering resonances [9–11] and long-range
interactions [12–18] play in determining reaction rates,
and have even demonstrated the ability to control the
quantum states of reaction outcomes [19].
In the particular instance of ultracold collisions between

bialkali dimers, one prominent feature of the corresponding
short-range collision dynamics is the formation of long-
lived intermediate complexes [20]. These complexes can
live for millions of molecular vibrations due to the limited
number of dissociation channels that are available when the
reactants are prepared in their lowest energy quantum states
[21,22]. Because of this, they not only impact the quantum
state distribution of reaction products, as they can redis-
tribute energy among the various modes of motion [23],
but they can also dramatically affect the stability of
molecular gases where exothermic reaction channels do
not exist. This can happen, for instance, if the complexes
are excited by photons from external laser sources [24–26],
or if they undergo collisions with other atoms or molecules
[21,22,27]. Because of their extremely long lifetimes,
however, a full theoretical description of the resulting
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highly convoluted collision dynamics is immensely chal-
lenging [27,28]. Nevertheless, intimate details of such
dynamics can be observed experimentally. Recently, an
experimental study of the product quantum state distribution
for the ultracold reaction, 40K87Rbþ 40K87Rb →K2Rb2� →
K2 þ Rb2, rigorously probed for statistical behavior [29–31]
and revealed deviations whose explanation requires
computational capabilities beyond the current state of
the art [32]. To gain further insight into the properties
of these systems, it is desirable to find related situations
where quantum dynamics calculations are feasible, so
that one can benchmark theoretical predictions using
experimental measurements. One way to achieve this is
to investigate collisions involving fewer atoms, such
as those which occur between ultracold bialkali dimers
and alkali atoms. In this case, the limited atom number
within the associated collision complex reduces the
computational complexity, so that calculations of the
corresponding collision dynamics are potentially within
reach of current theoretical techniques and computational
powers [33–35].
In this work, we experimentally examine the collisional

properties of the KRb-Rb system. Despite the fact that the
two-body chemical reaction is energetically forbidden, we
observe strong two-body loss of the atoms and molecules.
To investigate its origin, we directly probe the collision
complexes KRb2� using ionization detection. We observe a
severe reduction in the complex population with increas-
ing intensities of our 1064 nm trapping light. By rapidly
changing the 1064 nm intensity, we actively induce
dynamics in the population to measure the complex
lifetime and the first-order photoexcitation rate constant,
which are 0.39(6) ms and 0.50ð3Þ μs−1 ðkW=cm2Þ−1,
respectively. This lifetime is approximately 5 orders of
magnitude larger than the most recent theoretical pre-
dictions [36,37], which are based on the Rice-
Ramsperger-Kassel-Marcus (RRKM) statistical theory
[38]. Previously, similar calculations have shown good
agreement with the experimentally measured lifetimes
of K2Rb2� complexes formed through exothermic
40K87Rb-40K87Rb collisions [25] and Rb2Cs2� complexes
formed through endothermic 87Rb133Cs-87Rb133Cs colli-
sions [26]. In the present situation, the failure of this
theory could arise either from a breakdown of some of the
underlying assumptions for the KRb-Rb system exam-
ined here or from the absence of angular momentum
conservation throughout these atom-molecule collisions
in the presence of external electric and magnetic fields
[21,37]. Disentangling such effects and uncovering the
origin of the extremely long lifetimes of these collision
complexes will likely require a critical examination of the
current framework for ultracold molecular scattering.
Our results provide crucial experimental benchmarks
for the development of new, state-of-the-art theoretical
calculations.

II. EXPERIMENT

We begin each experiment by creating a gaseous mixture
of rotational, vibrational, and electronic (rovibronic)
ground-state, fermionic KRb molecules and electronic
ground-state Rb atoms at a temperature of 480 nK. We
confine the mixture in a crossed-beam optical dipole trap
(ODT), which is formed from two 1064 nm laser beams (H
and V in Fig. 1), with a typical molecular density of 5 ×
1011 cm−3 and an experimentally variable atomic density
of up to 1.6 × 1012 cm−3. Using a procedure described in
previous works [8,39,40], the molecular sample is pre-
pared in a single hyperfine state, jmK

I ¼ −4; mRb
I ¼ 1=2i,

where mI represents the nuclear spin projection onto
the quantization magnetic field (Fig. 1 inset). The atoms,
on the other hand, occupy the lowest energy hyperfine
level, jF ¼ 1; mF ¼ 1i. Because the chemical reaction,

γ

τ −

FIG. 1. Ultracold atom-molecule collisions in an optical dipole
trap (ODT). Inset: a diagram of the ODT configuration used to
confine the mixture of KRb molecules and Rb atoms. The H and
V ODTs are formed from 1064 nm Gaussian beams with 1=e2

diameters of 70 and 200 μm, respectively. The purple arrow
represents the UV ionization laser pulse, which has a duration of
7 ns, used for photoionization of KRb2� complexes. Electric (E)
and magnetic (B) fields are applied to extract the ions and to
maintain nuclear spin quantization, respectively. (b) Schematic
illustration of the potential energy surface for collisions between
KRb and Rb. The incident energy of one free electronic ground
state Rb atom and one free KRb molecule in its rovibronic ground
state is defined as the zero of energy. Because the Rb2 þ K
reaction channel is energetically forbidden at ultralow temper-
atures, the collision must proceed through one of two pathways:
KRbþ Rb ↔ KRb2� or KRbþ Rb → KRb2� → KRb2��, where
KRb2�� is an electronically excited state of the complex. The
formation, dissociation, and photoexcitation rates of KRb2�, as
defined in Eq. (1), are labeled as γ, τ−1c nc, and ΓðItotÞnc,
respectively, and the density of states (DOS) of the complex
near the incident energy is written as ρc. The ground-state
energies of KRb [39] and Rb2 [43] are obtained from spectro-
scopic data, whereas that of KRb2 is calculated [20].
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KRbþ Rb → Rb2 þ K, is endothermic by approximately
214 cm−1 (Fig. 1), this atom-molecule mixture is chemi-
cally stable. Additionally, although the molecules are not
prepared in their lowest energy hyperfine state [40,41],
inelastic collisions that flip the molecular nuclear spins are
expected to be suppressed if the total angular momentum is
conserved [42]. In this case, the lifetime of the mixture
should be comparable to the lifetime of the bare molecular
gas without atoms, which has a measured half-life of
150(8) ms.
Upon creation of the atom-molecule mixture, however,

we find that the molecule lifetime is reduced significantly
relative to the pure molecular sample [Fig. 2(a)]. To
quantify this, we prepare a mixture with a desired initial
Rb density at a magnetic field of B ¼ 542 G and hold it in
the ODT for a variable amount of time. We then quickly
remove the excess Rb atoms and perform absorption

imaging on the remaining molecules [42]. To extract the
inelastic atom-molecule collision rate, we model the
molecular loss via the equation dNm=dt ¼ −km;aNmna,
where Nm denotes the molecule number, km;a is the two-
body loss rate coefficient, and na represents the atomic
density. Because atom-molecule collisions are the domi-
nant loss mechanism, we neglect the background loss
associated with reactive molecule-molecule collisions
[12]. In addition, we assume that Nm decays exponentially.
This allows us to extract the molecular loss rate for different
values of na and obtain the two-body loss rate coeffi-
cient, km;a¼6.8ð7Þ×10−11 cm3s−1, as shown in Fig. 2(b).
This value agrees with the predicted universal loss rate
for s-wave collisions between KRb and Rb, km;a ¼ 7.0 ×
10−11 cm3 s−1 [44], suggesting that atoms and molecules
which reach the short-range part of the interaction potential
are lost with near-unit probability.
To gain insight into the source of this loss, we probe the

atom-molecule collision complex KRb2� directly by com-
bining single-photon ionization with ion time-of-flight
mass spectrometry [8,20]. Specifically, after initially
preparing the gaseous mixture at a magnetic field of
B ¼ 30 G, we investigate the possibility of trap-light-
induced photoexcitation of KRb2� intermediates using
techniques similar to those previously demonstrated in
Refs. [25,26]. That is, we apply a 1.5 kHz square-wave
modulation to the intensity of both theH and V ODTs with
a 25% duty cycle. By setting the peak intensity during the
“high” phase of the modulation to a value that is 4 times
that of the continuously operated ODT, we keep the time-
averaged intensity of the beams constant. Because the
trapping frequencies ftrap of both the molecular and atomic
gases satisfy ftrap < 0.4 kHz along all three principal axes
of the trap, the chosen modulation frequency for the time-
averaged potential does not notably affect the temperature
or density of the atoms and molecules in the sample. In
addition, we find that the lifetime of the mixture in the
modulated dipole trap agrees, to within the experimental
uncertainty, with that of the continuously operated trap. In
this sense, the observed molecular loss rate is unaffected by
the trap modulation.
This allows us to probe the KRb2� collision complexes

which are formed during the 500 μs dark phases of the
modulation using a pulsed ultraviolet (UV) ionization laser
that operates at 355 nm. The photoionized complexes are
then accelerated by a 17 V=cm electric field onto an ion
detector for counting. Ion signals are recorded from each
modulation period until the sample is depleted (∼1 s). The
total number of KRb2þ ions counted during an exper-
imental cycle acts as a proxy for the KRb2� population at
the instance of time within the modulation period where the
UV laser pulse occurs. As the pulse repetition frequency is
synchronized with the ODT modulation, we can control the
relative delay between the two to probe the KRb2�
population at different points during the modulation period.

(a)

(b)

FIG. 2. Two-body collisional loss in an ultracold mixture of
KRb molecules and Rb atoms. (a) Normalized molecule number
versus hold time for a pure molecular sample (black circles)
and for a representative atom-molecule mixture (red triangles).
Each data point is an average of 10 repetitions. Error bars
represent the standard error of the mean, the black solid line is a
fit to the two-body decay arising from molecule-molecule
collisions [12], and the red solid line is a fit using the function
NmðtÞ ¼ expð−km;anatÞ. (b) Dependence of the molecular loss
rate on the atomic density. A linear fit (black solid line) yields
km;a ¼ 6.8ð7Þ × 10−11 cm3 s−1, which is consistent with the
predicted universal loss rate [44]. Vertical and horizontal error
bars represent the 1σ statistical uncertainty in the measured loss
rate and in the calibrated value of na, respectively. All data shown
in (a) and (b) are taken with B ¼ 542 G in a continuously
operated ODT of intensity Itot ¼ 11.3 kW=cm2.
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By probing the sample near the end of the dark phase
of each modulation period, we can examine the steady-
state complex population in the absence of ODT light. In
Fig. 3(a), we show the measured number of KRb2þ ions per
experimental cycle for different initial Rb atom number
densities. When no atoms are present, we observe no
KRb2þ counts. As the Rb density is increased from zero,
however, so too does the measured number of KRb2þ
counts, indicating that the KRb2þ signal is the result of
atom-molecule collisions. At sufficiently high Rb densities,

the measured KRb2þ counts begin to saturate due to a
competition between the finite UV pulse repetition fre-
quency and the decay rate of the sample.
To investigate the effect of the ODT light on the collision

complexes, we fix the initial Rb number density at
4.1ð3Þ × 1011 cm−3, which yields the maximal KRb2þ
signal, and we vary the intensity level of the “low” phase
of the square-wave modulation [Fig. 3(b) inset]. As shown
in Fig. 3(b), we find that the steady-state KRbþ2 counts
decrease monotonically with increasing optical intensity,
which indicates that the complex population is highly
suppressed by the presence of 1064 nm light. Such
evidence strongly supports the notion of photoinduced
loss of these transient complexes [24].
To quantify this behavior, we model the rate of change

of the complex population (nc) via the three processes
illustrated in Fig. 1: complex formation through atom-
molecule collisions (γ), dissociation over the timescale of
the complex lifetime (τc), and an intensity-dependent
photoexcitation loss [ΓðItotÞ]. The corresponding rate
equation is

_ncðtÞ ¼ γ − τ−1c ncðtÞ − ΓðItotÞncðtÞ: ð1Þ

Taking ΓðItotÞ ¼ β1Itot þ β2I2tot, where β1 describes
single-photon excitation of the complex and β2
represents second-order photoexcitation processes that
are empirically found to be important at large intensities
[25], the steady-state solution to this equation is given by
nc ¼ γτc=ð1þ β1τcItot þ β2τcI2totÞ. As the measured KRbþ2
ion counts in Fig. 3(b) directly reflect the steady-state
complex population, their dependence on the total 1064 nm
light intensity can be expressed as

NKRb2þðItotÞ ¼
A

1þ B1Itot þ B2I2tot
; ð2Þ

where A describes the number of complex ions obtained at
zero intensity and B1;2 ≡ β1;2τc. Fitting the data in Fig. 3(b)
using Eq. (2), we obtain B1 ¼ 0.26ð5Þ ðW=cm2Þ−1 and
B2 ¼ 0.0008ð3Þ ðW=cm2Þ−2. Because the term B1Itot þ
B2I2tot physically represents the branching ratio between the
rate of photoexcitation by the ODT and the rate of
dissociation back into KRb molecules and Rb atoms, we
find that the KRb2� intermediates are 105 times more likely
to undergo photoexcitation at the typical total intensity used
for the continuously operated crossed ODT, 11.3 kW=cm2,
than they are to dissociate. Therefore, under standard
operating conditions for the crossed ODT, any atoms
and molecules which reach the short-range part of the
interaction potential are lost via trap-induced photoexcita-
tion with near-unit probability.
While this may account for the loss observed in the

atom-molecule mixture, this measurement alone cannot
determine whether the sensitivity of the intermediates to the

(a)

(b)

FIG. 3. Photoexcitation loss of KRb2� collision complexes in a
1064 nm optical trap. (a) Steady-state KRb2þ ion counts
measured for different initial atom number densities na and
normalized by the number of experimental cycles (∼100 for each
data point). Vertical error bars represent shot noise, and horizontal
error bars represent the 1σ statistical uncertainty in the calibrated
value of na. The inset shows the timing diagram used for the
measurement. The red curve is the total ODT intensity and
the blue dashed line is its time average. (b) Steady-state KRb2þ
ion counts measured at different total ODT intensities with
na ¼ 4.1ð3Þ × 1011 cm−3, and normalized by the number of
experimental cycles (∼50 for each data point). Error bars
represent shot noise, and the solid line is a fit to the data using
Eq. (2). The inset shows the timing diagram used for the
measurement. The red curve is the intensity of the V ODT,
where the intensity during the “high” phase of the modulation
period is I0, and that during the “low” phase is I. To control Itot,
we vary the V ODT modulation depth while keeping the time-
averaged intensity fixed at the continuously operated level,
5.6 kW=cm2 (blue dashed line). The red dashed line is the
intensity profile at full modulation depth. TheH ODT, not shown
here, follows the V ODT timing, but is always modulated at full
depth with a time-averaged intensity equal to its continuously
operated level, 5.7 kW=cm2. All data shown in (a) and (b) are
taken with B ¼ 30 G and E ¼ 17 V=cm.
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ODT light arises from large photoexcitation rates, a long
complex lifetime, or some combination of the two. In order
to disentangle these effects, we utilize the optical excitation
of the complex to induce dynamics in the KRb2� popula-
tion. Specifically, by exposing the sample to enough ODT
intensity, we can deplete the KRb2� population and
establish a zero of time [25]. By then rapidly reducing
the intensity, we cause the complex population to grow
toward a new steady state. In the limit where γ is effectively
constant over the short timescales associated with such
dynamics, the solution to Eq. (1) for times immediately
following the intensity change is

ncðtÞ ¼
γ

τ−1c þ ΓðItotÞ
½1 − e−½τ−1c þΓðItotÞ�t�; ð3Þ

where Itot here is the final 1064 nm intensity. For low
intensities, where the second-order contribution to ΓðItotÞ is
negligible, the characteristic growth rate R of the popula-
tion can be written as R ¼ τ−1c þ β1Itot, which
scales linearly with Itot. By extracting R for different

values of Itot, we can measure this linear dependence to
obtain both β1 and τc.
To do this, we apply the same modulation scheme

shown in the inset of Fig. 3(b), but we vary the delay
time between the UV pulse and the off edge of the intensity
modulation. In Fig. 4(a), we show the measured KRb2þ
counts versus this delay time for different values of Itot. We
fit these curves using the function NKRb2þ ¼ Að1 − e−RtÞ
[derived from Eq. (3)] to extract R, which is plotted versus
Itot in Fig. 4(b). As expected, this rate increases linearly
with increasing values of Itot. We therefore fit the data us-
ing a linear function, which yields τc ¼ 0.39ð6Þ ms and
β1 ¼ 0.50ð3Þ μs−1 ðkW=cm2Þ−1. The corresponding value
of B1 ¼ 0.20ð3Þ ðW=cm2Þ−1 agrees with that obtained
from the data in Fig. 3(b) to within the measurement
uncertainty. We can further determine the value of β2 using
both τc and the value of B2 ¼ β2τc extracted from the data
in Fig. 3(b), which yields β2 ¼ 2.1ð8Þ μs−1ðkW=cm2Þ−1,
similar to what was found previously for the photoexcita-
tion of K2Rb2� [25].

III. DISCUSSION

We therefore conclude that the observed sensitivity of
KRb2� to 1064 nm light is predominantly the result of an
exceptionally long lifetime. Theoretical estimates of this
lifetime have previously been made using RRKM statistical
theory [38], which assumes that the complex ergodically
explores the reaction phase space before it dissociates. The
corresponding RRKM complex lifetime is given by
τc ¼ 2πℏρc=N , where ρc represents the density of states
(DOS) of the complex (Fig. 1), and N denotes the number
of available dissociation channels. Previous calculations
of this lifetime for KRb2� are 270 ns [21] and ∼1 ns
[36,37], which differ from our results by factors of ∼103
and ∼105, respectively. In contrast, similar calculations
have previously shown good agreement with measurements
for the cases of K2Rb2� complexes formed through reactive
40K87Rb-40K87Rb collisions [25] and Rb2Cs�2 complexes
formed through nonreactive 87Rb133Cs-87Rb133Cs colli-
sions [26].
One possible explanation for the discrepancy in the

current context is the potential absence of angular momen-
tum conservation for the atom-molecule collisions studied
here. Such a phenomenon could arise either from the
presence of external fields in the experiment or from
internal couplings which enable hyperfine transitions
within the complex. While the quoted RRKM lifetimes
assume that the total angular momentum is conserved, the
breakdown of this assumption could increase the DOS of
the complex, and correspondingly the RRKM lifetime, by
several orders of magnitude [37]. Unfortunately, calcula-
tions of the critical electric and magnetic field strengths
required to increase the DOS in this way are not currently
available. To examine this effect experimentally, we have

(a)

(b)

FIG. 4. Lifetime of the KRb2� collision complex. (a) Time
evolution of the KRb2� population (measured via the KRb2þ ion
signal) after a rapid change in the 1064 nm intensity, for different
values of Itot. Data are normalized by the corresponding number
of experimental cycles (∼100 for each data point). The time-
averaged value of the total intensity is fixed at 11.3 kW=cm2

across all datasets. Error bars represent shot noise, and the solid
lines are fits using the function Að1 − e−RtÞ. (b) Characteristic
growth rate R of the complex population, as obtained from the fits
in (a), versus the corresponding total ODT intensity. Error bars
represent the 1σ statistical uncertainty in the fitted value of R, and
the solid line is a linear fit to the data. All data shown in (a) and
(b) are taken with B ¼ 30 G and E ¼ 17 V=cm.
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measured the KRb2� lifetime for different electric
and magnetic fields in the ranges of 17–343 V=cm and
30–300 G, respectively, but we observe no significant
variation [42]. This indicates that either the critical field
strengths are smaller than the lowest fields accessible to the
experiment or external fields are not responsible for the
extended complex lifetime. Although the former possibility
cannot be completely ruled out, prior work on collisions
between 40K87Rb molecules [19,25,32] and collisions
between 87Rb133Cs molecules [26] suggests that motional
angular momentum remains conserved for such collisions,
even in the presence of finite field strengths.
As for the potential existence of couplings within the

complex which allow for hyperfine transitions, the results
of previous studies suggest that, at least in the case of
ultracold collisions between 40K87Rb molecules, nuclear
spins are conserved throughout the chemical reaction
2KRb → K2Rb2� → K2 þ Rb2 [19,32]. However, unlike
the KRb-KRb collision system, which has zero total
electron spin, the Rb-KRb system possesses an unpaired
electron whose spin can result in additional, stronger
couplings within the complex. Further direct investigations
are therefore required to determine whether nuclear spin
conservation is also present in collisions between KRb
molecules and Rb atoms. While such work goes beyond the
scope of this study, we can gain insight into the role played
by nuclear spins and molecular hyperfine couplings by
examining the collisional properties of a different combi-
nation of atomic and molecular hyperfine states. In par-
ticular, we can prepare the KRb molecules in the lowest
energy hyperfine level, jmK

I ¼ −4; mRb
I ¼ 3=2i, while

leaving the Rb atoms in the jF ¼ 1; mF ¼ 1i hyperfine
ground state. In this case, inelastic collisions which flip the
KRb nuclear spins are energetically forbidden, and the
incident collision channel strictly represents the only
dissociation channel available to the collision complex.
In short, by measuring the KRb2� lifetime for this ground-
state mixture at E ¼ 17 V=cm and B ¼ 30 G, the same
combination of fields utilized for the measurements shown
in Figs. 3 and 4, we find agreement, to within the
experimental uncertainty, with the value that was obtained
for the jmK

I ¼ −4; mRb
I ¼ 1=2i þ jF ¼ 1; mF ¼ 1i com-

plex. This indicates that the mechanism which gives rise
to the extended KRb2� lifetime is not sensitive to the
applied changes to the KRb nuclear spins, nor to any
resulting changes in the hyperfine couplings within the
complex at these electric and magnetic field strengths.
Another potential reason for the discrepancy between the

observed lifetime and the simplest RRKM predictions,
which assume that angular momentum is conserved for
these atom-molecule collisions, is that this RRKM stat-
istical theory simply may not provide an accurate descrip-
tion of the collision dynamics for this system. This could
occur, for example, if the corresponding DOS of the
triatomic KRb2� collision complex is small compared to

the initial sample temperature of 480 nK, so that few
scattering resonances lie within the range of accessible
energies. The statistical assumption that the complex can
ergodically explore many different narrow resonances in
phase space before dissociating would therefore not apply,
and so one would not expect the RRKM lifetime to be
quantitatively accurate. In this case, full, accurate quantum
dynamics calculations are likely required to uncover the
origin of the unusually long KRb2� lifetime.

IV. CONCLUSION

In summary, we have observed strong two-body colli-
sional loss in an ultracold mixture of 40K87Rb molecules
and 87Rb atoms, which we attribute to photoexcitation of
the KRb2� collision complexes by the 1064 nm lasers used
to trap the sample. Through the direct detection of these
complexes, we measure their lifetime, as well as the
intensity-dependent photoexcitation rate for 1064 nm light.
The measured complex lifetime deviates from recent
predictions and demands further theoretical investigations.
The long lifetime we observe for the KRb2� intermediates
may also shed light on recent results from studies of
collisional loss in chemically stable, ultracold gases of
NaK and NaRb molecules [45,46]. In those studies,
molecular loss rates were found to be unaffected by
variations in the intensities of the optical traps, an indica-
tion that the lifetimes of the corresponding collision
complexes may be several orders of magnitude longer
than previously predicted [24,37]. However, as these life-
times could not be measured, the explanation for such
observations could not decouple potentially long complex
lifetimes from the effects of large photoexcitation rates in
the optical trap. Our results, on the other hand, provide a
direct demonstration that these nonreactive collision com-
plexes can, in fact, live much longer than previously
thought. Thus, the combination of our direct measurements
with the evidence from Refs. [45,46] suggests that new
theoretical insight is required to reveal the physical mech-
anisms underlying such long-lived complexes in ultracold
molecular gases. Such insight will help to guide the
development of a new understanding of ultracold molecular
scattering, which should ultimately apply to both atom-
molecule and molecule-molecule collisions. This is crucial
for the production of molecular gases with higher phase-
space densities, as well as the realization of the many
exciting research opportunities in quantum simulation,
quantum information, and precision measurements [47–
50] such systems promise.
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APPENDIX A: EXPERIMENTAL METHODS

1. Experimental setup

Detailed descriptions of the sample preparation and ion
detection scheme can be found in previous works [8,20,25].
In short, the KRb molecules populate a single hyperfine
state jmK

I ¼ −4; mRb
I ¼ 1=2i of the absolute ground elec-

tronic, vibrational, and rotational state of the molecules
jX1Σþ; v ¼ 0; N ¼ 0i, and the Rb atoms populate the
lowest energy atomic hyperfine state jF ¼ 1; mF ¼ 1i.
Here, mI , v, and N represent the projection of the nuclear
spin onto the quantization axis set by an external magnetic
field, the molecular vibrational quantum number, and the
molecular rotational quantum number, respectively, and F
and mF represent the total atomic angular momentum and
its projection onto the quantization axis, respectively. The
initial sample preparation is performed in a 1064 nm,
continuously operated crossed ODT of total intensity
11.3 kW=cm2, at a magnetic field of B ¼ 542 G.
Control over the Rb atom number density is achieved by
selectively removing different amounts of the excess Rb
atoms which remain in the trap after the molecular gas has
been created. The maximum atomic density utilized in the
experiment, 1.6 × 1012 cm−3, is obtained, for example, by
leaving these atoms untouched, and the pure molecular
sample is obtained by removing all of these atoms.
To count the molecule number remaining in the system

as a function of time for the data shown in Fig. 2 of the main
text, we perform absorption imaging on the molecules.
Specifically, we first hold the atom-molecule mixture in the
crossed ODT at B ¼ 542 G for the desired amount of time.
We then remove the excess Rb atoms from the system by
transferring them to the jF ¼ 2; mF ¼ 2i state with fre-
quency-swept microwaves and applying a pulse of resonant
light. After all the Rb atoms have been removed, we
selectively dissociate those ground-state molecules remain-
ing in the original hyperfine state, jmK

I ¼ −4; mRb
I ¼ 1=2i,

and perform absorption imaging on the resulting free atoms
to extract the total molecule number.
For the ion data shown in Figs. 3 and 4 of the main text,

after the initial atom-molecule mixture has been created at
B ¼ 542 G, we lower the magnetic field over 30 ms to a
value of B ¼ 30 G and turn on an electric field E ¼
17 V=cm (Fig. 1 inset). The electric field is required to
extract ions from the sample region, and the magnetic field,
which is needed to maintain a quantization axis, must be
lowered to allow for ion detection. Once the fields are
turned on, the ODT intensity modulation is applied, along

with the UV ionization laser pulses, until the sample is
depleted (∼1 s).
In Fig. 3(a) of the main text, we show the dependence

of the measured KRb2þ ion signal on the initial Rb
density na. There, we observed a saturation of this signal
with increasing values of na. This effect is the result of a
competition between the finite UV pulse repetition fre-
quency and the decay rate of the mixture. If the decay rate
arising from atom-molecule collisions is too high, for
example, fewer ions can be collected, given the finite
sampling frequency, before the sample is depleted.

2. Photoionization scheme

To photoionize the KRb2� collision complexes, we
utilize a pulsed UV laser which has a 7 ns pulse duration
and operates at 354.85 nm. Because of the negligible lab-
frame translational energy and transient nature of the
KRb2� complexes, they reside within the same region of
the ODT as the trapped sample. We therefore shape the UV
ionization laser into a Gaussian beam that overlaps with the
atomic and molecular clouds, and which has 1=e2 waist
diameters of 280 and 175 μm along the two orthogonal
beam axes. Since the UV photon energy at 354.85 nm is
below the ionization thresholds of both KRb and Rb, the
overlap of the ionization laser with the trapped sample does
not result in a measurable depletion of either the atoms or
the molecules in the mixture. In addition, as we detect no
KRb2þ counts in the pure molecular sample [Fig. 3(a)], it
follows that the KRb2þ signal observed in the main text is
not the result of dissociative ionization of intermediate
K2Rb2� complexes formed through reactive collisions of
KRb molecules. This effect was previously observed for
UV wavelengths ≲345 nm in Ref. [20].
The photon-ionization threshold for the ground rovi-

bronic state of the neutral KRb2 complex, which sits
1608 cm−1 below the incident energy of the atom-molecule
collision channel (Fig. 1), coincides with a photon energy
of 377.6 nm [20]. The corresponding photon-ionization
threshold for the transient KRb2� complexes at the incident
collision energy is ∼402 nm. Because of this, the
354.85 nm ionization wavelength utilized here has a
sufficient photon energy to ionize both transient and deeply
bound states of the complex. To confirm that the KRb2þ ion
signal observed in the main text arises from transient
collision complexes (KRb2�), and not from more deeply
bound complexes, we have also performed measurements
analogous to those shown in Fig. 4(a) of the main text using
a pulsed UV ionization laser operating at 394.81 nm. At this
ionization wavelength, the KRb2þ ion signal demonstrates
the same behavior as that shown in Fig. 4(a), and we
observe no measurable difference between the correspond-
ing KRb2� complex lifetimes. However, the overall strength
of the KRb2þ ion signal at this wavelength is relatively
reduced due to limitations in the available 394.81 nm laser
power. We therefore find it sufficient for the purposes of

DETECTION OF LONG-LIVED COMPLEXES IN ULTRACOLD … PHYS. REV. X 12, 011049 (2022)

011049-7



this work to operate the pulsed ionization laser at
354.85 nm, which provides a higher time-averaged
laser power.

3. ODT intensity modulation scheme

For the data shown in Figs. 3 and 4 of the main text, we
apply a 1.5 kHz square-wave intensity modulation with a
25% duty cycle to the H and V ODTs using acousto-optic
modulators. Both beams are always modulated synchro-
nously, so that they follow the same timing. We do this in
order to probe the KRb2� population at lower, controllable
1064 nm intensity levels without noticeably altering the
thermodynamic properties of the atom-molecule mixture.
To further ensure that the temperature and density of the
atomic and molecular gases in the intensity-modulated trap
configuration are the same as those in the continuous-wave
(cw) ODT, we make sure that the time-averaged intensities
of both the H and V beams are equal to their continuously
operated levels. For theH ODT, which is always modulated
at full depth, the peak intensity during the “high” phase of
its modulation period is 22.8 kW=cm2. This is 4 times its
cw level, 5.7 kW=cm2, so that the 25% modulation duty
cycle is taken into account. For the V ODT, the modulation
depth can be varied in order to control the 1064 nm
intensity level which is present when we apply the UV
ionization laser pulse. To keep the time-averaged intensity
of the V ODT fixed at its cw level, 5.6 kW=cm2, we utilize
the constraint ð3I þ I0Þ=4 ¼ 5.6 kW=cm2, where I is the
intensity level of the “low” phase of the modulation and I0
is that of the “high” phase of the modulation (Fig. 3 inset).
By varying the value of I, we can change the level of the

total 1064 nm intensity at the point within the modulation
period where the UV ionization pulse is applied. This total
intensity can be expressed as Itot ¼ I þ IH;leak, where
IH;leak ¼ 5.01 W=cm2 represents the leakage intensity from
theH ODT during the dark phase of its modulation. This is
a constant for each value of I examined, and is the result of
imperfect suppression of the H ODT light by the acousto-
optic modulation scheme used in the experiment.

4. Intensity calibration

In the experimental setup, theH and V ODTs are formed
from 1064 nm Gaussian laser beams with 1=e2 waist
diameters of 70 and 200 μm, respectively, which intersect
one another at an angle of approximately 70° (Fig. 1 inset).
Both beams are derived from the same 1064 nm laser
source, which has a spectral width of 1 kHz. In
the continuously operated state of the crossed ODT, the
typical total 1064 nm intensity is 11.3 kW=cm2. The
cigar-shaped atomic and molecular clouds resulting from
this trap configuration have 2σ Gaussian widths of 8, 8,
and 38 μm, and 6, 6, and 28 μm, respectively, along the
three principal axes of the trap. Therefore, the variation of
the 1064 nm intensity over these widths is less than 7%,

and is considered to be constant across the sample. As
such, the total optical intensities utilized throughout the
main text are calibrated using the peak intensities of the
Gaussian beams.

5. Inelastic atom-molecule collisions

If the total angular momentum J⃗ ¼ L⃗þ N⃗ is conserved
in collisions between KRb and Rb, then inelastic collisions
which flip the KRb nuclear spins should be suppressed
given the particular combination of atomic and molecular
hyperfine states used in the experiment. Here, L is the
orbital angular momentum of the collision. Because the
molecules and atoms are distinguishable particles, they are
restricted to collide via s-wave scattering at ultralow
temperatures, so that there is no initial orbital angular
momentum (L ¼ 0). As the molecules are prepared in their
rotational ground state (N ¼ 0), there is also no rotational
angular momentum. The initial total angular momentum is
therefore J ¼ 0.
To understand which final combinations of atomic and

molecular internal states might be accessible through
inelastic atom-molecule collisions, one must determine
which combinations have a total energy that is less than
or equal to that of the incoming channel. Because the KRb
molecules are initially prepared in N ¼ 0, and the energy
splitting between the N ¼ 0 and N ¼ 1 manifolds is
> 2 GHz [40,41], the final rotational state of the molecules
must also be N ¼ 0. Additionally, because Rb is prepared
in the lowest energy hyperfine state, jF ¼ 1; mF ¼ 1i, and
the energy splitting between neighboring mF states at the
magnetic fields used in the experiment (> 20 MHz at
B ¼ 30 G) is much greater than the energy spread of the
molecular hyperfine states within the N ¼ 0 rotational
manifold (< 200 kHz at B ¼ 30 G), the Rb atoms must
remain in jF ¼ 1; mF ¼ 1i after the collisions. Therefore,
the only energetically accessible collision channels are
those which leave the Rb hyperfine state unchanged, but
which flip the KRb nuclear spins. However, the only
molecular hyperfine states that are lower in energy relative
to the initial state jmK

I ¼ −4; mRb
I ¼ 1=2i are those that

have a larger summed nuclear spin projection mKRb
F ≡

mK
I þmRb

I (e.g., jmK
I ¼ −4; mRb

I ¼ 3=2i) [40,41]. Thus, a
finite angular momentum must be imparted to the molecule
to increase the value ofmKRb

F and lower the internal energy.
As both N and the atomic hyperfine state remain
unchanged due to energetic constraints, this momentum
must come from L⃗ of the postcollision molecules and
atoms. If J ¼ 0 is conserved, however, which is equivalent
in this case to the conservation of L since N ¼ 0 remains
unchanged, then the final value of Lmust also be L ¼ 0. In
this case, there is no angular momentum available to flip the
KRb nuclear spins and lower the internal energy, so that the
molecules must remain in their original hyperfine state after
a collision. In this sense, total (or orbital) angular
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momentum conservation implies that the atom-molecule
mixture used in the experiment should be stable against
inelastic, spin-changing collisions.

APPENDIX B: FIELD DEPENDENCE OF THE
COMPLEX LIFETIME

The presence of external electric (E) or magnetic (B)
fields in the experiment could potentially lead to a break-
down in the conservation of total angular momentum J⃗ ¼
L⃗þ N⃗ throughout the KRb-Rb collisions. This, in turn,
could increase the DOS of the KRb2� collision complex,
and therefore also the KRb2� lifetime, by several orders of
magnitude [37]. For this reason, we have experimentally
examined the effect of these fields on the complex lifetime
by performing measurements analogous to those shown in
Fig. 4 of the main text using different values of E and B.
The results are summarized in Table I, and the relative
orientations of the externally applied fields are shown in
Fig. 1 of the main text.
To ensure that our observations are sensitive to field-

dependent changes in the complex lifetime, we measure the
KRb2� population dynamics at these different E and
B fields in the presence of a finite intensity of ODT light,
31.7 W=cm2, which corresponds to the red curve in
Fig. 4(a) of the main text. Because of the experimental
constraints of our ion detection scheme, we cannot
lower the electric field below 17 V=cm without losing
the KRb2þ ion signal. For the same reasons, we cannot
measure the complex lifetime at higher magnetic
fields (e.g., B ¼ 300 G) without simultaneously increasing
the value of the electric field. However, within the range
of fields accessible to our experiment, we observe no
significant variation in the characteristic growth rate,
R ¼ τ−1c þ β1Itot, of the KRb2� population at a fixed value
of the total 1064 nm intensity, Itot ¼ 31.7 W=cm2 (Table I).
This indicates that the KRb2� complex lifetime is not
significantly affected by an order of magnitude increase in
the external field strengths. Further investigations are
required, however, to determine if the complex lifetime
changes in any way in the total absence of these external
fields.
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Dulieu, and K.-K. Ni, Nuclear Spin Conservation Enables
State-to-State Control of Ultracold Molecular Reactions,
Nat. Chem. 13, 435 (2021).

[20] M.-G. Hu, Y. Liu, D. Grimes, Y.-W. Lin, A. Gheorghe, R.
Vexiau, N. Bouloufa-Maafa, O. Dulieu, T. Rosenband, and
K.-K. Ni, Direct Observation of Bimolecular Reactions of
Ultracold KRb Molecules, Science 366, 1111 (2019).

[21] M. Mayle, B. P. Ruzic, and J. L. Bohn, Statistical Aspects of
Ultracold Resonant Scattering, Phys. Rev. A 85, 062712
(2012).
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