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Magnetic trapping of ultracold molecules  
at high density

Juliana J. Park    1  , Yu-Kun Lu    1, Alan O. Jamison2 & Wolfgang Ketterle    1

Trapping ultracold molecules in conservative traps is essential for multiple 
applications, including quantum-state-controlled chemistry, quantum 
simulations and quantum information processing. The study of molecular 
collisions, in particular, requires samples at high densities, which have 
been challenging to achieve so far with established cooling and trapping 
techniques. Here we report the magnetic trapping of molecules in the triplet 
ground state at high density and ultralow temperature. We measure the 
inelastic loss rates in a single-spin sample and spin mixtures of fermionic 
molecules and spin-stretched atom–molecule mixtures. We demonstrate 
the sympathetic cooling of molecules in the magnetic trap by the 
radio-frequency evaporation of co-trapped atoms and observe an increase 
in the molecules’ phase-space density by a factor of 16. Magnetic trapping 
at these densities allows the study of both atom–molecule and molecule–
molecule collisions in the ultracold regime in the absence of trapping light, 
which often leads to undesired photochemistry effects.

Ultracold molecules offer new opportunities for quantum-state- 
controlled chemistry1,2, quantum simulations3–5 and quantum informa-
tion processing6–9. For more than two decades, various methods were 
developed with the goal to trap molecular samples at densities high 
enough to study molecular collisions. Using buffer gas cooling10–13  
or Stark or magnetic deceleration14–16, molecules were trapped in  
magnetic traps in the temperature range of tens or hundreds of milli
kelvins. In only one case (O2) were the densities high enough (estimated 
at ~1010 cm−3) to observe molecular collisions17. Dipolar molecules can 
be trapped with electric forces. Collisions between CH3F molecules 
were observed in an electrostatic trap at densities of 107 cm−3 (ref. 18), 
and elastic collisions of OH were observed in an electromagnetic trap 
at temperatures of around 60 mK (ref. 19), although none of these  
studies reached the ultracold-temperature regime. Ultracold laser- 
cooled molecules (in the 50–100 μK range) were transferred into  
magnetic traps at densities of ≲106 cm−3 (refs. 20,21), which are too  
low for the observation of intermolecular collisions.

Optical traps have the advantages of trapping non-magnetic  
molecules and providing tight confinement, which has allowed the 
study of collisions involving molecules created by ultracold assembly 

or direct laser cooling. For example, collisional resonances have been 
observed in atom–molecule mixtures22–25 and between molecules26 in 
optical traps. The disadvantage of optical traps is the small trapping  
volume and the presence of intense laser light, which can induce 
photochemistry. This has become a major concern recently after many 
experiments have found fast collisional losses even for non-reactive 
molecules, possibly due to ‘sticky collisions’ connected with long-lived 
complexes27–31. Recent experiments to test these proposals suggest 
that optical traps can cause short lifetimes of molecules and are not 
truly conservative32–36, emphasizing the need for ‘laser-free’ trapping.

Here we report the magnetic trapping of triplet 23Na6Li (a3Σ+) mole
cules in the rovibrational ground state with high density (~1011 cm−3) 
and ultracold temperature (~1 μK). The typical density is a factor of 
105 higher compared with previous experiments with magnetically 
trapped ultracold molecular gases. Inelastic losses are detected in 
single component and spin mixtures of a fermionic NaLi molecular gas.

Another major long-standing goal has been the magnetic trap-
ping of molecules together with atoms for the sympathetic cooling 
of molecules to achieve higher molecular densities or phase-space 
densities (PSDs)37,38. The magnetic co-trapping of NH and N (ref. 39), and 
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The experimental sequence is illustrated in Fig. 1. The transfer effi-
ciency of molecules from the optical trap to the magnetic trap is close 
to 100%, whereas the recapture efficiency back to the optical trap is 
only about 50% due to a smaller optical trap volume.

We mainly investigate three types of inelastic collision: p-wave 
collisions in single-spin-component molecular gas, s-wave collisions in 
molecular spin mixtures and low-reactivity atom–molecule collisions, 
that is, NaLi + Na, in the low-field-seeking spin-stretched states. For this, 
the molecules in the hyperfine state |F1 = 5/2, F = 7/2, mF = 7/2〉 are held 
by the magnetic trap in the single-spin state, or together with molecules 
in another hyperfine state or Na atoms in the upper spin-stretched 
state (|F = 2, mF = 2〉). The energy-level diagram of NaLi molecules in 
the triplet ground state is shown in Fig. 2a. We focus on the number 
decay of NaLi in state |F1 = 5/2, F = 7/2, mF = 7/2〉 in the magnetic trap.

Densities are obtained from an estimation of the magnetic trap 
volume. For this, we measure the trap frequencies for Na atoms in 
the upper spin-stretched state (|F = 2, mF = 2〉) and the temperature 
of the upper stretched NaLi or Na atoms (Methods). The measured 
Na trap frequencies are (fx, fy, fz) = (282.0, 282.0, 14.8) Hz. For the 
thermometry of NaLi, we let the spin-polarized NaLi molecules in the 
|F1 = 5/2, F = 7/2, mF = 7/2〉 hyperfine state undergo RF-induced spin flips 
in the magnetic trap to map the density distribution of the molecules. 
RF is swept from some high value (>600 kHz) to various final RF values  
(RF knife frequencies) f in 600 ms (faster than collisional rethermaliza-
tion timescales). This RF induces seven simultaneous resonant spin  
flips from |F1 = 5/2, F = 7/2, mF = 7/2〉 to |F1 = 5/2, F = 7/2, mF = –7/2〉, allow-
ing the molecules to escape the trap (Fig. 2c, inset). The number of 
molecules remaining in the magnetic trap as a function of the RF knife 
frequency determines the density distribution of the molecular gas 
in the magnetic trap and therefore the temperature, too. Note that 
time-of-flight thermometry out of the magnetic trap is not possible, 
since before detection, the molecules have to be dissociated via reverse 
STIRAP and magnetic-field sweep across the Feshbach resonance. 
Due to the possible heating of molecules when transferring back to 

more recently of CaF and Rb (ref. 40) and O2 with Li atoms41, has been 
achieved. However, so far, only inelastic collisions were observed39,40, 
with atomic densities far too low for sympathetic cooling.

Here we demonstrate the sympathetic cooling of molecules in  
a magnetic trap. We use a spin-stretched 23Na6Li + 23Na mixture, 
which had been used in another work42 and observe an increase in the  
PSD of the molecular gas by more than an order of magnitude after  
the radio-frequency (RF) evaporation of Na atoms.

Experimental protocol and results
The experiments are carried out with NaLi molecules in the triplet 
ground state (a3Σ+, v = 0, N = 0) created by means of the ultracold  
assembly of Na and Li atoms in the lowest-energy Zeeman states  
following the procedure described elsewhere22,26,42. The procedure has 
been improved so that the Na/Li mixture is directly transferred from the 
initial magnetic trap into a 1,550 nm one-dimensional (1D) optical lattice 
without the use of extra optical traps (previous configurations required 
a 1,064 nm optical dipole trap and a 1,596 nm 1D optical lattice). After 
0.4 s of forced evaporation of the atom mixture, 105 molecules at 1.8 μK 
temperature are formed in the maximally stretched low-field-seeking 
hyperfine state (|F1 = 5/2, F = 7/2, mF = 7/2〉) using Feshbach association 
and Stimulated Raman adiabatic passage (STIRAP) transfer to the triplet 
ground state. Here F is the total angular momentum including electron 
and nuclear spins, mF is the F projection to the quantization axis and  
F1 is a good quantum number in the zero-field limit combining the  
electron spin and Na nuclear spin43.

After ramping down the bias field from ~745 G, where the associ-
ation to molecules occurs, to a low magnetic bias field in 20 ms, the 
molecules are transferred from the optical lattice to an Ioffe–Pritchard 
magnetic trap with a depth of several millikelvins and a bias field of 
0.56 G in 100 ms. The molecules are trapped for various hold times  
and transferred back to the optical lattice in 100 ms for detection at a 
high field (~745 G). The number of molecules is counted by absorption 
imaging of the Li atoms from the recaptured and dissociated molecules. 
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Fig. 1 | Illustration of the experimental sequence. The top panels show how 
atoms and molecules are confined in different traps. Na/Li mixture is confined in 
a 1D lattice potential (indicated with the orange dashed line) (I). NaLi molecules 
are trapped in the same 1D lattice (II). NaLi molecules are trapped in a hybrid 
trap created by a 1D lattice and a magnetic trap (indicated by the black line) (III). 
Molecules are purely confined by a magnetic trap (IV). The middle plot is the 
experimental sequence to produce and isolate NaLi molecules (the time axis 
is not to scale). The molecules are formed via Feshbach formation and STIRAP 

in a 1D lattice, and the free atoms are removed using resonant light pulses at a 
high field. After the magnetic bias field is dropped to a low field, the lattice is 
ramped down and the magnetic trap is turned on in 100 ms. In the magnetic trap, 
RF or microwave is applied to the molecules for thermometry or preparation of 
molecular spin mixtures. For detection, the molecules are transferred back to the 
1D lattice, the molecule formation process is reversed and the dissociated free 
atoms are imaged. The bottom row is the lattice intensity as a function of time 
along with the particle and trap type indicated using the indices I–IV.
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the optical lattice and the uncertainty of the optical trap geometry, 
thermometry using the temperature of the dissociated molecules is not 
reliable. The best estimate for the temperature of the other molecular 
spin component (indicated with NaLi*) is given by TNaLi* ≈ TNaLi(µNaLi*/ 
µNaLi + 1)/2, where TNaLi is the temperature of NaLi in the upper stretched 
state and µNaLi*/µNaLi is the magnetic moment ratio (Methods). The Na 
temperature is directly measured from the time-of-flight absorption 
imaging out of the magnetic trap at a low field.

We first observe p-wave inelastic collisions of NaLi in the upper 
spin-stretched state. The number of molecules in the magnetic  
trap with a bias field of 0.56 G decays by more than 50% starting  
from 6 × 104 in a few seconds (Fig. 2b), whereas the typical vacuum life-
time is greater than 20 s. The molecular temperature is 1.01 ± 0.18 μK, 
which is measured by applying an RF knife of various frequencies  
(Fig. 2c). The initial density is 1.7 × 1011 cm−3—a factor of 105 greater  
than the experiments carried out elsewhere20,21. The loss rate coeffi-
cient is calculated as (3.3 ± 1.4) × 10−12 (cm3 s–1)(TNaLi μK–1) from the best  
fit to a two-body loss model described elsewhere26 (Methods).

Within the uncertainty, the measured loss rate is consistent  
with the value reported in another work22, which was measured for 
optically trapped NaLi in the upper spin-stretched state near 980 G. It 
is a factor of 2 larger than an estimated p-wave universal value, that is, 
Kuniv
l=1 /T  = (1.2 ± 0.3) × 10–12 cm3 s–1 µK–1, which is obtained using an 

approximate value of the NaLi–NaLi long-range dispersion coefficient 
(C6 = 5,879 a.u) estimated by summing all the C6 coefficients between 

the two constituent atoms44. Due to this uncertainty, we consider our 
result to be consistent with the universal limit. Our observation of the 
universal limit in both optical trap and magnetic trap confirms  
the highly reactive nature of NaLi + NaLi collisions. In this case, the 
light-assisted decay of the collision complex will not enhance the loss 
rate further.

Next, we observe s-wave inelastic collisions by creating a spin 
mixture of molecules in two different hyperfine states. A transition 
from |F1 = 5/2, F = 7/2, mF = 7/2〉 to |F1 = 5/2, F = 5/2, mF = 5/2〉 is driven  
by 100 MHz RF until the molecules form a near-50/50 spin mixture in 
the magnetic trap. Similarly, the mixture of |5/2, 7/2, 7/2〉 and |3/2, 5/2,  
5/2〉 is prepared with a 1,133 MHz microwave drive. Due to magnetic-
field inhomogeneity, the superposition of the two spin states deco-

heres within T2 ≈
h

Δμ×δB
 ≲ 500 µs, where Δμ is the magnetic moment 

difference between the two hyperfine states and δB ≈ 10 mG is the 
magnetic-field inhomogeneity, during and after an approximate π/2 
pulse. The loss rate coefficients are calculated to be (3.3 ± 1.5) × 10−11 
and (1.0 ± 0.4) × 10−10 cm3 s–1, respectively, by fitting the data in Fig. 3 
to a loss model described in Methods. These values are about a factor 
of five and two lower than the s-wave universal value estimated  
using the approximate NaLi–NaLi long-range dispersion coefficient 
(Kuniv

l=0  = 1.85 × 10–10 cm3 s–1), respectively, This suggests that non- 
universal losses can be highly state dependent for s-wave collisions. 
These non-universal losses in a chemically reactive system are 
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Fig. 2 | Ground-state hyperfine structure of triplet NaLi and decay of 
spin-stretched molecules. a, Rovibrational ground-state energy-level diagram 
of NaLi molecules in the triplet potential (a3Σ+) at zero bias field. Quantum 
number F = |F⃗ | = |S⃗ + I⃗Na + I⃗ Li| is the total angular momentum, where  
S = |S⃗ | = 1 is the total electron spin of NaLi and INa = 3/2 and ILi = 1 are the nuclear 
spins of Na and Li, respectively. In the zero-field limit, F1 = |S⃗ + I⃗Na| = 1/2, 3/2, 
and 5/2 is an approximately good quantum number that characterizes the 
largest-scale hyperfine splittings as the hyperfine splitting due to the  
Na nucleus is substantially larger than that due to the Li nucleus. The molecules 
are initially formed in the low-field-seeking spin-polarized hyperfine state 

(|F1 = 5/2, F = 7/2, mF = 7/2〉), as indicated in blue. The states in red and green  
are the other hyperfine states used for creating molecular spin mixtures.  
b, Number decay of low-field-seeking spin-polarized NaLi molecules 
(|F1 = 5/2, F = 7/2, mF = 7/2〉) in a magnetic trap. c, Number of molecules left in the 
magnetic trap as a function of the RF knife frequency. The dashed line is a fitting 
function for a temperature of 1.01 μK. The inset shows the mF energy levels of NaLi 
in |F1 = 5/2, F = 7/2〉 near the centre of a magnetic trap (black lines). The example  
of the density profile of molecules in the top hyperfine state is shown in the blue 
dashed line. The data values represent the average and the error bars reflect  
one standard deviation of the mean of 3–7 measurements throughout the paper.
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unexpected and warrant further theoretical studies. In addition, they 
open opportunities for searching for photoinduced trap loss and 
address interesting open questions on ‘sticky collisions’ connected 
with long-lived complexes27–31.

For atom–molecule collisions, we load together about 4 × 105 
Na atoms and about 4 × 104 NaLi in the upper stretched hyperfine 
states into the magnetic trap. The temperature of the atoms is ~2 μK 
from time-of-flight imaging. Since the Na number is much greater 
than the NaLi number, we fit the molecule decay (Fig. 4a) to a  
simple exponential decay curve. The measured loss rate constant 
β = (6.3 ± 1.4) × 10−12 cm3 s–1 is about a factor of 30 lower than the uni-
versal value (1.72 × 10−10 cm3 s–1), which is well known for this system45. 
Since only the quartet state of Na + NaLi is non-reactive, the loss rates 
are much higher for other combinations of hyperfine states45, and  
this should also apply to Li + NaLi mixtures.

With the low-reactivity atom–molecule mixture, we demon-
strate sympathetic cooling of molecules in the magnetic trap. Here, 
via RF-controlled evaporation, we have independent control over the 
molecule and atom trap depths. It is possible to cool spin-polarized 
NaLi using collisions with Na, also spin-polarized in the same direction 
as NaLi, because NaLi has a favourable ratio of elastic-to-inelastic col-
lisions γ with Na. At a high field, it was measured to be γ ≈ 300 (ref. 42). 
After loading the atom–molecule mixture into the magnetic trap, we 
slowly evaporate Na atoms out of the trap with a microwave sweep. We 
perform a microwave sweep to remove all the Na from the magnetic trap 
in 1 s, which is chosen to be similar to the lifetime of NaLi with Na and 
longer than the thermalization time among Na (~670 ms) and between 
Na and NaLi (~90 ms) (Methods).

We compare the temperature of NaLi after Na evaporation with 
that of NaLi from an identical mixture loaded into the magnetic trap 
but with the sudden removal of Na using a resonant light pulse after 
the loading. The two temperatures are estimated by the RF knife  
frequency scan described earlier (Fig. 4b). The evaporation of Na  
leads to a temperature of NaLi molecules of 0.8(1) μK, substantially 
lower than the temperature without the evaporation (2.3(3) μK), 
whereas the molecule number is decreased by 30%. This corresponds 
to an increase in the PSD of the molecular gas by a factor of ~16. The 
temperature T/TF of NaLi in the magnetic trap is about 8.2 and 3.2 
without and with the Na RF evaporation, respectively. These values 
are higher than the initial T/TF ≈ 2.6 of molecules without Na atoms 
(Fig. 2b,c). The difference is caused by the heating of Na atoms during 

the non-adiabatic transfer to the magnetic trap. Without this heating 
process, a much lower final T/TF ≈ 1 is expected after the RF evapora-
tion step.

Outlook
In summary, we have shown the magnetic trapping of molecules with a 
factor of 105 higher density compared with ultracold molecules previ-
ously studied in a magnetic trap. We have measured the inelastic colli-
sion rates for two selected molecular spin mixtures and a spin-stretched 
Na + NaLi mixture that serve as prototypes for future studies on 
state-dependent molecule–molecule and atom–molecule collisions 
in the magnetic trap. A quantitative analysis of molecular collisions in 
the magnetic trap is much simpler than in optical traps, because the 
magnetic trap is well approximated by a harmonic potential whose 
trap frequencies are determined by molecule magnetic moments, 
which are typically well known. In contrast, optical traps can be highly 
anharmonic near the top of the trap, and ratios of trap frequencies 
(unless directly measured) can be difficult to determine because of 
the unknown molecular a.c. polarizability.

Our collisional studies show that NaLi molecules with various col-
lision partners have loss rates far below the universal limit. Although 
all the collision systems are reactive, the absorption probability at a 
close range is much smaller than one. This is well understood for the 
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collisions in the spin-stretched Na + NaLi mixture22,46, where the quartet 
potential in the input channel is non-reactive, and inelastic collisions 
are only possible via spin flips. However, this explanation does not 
apply to the s-wave molecule–molecule collisions studied here. Also, 
a molecule–molecule Feshbach resonance has been observed for a 
strongly reactive input potential26. These observations suggest that 
collisional resonances and collisional complexes should occur more 
generally, and motivate more systematic studies of collisions involving 
NaLi and collision partners in various hyperfine states, as well as for 
other molecules47. We also demonstrated the sympathetic cooling of 
NaLi by the RF evaporation of Na atoms, increasing the PSD of the mol-
ecules by a factor of ~16. This can be further optimized, but is eventually 
limited by the slow Na thermalization rate, which is substantially slower 
than the rate of elastic collisions between Na and NaLi. One solution 
is to superimpose a second trap with a wavelength chosen such that it 
mainly acts on Na atoms. This trap could enhance the thermalization 
rate of Na atoms and suppress the inelastic collisions with NaLi by 
reducing overlap between the two clouds. This should allow cooling 
into the quantum-degenerate regime.

Our new method now allows studies of molecular collisions in a 
photon-free environment. Experiments probing photoinduced loss 
for ultracold molecular systems in optical traps have been reported 
using chopped optical dipole traps or repulsive box potentials made 
with blue-detuned light. However, even for the longest dark times and 
the lowest intensities, photoinduced loss could not be completely sup-
pressed, and loss rates consistent with universal loss were observed34–36. 
For magnetically trapped molecules, photoinduced losses can be 
studied with arbitrarily small light intensities. In addition, stable 
microwave-induced dipoles or rotational state qubits can be achieved 
with technical upgrades to our apparatus. The most stable rotational 
qubits that have been reported are limited by the differential polariz-
ability between two qubit states48. In contrast, in the light-free mag-
netic trap, decoherence is slow because it is caused by the rotational 
state-dependent differential magnetic moment, which is small. In a 
previous experiment with CaF, the 6 ms coherence time was limited 
by the high temperature of the molecules and the inhomogeneous 
quadrupole field49. For the conditions achieved in our work, we expect 
to produce dipoles with a coherence time of 200 ms, which is longer 
than the longest previously observed coherence time.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
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Methods
Thermometry of molecules
We determine the temperature of a NaLi gas in the magnetic trap  
from its density profile. To find this, we let NaLi molecules in the 
|F1 = 5/2, F = 7/2, mF = 7/2〉 hyperfine state undergo RF-induced spin flips 
in a magnetic trap that has a trap bottom of 0.56 G. RF is swept from 
some high value (>600 kHz) to a lower value f in 600 ms. This RF can 
induce seven simultaneous transitions, by one quantum of mF each, 
from state |F1 = 5/2, F = 7/2, mF = 7/2〉 to |F1 = 5/2, F = 7/2, mF = –7/2〉, allow-
ing the molecules to escape from the trap. The number of molecules 
left in the magnetic trap is determined by the final RF value (RF knife 
frequency). The maximum possible energy of the molecules is 
A = 7

2
h( f − f0), where f is the RF knife frequency and f0 is the transition 

frequency from |F1 = 5/2, F = 7/2, mF = 7/2〉 to |F1 = 5/2, F = 7/2, mF = 5/2〉 
at the bottom of the magnetic trap.

Near the centre, the magnetic field of the Ioffe–Pritchard mag
netic trap varies quadratically with the distance from the origin. The 
states of the particles are enumerated by a set of quantum numbers 
[nx, ny, nz] in a general three-dimensional harmonic trap potential  
V(x, y, z) = 1

2
m(ω2

xx2 + ω2
yy2 + ω2

z z2)  and the energy of a particular state  

is given by ϵ = ℏ(nxωx + nyωy + nzωz) + ϵ0, where ϵ0 =
1
2
ℏ(ωx + ωy + ωz)  is 

the zero-point energy in this harmonic trap. For ϵ ≫ ϵ0, the number  
of states with energy between ϵ and ϵ + dϵ is estimated as g(ϵ)dϵ: 
g(ϵ) = ϵ2

2ℏ3ω̄3 , where ω̄ = (ωx × ωy × ωz)
1/3  is the geometric mean of the  

trap angular frequencies. Therefore, the particle number with energy 
between 0 and A is

N(A) = Ntot
∫A0 g(ϵ)e−βϵdϵ
∫∞
0 g(ϵ)e−βϵdϵ

(1)

= Ntot
2 [e−βA{−βA × (βA + 2) − 2} + 2] , (2)

where β = (kBT)–1 is the Boltzmann factor and Ntot is the total particle  
number. Fitting the data in Fig. 2c, which is the NaLi number as a  
function of the RF knife frequency f, into equation (2) provides  
the estimate for the molecule temperature of 1.06 ± 0.18 μK.

For the temperature estimation of NaLi in the other hyperfine state 
(|F1 = 5/2, F = 5/2, mF = 5/2〉 or |F1 = 3/2, F = 5/2, mF = 5/2〉) of a molecular 
spin mixture, we assume that the average total kinetic energy and 
the average total potential energy are equal in the harmonic trap by 
the virial theorem. After molecules are transferred from the upper 
stretched state to the other hyperfine state, the average potential 
energy of NaLi is momentarily reduced by the magnetic moment ratio 
µNaLi*/µNaLi, whereas the kinetic energy remains the same. Here NaLi 
represents the upper stretched state and NaLi* indicates the other 
hyperfine state. The average potential and kinetic energy redistribute  
to be equal. With this simple model, the temperature is estimated  
as TNaLi* ≈ TNaLi(µNaLi*/µNaLi + 1)/2.

Decay models
The differential equations that describe the decay of molecules in the 
upper stretched state in the presence of another type of particle i are 
given as

ṄNaLi = −(Ki/Vov)NiNNaLi − (β0/Veff,NaLi)N2
NaLi, (3)

Ṅi = −(Ki/Vov)NNaLiNi − (βi/Veff,i)N2
i , (4)

where NNaLi represents the number of NaLi in the upper stretched  
state and Ni represents the number of particles of type i that are mag-
netically trapped with the molecules. Here Vov is the volume of the 
regime where the i-type particles overlap with the upper stretched  
molecules, Veff,i is the mean volume filled with i-type particles, β0 (βi) 

is the two-body molecular (particle i) loss rate coefficient and Ki is  
the loss rate coefficient for the collisions of i + NaLi pairs.

We solve the given differential equations for three different  
conditions: Ni = 0, Ni ≈ NNaLi and Ni ≫ NNaLi. The two-body loss in the single- 
spin-component (|F1 = 5/2, F = 7/2, mF = 7/2〉) molecular gas, that is, 
Ni = 0, is described by the second term of equation (3) only. The ana
lytical solution is given as NNaLi(t) = N0

1
1+β0N0t/Veff

, where N0 is the initial 
NaLi number.

For collisions in two-component mixtures that we experimentally 
study, the decay of the NaLi number is well described by equations (3) 
and (4) with the second terms approximated to zero since β0, βi ≪ Ki. 
With this approximation, the analytical solution becomes

NNaLi(t) =
D

CeDΓ t − 1 , (5)

Ni(t) = − D
1
C
e−DΓ t − 1

, (6)

where Γ = KiNi(0)/Vov is the loss rate, C = Ni(0)/NNaLi(0) and D = Ni(0) −  
NNaLi(0). In a regime where Ni(0) ≫ NNaLi(0) in a two-component mixture, 
Ni(t) can be approximated to Ni(0) throughout and equation (5) is 
reduced to a simple exponential decay, namely, NNaLi(t) = N0e−Kit/Vov .  
In the experiment, the Na atom number was more than a factor of  
10 larger than the NaLi molecule number, so the decay of NaLi is  
well described by the exponential function.

Now we discuss the volumes Veff and Vov in equations (3) and (4). 
Assuming a harmonic trap, one obtains

Veff,i = ω̄−3
i (4πkBTi/mi)

3/2,

Vov = NiNNaLi

∫ dVninNaLi

= ω̄−3
Na [(

2πkBTi
mi

) ( μNa
μi

+ μNa
μ2

TNaLi
Ti

)]
3/2
,

where the geometric mean of the Na trap angular frequencies is  
ω̄Na = (ωxωyωz)1/3 = 2π × (282 × 282× 14.8)1/3 Hz ≈ 2π × 106 Hz. Here,  
ni is the density, Ti is the temperature, mi is the mass and μi is the  
magnetic moment of the type i particle. The geometric mean of  
the trap angular frequencies for NaLi in the upper stretched state is 
ω̄NaLi = ω̄Na × (mNa/mNaLi) × (μNaLi/μNa), where the mass ratio is mNaLi/mNa ≈  
29/23 and the magnetic moment ratio is μNaLi/μNa ≈ 2.

Inelastic collision and thermalization rates
To investigate the limiting factor for sympathetic cooling, we compare  
the three relevant timescales in a Na + NaLi mixture: the inelastic 
collision and thermalization rates between Na and NaLi, and the 
thermalization rate among Na atoms. The experiment was done with  
about 33 × 103 NaLi and 420 × 103 Na at a temperature of ~2 μK in a 
magnetic trap. The initial densities of Na and NaLi are 1.25 × 1011  
and 3.30 × 1010 cm−3, respectively. The initial inelastic collision rate  
is experimentally measured to be Γinel ≈ 1.2 s−1 (Fig. 4a).

Next, we estimate the thermalization rate between Na and NaLi. In 
a mass-imbalanced system, the factor 3/ξ quantifies the approximate 
average number of collisions per particle required for thermaliza-
tion, where ξ = 4mNamNaLi/(mNa + mNaLi)

2 ≈ 0.987 (refs. 42,50). Thus, the 
relation between the thermalization rate and elastic scattering rate is  
given by Γth ≈ Γel/(3/ξ). In our system, where the particle number is  
largely imbalanced, we can write the thermalization rate as

Γth ≈
(NNa/Vov)σelvrel

3/ξ
, (7)

where NNa/Vov is the average density of Na atoms seen by NaLi molecules, 
σel is the elastic scattering cross section and relative velocity is 

vrel =√
8kB
π
( TNa
mNa

+ TNaLi
mNaLi

) . The s-wave elastic scattering cross section 
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between Na and NaLi is given by σel ≈ 4πa2, where a is the scattering 
length. Using an approximate value for the scattering length 
a = 263(66)a0, where a0 is the Bohr radius42, the thermalization rate  
is estimated to be ~11 s−1.

Similarly, the thermalization rate among Na is given as  
̃Γ th =

(NNa/Veff,Na) ̃σel ̃vrel
3

 ≈ 1.5 s–1, where the s-wave elastic scattering cross  

section between Na atoms is ̃σel ≈ 8π ̃a2, where the scattering length 
between Na atoms is ̃a = 85(3)a0 (ref. 51). The relative velocity is  

̃vrel =√
16kB
π

TNa
mNa

. We see that Γinel ≈ ̃Γ th ≪ Γth , and the sympathetic  

cooling of NaLi is limited by the slow Na thermalization rate.
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