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Abstract

Since the original work on BoseâĂŞEinstein condensation[1, 2], the use of quantum degenerate

gases of atoms has enabled the quantum emulation of important systems in condensed matter

and nuclear physics, as well as the study of many-body states that have no analogue in other

fields of physics[3]. Ultracold molecules in the micro- and nanokelvin regimes are expected to

bring powerful capabilities to quantum emulation[4] and quantum computing[5], owing to their rich

internal degrees of freedom compared to atoms, and to facilitate precision measurement and the

study of quantum chemistry[6]. Quantum gases of ultracold atoms can be created using collision-

based cooling schemes such as evaporative cooling, but thermalization and collisional cooling have

not yet been realized for ultracold molecules. Other techniques, such as the use of supersonic jets

and cryogenic buffer gases, have reached temperatures limited to above 10 millikelvin[78]. Here

we show cooling of NaLi molecules to micro- and nanokelvin temperatures through collisions with

ultracold Na atoms, with both molecules and atoms prepared in their stretched hyperfine spin

states. We find a lower bound on the ratio of elastic to inelastic moleculeâĂŞatom collisions that

is greater than 50—large enough to support sustained collisional cooling. By employing two stages

of evaporation, we increase the phase-space density of the molecules by a factor of 20, achieving

temperatures as low as 220 nanokelvin. The favourable collisional properties of the NaâĂŞNaLi

system could enable the creation of deeply quantum degenerate dipolar molecules and raises the

possibility of using stretched spin states in the cooling of other molecules.
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† Present address: Department of Physics and Astronomy, Institute for Quantum Computing, University
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The full potential of ultracold atoms was not realized until the advent of collision-based

cooling methods such as evaporative and sympathetic cooling. Although atomic systems

have been recently used to demonstrate laser cooling to quantum degeneracy, these schemes

still require collisional thermalization[9, 10]. Therefore, there has been much work over the

past 15 years[11] to achieve collisional cooling of ultracold molecules. Buffer gas cooling[8]

cannot push below 100 mK owing to the rapidly diminishing vapour pressure of buffer

gases at such temperatures. Supersonic expansion[7] can produce temperatures around

100 mK. Controlled collisions in crossed molecular beams[12] can decrease the laboratory-

frame velocity of particles while narrowing the velocity distribution. However, this technique

has not been demonstrated below about 500 mK. Merged supersonic beams can be used to

study collisions at energies equivalent to a temperature of 10 mK (ref. [13]).

Cooling below 100 mK calls for trapping molecules in magnetic or electrostatic traps

and for good collisional properties (that is, a ratio of elastic to inelastic collisions much

greater than 1). Such traps require preparing molecules in weak-field seeking states, which

are never the absolute ground state, allowing inelastic state-changing collisions to eject the

cold molecules from the trap. A variety of systems have been proposed for evaporative or

sympathetic cooling of molecules [11, 14–18]. So far, elastic collisions have been observed

clearly in O2 at temperatures below 1 K[19] and possibly in OH radicals around 10 mK (ref.

[20] corrects an earlier report [21]). In the O2 case, inelastic collisions prevent thermalization

and collisional cooling.

In recent years, the assembly of molecules from ultracold atoms[22] and the direct laser

cooling of molecules[23–26] have both expanded to new molecules and temperature regimes.

These techniques have achieved molecular systems at temperatures less than 100 mK, raising

the challenge of collisional cooling in the micro- and nanokelvin regimes. Optical traps

enable trapping of the absolute ground state, which removes the concern of state-changing

collisions. However, collisional cooling in the absolute ground state of chemically stable

systems has not yet been realized[27]. By contrast, chemically stable molecular species have

shown anomalously high inelastic loss rates that preclude collisional cooling, possibly owing

to collision complex formation[28] or interactions with optical trapping beams[29].

In this study we observe sympathetic cooling of rovibrational ground-state triplet 23Na6Li

molecules by 23Na atoms, both of which are prepared in their upper stretched hyperfine spin

states (that is, states with both nuclear and electronic spins aligned along the direction of
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the magnetic bias field). Although sympathetic cooling of one atomic species by another

has been observed in various ultracold atomic mixtures[30], triplet NaLi was considered

unlikely to have sufficiently good collisional properties to support such cooling. NaLi has

energetically allowed chemical reactions, even in the electronic ground state (that is, a singlet

state), and the triplet state has an electronic excitation energy of 0.8 eV or 10, 000 K.

Furthermore, theoretical studies on various systems have explored the possibility of sup-

pressing inelastic collisions and reactions by spin polarization, giving pessimistic predictions

for triplet molecules and more favourable ones for doublet molecules[17, 31–34]. Nonetheless,

here we report clear thermalization and sympathetic cooling of triplet NaLi to 220 nK. We

observe 20-fold increases of phase-space density (PSD), opening the possibility of collisional

cooling to deep quantum degeneracy.

Fig. 1: Experimental setup. The Na atoms (yellow circles) and NaLi molecules (yellow
and red circles on black sticks) are trapped in a 1D optical lattice formed by a 1,596-nm
laser, which is retro-reflected. The magnetic field, which defines the quantization axis,
is coaxial with the lattice beam. The free atoms that remain after the formation of the
ground-state molecules are removed by resonant light in the radial direction (y axis in
the figure). Stimulated Raman adiabatic passage (STIRAP) is performed with circularly
polarized beams of two wavelengths (833 nm and 819 nm) that propagate along the axial
direction (z axis in the figure). σ+ and σ− represent left-handed and right-handed circular
polarization, respectively. The ground-state molecules are detected by absorption imaging
along the axial direction of the atoms resulting from the dissociation of NaLi.
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Fig. 2: Thermalization of Na and NaLi. a, The trapping potential of molecules (red
solid line) is deeper than that of Na atoms (black dashed line). This allows us to evaporate
Na atoms with negligible loss of molecules. b, c, The molecule number (b) and temperature
(c) are measured at various hold times after a 100-ms-long exponential evaporation ramp to
a trap power of 0.21 W (7 µK trap depth), followed by a 10-ms-long recompression to 1.2 W

(40 µK trap depth; trap-depth values are for NaLi throughout). In the number plot (b) the
red dashed line is an exponential loss fit and the blue solid line is a two-body loss fit (details
in the main text). The dashed line in the temperature plot (c) is an exponential fit. No
temperature drop occurs in the absence of Na atoms. The exponential fit of the molecule
temperature agrees well with the measurement but should be regarded as an interpolation
to determine the initial slope of the thermalizaion. For this measurement, the Na number
was about 1.5×105. Data values represent the average and error bars represent the standard
error of the mean, estimated from the fitting and statistical errors of 3âĂŞ8 measurements.

Our experimental setup is summarized in Fig. 1. Similarly to our previous work[35,

36], we produce about 3.0 × 104 NaLi molecules in the rovibrational ground state of the

triplet potential using a mixture of Na and Li atoms (further details in Methods). We also

prepare about 1.0 × 105 Na atoms in the upper stretched hyperfine state (in the low-field

basis, |F,mF 〉 = |2, 2〉, where F and mF are the hyperfine and magnetic quantum numbers,

respectively) in a one-dimensional (1D) optical lattice formed by 1,596-nm light. Owing to
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the differential polarizability at 1,596-nm, molecules feel a deeper trapping potential than

atoms. This results in a sudden increase of the potential energy as atoms associate and

form molecules (see Fig. 2a). Immediately after production, the effective temperature of

the molecules is 2.80(6) µK and the temperature of Na atoms is 2.42(3) µK (all uncertainties

are as defined in the legend of Fig. 2). As the molecules thermalize with the Na atoms and

a hot fraction of atoms evaporates out of the trap, the temperatures of both particles settle

to 2.23(6) µK (see Methods for molecular thermometry).

Although this initial settling of temperatures hints at sympathetic cooling, we are able

to see much stronger effects by forced cooling and heating of Na atoms. We evaporate Na

atoms with almost no loss of molecules by taking advantage of the particlesâĂŹ different

polarizabilities: αNaLi/αNa = (mω2)NaLi/(mω2)Na ≈ 2.6, where αi is the polarizability of

particle i, ω is the angular frequency for oscillation in the trap and m is the particle mass.

The curve in Fig. 2c shows the thermalization between molecules and atoms with a large

initial temperature difference after an exponential evaporative cooling ramp followed by a

recompression of the trap (see Fig. 2 legend). As we hold the particles in the trap, their

temperatures approach each other. Owing to the large particle number ratio, NNa/NNaLi ≈

7, the molecule temperature decreases by 0.68(9) µK after thermalization, whereas the

temperature of Na atoms increases only by 70(30) nK. However, if the Na is removed

immediately before the hold time, the molecule temperature remains fixed during the same

period.

As further evidence of thermalization, the sympathetic heating of molecules with hot

atoms is shown in Fig. 3. We first prepare the atomâĂŞmolecule mixture fully thermalized

at 1.5 µK, after a 10-ms-long exponential evaporative ramp, followed by a 200-ms-long

recompression of the trap to the initial trap power of 1.5 W (50 µK trap depth). Then,

we selectively heat the atoms to 2.07(5) µK by sinusoidally modulating the trap amplitude

at twice the sodium trap frequency (2ωNa = 2π × 920 Hz) with a modulation amplitude

of 20% of the trap depth for 100 ms. After 200 ms, particles thermalize and the molecule

temperature rises to the temperature of the heated Na atoms. When the trap amplitude

is modulated in the same manner without the Na atoms, the temperature of molecules

remains at 1.59(5) µK. The heating process for sodium also induces centre-of-mass motion

and breathing oscillations that cause the Na density to depend on time in the early stages of

sympathetic heating, which is the reason for the delay in heating and for the non-exponential
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thermalization curve.
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Fig. 3: Sympathetic heating. After forced heating of Na atoms (see main text for details),
the NaLi molecule temperature (red squares) rises and reaches that of Na atoms (black
asterisk) as both particles thermalize. The temperature of molecules without hot atoms
(blue circles) remains low. Values and error bars are estimated as in Fig. 2 from four
measurements.
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Fig. 4: Evaporation sequences. The initial power of the 1,596-nm trapping laser is
1.5 W. At the end of evaporation we recompress the trap to the initial power to increase
the thermalization rate and for a straightfoward comparison of the NaLi density without
re-scaling the trap volume. a, Single evaporation: (i) exponential forced evaporation (τ =

40 ms) for 100 ms with trap depth U(t) = A exp(−t/τ)+B, where A and B are determined
from the trap depths at t = 0 and 100 ms; (ii) recompression for 500 ms; (iii) hold for 40
ms for complete thermalization. b, Double evaporation: (1) exponential forced evaporation
(τ = 40 ms) for 100 ms; (2) recompression to the initial trap depth for 50 ms; (3) hold for
30 ms; (4) exponential evaporation (τ = 120 ms) for 300 ms; (5) recompression for 200 ms.
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To measure the rate of thermalization, we return to the simpler situation of cooling in Fig.

2. We fit the temperature to a simple exponential model, T (t) = (T0−T∞) exp(−Γtht)+T∞,

where T0 and T∞ represent the initial and infinite-time-limit temperature of molecules, re-

spectively, and obtain the thermalization rate, Γth = 26(5) s−1. Considering that ther-

malization requires about 3/ξ collisions (for NaâĂŞNaLi, ξ ≈ 1; see Methods), we ob-

tain the average elastic collision rate per particle, Γel, from the measured thermalization

rate: Γel ≈ (3/ξ)Γth = 80(14) s−1. In the presence of Na atoms, the initial loss rate

of molecules is Γinel = 1.29(6) s−1, as obtained from a fit to the exponential loss model

N(t) = N0 exp(−Γinelt) (red dashed line in Fig. 2b). Comparing the average elastic colli-

sion rate to the total loss rate, we obtain the ratio of elastic to inelastic collisions for NaLi,

γ & Γel/Γinel = 62(12). Without Na atoms, the molecular loss follows a two-body loss

model, N(t) = N0/(βt + 1) (blue solid line in Fig. 2b), from which we obtain an initial

loss rate of β = 1.02(6) s−1. By considering the difference between Γinel and β as the ef-

fective inelastic loss rate for collisions between Na and NaLi, we obtain the ratio of “good”

to “bad” collisions, γ ≈ Γel/(Γinel − β) ≈ 300 with an uncertainty of 40%. The NaâĂŞNaLi

loss rate constant is 4.0 ± 1.3 × 10−13 cm3 s−1; this is more than two orders of magnitude

smaller than the universal loss model rate constant for NaâĂŞNaLi s-wave collisions[37],

which is 1.7× 10−10 cm3 s−1 (see Methods). Whereas Na and NaLi in their upper stretched

states form a stable mixture, as shown, preparing Na atoms in their lowest hyperfine state

(|F,mF 〉 = |1, 1〉) gives a loss rate consistent with the universal loss model[35].

We consider the two different evaporation ramps shown in Fig. 4. The molecule numbers,

temperatures and PSDs resulting from these ramps are displayed in Fig. 5. For a single-

species system with losses, optimal evaporation can be achieved by a single, continuous

decrease of the trap depth. We achieve an increase in PSD by a factor of 7 by using a single

stage of evaporation (Fig. 4a, red squares in Fig. 5). This increase is limited by the low

initial Na density. In our system, thermalization is dominated by the Na density, whereas

loss is dominated by the NaLi density. To overcome the low Na density, we shorten the

initial evaporation and recompression cycle ((1) and (2) in Fig. 4b). This cools the Na

atoms and quickly increases the density of the cold Na for fast thermalization. After the

cold, dense Na efficiently pre-cools the molecules during a short hold of 30 ms in the tight

trap (3), we apply the second evaporation ramp (4). In this double evaporation, we achieve

a peak PSD of 2.0(2)×10−2 (blue circles in Fig. 5), which is 20 times higher than the initial
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PSD. Before the final recompression of the trap, the lowest temperature of the molecules is

220(20) nK.
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Fig. 5: Increasing phase-space density. aâĂŞc, The number (a), temperature (b) and
PSD (c) of NaLi molecules are plotted versus the power of the 1,596-nm trapping laser at
the end of the forced exponential evaporation ((i) for single evaporation and (1) for double
evaporation in Fig. 4). For the double evaporation, we ramp the power down to 0.06 W

(2 µK trap depth) in (4), the lowest point that gives a molecular signal high enough for
consistent temperature measurement. Single-stage evaporation to this low trap depth leads
to loss of almost every molecule. The black dashed lines in b and c indicate the molecule
temperature and PSD after STIRAP and removal of free atoms (shaded areas show ± 1
error bar). This PSD corresponds to 2.6(1)× 104 molecules. When Na atoms are not in the
trap or when the evaporation is not performed to a sufficiently low trap depth, the PSD is
lower than the initial value. This is mainly due to the molecular two-body loss. The solid
curves are guides for the eye. Values and error bars are estimated as in Fig. 2 from 4âĂŞ9
measurements.
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With Na present, more molecules survive the evaporation sequence as we evaporate Na

atoms to a lower trap depth. This is mainly due to suppressed two-molecule loss. The

loss rate constant scales linearly with the temperature owing to the p-wave character of the

collisions[37]. Evaporation to too low trap depth decreases the Na density, which makes

the sympathetic cooling of molecules inefficient, and anti-evaporation (heating due to the

preferential loss of the coldest molecules) dominates. This appears as a temperature increase

below a trap power of 0.17 W (5.7 µK trap depth) for a single stage of evaporation, or 0.14 W

(4.5 µK trap depth) for two-stage evaporation. Without Na, the ramp-down in trap depth,

(i), is adiabatic to a trap power of around 0.3 W, as evidenced by the constant molecule

numbers and temperatures. Below that trap power, the ramp-down starts becoming non-

adiabatic. As a result, a hot fraction of molecules escape, and both the molecule number

and the temperature start decreasing. We note that because fermionic molecules do not

thermalize by themselves, this temperature should be regarded as the average kinetic energy

of molecules that are not in thermal equilibrium.

The favourable collisional properties of the spin-polarized NaâĂŞNaLi mixture in fully

stretched hyperfine states result from strong suppression of electronic spin flips during colli-

sions, which could otherwise lead to fast reactive or inelastic losses. In fully stretched states,

direct spin exchange is forbidden and residual spin flips can occur only by weaker interac-

tions. The main contribution to the weak spin flips is from dipolar relaxation due to direct

coupling between the magnetic dipole moments of the spins of Na and NaLi. Studies in other

spin-polarized systems[17, 34, 38] predict spin flips induced by anisotropic electrostatic in-

teraction at short range and intramolecular spinâĂŞspin and spinâĂŞrotation couplings to

be weaker at ultracold temperatures. Dipolar relaxation can be eliminated by using the

strong-field-seeking stretched state, but this was not necessary in our work. It is possible

that the NaâĂŞNaLi system is favourable owing to the low reduced and molecular masses

and the small relativistic effects, which result in a large rotational constant[32, 39], low

density of states[28] and small spinâĂŞorbit coupling[40], respectively. Further, ref. [31] has

shown that intramolecular spinâĂŞspin coupling causes spin flips, leading to chemical reac-

tions for triplet NH molecules, thwarting evaporative cooling. Our results show a clear need

for further work to determine what other molecules—and what conditions of internal states

and external fields—would be suitable for collisional cooling at ultracold temperatures.

Technical upgrades to our apparatus should allow cooling into the quantum degenerate
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regime by increasing the initial Na density. The dominant loss mechanism—p-wave collisions

between molecules—is expected to slow down compared to thermalization at lower temper-

atures, improving the efficiency of cooling. Further, the atomic and molecular states used

in this work are magnetically trappable. Magnetic trapping would allow the use of much

larger samples with perfect spin polarization. This would also eliminate the major concern

of molecular loss induced by trapping light[29], making NaLi an ideal system for studying

quantum chemistry. Concerns about sticky collisions[28], which can lead to a long-lived

collision complex with high density of states, have led to pessimism over the prospects of

achieving collisional cooling of ultracold molecules. This work demonstrates that sticky col-

lisions do not limit NaLi, and probably other low-mass systems, suggesting a bright future

for cooling light molecules.
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Methods

Atomic sample preparation We produce an ultracold mixture of 23Na and 6Li in their

upper stretched hyperfine states (in the |F,mF 〉 basis, these states correspond to |2, 2〉 for

Na and |3/2, 3/2〉 for Li) in an IoffeâĂŞPritchard magnetic trap at a bias field of 2 G. We

cool the Na atoms using microwave-induced evaporation and sympathetically cool the Li

atoms with the Na atoms[30, 41–43]. Then, the mixture is transferred into the combination

of two coaxial optical traps: a 1,064-nm optical dipole trap (30 µm waist, 10 W power) and

a 1,596-nm 1D optical lattice (50 µm waist, 2 W power). After 0.6 s of forced evaporation in

the 1,064-nm optical dipole trap, the trap is switched off. Then, in the 1,596-nm 1D lattice,

the sample is transferred to the lowest-energy Zeeman states (|1, 1〉 for Na, and |1/2, 1/2〉

for Li) using a LandauâĂŞZener magnetic field sweep. By controlling the microwave power

for the LandauâĂŞZener sweep, we intentionally leave a fraction of Na atoms in the upper

stretched hyperfine state for later use as coolants of the NaLi molecules.

Molecule formation and detection As previously demonstrated with other atomic

species[22, 35, 44–51], NaLi ground-state molecules are created from Feshbach molecules in

the least-bound vibrational state. In a 1,596-nm 1D optical lattice, NaLi Feshbach molecules

form in the a3Σ+, v = 10, N = 2, mN = −2 state (v and N are the vibrational and rota-

tional molecular quantum numbers, respectively, and mN is the magnetic quantum number

of N) from the atoms in the lowest-energy Zeeman states by sweeping the magnetic field

across an interspecies scattering resonance (Feshbach resonance) at 745 G (ref. [36]). Then,

about 98% of Feshbach molecules are transferred to the triplet ground state (a3Σ+, v = 0,

N = 0) by means of a 30-µs-long STIRAP sequence with an intermediate state (v = 11,

N = 1, mN = −1) in the c3Σ+ excited potential. The use of 1,596-nm light for the trap

improves the lifetime of the NaLi molecules by suppressing spontaneous photon scattering

compared to the more common 1,064-nm trap. The 1D lattice provides strong axial con-

finement to overcome the anti-trapping produced by magnetic curvature[35]. The STIRAP

light (upleg: 833 nm, 360.00381(1) THz; downleg: 819 nm, 366.23611(1) THz)[35, 52, 53] is

obtained from two home-built external cavity diode lasers (ECDL)[54] locked to an ultralow-

expansion cavity. The relative linewidth of the two ECDLs is less than 1 kHz. To attain

sufficient optical power for the upleg transition, we use a 500-mW high-power diode laser
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injection-locked by 2 mW of ECDL light. After molecule formation, a resonant light pulse

is applied for about 1 ms to remove the free atoms that were not converted to molecules.

These atoms in the lowest-energy Zeeman states accelerate the loss of NaLi to roughly

the universal loss model rate[35]. Sodium atoms in this state are optically pumped by the

resonant removal light into a dark Zeeman state (|F,mF 〉 = |2, 1〉). Adding a repump beam

to address this state removes the need to reduce the magnetic field (by instantaneously

shutting off the current in the coils generating the 745-G field), which caused considerable

heating and loss of molecules in our previous work[35]. We detect ground-state molecules

using reverse STIRAP and a magnetic field sweep across the Feshbach resonance followed

by resonant absorption imaging of the resulting free atoms.

Thermometry of molecules To avoid issues with different atomic and molecular trapping

potentials, we dissociate molecules in free space after turning off the trap, which allows

accurate molecular thermometry. Given that the particle velocities are fixed after the trap

is turned off, the density at some time of flight maps the velocity distribution of molecules in

the trap. The molecule temperature is determined from a fit to such density profiles. Extra

kinetic energy could be added in quadrature during the dissociation of Feshbach molecules

into atomic continuum states[55]. We determine the parameters of Feshbach dissociation

(that is, the rate of the magnetic field sweep) to minimize the released dissociation energy.

All uncertainties quoted in this article are from statistical and fitting errors. The systematic

uncertainty, which is mainly determined from the imaging magnification, is about 6% but

has no effect on the measured thermalization rates because it gives a common multiplier to

all temperature measurements.

Na-NaLi s-wave elastic scattering cross-section The elastic scattering rate between

Na and NaLi is given by Γel = novσelvrel where nov is the overlap-averaged density of the

mixture, σel is the elastic-scattering cross-section, and vrel is the mean relative velocity[56]:

vrel =

√

8kB
π

(

TNa

mNa

+
TNaLi

mNaLi

)

nov =
I

NNaNNaLi

NNa +NNaLi

=
NNaNNaLiω̄

3
Na

[(

2πkBTNa

mNa

)(

1 + αNa

αNaLi

TNaLi

TNa

)]− 3

2

NNaNNaLi

NNa +NNaLi

(1)
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where mi, Ti, and αi represent the mass, temperature, and polarizability of the particle i

respectively, I =
∫

dV nNanNaLi is the density overlap integral of the mixture in a harmonic

trap, and ω̄Na = (ωxωyωz)
1/3 = 2π × (540 · 410 · 34000)1/3 Hz is the geometric mean of the

trap frequencies, and kB is Boltzmann constant. The differential gravitational sag between

molecules and atoms has a negligible effect on the overlap density. The effective number

of particles per lattice site, N(Na, NaLi), is the total number of particles divided by a factor

leff/a, where a = λ/2 is the lattice spacing (λ, wavelength of the trap laser) and leff is the

effective axial width (in the z-direction, see Fig. 1) of the atomic density distribution across

all lattice sites:

leff = 2

∫∞

0
z exp(−z2/2σ2)dz

∫∞

0
exp(−z2/2σ2)dz

=

√

8

π
σ, (2)

where σ = 0.72(1) mm is the Gaussian width, obtained from a fit of the atomic density

profile.

In a mass-imbalanced system, the factor 3/ξ quantifies the approximate average number

of collisions per particle required for thermalization, where ξ = 4mNamNaLi/(mNa +mNaLi)
2

(refs. [42]). For the NaâĂŞNaLi mixture, this corresponds to approximately three collisions

because the mass difference is small. Thus, the relation between the thermalization rate

and the elastic-scattering rate is given by Γth ≈ Γel/(3/ξ). In our system, where the particle

number is largely imbalanced (that is, NNa/NNaLi ≈ 7), we can write the thermalization rate

as:

Γth ≈
(I/NNaLi)σelvrel

3/ξ
, (3)

where I/NNaLi is the average density of Na atoms seen by NaLi molecules. Given the mea-

sured thermalization rate, we obtain the elastic-scattering cross-section between a molecule

and an atom, σel ≈ (3/ξ)(NNaLi/vrelI)Γth = 2.4(5) × 10−11cm2 and the corresponding scat-

tering length, a = 263(24)a0 where a0 is the Bohr radius.

In addition to the simple exponential fit, we perform a numerical simulation of the ther-

malization process based on the differential equation for ∆T = TNaLi - TNa (refs. [42, 43, 56]):

1

∆T

d(∆T )

dt
= −Γth = −

ξ

3
novσelvrel. (4)

In the numerical simulation, the temperature dependence of nov, σel, and vrel is fully

taken into account. The s-wave elastic-scattering cross-section between Na and NaLi is
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given by σel =
4πa2

[1− (1/2)k2r0a]2 + (ka)2
, where ~k = µvrel is the relative momentum (µ is the

reduced mass, ~ is the reduced Planck constant) and r0 is the effective range calculated

from the scattering length, a, and from CNa-NaLi
6 (see Methods section “Na-NaLi loss rate

constant from the universal loss model”). We iteratively solve equation (4) by varying

a, and find the optimal solution that minimizes the weighted sum of squared residuals:

Σi[(∆Tm,i − ∆Tn,i)/σ∆Tm,i
]2, where the subscript n denotes the numerical solution, m de-

notes the measurement and σ∆Tm,i
is the uncertainty of the measurement at the ith time

step, estimated as in Fig. 2. The numerical solution for a obtained in this way agrees

with the result calculated from the simple exponential model described above within the

uncertainty.

Na-NaLi loss rate constant The Na-NaLi loss rate constant is defined as the differ-

ential loss rate, Γinel − β, normalized by the density of Na overlapped with NaLi (that is,

the overlap-averaged density of the mixture, nov), where Γinel is the molecular loss rate

with Na and β is without Na. As shown in the calculation of the s-wave elastic-scattering

cross-section between Na and NaLi, nov ≈ I/NNaLi, given the large imbalance of particle

numbers. Thus, the Na-NaLi loss rate constant mentioned in the main text is calculated

from (Γinel − β)/(I/NNaLi).

Na-NaLi loss rate constant from the universal loss model We compare the measured

loss rate constant for Na and NaLi with the theoretical prediction based on the universal

loss model[37]. When calculating the theoretical loss rate constant, we estimate the van der

Waals coefficient between Na and NaLi, CNa-NaLi
6 , as the sum of the C6 coefficients for the

atomic pairs that constitute the collision partners, using values from ref. [57]: CNa-NaLi
6 =

CNa-Li
6 + CNa-Na

6 .
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