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Ultracold molecules are ideal platforms for many important 
applications, ranging from quantum simulation1–5 and quan-
tum information processing 6,7 to precision tests of fundamen-
tal physics2,8–11. Producing trapped, dense samples of ultracold 
molecules is a challenging task. One promising approach is 
direct laser cooling, which can be applied to several classes 
of molecules not easily assembled from ultracold atoms12,13. 
Here, we report the production of trapped samples of laser-
cooled CaF molecules with densities of 8 ×​ 107 cm−3 and at 
phase-space densities of 2 ×​ 10−9, 35 times higher than for 
sub-Doppler-cooled samples in free space14. These advances 
are made possible by efficient laser cooling of optically 
trapped molecules to well below the Doppler limit, a key step 
towards many future applications. These range from ultracold 
chemistry to quantum simulation, where conservative trap-
ping of cold and dense samples is desirable. In addition, the 
ability to cool optically trapped molecules opens up new paths 
towards quantum degeneracy.

Heteronuclear bialkali molecules assembled from ultracold 
atoms have been brought near quantum degeneracy in recent years 
and have enabled the study of long-range dipolar interactions and 
quantum-state-controlled chemistry15,16. It is desirable to control 
other kinds of molecule as they can offer new desirable features. 
One such class of molecules are those with unpaired electron spins 
(for example, those with 2Σ​ ground states), which lead to both a non-
zero electric and magnetic moment. Such molecules are important 
for quantum simulation, as they can be used to simulate a large vari-
ety of lattice spin models3, and for quantum information4. Recently, 
laser cooling and magneto-optical trapping of two X2Σ​ molecules, 
CaF and SrF (refs 17–21), were reported. For a wide variety of applica-
tions ranging from precision spectroscopy to quantum information, 
trapping in a conservative trap is needed.

Conservative traps in ultracold atom experiments are commonly 
formed from magnetic or optical fields. Recently, magnetic trapping 
of laser-cooled molecules was reported14,22. The significant advan-
tages of magnetic traps are large volumes and high trap depths, 
which open up the possibility of further evaporative or sympathetic 
cooling. Optical traps, despite their much smaller trap volumes and 
lower trap depths, can be used to trap molecules regardless of their 
internal state. This allows for the possibility of further laser cooling 
of trapped samples, which, as demonstrated in this work, can lead 
to significant enhancement in density and phase-space density. It 
also opens up new methods towards quantum degeneracy, some of 
which can occur on much shorter timescales and be more efficient 
than evaporative cooling. For example, laser cooling of optically 
trapped atoms has recently led to the production of Bose–Einstein 
condensates without evaporation23,24. Nevertheless, in most cases, 
the cooling in the optical trap is impeded by the different a.c. Stark 
shifts for ground and excited states. Here, we show that CaF (and 

similar molecules) have a favourable level structure that allows for 
efficient cooling while optically trapped. Another key advantage of 
optical traps is their flexibility. Arbitrary small-scale features on the 
order of the wavelength of the trapping light can be created.

The starting point of our experiment is a radio-frequency mag-
neto-optical trap (MOT) of CaF molecules loaded from a cryogenic 
buffer gas beam. This set-up has been described previously21, except 
that here we implement chirped slowing of the CaF molecular 
beam25. The radio-frequency MOT is the same, operating on the  
X2Σ​+ (N =​ 1)→​A2Π​1/2(J' = 1/2) transition, and consists of three retro-
reflected MOT beams, along with lasers to repump out of the v =​ 1, 
2, 3 vibrational levels. In addition to forming the radio-frequency 
MOT, the MOT beams are also used for sub-Doppler cooling. Each 
MOT beam has a 1/e2 diameter of 9 mm and contains 30 mW of 
X(v =​ 0)→​A(v =​ 0) light and 30 mW of X(v =​ 1)→​A(v =​ 0) light. The 
power distribution among hyperfine components, addressed with 
acousto-optic modulators (AOMs), for both X(v =​ 0, 1)→​A(v =​ 0) 
are 18%, 36%, 36% and 10% for the states |J, F〉​ =​ |3/2, 1〉​, |3/2, 2〉​,  
|1/2, 1〉​ and |1/2, 0〉​, respectively. When loading molecules into the 
radio-frequency MOT, the MOT beams are detuned from reso-
nance by ΔMOT =​ −​2π​ ×​ 9 MHz (Fig. 1b). The MOT beams are ini-
tially held at full intensity for 15 ms, capturing 105 molecules into 
the MOT. The intensity of each MOT beam is then reduced by a 
factor of 8 over 30 ms. Lower intensities reduce the sub-Doppler 
heating associated with red detuning on a J→​J or J→​J−​1 transition26 
and decrease the MOT temperature from 2 mK to 0.35 mK while 
increasing the density to 5 ×​ 106 cm−3.

The inverted angular momentum structure of CaF is similar to 
the D1 line in alkali atoms, and allows for further cooling at blue 
detunings20,26–28. To perform sub-Doppler cooling, the MOT beams 
and the MOT magnetic gradient are switched off in 200 μ​s, during 
which time the laser is detuned to the blue, ΔSD ≈​ +​3Γ (Γ =​ 2π​ ×​  
8.3 MHz). The MOT beams, with polarization switching turned 
off, are then switched back on at full intensity, but without the 
J =​ 3/2,F =​ 1 component (Fig. 1b), which can lead to heating as it is 
red-detuned relative to the J =​ 1/2,F =​ 0 transition. Repumping out 
of |3/2,1〉​ is still accomplished, albeit at a reduced rate by off-res-
onant light that nominally addresses the |3/2,2〉​ state. For optimal 
cooling, compensation coils are used to cancel ambient magnetic 
fields to better than 0.1 G. In a time of ~100 μ​s, the molecules 
are cooled to 40 μ​K, much lower than the Doppler cooling limit  
of 200 μ​K.

After sub-Doppler cooling, we load the molecules into a far-
detuned optical dipole trap (ODT). The ODT is formed from 
12.7 W of single-frequency 1,064 nm light focused to a Gaussian 
beam waist of 29 μ​m, which produces a trap with a calculated depth 
of 380(60) μ​K, with radial (axial) trap frequencies of 2π​ ×​ 2.5 kHz 
(2π​ ×​ 21 Hz). The ODT light is reflected by a dichroic mirror that 
transmits the fluorescence of the molecules, which is imaged onto 
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an electron-multiplying charge-coupled device (EMCCD) camera 
(Fig. 1a). The reflected ODT beam is directed to a beam dump, away 
from the trapped molecules.

To capture molecules in the optical trap, the ODT light is 
switched on at the start of the sub-Doppler cooling. The sub-Dop-
pler light is then ramped down in intensity by 30% in the first 10 ms 
and left on for a further 5 ms. We wait for 50 ms to allow untrapped 
molecules to fall from the imaging region, before imaging using a 
0.5 ms pulse of light resonant with the X→​A transition. With opti-
mal parameters, 150(30) molecules are transferred into the ODT. 
The number of transferred molecules is determined by the size of 
the optical trap (29 μ​m waist), which is much smaller than the size 
of the initial sub-Doppler-cooled cloud (~2 mm full-width at half-
maximum (FWHM)). For a given trap depth, the size of the trap is 
limited by the total available laser power, a technical limitation that 
can be overcome in future experiments. For the trapped molecules, 
we measure a temperature of 60 μ​K. Using the measured ODT beam 
profile and the number of trapped particles, we determine the peak 
density in the trap to be 8(2) ×​ 107 cm−3, one order of magnitude 
higher than in the MOT. Our estimation is obtained by assuming 

thermally distributed molecules in the trapping potential of the 
ODT, and agrees with classical Monte Carlo simulations of particles 
drawn from a uniform density distribution at the experimentally 
measured sub-Doppler temperature. This corresponds to a peak 
phase-space density of 2 ×​ 10−9, three times higher than in the free-
space sub-Doppler-cooled cloud.

An important characteristic of the ODT is the lifetime of trapped 
molecules, which is measured to be 750(40) ms (1/e decay time), 
shorter than the calculated lifetime (≫​ 1 s) due to heating from off-
resonant photon scattering of the 1,064 nm ODT light. To deter-
mine what limits the lifetime, we vary the flow rate of helium into 
the buffer gas cell, with no appreciable effect on the lifetime (Fig. 2 
inset). An in-vacuum shutter that is open for <​10 ms during each 
experimental cycle eliminates the effects of buffer gas collisions on 
the 1 s timescale. To explore the dependence of loss rate on back-
ground pressure, we vary the MOT chamber pressure from 1 ×​ 10−9 
Torr to 3 ×​ 10−8 Torr and find a dependence of 5.5(1) ×​ 108 s−1 Torr−1 
(Fig. 2). This indicates that at our current operating conditions of 
1 ×​ 10−9 Torr, the loss rate of molecules from the ODT is dominated 
by collisions with background gas.

We further characterize the effect of the sub-Doppler light on 
the ODT loading process. We first vary the frequency of the sub-
Doppler cooling light during ODT loading. As shown in Fig. 3, opti-
mal loading occurs when the sub-Doppler cooling light is detuned  
+​3 MHz relative to the free-space cooling frequency that produces 
the lowest temperature. The detuning is consistent with estimates 
of the a.c. Stark shift on the X→​A transition arising from the ODT.

We next vary the overlap duration of the cooling light and 
the ODT. This is accomplished as follows. We shorten the sub-
Doppler intensity ramp to 2 ms with the ODT off. Subsequently, 
the ODT is switched on, and we vary the amount of time that 
the sub-Doppler light overlaps with the ODT light. Zero tempo-
ral overlap corresponds to direct capture of sub-Doppler-cooled 
molecules. As shown in Fig. 4, we find that the number of trapped 
molecules increases by up to a factor of 5 and reaches a peak at 
5 ms. To verify that the enhancement is not due to additional 
sub-Doppler cooling in free space, we increase the duration of 
the free-space sub-Doppler cooling by an additional 5 ms before 
switching on the ODT. With the additional free-space cooling, 
we find a smaller initial number of loaded molecules, likely due 
to a lower central density resulting from the longer sub-Doppler-
cooling time. Despite a smaller initial number, the number of 
loaded molecules again rises as a function of overlap time. The 
peak number is reached at ~10 ms, at a similar level to the case 
without extra sub-Doppler cooling.
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Fig. 1 | Schematic of experimental apparatus and level diagram for sub-
Doppler cooling of CaF. a, Layout of the experimental apparatus. See 
ref. 21 for details. b, Laser detunings for the radio-frequency MOT and for 
sub-Doppler cooling. For the radio-frequency MOT, the light is detuned 
by ΔMOT =​ −​2π​ ×​ 9 MHz; for sub-Doppler cooling, the light is detuned by 
ΔSD =​ 2π​ ×​ 28 MHz. The individual hyperfine sidebands are addressed with 
AOMs, and have detunings of δ δ δ δ = π × −+ −{ , , , } 2 {1.8, 0, 0, 4.3}2 1 0 1  MHz. 
Positive detunings correspond to blue detunings relative to the respective 
resonances for the various hyperfine components.
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Fig. 2 | Loss rate of molecules trapped in the ODT. The inset shows the 
loss rate as a function of the buffer gas flow rate. We observe negligible 
effect of increasing the buffer gas flow, but significant dependence on the 
background pressure. The dependence of loss rate on buffer gas flow is 
measured to be 0.0(2) s−1 sccm−1, while the dependence on background 
pressure is 5.5(1) ×​ 108 s−1 Torr−1. The error bars represent the standard 
error of the fitted value. Dashed lines show linear fits.
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The initial rise at short times indicates that there is a time 
window of ~10 ms when molecules that pass by the ODT can be 
cooled by sub-Doppler light into the trap. The optimal loading 
time coincides with the average time it takes for a molecule on 
one edge of the initial sample to traverse the optical trap, where it 
can be cooled into the trap. Since the ODT is a conservative trap, 
the enhanced loading suggests that cooling is occurring at least 
in some region of the trap. Another indication of sub-Doppler 
cooling of trapped molecules is that the measured temperature 
of 60(5) μ​K is significantly lower than that expected from direct 
capture (100 μ​K).

To directly demonstrate that cooling is occurring in the presence 
of the trap light, we heat the CaF molecules to ~100 μ​K by applying 
a 40 μ​s pulse of resonant light (detuned by +​3 MHz to compensate 
for the Stark shift of the ODT beam). To ensure that the heated mol-
ecules are trapped, we measure the molecule number after waiting 
50 ms. After the resonant heating pulse is applied, half of the trapped 
molecules remain. We then apply a pulse of sub-Doppler-cooling 
light and observe that the molecules are re-cooled to ~60 μ​K with a 
1/e time of ~300 μ​s (Fig. 5). This verifies that sub-Doppler cooling 
works for molecules trapped in the ODT. This is an important initial 
demonstration, as successful laser cooling of trapped molecules can 
pave the way towards highly efficient means to create dense ultracold 
samples. At the currently achieved densities, laser cooling is nearly 
lossless and, unlike evaporative cooling, is independent of collisional 
properties. Since entropy in the system is continuously and quickly 
removed, higher phase-space densities can be reached with mini-
mal loss. For example, by compressing the sample in the presence of 
cooling, the density could be increased with no rise in temperature.

We have observed that the temperature reached by sub-Doppler 
cooling of optically trapped molecules is higher than that attained 
in free space, as has also been observed in alkali atoms. Although 
sub-Doppler cooling via gray molasses is well understood in free 
space26,27, in an optical trap, a.c. Stark shifts can interfere with cool-
ing. We show here that sub-Doppler cooling in an ODT is possible, 
albeit reaching a temperature slightly higher than that attained in 
free space. The difference can arise from the spatial inhomogeneity 
of the Stark shifts, which prevents the entire sample from being at 
the optimal detuning. A further complication is that the Stark shifts 
are slightly state-dependent, which impede cooling by dephas-
ing the dark states present in gray-molasses cooling. While state-
dependent Stark shifts can be avoided for ground-state alkali atoms 
by using linearly polarized trapping light, they are unavoidable for 
molecular states with non-zero tensor Stark shifts.

In the future, lower sub-Doppler temperatures will allow for bet-
ter transfer to, and cooling in, the ODT. This can be achieved with 
lambda-enhanced gray molasses, which has been demonstrated in 
atoms to provide temperatures a few times the recoil limit28–30. For 
CaF molecules, this temperature corresponds to ~5 μ​K, an order of 
magnitude lower than reported here. Lower temperatures reduce 
the required trap depth, which results in smaller state-dependent 
Stark shifts and allows for larger trap volumes to be used.

In conclusion, we have demonstrated loading of laser-cooled CaF 
(X2Σ​) molecules into an optical dipole trap and the sub-Doppler 
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Fig. 5 | Cooling of optically trapped molecules. Trapped molecules are 
heated by a 40 μ​s pulse of resonant light at time t =​ 0. Shown in blue 
circles is the temperature as a function of varying sub-Doppler cooling time 
beginning at t =​ 0.2 μ​s. An exponential fit, shown by the dashed blue line, 
yields a 1/e time constant of ~300 μ​s. The temperature before heating is 
indicated by the black dotted line, with the standard error indicated  
by the shaded region. The error bars represent the standard error of the 
fitted temperature.
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laser cooling of optically trapped molecules in the microkelvin 
regime. The approach in this work is applicable to a large class of 
molecules, including polyatomic species, for example SrOH, YbOH, 
CaOCH3, CaOCH(CH3)2 (refs 11,13,31). One immediately accessible 
application is the study of collisions and reactions of ground-state 
molecules with atoms32. One could explore the possibility of spin 
control of chemical reactions, for example between CaF and Li  
(ref. 33), or proposed techniques such as collisional ‘shielding’34. The 
study of molecule–molecule collisions is also within reach. With 
future improvements, one could produce samples sufficiently dense 
(109 cm−3) for loading an optical tweezer with a typical trap volume 
of 10 μ​m3 (refs 35,36). Laser cooling and photon cycling of trapped 
molecules will be important for such experiments, as it enables opti-
cal readout of single molecules, where many photons must be scat-
tered with minimal heating. Extensions to arrays of optical tweezers 
of molecules would provide a pristine environment in which quan-
tum simulation and quantum computation can be performed5,37,38. 
New avenues to quantum degeneracy are also made possible with 
optically trapped molecules. In tightly confining potentials, it 
becomes possible to perform Raman sideband cooling or electro-
magnetically induced transparency (EIT) cooling, both highly effi-
cient cooling methods that can circumvent the need for large initial 
numbers in traditional evaporative cooling schemes39–42. Our work 
is thus a significant step towards applications ranging from quan-
tum simulation to ultracold chemistry.

Data availability
The data that support the plots within this paper and other find-
ings of this study are available from the corresponding author upon 
reasonable request.
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