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Measurement of the three-body-recombination coefficient of ultracold
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We report on the observation of a conspicuous loss in an ultracold mixture of "Li and ¥Sr atoms confined in a
far-off-resonance optical dipole trap. We attribute the trap loss to the three-body inelastic Li-Sr-Sr collision and
extract the corresponding three-body-recombination coefficient K3 at T ~ 18.5, 45, 70, 600 uK. The measured
three-body-recombination coefficient is about two to three orders of magnitude larger than the typical values
convenient for realizing quantum degenerate gases, and essentially rules out the prospect of realizing ’Li and
88Sr mixtures of high phase space density. The measured three-body-recombination rates agree with the unitarity
limit at high temperatures. Our results also confirm that the three-body-recombination loss is dominated by the
light-heavy-heavy process, in agreement with the prediction for a system with a large mass-imbalanced and

negligible intraspecies interaction.
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I. INTRODUCTION

Ultracold mixtures of different atomic species provide
unique opportunities to study exotic few-body and many-
body physics such as Efimov states and strongly interacting
quantum systems with mass-imbalanced components [1-5].
Ultracold molecules can facilitate precision measurements
and tests of fundamental physical laws [6—8]. They also
benefit the study of ultracold chemistry [9-11]. Among the
possible platforms, dimers made up of alkali (AK) and
alkaline-earth(-like) (AE) atoms have attracted much atten-
tion recently [12-20]. Compared to the more widely studied
bialkalis, the AK-AE molecules possess both electric and
magnetic dipole moments in their absolute ground state due to
an unpaired electron. Besides allowing for more controls, the
extra degree of freedom is expected to usher in much richer
quantum phases and phenomena. They may be used for the
studies of lattice-spin models [21], quantum magnetism [22],
and exotic topological states of dipolar gas [23-26], etc.

When preparing an ultracold mixture of AK and AE
atoms, the latter can usually be laser cooled directly to much
lower temperatures using a narrow 1§,- 3P, transition [27,28],
and thus may be used to sympathetically cool its alkali
partner [29-32]. Such a potential is, nevertheless, governed
ultimately by the scattering properties between the two part-
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ners. To achieve effective sympathetic cooling [32-35], a rule
of thumb is that the ratio of elastic to inelastic collisions
should be larger than 100 [36,37]. The interspecies interac-
tions also affect the stability and miscibility of the gases at
high phase-space densities [38,39]. Therefore, understanding
the scattering properties between the different components is
the key to harvesting the advantages of these mixtures.

In our previous works [40,41], we found that SLi and vari-
ous Sr isotopes have rather weak interspecies interactions. The
magnitudes of their s-wave scattering lengths are of the order
of 10 Bohr radii. In this paper, we investigate the stability of
"Li and 38Sr gas mixture in an far-off-resonant optical dipole
trap. We find that a ’Li and ®Sr mixture exhibits a severe
Li-Sr-Sr three-body collision loss at ultracold temperatures,
regardless of the magnetic field strengths. By measuring the
relevant three-body-recombination coefficients K3 at various
temperatures, we conclude that the measured K3 coefficients
at ultracold temperatures are about two to three orders of mag-
nitude larger than the typical values convenient for realizing
quantum degenerate gases.

II. EXPERIMENTAL PROCEDURES

The optical layout around our science chamber is illus-
trated in Fig. 1. Its details have been described in our previous
works [40,41]. To give some useful numbers, the pressure of
our science chamber is about 5 x 10~!! Torr. The Sr atom
number at the beginning of this three-body loss measurement
ranges from 5 x 10° to 2 x 107, while the Li atom number
ranges from 1.5 x 10° to 3.5 x 10°. Taking the temperatures
of the gas into account, the corresponding number densities
at the center of the optical dipole trap are (8-30) x 103

©2024 American Physical Society
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FIG. 1. Optical layout around the science chamber. Zeeman
slowed atomic beams enter the chamber from the left through a com-
mon dual-species Zeeman slower. A, , guides the 671- and 689-nm
light for performing Li and Sr red MOTs, respectively. B »: 461-nm
light for Sr blue MOT. C: Sr imaging beam. D: Li imaging beam. E:
gray molasses beams for Li. F: Sr repumping light (679 and 707 nm).
G: 1064-nm crossed optical dipole trap (CODT). a: dichroic beam
splitter.

cm~3 for 38Sr, and (2-5) x 10'2 ¢cm—3 for "Li. The reported
three-body-recombination results are obtained at zero mag-
netic field.

We measure the interspecies collision loss rate using the
following experimental procedures. We begin by cooling and
trapping Sr atoms in a blue magneto-optical (MOT) trap using
the broad 461-nm 'Sy — ! P, transition (linewidth 30.5 MHz).
Upon completion of the blue-MOT loading, the ~2 mK atoms
are further cooled in a red MOT to 5 uK using the narrow
1Sy — 3P intercombination transition at 689 nm (linewidth
7.5 kHz). During the red-MOT stage, the power of a far-
off-resonant crossed optical-dipole trap (CODT) is ramped
to 14 W to store the Sr atoms. The CODT is formed by

intersecting two 1064-nm light beams, both with a waist
30 wm, at 10°.

After trapping Sr atoms, Li atoms are magneto-optically
trapped using the 671-nm D, transition. To reduce the loss of
Sr atoms due to the light-assisted collision with the Li atoms,
we move the Li MOT away from the Sr atoms in the CODT
by changing the current of the third-stage Zeeman slower coil.
Upon completion of the Li atoms loading, we compress the
Li cloud by increasing the magnetic field gradient and, at the
same time, move the Li atoms to overlap with the CODT.
Finally, we cool the Li atoms to about 20 uK and transfer
them into the CODT through an 11-ms-long gray-molasses
(GM) [42] cooling process. The "Li atoms are pumped to the
F = 1 hyperfine ground state in the end, resulting in a mixture
containing all three Zeeman sublevels.

The trap-depth ratio for Li and Sr is Up;/Us, = 1.1 for a
1064-nm trap. As it is much easier to obtain a larger and colder
sample of Sr, the Sr sympathetically cools the Li to a common
temperature that depends on the final trap depth of the CODT.
To study the interaction properties, we hold the mixture in the
CODT for a variable time and perform time-of-flight absorp-
tion imaging after switching off the CODT to determine the
atom number and the temperature of each species. The overall
experimental sequence is detailed in Fig. 2.

III. RESULTS

Figure 3(a) shows the typical loss curves of 'Li atoms
mixed with various numbers of 38Sr atoms at a tempera-
ture of 7 ~ 600 uK. Here, the time ¢ = 0, and in all other
measurements, is chosen to be the instance when the two
species become thermalized at the desired temperatures. For
Ty = Tsy ~ 600 pK, this instance is 50 ms after both atoms
are loaded into CODT. In the absence of Sr atoms, the trapped
"Li atoms exhibit a 1/e lifetime of 9.1 s, limited by collision
with the background gases and plain evaporation, giving a
K, ~ 0.11 s~!. The presence of Sr atoms results in a heavy
loss of "Li atoms. By plotting the "Li number in logarithmic
scales, it is clear that all the decay curves can be very well
fitted with a single-exponent ocexp(—t/t), resulting in 1/e
lifetimes T between 40 and 200 ms.

Sr Blue MOT Loading Sr Red MOT Li MOT Loading Li MOT Li Gray Thermalization+  CODT Dual-Species
1000 ms + CODT Loading 300 - 1000 ms Compression  Molasses  Plain Evaporation  Holding Imaging
575 ms 20 ms 11 ms 50 ms 2000 ms
Start
) o 17.6 G/em 20.2 G/cm ! ! ! )
B-Field Gradient - | | |
14.5 G/em ! |
CODT Power 0w L | 0Gem |
—CODT I Thermalization ! 3-body loss !
I I I
B Sr 1 1 1
| I |
I I I
| | |
I I
I I
I T I
I ~ T I
T ~2 mK Ty ~5 uK T,~700 uK | ~I85pK
______ T

FIG. 2. A typical experimental sequence. The power of the dipole trap is varied to perform measurements at different temperatures. The
Li MOT loading time is varied to control the relative abundance between Li and Sr atoms.
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FIG. 3. (a) Decay of atom numbers of "Li in the F = 1 hyperfine
ground state in the CODT over trapping time vs a set of *¥Sr atom
numbers. Some error bars are smaller than the symbol size. The data
are fitted with exponential functions (solid lines). (b) Same data as in
(a) but using a logarithmic scale in the y axis. The solid straight lines
are linear fits which highlight the single-exponent nature of these
decays.

We find that the enhanced atom losses are mainly caused
by the three-body recombination of Li-Sr-Sr. This conclusion
is reached by considering the following loss mechanisms and
observations. We first consider atom loss due to evaporative
cooling. The loss rate of evaporative cooling is proportional
to n;e” " [43], where n; = U;/kpT; is the parameter defining
the trap depth relative to the thermal energy of an atom. As
we set the starting time ¢ = 0 such that np; ~ ns, ~ 10, the
single-particle atom loss caused by plain evaporation can be
neglected within tens of ms. To exclude intraspecies inelastic
collision loss, we measure the single-species lifetime of Li
and Sr in the CODT in the absence of another species. We
find that their respective lifetimes are independent of the gas
density within our parameter range, indicating a negligible

intraspecies collision loss. These results are to be expected
due to the small s-wave scattering lengths for two F =1
"Li atoms (less than 18.2qq for any myp combinations; see
Table I of Ref. [44]) and for two 33Sr atoms in the ground
state (a ~ —1.4ap [45]) at zero magnetic field.

With regard to the interspecies collision loss, the Li-Sr two-
body inelastic collision is essentially forbidden due to the lack
of a magnetic dipole moment in the 'S, ground state of 33Sr.
In contrast, a magnetic dipole-dipole interaction is responsible
for two-body dipolar spin-exchange relaxation in the bialkali
system. As for interspecies three-body recombination, two
processes may occur—the light-heavy-heavy recombination
Li-Sr-Sr and the light-light-heavy recombination Li-Li-Sr.
When we load much more Li than Sr (NVp; ~ 2 x 106, Ng; ~
5 x 104) and measure the loss rate of Sr, we do not observe
enhanced Sr loss proportional to Nf;. However, a remarkable
loss of "Li is observed when we load more Sr than Li (N; ~
5 x 10%, Ng ~2 x 106). The above measurements thereby
rule out Sr-Li-Li three-body loss as being a major source for
the measurement results presented in Fig. 3 and the atom loss
we observe should be attributed predominantly to the Li-Sr-Sr
process. This observation of a dominating light-heavy-heavy
process is in agreement with a number of experimental obser-
vations and theoretical predictions [46—49].

In order to measure the three-body loss coefficient of Li-Sr-
Sr, we make Sr two orders of magnitude more abundant than
Li to enhance the Li-Sr-Sr process, and perform a series of
experiments with different Ns, and extract the Li-Sr-Sr three-
body loss coefficient by fitting the Li loss rate versus str. For
the mixture conditions we consider, the measured loss rate of
the "Li atoms in the Li-Sr mixtures can be described by

dNi;
dt

where n(7) represents the atom number density at position
7. Here, the coefficient for the single-particle loss, Kj, is
mainly determined by the amount of background gases in
the vacuum chamber, whereas the coefficient for the Li-Sr-Sr
three-body-recombination rate, K3, depends intrinsically on
the temperature, the statistical nature, and the interatomic
potentials of the relevant atoms.

The fact that the "Li decay curves are well represented
by simple exponential functions is puzzling, given that the
second term in Eq. (1) depends on the local densities ny;(¥)
instead of the total atom number Np;. It turns out that this
phenomenon can be explained by the fast diffusion and rether-
malization of the Li and Sr atoms in the trap (relative to the
measured decay lifetimes 7). The former is guaranteed by the
high trapping frequencies and the latter can be attributed to
efficient two-body scattering, a feature which usually comes
hand in hand with fast three-body loss. As evidence, we
present in Fig. 4 the measured linear probability distributions
of "Li atoms along the long axis of the CODT after certain
trapping times. It is clear that the probability distributions
of the "Li atoms remain unchanged despite a large drop in
the remaining atom number from 1.6 x 10° (t = 64 ms) to
3.0 x 10* (f = 224 ms), and can be well fitted by a Boltz-
mann distribution f(7) o< e=V /&7 where U (¥) represents
the trap potential. The same phenomenon is observed for
the Sr.

— KNy - Ks / PO ()
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FIG. 4. (a) An example of an in situ image of "Li atoms in the
CODT. (b) Probability distributions of "Li atoms along the long axis
of the CODT after various trapping times (t = 64, 96, 160, 224 ms)
(solid dots), obtained by dividing the measured linear density by the
total atom number. Despite the atom loss over time, the probability
distributions remain unchanged and their wings can be well fitted by
a theoretical distribution of a thermal gas at 600 uK (red line). The
deviation near the cloud center is caused by the nonlinear absorption
effects due to large atom densities of the order of 5 x 102 cm™3.

Because of the fast thermalization behavior, we can
rewrite Eq. (1) by replacing the local atom density np ;s (7)
by MNvisn/fs.Lisn(7, T), where fg represents the Boltzmann
probability density distribution, giving

dNi;
dt

where Dpissr = fooo .7, T)fé’Sr(?', T)d’¥ can be calcu-
lated from the properties of the CODT as well as the
temperature of the mixtures. As the measured change in the Sr
atom number Ng; is less than 5% in 1 s, if we neglect the small
decrease in Ng;, we can obtain from Eq. (2) an approximate
"Li decay rate of

= —K|Ni; — K3NUiN2 Dysis:, )

I/t =K+ K3N52rDLiSrSr- 3)

This formula explains why the decay of Li atoms takes a
simple exponential form in Fig. 3.

In Fig. 5, we plot the loss rate 1/t extracted from Fig. 3(b)
as a function of NSZI.DLiSrSr. The resulting data fall well on a
straight line in agreement with Eq. (3). The slope of the least-
squares linear fit gives a three-body-recombination coefficient
K3 = (4.8 £0.7) x 10728 cm®/s. This result is, nevertheless,
an underestimation since we ignore the slight decay in Ng;.
Taking into account the loss in Sr and fitting the measurement
results in Fig. 3 using Eq. (2) directly gives K3 = (5.7 £
1.6) x 10728 ¢cm®/s. The reported uncertainty here and those
after include estimated systematic errors.
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FIG. 5. A least-squares linear fitting of "Li decay rate 1/t vs
NZ. X Dyisss- The dashed blue line is the best fit and the fitting error
is represented by the gray shaded area. Some statistical error bars are
smaller than the symbol size.

By repeating the above-mentioned procedures for T =
18.5,45,70 uK, we obtain K3 at each temperature as dis-
played in Table I. The measured K3 becomes larger as the gas
temperature drops and saturates to a constant within measure-
ment uncertainty at temperatures below 70 uK. Unfortunately,
due to the heavy atom loss during evaporative cooling, we are
unable to perform measurements at even lower temperatures.
Compared to ’Rb whose three-body-recombination coeffi-
cientis (4.3 £ 1.8) x 1072 cm®s~! at T = 800 nK [50], the
K5 of Li-Sr-Sr is about three orders of magnitude larger at
ultracold temperatures.

IV. ANALYSIS ON THE OBSERVED THREE-BODY
RECOMBINATION

Enhanced three-body loss can be caused by a diverging
two-body scattering length or an incidental three-body reso-
nance. However, the latter, which represents a resonance in a
true three-body potential when the two-body scattering length
is small, has not been identified in previous experiments.
We therefore believe the strong three-body loss observed in
our work is most likely a result of the former. Furthermore,
because the temperatures studied in this work are much lower
than the height of the Li-Sr p-wave barrier, which is about kg

TABLE I. Measured Kj at various temperatures.

T (uK) K; (cm®s™")

18.5 (1.3£0.5) x 1072¢
46 (1.4+£0.5) x 1072
70 (1.5£0.5) x 10726
600 (5.7+1.6) x 10728
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(2.08 mK), the enhanced loss observed across a wide range
of temperatures should be attributed to a large s-wave scat-
tering length, even though a p-wave shape resonance cannot
be excluded completely. This hypothesis is consistent with
the mass-scaling prediction [51] derived from the latest Li-Sr
potential [52], aided with the s-wave scattering lengths of
®Li-38Sr and ®Li - 34Sr as measured via interspecies thermal-
ization [40,41].

Notably, the large Li-%Sr s-wave scattering length is
not caused by a Feshbach resonance. This assertion is con-
firmed by our observation that the atom loss rates are not
affected by magnetic field strengths. This fact is not surpris-
ing since ¥ Sr in its ground state has neither electronic spin
nor nuclear spin. Therefore, the molecular potential of the
Li-%8Sr molecule is essentially a single-channel potential in
the electronic ground state, which does not support any strong
Feshbach resonance [19].

In Ref. [48], Petrov and Werner considered the three-body
recombination in heteronuclear mixtures at finite tempera-
tures. Incidentally, our scenario coincides with case (i) in their
study, where the light-heavy particles feature a large scatter-
ing length and there is essentially no interaction between the
heavy-heavy particles. They demonstrated that when the tem-
perature is sufficiently high such that the thermal de Broglie
wavelength A = li/2m /ukpT is smaller than the scattering
length a, the three-body-recombination coefficient is bounded
above by [48]

3272 cos® ¢
m3(kgT)?

Here, the generalized reduced mass is m = 2(myms;)/(my; +
ms;) and ¢ is defined by sin¢ = ms;/(my; + ms;). Conse-
quently, K is approximately 4 x 10725, 7 x 10726, 3 x
10725, and 4 x 1072 cm®s™! for T = 18.5, 46,70, and
600 uK, respectively. It is remarkable that the measured value
at 600 uK coincides with the Ky, within measurement un-
certainty. At 70 uK, the measured value is close to, but about
half of, K. At even lower temperatures, the measured K3

Knax = (4)

becomes a constant within measurement uncertainties and is
much smaller than K,,x. As the saturation behavior is ex-
pected to occur when a becomes smaller than Ay, (see Fig. 2
of Ref. [48] for an illustration), our results provide an upper
bound to the s-wave scattering length of “Li and ®Sr atoms.
Since the onset of saturation occurs around 70 uK, we infer
that the magnitude of the "Li - 8Sr scattering length is likely
on the order of several hundred ag [48,53]. A conclusive de-
termination of the s-wave scattering length, however, requires
spectroscopic measurement of the weakly bound ’Li-%Sr
molecules.

V. CONCLUSION

In summary, we investigate the three-body-recombination
loss in a bosonic mixture of “Li and ®Sr. Significant losses
are observed at T = 18.5, 45, 70, 600 pK in a crossed optical
dipole trap and the corresponding three-body-recombination
coefficients of Li-Sr-Sr process are determined. Our results
confirm that the three-body-recombination loss is predomi-
nantly driven by the light-heavy-heavy process, as expected
for a system with large mass imbalance and negligible in-
traspecies interaction [46,48,49]. Our observation essentially
rules out the feasibility of realizing large sample of a doubly
degenerate mixture of 7Li and Sr atoms. Moreover, our
results imply that the magnitude of the "Li - ¥Sr s-wave scat-
tering length is of the order of several hundred Bohr radii.
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