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Li,1, 2 Dongkyu Lim,3 Eunmi Chae,3 Wolfgang Ketterle,2, 4 Kang-Kuen Ni,1, 2, 5 and John M. Doyle1, 2

1Department of Physics, Harvard University, Cambridge, MA 02138, USA
2Harvard-MIT Center for Ultracold Atoms, Cambridge, MA 02138, USA

3Department of Physics, Korea University, Seongbuk-gu, Seoul 02841, South Korea
4Department of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

5Department of Chemistry and Chemical Biology,
Harvard University, Cambridge, MA 02138, USA

EXPERIMENTAL SEQUENCE DETAILS

The experiment proceeds through four general stages: (1) RF MOT, (2) Sub-Doppler cooling, (3) Conveyor MOT,
and (4) ODT loading.

(1) RF MOT: CaF molecules are initially captured in a radio-frequency (RF) red-detuned MOT operating on
X(ν = 0, N = 1) − A(ν′ = 0, J ′ = 1/2) cooling transition at 606 nm, as described in [? ? ]. Three pairs of
orthogonal beams, each containing the frequency components addressing the four ground-state hyperfine states
in the N = 1 rotational manifold, are sent into the center of the MOT chamber and retro-reflected using a
quarter-wave plate and a mirror. The frequency sidebands are generated by a set of acousto-optic modulators,
allowing for independent control of polarization and intensity for each hyperfine component. A Pockels cell
enables rapid polarization switching. To maximize the number of trapped molecules while minimizing the
heating, we begin with magnetic field gradient of ∼ 20 G/cm and a full beam intensity of Io = 300 mW/cm2

(∼ 6Isat) at a detuning of ∆ = −8 MHz to for 5 ms load the MOT. The intensity is then lowered to Io/4 over
5 ms to allow for thermalization at lower temperature, while magnetic field gradient is ramped to ∼ 50 G/cm
RMS, compressing the molecular cloud to ≲ 600 µm. A 1-ms resonant light pulse is used to image the molecules,
which is then converted to a molecular number following a calibration procedure described in the appendix of
our previous work [? ].

(2) Sub-Doppler and Λ cooling: In the next 5 ms, we turn off the RF field and Pockels cell, jumping the laser
intensity and detuning first to the sub-Doppler cooling parameters [? ] with ∆ = +34 MHz. This is followed by
a 5-ms Λ-cooling pulse, which reduces the cloud temperature to a base temperature of 18(5) µK while retaining
∼ 80% of the loaded molecules.

(3) Conveyor MOT compression: To load the molecules into a DC conveyor MOT, we switch MOT light frequency
to the scheme shown in Fig. 1(b) of main text and the magnetic field from RF to DC configuration. After 30
ms, the cloud compresses to 64(5) µm. To measure its spatial profile of the conveyor MOT cloud, we hold the
magnetic field for an additional 10 ms to collect the in-situ fluorescence signal.

(4) ODT loading: After switching off all MOT light and the DC magnetic field, we turn on the 1064 nm trap light
with Λ-cooling applied for 3 ms. After holding the molecules in ODT for 100 ms to ensure the background cloud
has fully dissipated, a 1-ms resonant pulse is used to collect the ODT signal. To obtain stable ODT loading
efficiency measurements, for each experimental cycle, we use a 5-ms in-situ fluorescence collected at the end
of the conveyor MOT compression as a reference signal to remove fluctuations in the molecular flux from the
cryogenic buffer gas source.

For further details such as molecular beam preparation, see our previous publications [? ? ].

RF - DC MOT COIL SWITCHING

Transitioning the magnetic field from RF to DC MOT configuration presents several technical challenges as it
requires isolating the RF and DC parts of the MOT coils’ tank circuit while maintaining RF resonance. We address
this by employing high-impedance inductors and back-to-back solid-state relays.

Isolation is critical here because the high voltages in the RF MOT can couple into the DC current supply ground,
causing interference and instability; proper isolation ensures the integrity of both the RF and DC systems. Our MOT
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coils consist of a pair of in-vacuum magnetic coils, forming a resonant tank circuit along with variable capacitors. Each
tank circuit is independently driven by a custom-built 1 kW RF amplifier operating at 1 MHz. This setup generates a
magnetic field gradient of up to 50 G/cm RMS during the MOT compression, corresponding to peak-to-peak voltages
of ∼ 4 kV. While mechanical relays are capable of handling high voltages, they have limited lifetimes and slower
switching times. In contrast, solid-state relays offer longer lifetimes and faster switching but are limited by their lower
working voltage range. To overcome this, we use homemade high-impedance inductors (ZL = 10, 668 Ω) to isolate
the RF from the DC circuit. The DC current is applied to a capacitor with ZC ≃ 1 Ω with self-resonance frequency
greater than 1 MHz, and connected to the MOT coil through the high-impedance inductor. To reduce switching time,
a damping resistor is placed in parallel with ZC . This setup significantly reduces the voltage across the relay by a
factor of 10,000, ensuring efficient switching and reliable operation during the transition from RF to DC operation.

CONVEYOR MOT LIFETIME AND SCATTERING RATE

To measure the lifetime of the conveyor MOT, after the compression stage, we hold the the magnetic field at 40 G/cm
for variable amount time while monitoring the remaining molecules. Figure S1 shows the decay in fluorescence signal
(or the number of trapped particles) as a function of hold time. The result fits to a single exponential decay with a
fitted lifetime τconveyor = 37(8) ms, consistent with the absence of light-assisted two-body collisions at this density.
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FIG. S1: Number of remaining trapped molecules in the conveyor MOT as a function of holding time, with the magnetic field
gradient set at 40 G/cm. The fitted lifetime is τconveyor = 37(8) ms.

When molecules are exposed to the light and scatter photons for a given time, they have a certain probability to
decay to unaddressed vibrational state(s). By turning off selective repumping lasers and holding the molecules in the
conveyor MOT for variable time, we allow the population to accumulate in unaddressed states, effectively limiting
the number of photons that can be scattered. The scattering rate is then extracted from the observed lifetime and
known vibrational branching ratios.

During the holding period, decay in molecular signal can occur due to various mechanisms, such as optical pumping
into unaddressed vibrational states or trap loss. To isolate the loss due to finite photon budget, we fix the total holding
time at 40 ms and vary the duration Toff during which v = 2 and v = 3 vibrational repumps are turned off. This reduces
the photon budget per molecule from Nphoton = 9×105 to 1350. Figure S2 shows the fluorescence decay as a function
of Toff. An exponential fit in th where v = 2 and v = 3 repumps are off yields a lifetime of τreduced = 4.9(0.6) ms, and
the corresponding scattering rate is calculated to be Γ = Nphoton/τreduced = 0.27(3)× 106 s−1.

TEMPERATURE MEASUREMENTS

We use a standard time-of-flight expansion method to determine the temperature of a thermal molecular cloud,
assuming a Gaussian density distribution in the conveyor MOT or ODT. By turning off all the trap light and magnetic
field, we allow the the molecular cloud to freely expand for variable length of time tTOF and use a subsequent 1-ms
resonant light pulse for imaging. As resonant imaging on the molecular can cause heating, and consequently, extra
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FIG. S2: Number of remaining molecules as a function of Thold during which v = 2 and v = 3 repumping lasers are turned off.
The data has an exponential decay with a fitted lifetime τreduced = 4.9(0.6) ms due to finite photon budget.

expansion, the 1 ms exposure time is chosen here as it is short compared to the expansion time and causes negligible
heating. We verified that the size measurements with a 1 ms exposure were similar with those using a shorter 0.5 ms
exposure. We fit the molecular image along the radial (axial) direction to a 1D Gaussian to obtain the cloud radius
in radial (axial) direction, σrad (σax), and extract the corresponding radial (axial) temperature Trad (Tax) from the

fitted slope. The final temperature reported is the geometric mean of radial and axial temperatures: T = T
2/3
rad T

1/3
ax .

ODT LOADING DYNAMICS AND LOSSES

To better understand the dominant loss mechanisms during the loading process, we examine the time dependence of
the ODT loading. From the loading curves in Figure 4(b), We find that the loading dynamics is well captured by four
parameters: a loading rate R(t) which depends on the reservoir cloud and its overlap with the ODT, a one-body decay
rate Γ due to collisions with background gas in the chamber, and a two-body collision rate β′ caused by light-assisted
collision [? ? ]. They follow a rate equation model commonly used for atoms [? ].

dN(t)

dt
= R(t)− ΓN − β′N2 (1)

R(t) = Roe
−γt sets the initial increase in the loading and accounts for the total decay rate γ in the cloud reservoir

arising from two processes: (1) the loss of molecules due to cloud expansion out of the ODT trapping volume, and (2)
the depletion of molecules as they are successfully loaded into the ODT. To determine whether two-body collisional
loss plays a role in limiting the loading, we measure the lifetime of molecules τ in the ODT in presence of Λ-light.
We first load the ODT with Λ-cooling light under optimal condition and wait for 100 ms to ensure the background
cloud has fully dissipated. Then, we hold the molecules in trap for 260 ms and apply Λ-cooling for a variable length
of time to induce light-assisted collisions [? ? ]. Fitting the data including the two-body loss term yields a τ that
is statistically indistinguishable from that obtained using a single-body loss model (Fig. 4(c)), thus the two-body β

′

term does not dominate over Γ under the experimental conditions, indicating that two-body loss does not significantly
contribute in this system. We fit the numerical solution of Eq. (1) to each loading curve in Fig. 4(b), using the same
cloud reservoir decay rate γ for all curves, and a fixed one-body rate constant Γ extracted from Fig. 4(c) measurement.
The free parameters are γ and Ro.

ODT ALIGNMENT

We examined how the spatial overlap between the ODT and conveyor MOT affects the loading efficiency. We vary
the ODT position while monitoring the molecular signal in the ODT. The data are fitted to a Gaussian distribution
with σloading = 111(12) µm, which is comparable to the cloud size after 1 ms of diffusive expansion, as shown in
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Fig. S3. These results are consistent with the rapid loading timescale and indicate that optimizing the spatial overlap
between the MOT and ODT is crucial for enhancing loading efficiency.
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FIG. S3: ODT loading efficiency versus ODT position. The loading efficiency is plotted against the center position of the ODT,
and the data are fitted to a Gaussian distribution with a width of σloading = 111(12) µm.

EFFECT OF ODT TRAP DEPTH
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FIG. S4: ODT loading efficiency versus ODT powers. The loading efficiency increases with higher ODT light intensities,
indicating potential for further improvement by increasing the trap depth and volume.

We investigate the effect of trap depth by measuring the loading efficiency at various ODT intensities. As shown
in Fig. S4, the loading efficiency increases with intensity, suggesting further improvements are possible with a higher
trap depth, though this is currently constrained by technical limitations.
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