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24
25 Abstract. Understanding ultracold c¢ollisions invcﬁving molecules is of fundamental
26 importance for current experiments, where inelastic collisions typically limit the
27 lifetime of molecular ensembles in optical traps. Here we present a broad study of
28 optically trapped ultracold RbCs'molecules in collisions with one another, in reactive
29 collisions with Rb atoms,.and in nonreactive collisions with Cs atoms. For experiments
30 with RbCs alone, we show that 'bysmodulating the intensity of the optical trap, such
31 that the molecules spend 75%. of each modulation cycle in the dark, we partially
32 suppress collisional,loss of the molecules. This is evidence for optical excitation of
33 molecule pairs mediated via sticky collisions. We find that the suppression is less
gg effective for molecules not prepared in the spin-stretched hyperfine ground state. This
36 may be due either to longer lifetimes for complexes or to laser-free decay pathways.
37 For atom-molecule mixtures, RbCs+Rb and RbCs+Cs, we demonstrate that the rate
38 of collisional loss of molectles scales linearly with the density of atoms. This indicates
39 that, in both cases, the loss of molecules is rate-limited by two-body atom-molecule
40 processes. For ‘bothsmixtures, we measure loss rates that are below the thermally
41 averaged universal limit.
42
43 . .
44 Ultracold pelar molecules have been proposed for applications in the fields
45 of quantum geomputing [1-7], quantum simulation [8-14], quantum-state-controlled
23 chemistry [15-H18], and precision measurements [19-26]. Experiments are now able to
48 produce a'wide variety of ultracold polar molecules in the ground state by association of
49 atom pairs in @ pre-cooled atomic mixture [27-36] or by direct laser cooling of the
g? molecules [37-47]. In these experiments, the densities of the gases are often high
5o enough that the effects of collisions are measurable and typically limit the trap lifetime
53 of the. molecular gas. Understanding ultracold collisions involving molecules is both
g‘; fundamentally interesting, due to their complexity, and crucial for further developing
56 the techniques needed to control collisional losses during experiments [48-54].
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All ultracold molecules investigated to date undergo fast loss characterised by
second-order kinetics, during collisions that reach short range in optical traps.[28}30;
32,[55H63]. The molecules can be broadly categorised as either reactive or, nonreactive
in photon-free two-body collisions; for a pair of identical nonreactive melecules (XY)
composed of the atomic species X and Y, the atom-exchange reactionsiof the form

2XY — Xy + Vs,
2XY = XoY +7Y,
2XY = X + Yo X

are all endothermic [64]. In contrast, for reactive molecules at leastone of these reactions
is exothermic. Accordingly, these atom-exchange reactions ¢an cause fast loss of reactive
molecules, but not nonreactive molecules. Despite this, two-body collision rates at or
near the universal limit [65,66], where all molecules that reach the short-range part of the
interaction potential are lost, have been observediin all experiments so far, independent
of whether the molecules are reactive [32,55-57] or notiractive [28,130,[34, 58-63]. In
particular, Ye et al. [58] have comparedhe loss of 2Na®"Rb molecules in ground and
first-excited vibrational states and confirmed high loss and heating rates regardless of
the energetics of the exchange reactions.

A two-step process has been propesed to explain the fast loss of nonreactive
molecules from optical traps. First, ‘during the collision a long-lived two-molecule
collision complex is formed [67=70]; this is eommonly referred to as a ‘sticky collision’.
Secondly, once the complex is fermed. it may be removed from the trap due to electronic
excitation by the trap light, leading torpermanent loss of the molecule pair from the
sample [69]. The lifetime of thes¢omplex in the dark is commonly estimated as

2mhp
[ ) 1
- g

where p is the density of.the, accessible rovibrational states and Ny is the number of

open channels, with Ny = 1 for nonreactive molecules in their absolute ground states.
This is based on‘Rice-Ramsperger-Kassel-Marcus (RRKM) theory [71], which effectively
assumes thatdthe motion is ergodic, i.e. that energy is fully randomised in the complex.

We have previously established the validity of this two-step loss process for RbCs
moleculesi™We demonstrated that loss of RbCs molecules from an optical trap is rate-
limited by a two=body process [60], consistent with the ‘sticky collision’ hypothesis that
the loss isnmediated by the formation of long-lived two-molecule collision complexes.
More recently, we showed that optical excitation is the dominant mechanism by which
the (RbCs)s complexes are removed from the gas [72]. We observed a suppression of the
collisional loss by applying square-wave modulation to the intensity of the optical trap
to forim a time-averaged potential where 75% of each modulation cycle is dark. If we
assume that, during the dark time, the collision complex can decay only to molecules
in the initially prepared state, the dependence of the suppression on the modulation
frequency implies that the lifetime of the complex in the dark is 0.53(6) ms |72]. This

Page 2 of 22



Page 3 of 22

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NJP-114098.R2

Molecule-molecule and atom-molecule collisions with ultracold RbCs molecules 3

is within a factor of ~ 2 of the RRKM prediction of 0.253ms [69]. A similar level
of agreement between RRKM theory and experiment has been found for the lifetime
of the (KRb)s complex formed in reactive KRb+KRb collisions, where the complexes
were observed directly [73]. However, experiments in intensity-modulated traps with
nonreactive ZNa*K, #Na*K, and #*Na®Rb have observed no suppression of the
collisional loss [61,63]. Moreover, fast losses also exist in experiments with 2Nal'K
confined to a repulsive box potential, where the molecules spend the majority of the
time in the dark [63]. These results indicate either much faster optical excitation rates
than expected or sticking times that are at least an order of magnitude\greater than the
RRKM prediction.

Atom-molecule collisions offer a compromise between the relative simplicity of
collisions between alkali-metal atoms and the complexity oficollisions between diatomic
molecules. For molecules formed by association, it{is eomnvenient to study collisions
between the associated molecule and the constituents of the imitial atomic mixture. In
this case, atom-molecule combinations (X + XY) ean be defined as nonreactive if the
atom-exchange reaction y

X+XY - Xo+Y

is endothermic. However, as was found for molecule-molecule collisions, the reactivity
of the combination alone does not “appear to determine the rate of collisional loss
observed in experiments [34,55] 74- 79} For example, reactive atom-molecule collisions
in mixtures of triplet 2*Na®Litmolecules and,?*Na atoms are sufficiently suppressed for
the fully stretched hyperfine statesithat efficient sympathetic cooling of the molecules is
possible [74]. Experiments studying nonreactive Na3*K+*?K collisions have measured
a hyperfine-dependent two-bedgp loss rate far below the universal limit [79]. However,
Nichols et al. [77] recently measured a photon-free lifetime for complexes in nonreactive
collisions for a K3 Rb48"Rb mixture to be ~ 10° times higher than predicted by
RRKM; it is therefore possible that optical excitation of long-lived two-body collision
complexes also plays@arolein‘the fast losses observed in other atom-molecule collisions.
Yang et al. [34] have reported the existence of Feshbach resonances between Na''K +
40K These resonances have been attributed to long-range states of the triatomic complex
in which th¢ atoms andumolecules retain their individual character [80]. One of these
Feshbach resomances was recently used to form weakly-bound 2*Na“’K, molecules by
rf assocgiation [81]. Magnetic Feshbach resonances have also been observed for reactive
2Na’Li$23Na collisions, where the loss rate can be modulated by more than a factor of
a hundred {78

There remain many open questions in this field. First, we do not yet know the
extent torwhich laser-induced loss via complexes is dominant. There are some systems
inywhich there is no energetically allowed two-body pathway that leads to trap loss;
at densities too low for three-body collisions, laser absorption seems to be the only
available loss mechanism. However, for reactive systems and some systems involving
excited atomic or molecular states, laser-free reactive or elastic processes may compete.
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Such losses may themselves occur either directly or via complexes. When compléxes are
involved, the factors that determine their lifetimes are poorly understood. Indeed, it is
not even certain whether the complexes behave chaotically, with widths that arewell
described by RRKM theory. If they are chaotic, it is unclear whether the eleetron and
nuclear spins are coupled into the chaotic bath, or are to some extentédecoupled from
it.

Motivated by these open questions, in this article we study! collisional losses in
an ultracold gas of 8"Rb!3Cs molecules (hereafter RbCs), andin wultracold mixtures
of RbCs+5"Rb and RbCs+3Cs. We first examine RbCs+RBCs edllisions. In section
1.1, we outline a model for loss of molecules from an optical tzap via eptical excitation
and inelastic loss of two-molecule collision complexes. We show. how the use of an
intensity-modulated trap may be used to probe these loss mechanisms. In section 1.2,
we present our method for creating an ultracold gas of RbCs molecules. In section
1.3, we show results comparing collisional loss of molecules from continuous-wave and
modulated traps, for molecules prepared in threeddifferent. hyperfine states. We observe
the largest suppression of collisional losses in the modilated trap for molecules in
the hyperfine ground state. We then proceed to study molecule loss in a reactive
mixture of RbCs+Rb and a nonreactive mixture of RbCs+Cs in section 2. We begin
by explaining our experimental method for'measuring atom-molecule collision rates in
our apparatus. In section 2.1, we show that.the molecule loss rates for both the reactive
and nonreactive collisions depend linearly on the atomic density; this confirms that
the collisional loss in both mixtures has a two-body rate-limiting step. In section 2.2,
we extract two-body rate coefficients from our measurements of molecule loss. We
find rate coefficients that arelower than the limit of universal loss, but are similar for
reactive and nonreactive collisions. Finally, in section 2.3, we compare loss from the
nonreactive mixture of RbCs#Csfin intensity-modulated and CW traps. We find no
significant change in, the two-body rate coefficient when the optical trap is modulated
and interpret this observation using our rate-equation model for the optical excitation
of collision complexes.

1. RbCs+RbCs Collisions

1.1. A rate-equation/ model for loss via bimolecular collision complexes

We begin by éxamining molecule-molecule collisions in an optical trap, where the
intensity ‘of . the light is modulated as a square-wave such that the molecules spend
75% of eath modulation cycle in the dark. In doing so, we partially suppress the
optical excitation of two-body collision complexes, which is believed to be the dominant
mechanism for collisional loss for pairs of molecules in the absolute ground state. When
the trap light is off, complexes can form and break apart without the risk of destructive
optical excitation. This leads to a reduction in the loss rate, with the maximum
fractional reduction in loss simply equal to the duty cycle of the modulation.
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We model the rate of change of the densities of ‘free’ molecules n,, and bimolecular

complexes n. with the rate equations
2 1 1 1
Nm = —kon?2 + —ne, Ne = +=kon? — —n, —
2m 7’—1CC 22m T—1CTine1

Ne — klaser[(t)nc' (2)

This differs from previous treatments [60,(61,/63] in the inclusion of a term for inelastic
loss of complexes. Here ko describes the rate of formation of complexes and kijaser is
the photon scattering rate of the complexes per unit intensity I(¢). The lifetime 7_4
is the 1/e time for dissociation of the complexes back to free molecules in‘the initially
prepared state, and 7, describes the loss of molecules via a nonsoptical mechanism,
such as conversion to a state other than the one in which“the molecules are initially
prepared. The lifetime of the complex in the dark 7. is then giveniby
1/7e =1/7-1 4+ 1/Tina, (3)

and the probability that the molecules return to thesnitial state is ® = Tine1/(7-1 + Tinel)-
We have previously measured ks by examiningsthe rate of loss of molecules from
a continuous-wave trap, which is rate-limited/ by f#he formation of complexes. The
molecules have a temperature of 2 uK and ks = 5.4 x 1071 cm3 s~ [60,72], which is
about a factor of two lower than the thermally averaged universal rate [66]. In addition,
we set Kaser = 3 X 103 W™lem? 571 as measurednin our previous experiments [60] on
molecules in their absolute groundstate (where ® = 1). The behaviour of our model is
however insensitive to this value provided that kjase I (t) > 1/7. when the trap light is
on, corresponding to the situation where the,loss of complexes is strongly saturated.

In Fig. [1, we show the effect of modulating the trap intensity as a square wave by
solving these rate equations for continuous-wave (CW) and modulated traps. For the
modulated trap, the intensity i&modulated at a frequency of 1kHz and the molecules
spend 75% of each cycle iu the dark. In Figure[l|(a), we fix ® = 1 and 7. = 7_; = 0.53 ms,
as previously measured forumolecules in the spin-stretched hyperfine ground state [72].
In this case we expectra slower rate of molecule loss in the modulated trap (dashed
line) when comparedito, the.GW trap (solid line). In Fig. [I(b), we examine the effect of
varying 7_; and, ®, for a fixed hold time in the trap of 200 ms. We find that significant
suppression of-the less occurs only if 7.1 < Tiue and 77 < tqark, Where tga is the
duration the molécules spend in the dark during each cycle of the trap modulation.

The darkime /can be varied in experiments by changing the frequency of the
modulagtion, and we expect any suppression to become greater as the modulation
frequenegy is reduced and the dark time increases correspondingly. Measurements in
modulated traps thus allow one to distinguish optical loss from other loss mechanisms
only if the lifetime of the complex is significantly shorter than the dark time and the
opticallless dominates over any laser-free loss.

1.2. Creating ultracold ground-state RbCs molecules

For our experiments, we create a sample of molecules [29,82-85] starting from an
ultracold atomic mixture of Rb and Cs atoms confined to a magnetically levitated
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Figure 1. Suppression of loss of molecules using amvintensity-modulated trap. We
present results of the model described by Ed. 2| forsa trap modulation frequency of
fmoa = 1kHz and a 25% duty cycle. The other parameters are set to the values
determined in our previous work [72], namelynks = 5.4 x 107 cm? s, Kjager =
3x 10 W ltem?s™!, I = 2 x 10* Wem™ 2, and N0 = 10" cm=3. (a) Comparison
between the variation in density of moleculgs n,, in a continuous-wave trap (solid line)
and a modulated trap (dashed)dfor the case where ® = 1 and 7. = 7_; = 0.53 ms. The
inset highlights the change in densityrat short timescales. The shaded regions indicate
time when the trap light is on. (b) Effect of varying the decay time for complexes back
to the initially prepared state 71 on the suppression of loss in the modulated trap. We
plot the fractional difference,betweemthe density in CW (ncw) and modulated (nmoq)
traps after a 200 ms hold time. The top horizontal axis expresses 7_1 as a fraction of
the dark time in thestrap tqa... Thersolid, dashed, and dotted lines shows the case for
® =1, 0.5, and 0.1, respectively. The vertical dashed line indicates the value 7_; used
in (a).

N
crossed optical dipole trap (with aswavelength, A = 1550 nm) [82]. We first form weakly

bound molecules fromhe atomi¢ mixture using magnetoassociation on an interspecies
Feshbach resonance at 197 G [83]. Following this, we remove the remaining atoms from
the trap using the Stern-Gerlach effect [83]. We then transfer the molecules into an
optical trap where the intensities of the beams are modulated as a square wave. This
is achieved bysfamping a1ip the intensity of the modulated trap and switching off the
1550 nm CW trap and magnetic levitation gradient.

The _modulated’ trap is formed from a single beam (A = 1064nm) in a bow-
tie configuration. The trap frequencies experienced by molecules in this trap are
Wz, wy, wal/2m = [96(2),160(3), 185(3)] Hz. The square-wave intensity modulation is
achieved by blocking the light using an optical chopper wheel. Using this method, we
can modulate the trap intensity with cycle frequencies of up to 5 kHz. We find significant
trap loss'for modulation frequencies below 1kHz, consistent with loss due to parametric
heating resonances, as occurs in time-dependent potentials that are not fully in the
time-averaged trap regime [86-88]|.

We transfer the molecules in the modulated trap to the '3 rovibrational ground
state using STImulated Raman Adiabatic Passage (STIRAP) [29,84,[85]. The STIRAP
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is performed at a magnetic field of B = 181.6 G during the trap dark time. Immediately
after STIRAP, the sample typically consists of up to 5000 molecules with a mean density;
of ~ 10" em™3. STIRAP prepares the molecules in a single hyperfine,level ofsthe
rovibrational ground state.

For RbCs at B = 181.6 G the rovibrational ground state consiststef 32 hyperfine
states spread across 1.3 MHz with separations between neighbouring states ranging
from 10 to 100 kHz as shown in Fig. [2(a). We label these hyperfine states by
(n,mgrbes)r where n is the quantum number for rotational angu\lar momentum,
MfRbCs = MRb + Mcs + My, is the sum of the angular momentum projections for the
nuclear spins mgyp, mcs and the rotation of the molecule myy, and kds an index that
counts up the states in order of increasing energy for a given value of n and mygrpcs.
For magnetic fields above 90 G the spin-stretched state (055)y state is the hyperfine
ground state of RbCs. With the STIRAP, we are able to, populate either the (0,5),
or (0,4); hyperfine states directly. In this work, we also prepare molecules in (0, 4)o,
which we achieve using a pair of one-photon m-pulses'to drive transitions in the molecule
coherently between n = 0 and n = 1 [89]. The statés used'in this work are highlighted

in Fig. [2(a).

1.3. RbCs+RbCs in an intensity-modulated trap

Our understanding of the formation and optical excitation of molecule-molecule collision
complexes is far from complete. This is evidenced by observations in 2*Na3’K, 2Nat’K_
and 2Na®"Rb [61}63] where no suppression of loss in modulated traps was seen, despite
RRKM predictions of lifetimes for complexes [69] that are much shorter than the dark
time in the trap. We have previeusly observed a suppression of loss for RbCs molecules
in the spin-stretched hypérfine ground state, so here we explore collisions of molecules
prepared in different hyperfine states, where other loss channels and mechanisms could
affect the lifetime of the complex.

To measure theseffect, ofsthe dark time in the modulated trap, we measure the
number of molecules remaining after a 200 ms hold in the modulated trap, both with
(Nmodrow) and without (N,0q4) an additional CW source of 1550 nm light. The CW
light is derived from the 1550 nm trap used to prepare the Feshbach molecules, and
has total peakdntensity of ~ 3 x 102 W cm™—2.
it does mot significantly affect the trap frequencies or the trap depth experienced by

This intensity is sufficiently low that

the molecules, but high enough to remove complexes continuously from the trap [72].
By performing’a comparative measurement, we remove any sensitivity to the effects of
residual héating and associated evaporative loss that may arise due to the modulation
of thestrap intensity. To measure the molecule number, we reverse the STIRAP and
association process, to break the molecules back apart into their constituent atoms
for detection by absorption imaging. For each measurement of loss, we perform 50
interleaved measurements of Npoq and Nyoqrcw and extract a mean and standard
error from the resulting distributions.
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Figure 2. (a) Hyperfine Zeeman structure of{RbCs in the rovibrational ground
state. The states used in this work are highlighted im bold colours and labelled by
(n,mfrocs)r as defined in the main text. [(b) Fractional change in the molecule
number Npod/Nmodt+cw — 1 as a functionfef the modulation frequency of the trap
light intensity. Results are shown for moleeulesiin (0,5)o in red, (0,4)¢ in blue, and
(0,4); in green, with all measurements'performed af’ a magnetic field of 181.6 G. We
observe a smaller suppression of the collisional loss for molecules not occupying the
hyperfine ground state (0,5)q.{The lines show fits to the results using the numerical
model in Eq.[2]for ® = 1, with the Teuncertainty in the lifetime of the complex in the
dark indicated by the shaded regions for each fit.

We characterise the suppression ofiless due to the dark time by calculating the
fractional difference in the molecule number Nyoq/Nmoarcw — 1. This is shown as a
function of modulation frequeney in Eig. (b) for molecules prepared in several different
hyperfine states. For molecules in (0,5)y we observe a suppression of loss characterised
by Nmod/Nmodrcw — 1 >0 The suppression is greatest at the lowest modulation
frequencies we are able o véach{where fq.i /71 is greatest, see Fig. [[[b)). We fit
the results using the #ate equation model (Eq. , making the assumption that the
molecules remain at"afixed temperature. We fix & = 1 because the (0,5)y state is
both spin-stretched andiis the lowest-energy hyperfine state; the molecules do not have
sufficient kinetié¢ienergy to leave the complex in any other state. As such, the lifetime
of the collision complex‘in the dark is the only free parameter in the fitting. We find
an optimal value forf the lifetime of the (RbCs), collision complex is 0.8(3) ms in the
dark, where the. number in brackets is the 1o uncertainty. This is consistent with our
previously meagured value of 0.53(6) ms [72].

Fig [2(b) also shows similar measurements for molecules prepared in the higher-
energy hyperfine states (0,4)p and (0,4);. In these cases, we generally observe a lower
suppression of loss, although the measurements on the highest and lowest hyperfine
states deviate by only 1o at modulation frequencies of 1kHz and 1.5kHz. We now
presenty analysis of our results to identify possible changes in model parameters that
could explain such a hyperfine state dependence.

We first analyse results with the assumption 7,6 — 00,® = 1. In this limit,
our results would suggest that the lifetime of the complex in the dark depends on the

Page 8 of 22



Page 9 of 22

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NJP-114098.R2

Molecule-molecule and atom-molecule collisions with ultracold RbCs molecules 9

hyperfine state, which might be associated with an increase in the effective/density
of states. This change might be caused by the increased number of nué¢lear spin
arrangements that have the same value of the total spin projection Mg = my +mgs
as the incoming pair. For the (0,4), state our results are consistent with 7. =
7_1 = 2.1(1.3)ms. In contrast, for the (0,4); state our results aredeonsistent with
no suppression of loss and we can place only a lower limit on the lifetime of the complex
in the dark, 7. = 7_1 > 3.3ms (at the 68% confidence level).

An alternative interpretation of the reduced suppression fornthe/states with
msrbcs = 4 is the presence of one or more additional loss channels: CEllisions between
molecules in either state have at least one energetically aceessible inelastic channel
that conserves Mp. Decay of complexes to form molecules in different states would be
observed as loss in our experiments, because we detect molecules only in the specific
hyperfine state in which they are prepared. To test this, interpretation, we restrict
7_1 to the range of values in the 68% confidencednterval found for the (0,5), state,
7_1 = 0.8(3) ms, and fit the results for (0,4)y and™(0;4); with 7,0 as a free parameter.

For molecules prepared in (0, 4), there is one energeticﬁlly available channel for spin
exchange, with the molecules exiting thefeomplex in (0,5) + (0, 3)o. This combination
of states is higher in energy than the prepared state by only kg x 0.16 K, which is much
smaller than the temperature of the molecules T"= 2 K. For molecules in (0,4)y, our
results find an optimum value 73, = 0.2”:8:? ms, leading to ® = 0.2’:8:‘11. For molecules in
(0,4)1, several spin exchange channels are available. In addition, there is the possibility
of exchange between nuclear Spins in the same molecule such that it exits in the lower-
energy (0,4), state. For the (Oy4)nstate, we find 73,0 < 0.13ms and & < 0.08 at the
68% confidence level.

This analysis demonstrates that our experimental results for excited molecular
states can be explained either by¢a longer lifetime 7_; or by the presence of laser-free
inelastic decay. Wegannot at present distinguish between these explanations.

2. Collisions of RbCs . with Rb or Cs

We now examine collisions between RbCs molecules and the constituents of the atomic
mixture in which/they are prepared. To achieve this, the Rb-Cs mixture is prepared in a
purely optical'potential (A = 1550 nm), with no magnetic levitation to support against
gravity/ We then perform magnetoassociation on the same Feshbach resonance as before
(Bo = 197.G), but the transfer to the (0,5)q ground state instead takes place 1 ms after
magnetoassoeiation, while the atoms are still present in the trap. The 1ms hold is
necessary to allow the magnetic field to reach 181.6 G and become sufficiently stable for
efficient’ STIRAP. With the molecules in the ground state, one atomic species is removed
by wamping the magnetic field to 21.3 G and turning on the appropriate repump and
¢ooling light from the magneto-optical trap for 3ms. After the unwanted atoms are
removed, we either hold the atom-molecule mixture in the optical trap at 21.3 G, or
ramp the magnetic field to 181.6 G over a further 2ms for the lifetime measurement.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NJP-114098.R2

Molecule-molecule and atom-molecule collisions with ultracold RbCs molecules 10
30001 N~====-mee______
= T e S
Q
€
5 20001 B RbCs(0,5)o
P & RDbCs(0,5)0 + Rb(1,1)
3 ® RDbCs(0,5)0 + Cs(3,3)
(]
S 1000
s
0 ~

0O 20 40 60 80 100 120
Hold time (ms)

Figure 3. Example molecule loss measurements{performed at’ 181.6 G for molecules
alone and for mixtures of RbCs+Rb and RbCs+Cs. The molecules are prepared in the
(n=0,m¢Rrbcs = D)o state which is the hyperfine ground state of the molecule at this
magnetic field. Collisional loss of RbCs moléeules alone'is shown by the black squares
with a linear fit to the results indicated bysthe dashed line. Empty red circles show loss
of RbCs molecules when prepared with'ground-state’Rb atoms (fry, = 1, myrb = 1),
such that the loss is dominated by reactive RbCs+Rb collisions. Filled blue circles
show loss of RbCs molecules withyground-stateCs atoms (fcs = 3, my,cs = 3), where
loss is dominated by nonreactive RbCs+Cs collisions. The solid lines are exponential
fits incorporating the molecule-only loss following Eq. [4] as explained in the main text.

At the end of the measurement, prior to dissociation and imaging, the magnetic field is
jumped back to 21.3 G to remove the atomic species left after the first removal pulse.
We also measure molecular lifetimes, without atoms using this sequence by removing
both species of atoms in the first remoyal step. This provides a useful consistency check
with the measurements digéussed in.section [1| to verify the efficacy of the atom-removal
procedure. We also use such meastirements to account for background loss of molecules,
as described later.

Our experimental sequence produces up to ~ 8 x 10° (3 x 10°) Rb (Cs) atoms
at a temperaturefof T.1(1) @K, and mean density of typically ~ 102 cm?®s™!. Each
species is prepated in the hyperfine ground state (fr, = 1,mpry, = 1) for Rb and
(fos = 3, myas =3) for-Cs. The temperature and density of the atoms remain constant
over the duration of the experiments (typical timescales of ~10 ms). The molecules
on the other hand have a temperature of 1.3(3) uK, and and mean starting density
~ 10'° em~3. The reduced starting density for the molecules in these measurements is
caused,byra combination of lower trap frequencies and loss of molecules from inelastic
collisions hetween atoms and Feshbach molecules during the association procedure.

An example measurement of RbCs loss in the presence of each species of atom is
shown in Fig. (3l To account for the background variation in the number of molecules
duetosmolecule-molecule collisions, we also measure a lifetime for molecules alone. As
the atom-molecule loss is much faster than the molecule-only loss in all measurements
presented, we fit the molecule-only loss with a straight line with starting number N
and gradient m as shown. We then fit the variation in the number of molecules N,, for
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19 Figure 4. Dependence of the molecule loss ratéron the mean atomic density. We
20 control the atomic density by pulsing on near-resenant light that reduces the number of
21 atoms remaining in the trap. (a) Loss rate of RbCsmelecules in (n = 0,m¢rbcs = 4)1
22 as a function of the Rb density. The solid line is a linear fit to the results constrained
23 to go through the origin with gradient 3:2(2) X'10! cm®s~!. (b) Loss rate of RbCs
24 molecules in (0,5)p as a function of the/Cs density. &he solid line is a linear fit to the
25 results constrained to go through the origin with gradient 2.05(7) x 10** cm3s~1.
26
27
;2 each atom-molecule combination with an exponential function,
30 Bl
31 Nu(t) = No (1 —mt) exp — ) (4)
32
33 Here, ¢ is the hold time in“the trap, 7 18 the 1/e lifetime for the atom-molecule
34 collisions, Ny is the initial numbersof molecules, and the factor (1 —mt) represents
22 the normalisation to the molecule-only background. For the curves shown in Fig. [3]
37 we extract 1/e lifetimes of 16(1) ms for reactive RbCs+Rb collisions and 30(2) ms for
38 nonreactive RbCs+Cs collisons. However, as the densities of Rb and Cs are different,
23 direct comparison ofithese time constants is not immediately useful; we present density-
41 normalised rate coefficients, which may be properly compared, in section 2.3.
42
43 ,
42 2.1. Density dependence
22 Studying the change in molecule loss rate as a function of atom density can yield insight
47 into the kinetie¢s of the underlying loss mechanism. For reactive RbCs+Rb collisions,
48 the energetically allowed atom-exchange reaction is likely to be the dominant loss
:g mechanism, although it is possible that laser-induced loss may also be important [77].
51 As #his 15 amtwo-body (atom-+molecule) process, we expect that the rate of loss of
52 molecules will depend linearly upon the density of atoms. For nonreactive RbCs+Cs
gi collisions-however, the expectation is less clear. Possible mechanisms for loss in the
55 nonreactive mixture include (but may not be limited to) optical excitation of two-body
56 (atom-molecule) complexes and three-body (atom-atom-molecule) collisions. We expect
;73 the loss rate associated with these processes to depend on the atom density, or the square
59 of the atom density, respectively.
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To vary the atom density we use resonant light to remove a fraction of the chosen
atomic species from the trap. This is performed in parallel with the remowal of the
unwanted atomic species after STIRAP. The additional light is tuned to,be resonant
with the 5%S/a(frp = 1,mprp = 1) — 5°P3/2(2,2) electronic transition for Rb.and the
62S1/2(fos = 3,mycs = 3) — 67P3/2(4,4) for Cs. The light is horizontally polarised and
delivered in a collimated beam of radius ~ 1 mm that propagates orthogonal (designated
x axis) to the 21.3 G magnetic field (along the z axis). Throughout the reésonant light
pulse, we also switch on cooling light from the magneto-optical trap which.removes any
atoms that spontaneously decay into the fr;, = 2 state of Rb and the fos = 4 state
of Cs. We observe loss of atoms with an exponential time €onstant of 88(2) us for Rb
and 6.4(2) us for Cs. The difference in removal rate is primarilysdue to the different
laser intensities used for the different species. Using this method, we do not observe any
significant build-up of population in other atomic hyperfine states, such that the atoms
that survive the resonant light pulse remain in theftarget (1,T) state for Rb and (3, 3)
state for Cs. However, we do observe that the temperature of the atoms increases with
the duration of the light pulse, with approximagely/a factor of 2 greater increase in the
direction of the laser propagation. This‘ehange in temperature is taken into account
when calculating the atomic density.

We present measurements of molecule loss rate as a function of mean atom density
in Fig.[4{(a,b). In Fig.[4[a), we examine thereactive combination RbCs+Rb. Specifically,
we measure collisions between moleculesiprepared in (0, 4); with ground-state Rb atoms.
As expected, we observe a linear. dependence of the molecule loss rate on atom density.
A linear fit to the results, conmstrained to pass through the origin, yields a gradient
of 3.3(2) x 10" em?®s™!. In Fig. (b), we show a measurement using the nonreactive
combination of RbCs+Cs.«Inthis case the molecules are prepared in (0,5)y so that
both the Cs atoms and RbCs molecules occupy their respective hyperfine ground states.
For the nonreactivescombination/we also find a linear dependence of the molecule loss
rate on the atom density, this time with a gradient of 2.05(7) x 10 ecm3s~!. This
indicates that the'lossimechanisms for both reactive and nonreactive collisions have
rate-limiting steps that depends on a two-body RbCs+atom collision.

2.2. Second:order rate coefficients for collisions of RbCs with Rb or Cs

As bothdreactiverand nonreactive atom-molecule collisions appear to be rate-limited by
second-order kinetics, we can quantify the loss rate using a second-order rate coefficient
k5" To extract a second-order rate coefficient from a measurement of molecule loss,
we model the loss of molecules due to atom-molecule collisions with the rate equation

N (r,6) = —ky " na(r, £)np, (1, t), (5)

where'm,, n,, represent the densities of atoms and molecules, respectively. The rate of
change of the number of molecules can be obtained by integrating Eq. 3], giving

Nu(t) = —kg’m/na(r,t)nm(r,t)dgr. (6)
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Figure 5. Second-order loss rate coefficients k" measured for RbCs molecules
collisions with ground-state (a) Rb (b) Cs latoms. “Measurements were performed
at magnetic fields of 21.3G and 181.6 G. Filled and empty circles show the result
of measurements performed with RbCsémolecules in the (n = 0,mfgrnrcs = 5)o and
(0,4); states respectively. The coloured solid horizgntal line indicates the average of
the two loss rates measured for molecules in the (0, 5), state, and the dashed line is the
average for molecules in the (0,4); state. In-all measurements the atoms occupy their
hyperfine ground states, either (fay, = Iymrr, = 1) or (fcs = 3,my,cs = 3) for Rb
and Cs respectively. The black dashed line'indicates the thermally averaged universal
rate for the particular atom-molécule combination.

The term in the integral contaimns the overlap between the distributions of atoms and
molecules, and we can use thig integral to define a mean interspecies density

Nam = f(t) /m(r,t)nm(r,t)d?’r. (7)

If we assume the atoms andnolecules are thermally distributed in the harmonic region
of the trap with temperatures T, and Ty, respectively, then,
3/2

, (8)

where N, ishe number of atoms (which remains constant over the duration of the

MW maw?
21k (Mmmw? Ty + maw?Th)

77La.,m - Nan(Az) |:

measurement), kg is/the Boltzmann constant, m,, m,, are the masses and w,,w, are
the geometrically-averaged trap frequencies experienced by the atoms and molecules,
respectively. ¥, (A,) describes the reduction in overlap due to the difference in
gravitational sag A, between the two clouds [90],

2 2 A2
mmwzymmawLaAz

F(A,) = _
(A:) = exp 2oy (1a T2, + 1 a2,

: (9)

where w, », w, m are the vertical trap frequencies of the atoms and molecules, respectively.

The largest difference in gravitational sag in our experiments, A, = 2.7 um, is between
Rb and RbCs. In this case, we find F,(2.7um) = 0.98; the difference in gravitational
sag changes the interspecies density by only 2%, which is much less than the typical
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uncertainty in either the atom or the moleculé de ne (each typically ~ 10%).

g to Eq. |§|, we have

N (t) = —k5™ Al o Non.- (10)

We have confirmed experimentally number and temperature do not change

appreciably over the course of the presented. If we additionally assume

that the molecule temperature nge significantly, then n,., is a constant.

(11)

e combination RbCs+Rb , we find k5™ = 2.0(4) x 107" em3s™!,
while for the no % ombination RbCs+Cs we find k5™ = 1.8(3) x 107" em3 s
sasured at a magnetic field of 21.3 G and for molecules prepared in
(0,4); are p
in mag 1,.and only marginally higher loss rates for atom-molecule collisions
involving molecules prepared in (0,4);.
the loss rates measured in experiments to a single-channel model based
efect theory (QDT) [65,[66]. The model and its underlying theory have
ed at length elsewhere [66,91,/92], so we omit further description here; we
iously applied it to RbCs+RbCs and Rb+CaF collisions [601[75,[76]. The long-
teractions are approximated by their leading term —CsR~% and the short-range
teractions are modelled by an absorbing boundary condition. We use values of Cg from
Zuchowski et al. . The boundary condition is parameterized by the loss parameter
< y < 1 of Idziaszek and Julienne and a short-range phase shift ¢°, which is
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;i Figure 7. The number of RbCs molecules rémaining in (n = 0,msrpcs = 5)o after
25 a fixed hold time with Rb atoms in the (fg, = 1,’mf7Rb = 1) state (upper panels)
2% and Cs atoms in the (fcs = 3, mys,cs = 3)/state (lower panels) at 21.3G (left panels)
27 and 181.6 G (right panels). In‘each,case theimagnetic field is scanned +5G around
28 the centre field By in ~ 0.1 G steps. The atom-molecule mixture is held in the trap
29 for 10ms (6 ms for the data with Rb at ~7181.6 G). The mean value for each panel
30 is shown as a solid horizentaliline, lo and 20 intervals are shown as dashed and
31 dotted lines respectively. The'data are also shown as a histogram and compared to a
32 normal distribution, normalised t@'give the probability density p. We see no significant
gi variation from normally distributed noise.
35
36 related to the scattering length\and controls interference effects including resonances.
g; In the limit of y = 1 all flux that is transmitted past the long-range potential is lost; this
39 is termed the universal. limit¢ The thermally averaged universal loss rates at the current
40 experimental temperatures are 6.0 x 107 cm3 s~ for RbCs+Rb and 5.0 x 107 cm? s}
2; for RbCs+Cs; these'are, indicated by horizontal dashed lines in Fig. [
43 The results, of the QDT model as a function of y and ¢°, for RbCs+Rb and
44 RbCs+Cs, aresshown inFig. [0 with the experimental results and their uncertainties.
22 The present results limitithe loss parameter to less than 0.35, with the most likely range
47 being 0.2 < y < 0.3 for both species. It is notable that the ranges are very similar for the
48 two systems, even though one is potentially reactive and the other is non-reactive. The
:g ranges also overlap with the result for RbCs+RbCs, y = 0.26(3) [60]. All three results
51 arefconsistent” with a recent prediction [94] that rapid loss from collision complexes
52 would result in an effective loss rate described by y = 0.25.
gi Finally, motivated by the observation of Feshbach resonances in 2*Na‘K + 49K
55 collisions [34], we check for the possibility of resonant behaviour close to the magnetic
56 fields at which we perform our experiments. To do this, we hold the atom-molecule
;73 mixture in the trap for 10 ms (6 ms for RbCs+Rb around 181.6 G) and vary the magnetic
59 field by +5 G in steps of ~ 0.1 G, as shown in Fig. m for molecules prepared in (0, 5),. To
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Figure 8. Molecule loss in a mixture of RbCs in théy(n = 0, m¢rhcs = 5)o state and Cs
in the (fcs = 3, my,cs = 3) state at 181.6 G confined in CW (filled circles) and intensity-
modulated (empty circles) traps. The lines shiow fitted exponential decay curves with
1/e lifetimes of 17.4(1.2) ms in the CW traprand 21.0(1.5) ms in the modulated trap.

L
determine if there is any variation from background we imake a histogram of the results

and extract a mean and standard deviations For all four measurements we observe that
only ~ 5% of the points are outside the intervahdefined by the mean +20, as would be
expected for normally distributed noise. Additionally, we see no obvious large dips in
the molecule number that would indicate thespresence of resonances.

2.3. RbCs + Cs in an intensity=modulated trap

It is possible that the dominant loss process for atom + molecule collisions is the
same fast optical excitationmofitwo-body collision complexes that we have observed
for molecule + molecule feollisions. [60,72]. In the RRKM limit, the laser-free lifetime
of the RbCs + Cs collision/complex in the dark is expected to be a factor of 2 x 10*
shorter [69,95] than/the lifetime of ~ 0.5ms for the (RbCs), complex. If the lifetime
of the atom-molegtile complex is so short, we may expect that there is not enough
time for significant laser excitation before the complex dissociates, or that at least this
process may netybesaturated. However, recent experiments [77] studying nonreactive
collisions of (KRB with Rb found a photon-free lifetime for the complex of 0.39(6) ms,
which is 5 _orders of magnitude longer than the RRKM prediction, along with evidence
for lossfassociated with optical excitation of the complexes. The reason for such long-
lived complexes'in KRb+Rb and whether optical excitation of complexes can contribute
significantly to loss in collisions between other combinations of atoms and molecules are
open questions.

Torimvestigate this possibility, we have measured the lifetime of RbCs molecules, in
the,ground state (0,5)o, in the presence of Cs atoms, with and without 1kHz square-
wave intensity modulation, in the A = 1064 nm optical trap described in section [T As
for the experiments on RbCs alone, the square-wave modulation is set such that the
atom-molecule mixture spends 75% of each cycle in the dark. The peak intensity in the
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Figure 9. Suppression of the loss of molecules{due to atem=molecule collisions in
an intensity-modulated trap. We model the variation. in the molecular density as
described by Eq. and extract the ratio of/loss rates for CW and modulated traps
(kcw/kmoa—1). As presented, our results afe independent of the values of k5™ and n,,
used in the model. The modulation frequeney. of the trap is fixed at 1 kHz. We assume
no inelastic decay such that the lifetime of the complex 7. = 7_1. (a) Suppression of
loss for unsaturated optical excitation'of complexes as a function of EjaserfaveT—1, in
the limit that 7_1 < tqax. (b)Suppression of loss for saturated optical excitation
of complexes as a function of 7oi,lin the limit that kil,,e > 1/7—1. For both
calculations, the experimentally measurediratio kcw/kmoa — 1 = 0.2(5) is shown by
the horizontal solid linefwith the g\ uncertainty indicated by the dotted line. The
shaded regions show the parameter space which is consistent with our experiments at
the 68% confidence level.

modulated trap is 4 times that of thes.CW trap, so that the trap frequencies and trap
depths are the same for both trap configurations.

A comparison of the anolecule lifetimes for the CW and modulated traps is shown
in Fig. [8l We find two-bedy rate coefficients of kpoq = 2.1(6) x 107 cm?®s™! for the
modulated trap, and kcw = 2:6(6) x 107 cm®s™! for the CW trap. As such, there is
no statistically significant difference in the loss rates.

To examine (our results in the context of optical excitation of atom+molecule
complexes, we construct the rate-equation model

ng = ks manm, + Tilnc, Nne = +k5 nanm — Tilnc — Kaser (t)ne. (12)
This describes the loss of molecule density due to the atom-molecule collisions and the
dissociation and optical excitation of the associated atom-molecule collision complexes.
Wedneglect ‘the formation (and loss) of complexes resulting from molecule-molecule
collisions owing to the much longer associated timescale. Additionally, there are no
inelastie.decay channels for the state combination used in the measurement, such that
the lifetime of the complex 7, = 7_;. The predictions of this model are shown in Fig. [J]
and lead to two interpretations of the experimental observations.
In Fig. @(a) we show the predicted ratio (kcw/kmoa — 1) as a function of kjaser Lave -1

under the assumption that the lifetime of the complex is much shorter than the trap dark
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time (7_; < tgark) O that the suppression of loss in the modulated trap is independent
of the trap modulation frequency. Here I,,, is the average trap intensity experienced
by the molecules in either trap. For modulation where the trap light is. off for»75%
of each cycle, we expect kcw/4 < kmoa < kcw such that the ratio (kew /Kmoa — 1)
can take values between 0 and 3. The ratio extracted from ourhexperiments is
(kcw/kmoa — 1) = 0.2(5). This is indicated by the horizontal solid"and dashed lines
in Fig. [9] The grey shaded region in Fig. [Jfa) indicates the range Kiaserfage7—1 < 0.3
consistent with our experimental results at the 68% confidence dével. This/corresponds
to our results being consistent with optical excitation that is not safurated. This could
be due to the predicted short lifetime of the complex, but alsesxdependsion the unknown
laser scattering rate for the atom-molecule complexes.

In Fig. @(b) we examine an alternative interpretation of the /experimental results,
namely that the lack of suppression in the loss results from,the formation of complexes
with long photon-free lifetimes. In this case, we agsume the optical excitation of the
complexes is saturated Kjaserlavg > 1/7_1. Littlé orsnosuppression can then occur if
the dark time is not sufficiently long for a significant number of complexes to decay
before the next bright trap pulse. Fig. @(b) shows the prediction of our model in this
limit as a function of 7_;. Our results are consistent with a lifetime of the complex
7_1 > 0.4ms, again at the 68% confidence level. This would be similar to the recently
measured lifetime for complexes in‘/KRb+#Rb. collisions |77], but is 5 orders of magnitude
longer than the RRKM prediction.

3. Conclusion

We have studied collisionalwloess, of optically trapped RbCs molecules alone and in
mixtures with Rb and Cs/atoms. EFor RbCs molecules alone, we have demonstrated that
collisional loss may bespartially suppressed by modulating the intensity of the optical
trap, such that the aolecules spend 75% of each modulation cycle in the dark. For
molecules in the spin-stretcheéd absolute ground state, the results confirm that optical
excitation of long-lived two-molecule complexes plays a dominant role in the collisional
loss. Howevergithe suppression is diminished for molecules in higher-energy hyperfine
states. This/may/indicate,changes in the effective density of states or competition from
other collisional loss/mechanisms such as spin exchange.

For RbCs molecules prepared in either RbCs+Rb or RbCs+Cs mixtures, we have
demonstrated that the collisional loss shows second-order kinetics and we have extracted
two-body loss rate coefficients. Based on measurements performed at magnetic fields
around 21 G and 181.6 G, we observe no dependence of the loss rate on magnetic field,
and no'evidence for resonant behaviour. We have interpreted the measured loss rate
coefficients using a model based on quantum defect theory. The resulting loss parameters
are well below the universal limit, though agree with predictions from [94]. The loss
parameter is similar for reactive collisions with Rb and nonreactive collisions with Cs.
For the nonreactive collisions, we have compared the loss rate for mixtures in CW and
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modulated traps. We observe no significant change in the loss rate associated with the
trap light being switched off.

The fast losses that are the subject of this work may be avoided by preyventing pairs
of molecules from reaching the short-range part of the interaction potential. "Ihis can
be achieved by pinning the molecules to the sites of a 3D optical lattice [96], thereby
removing the possibility of collisions between molecules altogether.y Alternatively,
dipolar shielding can be used to generate a repulsive barrier at long range that prevents
molecules from forming the short-range complexes [52-54]. The latter/approach is
compatible with evaporative cooling as long-range collisions between molecules can still
occur. Understanding ultracold molecular collisions with diatomic molecules remains
an important frontier for quantum state-controlled chemistry, with many fundamental
questions currently unanswered. The inherent complexity,of these systems presents
many challenges ahead.
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