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We demonstrate the efficient transfer of molecules from a magneto-optical trap (MOT) into a
conservative magnetic quadrupole trap. Our scheme begins with a blue-detuned optical molasses
to cool SrF molecules to ~50 pK. Next, we optically pump the molecules into a strongly-trapped
sublevel. This two-step process reliably transfers &~ 40% of the molecules initially trapped in the
MOT into a single quantum state in the magnetic trap. Once loaded, the molecule cloud is com-
pressed by increasing the magnetic field gradient. We observe a magnetic trap lifetime of over 1 s.
This opens a promising new path to study ultracold molecular collisions, and potentially to produce
quantum-degenerate molecular gases via sympathetic cooling with co-trapped atoms.

In the last decade, there has been great progress in
the production of ultracold polar molecules, beginning
with techniques to assemble molecules from pre-cooled
alkali atoms [1-4]. These efforts have been motivated
by the proposed applications for ultracold molecules in
precision measurement [5-7], quantum information [8-
10] and quantum simulation [11], and ultracold chemistry
[12]. For many of these applications, it is critical to use
a sample with high phase-space density (PSD) [13].

Recently, techniques for direct laser cooling [14] and
magneto-optical trapping of molecules [15-17] have been
developing rapidly and are being pursued as an alter-
nate route to produce ultracold gases of polar molecules.
There have been steady improvements in the density and
temperature achieved via these methods [17-19], but the
accessible PSDs remain modest compared to those of
their atomic counterparts. The success of sympathetic
cooling techniques for increasing the PSD of atomic sam-
ples [20, 21] provides inspiration for the pursuit of similar
techniques for molecules. The first step towards imple-
menting these techniques is to load molecules into a con-
servative trap.

The first magnetic trapping of a molecule was reported
in Ref. [22], using superconducting coils in a cryogenic
buffer gas cell. Since then, several other experiments
have observed magnetic [23, 24|, electrostatic [25], or
mixed magnetic/electric [26, 27] conservative trapping
of directly-cooled molecules. However, in these exper-
iments the temperature of the molecular cloud was al-
ways 2 400 pK, and typically > 1 mK. Here, we report
magnetic trapping of molecules laser-cooled to temper-
atures below 100 pK. In this temperature regime, mag-
netic trapping of laser-cooled atoms with densities suffi-
cient for sympathetic cooling of other species (assuming
typical cross-species elastic collision cross-sections [28],
as expected [29-33]) is routine [34-36]. Hence, our result
opens a straightforward pathway to sympathetic cooling
of polar molecules.

The magnetic quadrupole trap (MQT) provides sub-
stantial trap depth, large trapping volume, and tight
confinement. The limitations of an MQT, including Ma-

jorana spin-flip losses [37] and two-body inelastic colli-
sions (due to inability to confine the absolute ground
state), are not expected to arise here given the densi-
ties (<10% em™3) and temperatures (~50 uK) presently
accessible via molecular laser cooling and trapping. This
makes the MQT an excellent choice to realize the effi-
cient transfer of molecules from a magneto-optical trap
(MOT) into a conservative trap.

Here, we demonstrate and characterize the transfer of
SrF molecules from a radio-frequency (RF) MOT into an
MQT. We apply sub-Doppler cooling followed by optical
pumping (OP) to reliably transfer ~40% of the molecules
initially trapped in the RF MOT into a single quantum
state in the MQT. Once in the MQT, we increase the
field gradient to compress the trapped cloud, as is typi-
cally done with atomic samples to accelerate evaporative
and/or sympathetic cooling (see, e.g., Ref. [38]). Fi-
nally, we demonstrate a trap lifetime in excess of 1 s.
These conditions together should be sufficient to enable
the first experimental studies of atom-molecule collisions
in this temperature regime, and initial demonstrations of
sympathetic cooling.

Our experimental setup for the RF MOT has been
described elsewhere [15, 16, 18, 39]. In brief, pulses of
SrF molecules are produced using a cryogenic buffer gas
beam source [40, 41] and slowed with a “white light”
scheme employing lasers Log, L19 and Lo [42]. Here,
L, denotes a laser tuned to the X 2%+ [v, NP =17) —
AL o |/, J’P" = 1/2%) transition, where v is the vi-
brational quantum number, N is the angular momen-
tum excluding spin, J = N + S (where S = 1/2 is the
electron spin), P is the parity, and prime indicates the
excited state. Except when the L,, notation is used,
v = v = 0 for all states relevant in this work. Slow
molecules are captured in the RF MOT [16]. RF side-
bands are added to each of the MOT lasers to address
the resolved spin-rotation/hyperfine (SR/HF) structure
in the SrF ground state. We use the most abundant
isotopologue 33Sr'9F, with nuclear spin 0 for 88Sr and
I = 1/2 for 9F. Molecular laser cooling uses type-II cy-
cling transitions (F — F’ = F or F—1, where F = J+1T



is the total angular momentum) [15], where there exist
ground-state sublevels not optically coupled to the ex-
cited state (i.e., dark states) for any fixed laser polariza-
tion [43, 44]. The RF MOT destabilizes these dark states
by rapidly and synchronously reversing the trapping laser
polarizations and the MOT B-field gradient [45]. More
details on the RF MOT and the level structure of SrF
are given in the Supplemental Material [46].

We define the time of the ablation laser pulse that
initiates a molecular beam pulse as ¢ = 0. To load the RF
MOT, we apply the slowing lasers from ¢ = 0-35 ms and
the trapping lasers, at maximum intensity, from ¢ = 0—
67 ms. Captured molecules are cooled and compressed
by simultaneously reducing the trapping laser intensity
from ¢t = 67-117 ms and increasing the amplitude of the
RF B-field gradient by 2x [18]. The laser intensity and
gradient amplitude are then held at their new values for
20 ms. We choose the final trap laser intensity to produce
clouds with maximum density (as opposed to maximum
PSD, as in our previous work [18]). Here, a final intensity
5% of the maximum value produces clouds at 1.1(1) mK,
with density 1.8 greater than when optimized for PSD.

Next, we apply sub-Doppler cooling, using a blue-
detuned molasses similar to that recently demonstrated
for CaF molecules [17]. At ¢t = 137 ms, the RF MOT
B-field gradient and polarization switching are switched
off. The trapping light is extinguished for 0.1 ms as the
trapping laser frequencies are jumped up by +4.2I" from
the trapping values (where I' = 27 x 6.6 MHz is the nat-
ural linewidth); this produces a blue-detuned molasses
with detuning ~+2.8T for each SR/HF level. The trap-
ping light is then restored and applied to the molecules
for 1.8 ms. During the molasses, three orthogonal shim
coils, centered on the trapping region, are switched on to
produce small, tunable B-fields. After the molasses, the
trapping lasers are extinguished, and their frequencies
are returned to the original values used in the RF MOT
for subsequent laser-induced fluorescence (LIF) detection
of the molecular cloud.

To probe properties of the molecular cloud, including
molecule number and temperature, we use standard TOF
fluorescence imaging [18]. We apply all MOT lasers at
their full intensities (but without the RF MOT B-field
gradient) to image the cloud on a CCD camera. In the
case of magnetic trapping, the current in the trapping
coils is fully switched off within 1 ms (see Supplemental
Material [46]), during which time the molecular cloud
expands negligibly, and we probe only after a time of
flight of >3 ms (when eddy currents from the field switch-
off have decayed to a negligible level).

Molasses settings were optimized to produce clouds
with minimum temperature (Fig. 1). We find that opti-
mal 3D sub-Doppler cooling in SrF requires careful con-
trol of the B-field, proper alignment of the MOT laser
beams, and an optimized trapping laser intensity (found
to be ~60 mW/cm?). (All laser intensities reported are
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FIG. 1. Sub-Doppler cooling: (a) Molecular temperature af-
ter molasses vs. molasses laser intensity. The 0 mW /cm?
point indicates the initial cloud temperature. (b) Molecular
temperature after molasses vs. east-west shim coil B-field.
Temperature dependence on north-south and up-down shim
coil B-fields is similar (see Supplemental Material [46]).

averages over the 1/e? area of the laser beams and, for
the trapping lasers, summed over all six beams that form
the arms of the MOT.) Our empirically-determined op-
timum B-field approximately cancels Earth’s field in our
laboratory. The optimized molasses cools molecules to
temperatures as low as Tp,o1 = 50(10) pK, with negligible
loss in number. This temperature is &~ 3x smaller than
the Doppler temperature, Tp = Al'/(2kg) = 160 pK, and
~5x smaller than our previous lowest temperature [18].

To optimize the efficiency of capture in the
MQT, molecules are next optically pumped towards
the |1;3/2;2;m = +2) stretched-state Zeeman sublevel
(where m is the projection of F, and we introduce the
abbreviated state notation |N; J; F'; [m]), where [] means
m is not always specified), by driving transitions on all
SR/HF lines of the [N =1) — |J' =1/2) resonance.
This stretched state provides the maximum magnetic
confinement available in X 2X* |N = 1). (Approximately
the same confinement is also achieved in one other state,
[1;3/2;1;m = +1).) To achieve the OP, a m-polarized
laser beam, with intensity ~16 mW/cm?, and a o™-
polarized laser beam, with intensity ~0.3 mW /cm?, are
applied simultaneously from ¢ = 140-142 ms. The laser
is tuned to the field-free resonance. The shim coil cur-
rents are rapidly set to provide a ~6 G quantizing field,
maintained until 1 ms after trap switch-on.

At t = 142 ms, the OP light is switched off, and the
MQT is rapidly switched on in 250 us, to an axial (ver-
tical) gradient of 32 G/cm. This is above the levitation
gradient for |1;3/2;2;m = +2) of 19 G/cm. The gradi-
ent can then be increased to a value as large as 140 G/cm
over the next 100 ms to spatially compress the trapped
cloud. The 3.6 mH inductance of our MQT coils makes
rapid changes in current technically challenging. We use
driving circuitry based on the designs in Ref. [47] (see
the Supplemental Material [46]).

Despite the OP, substantial population remains in
undesired sublevels at the time the trap is switched



on. The switch-on gradient is sufficient to levitate
and confine only the two most strongly-trapped states,
[1;3/2;2;m = +2) and |1;3/2;1;m = +1). However, if
the gradient increases sufficiently rapidly during com-
pression, some molecules in the other trappable states,
including |1;3/2;2;m = +1) and |1;3/2;1;m = 0), will
be trapped. We find it useful to analyze state popula-
tions in the MQT under two conditions: first, with the
MQT maintained approximately at its switch-on gradient
for the duration of trapping, so that only molecules in the
two most strongly-trapped states are retained (referred
to as the low-gradient case); and second, with the MQT
gradient increased as rapidly as possible to its maximum
value (referred to as the compressed case). In the low-
gradient case, we load nMow = 51(6)% of the molecules
in the MOT into the MQT. In the compressed case,
Neom = 80(4)%, 1.6x larger. This indicates that, even
with OP applied, (com — Mow)/Mecom =2 36% of molecules
remain in relatively weakly-trapped states in the com-
pressed MQT. We also note, in passing, the importance
of using both pre-cooling and OP to realize efficient trans-
fer into the MQT: when only the optical molasses is ap-
plied, Neom =~ 40%, while when neither molasses nor OP
is applied, Neom ~20%.

To further probe the |F,m) state distribution within
the MQT, we use microwave spectroscopy. In particular,
we monitor trap loss while driving transitions between
various SR/HF levels of the N = 1 and N = 0 states,
at ~15 GHz. This spectroscopy is performed for both
the low-gradient and compressed cases (Fig. 2). A single
microwave frequency (with intensity ~0.3 mW /cm? and
broadened with uniform noise to 5 MHz or 10 MHz in the
low-gradient or compressed case, respectively) is applied
for 200 ms, starting 100 ms after the trap is switched
on. The trap is then switched off, and the number of
remaining |N = 1) molecules is measured as a function
of microwave frequency.

Loss of signal from molecules in the target
[1;3/2;2;m = 42) sublevel occurs when these molecules
are driven to the |0;1/2;1;m = +1) sublevel. Since
both these sublevels have the same magnetic moment,
all trapped molecules in the target sublevel are reso-
nant for the same frequency, 15.01 GHz, regardless of
their energy in the Boltzmann distribution. This reso-
nance produces a sharp, central loss feature in our data.
(Molecules in [0;1/2;1;m = +1) remain trapped, but are
not detected; moreover, molecules driven to this level
can be re-excited to the untrapped |1;3/2;2;m = 0) level
when they approach the field zero at the trap center.)
Smaller features on either side of the central peak are
associated with population in other sublevels. In the
low-gradient case, the sum of the peak losses from the
only two trapped states is consistent with 100%, indi-
cating that microwaves can entirely deplete population
in each trapped state under these conditions. Hence,
the depth of the central loss feature indicates that a
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FIG. 2. (color online) Molecular state distribution in the

MQT: (a) Microwave spectroscopy in the compressed (red cir-
cles) and low-gradient (black squares) MQT shows trap loss
at frequencies corresponding to the |1;3/2;1) and |1;3/2;2)
states. In the low-gradient case, the depth of the central
loss feature indicates that ~ 75% of trapped molecules are
in |1;3/2;2;m = 42). Dashed (dotted) lines mark the field-
free frequencies of microwave transitions to |0;1/2;1) (to
|0;1/2;0)), as illustrated in plot (b). Error bars show the stan-
dard error of multiple measurements. Lines between points
are a guide to the eye. (b) Breit-Rabi diagram for X%
IN=1;J=1/2,3/2) and |[N =0,J = 1/2). Vertical arrows
mark the six available microwave transitions, aligned below
the relevant frequencies in plot (a). Red shaded regions show
the energy spread for molecules in each trapped state, for a
Boltzmann distribution at 260 pK.

fraction frm—2 = 74(2)% of molecules are in the tar-
get sublevel, with the balance in [1;3/2;1;m = +1), for
the low-gradient case. In the compressed case, the de-
creased depth of the central loss feature likely reflects
molecules populating additional trappable states such as
[1;3/2;2;m = +1) or |1;3/2;1;m =0). (We detect no
clear evidence of molecules trapped in |1;1/2;0,1) in the
compressed case.)

From these measurements, we conclude that in the low-
gradient case, Nj7=? = Niow * fm=2 = 38(5)% of molecules
present in the RF MOT are loaded into the target



|1;3/2;2;m = +2) sublevel and magnetically trapped.
This loading efficiency is comparable to efficiencies re-
alized in experiments using ultracold atomic gases with
closely-spaced transitions [48], as is the case for SrF
where the splitting between |1;3/2;1) and |1;3/2;2) is
only ~61". The data also indicate that trapped molecules
in the undesired |1;3/2;1;m = +1) state can be selec-
tively and completely depleted, achieving a pure sample
in the low-gradient case.

Next we discuss the temperature of molecules in the
MQT, Twmqr. We first consider only molecules in the
most strongly-trapped states. In the low-gradient case,
only slight heating (to Tmqr ~ 90 uK) is expected based
on an analytic expression for the energy imparted by the
switch-on of the MQT [49]; we confirm this expectation
in numerical simulations including the effect of gravity.
We measure a temperature Tyiqr ~ 80 pK for this low-
gradient case, in good agreement with the expected value.

For adiabatic compression in an MQT, Tyiqr o« G?/3,
where G is the final gradient [50]. Under our conditions,
the gradient increases by ~4x during compression, corre-
sponding to a ~2.5x increase in Tiiqr. Hence, consider-
ing only the most strongly-trapped molecules, we expect
Twmqr ~ 230 uK after compression. For a more realis-
tic estimate, we perform a numerical simulation for an
ensemble with 36% of molecules in states with half the
magnetic moment of the strongly-trapped states. Ap-
plying our standard analysis to clouds from this simula-
tion yields the apparent value Tyqr ~ 300 uK. In the
compressed MQT, we measure Taqr ~ 260 pK, in fair
agreement with expectations from both these approaches.
While the adiabaticity criterion is not well-satisfied early
in our compression sequence (see Supplemental Material
[46]), we see no clear evidence of heating in our simula-
tions when comparing our compression ramp to a slower
ramp.

In this work, no attempt has been made to maxi-
mize the number of molecules captured in the RF MOT.
We typically observe Nl{}fg% ~ 600-800 molecules in a
single quantum state in the low-gradient MQT. In the
compressed MQT, we measure a peak density nal ~
7 x 10* em™? for molecules in all states and infer a
single-state peak density nJ=2 = ndl - n"=2/neom ~
3 x 10* cm™? (see Supplemental Material [46]). How-
ever, based on the loading efficiencies achieved here and
the maximum number of molecules previously observed
in our RF MOT, Nas. ~ 10* [18], we expect that op-
timization could allow capture of ~4 x 10 molecules in
a single quantum state, with density ~ 2 x 10°> cm™3, in
the MQT (see Supplemental Material [46]).

The MQT lifetime, mvqr, is measured by detecting
LIF from the imaged cloud as a function of trap dura-
tion. Initial measurements in the compressed MQT gave
m™qT ~ 400-500 ms, comparable to the maximum life-
time in our RF MOT [16]. This suggested that the loss
was dominated by collisions with background gas for both
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FIG. 3. Lifetime of molecules in the compressed MQT. Inset:
MOT LIF signal vs. in-vacuum shutter open duration, At.
Setting At > 17 ms (dashed line) yields optimal loading of
the MOT. Main plot: with At = 17 ms, we measure TvqQT =
1.21(9) s. Error bars show the standard error of multiple
measurements; line is an exponential fit.

the MQT and the MOT.

To increase the MQT lifetime, an in-vacuum shutter
was added to the molecular beam line, to reduce the he-
lium gas load from the cryogenic source (Fig. 3). This
shutter, located 1.2 m upstream from the RF MOT, is
open from ¢t = 0 to At. With At = 17 ms, we measure an
increased lifetime myqr = 1.21(9) s while leaving Nyvigr
unchanged. With the experiment repetition rates used
here (0.3-1.4 Hz), this shutter duty cycle reduces the he-
lium background pressure by ~5x, down to a level sim-
ilar to the total pressure of all other background gases.

At present, the in-trap molecule density is far too low
to detect inelastic molecule-molecule collisions, while the
trap depth is large compared to the temperature for all
relevant conditions. Therefore, Mgt is expected to be
independent of the B-field gradient. To confirm this, we
also measure the lifetime in the low-gradient case and
find mvqr = 1.3(2) s. This is, as expected, negligibly
different from myiqr in the compressed trap.

In summary, we have demonstrated efficient trans-
fer of ultracold molecules from an RF MOT into an
MQT. Our scheme is similar to those employed in ex-
periments using ultracold atoms and achieves a transfer
efficiency of ~40% into a single quantum state. Improve-
ments to the apparatus are expected to allow compres-
sion of a pure sample, by applying microwaves to deplete
molecules in |1;3/2;1;m = +1) and delaying compres-
sion until untrapped molecules have escaped the trap-
ping region. Given typical anticipated cross-sections for
Rb-SrF collisions at the observed temperature [28, 29],
co-loading Rb atoms at peak density ngrp ~ 10'° cm™3
(as typically achieved [37, 51]) would allow several SrF-
Rb collisions within our observed trap lifetime [21]. This
would in turn enable experimental exploration of sym-
pathetic cooling of molecules by co-trapped, ultracold
atoms. In the longer term, the increasingly high PSD
accessible in conservatively trapped samples of polar



molecules holds enormous promise for future generations
of precision measurement experiments [5, 52, 53].
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