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We demonstrate loading of SrF molecules into an optical dipole trap (ODT) via in-trap A-
enhanced gray molasses cooling. We find that this cooling can be optimized by a proper choice of
relative ODT and cooling beam polarizations. In this optimized configuration, we observe molecules
with temperatures as low as 14(1) uK in traps with depths up to 570 uK. With optimized parame-
ters, we transfer ~5% of molecules from our radio-frequency magneto-optical trap into the ODT, at
a density of ~2 x 10° cm ™3, a phase space density of ~2 x 1077, and with a trap lifetime of ~1s.

Ultracold molecular gases can be produced by assem-
bly from ultracold atoms [IH5], recently leading to the
first demonstration of a quantum degenerate molecular
gas [6], or by direct cooling and trapping of molecules.
Recent progress on the latter path includes magneto-
optical trapping (MOT) [{HI0], sub-Doppler cooling [IT}
[12], loading into conservative magnetic quadrupole [I3]
[I4] and optical dipole traps (ODTs) [I5] [16], and ob-
servation of ultracold collisions [I7H20]. These improve-
ments bring us closer to realizing the potential utility of
molecules for quantum simulation [21H24], quantum in-
formation [25] [26], and precision measurement [27H29].

These applications require gases with high density and
low entropy, i.e., in or near the quantum degenerate
regime. For directly cooled molecules, this will likely re-
quire collisional cooling [30H33], which requires achieving
densities large enough for rapid collisional rethemaliza-
tion. Increasing the initial phase-space density would
minimize loss of molecules during collisional cooling.

In this Letter, we demonstrate the ability to reduce
the temperature, T', (and thus maximize density, n, and
phase space density, ®) within an ODT of strontium
monofluoride (SrF) by determining optimal polarizations
of both the A-cooling (Fig. b)) and trapping light. We
have produced gases of up to Nopr ~ 160 molecules with
T~14uK, n~2x 10%cm™3, and ® ~2 x 1077 at trap
depth Tp ~ 570 uK.

Our apparatus is illustrated in Fig. a). SrF molecules
from a cryogenic buffer gas beam source [34, [35] are
slowed [36], then captured in an rfMOT [8,B87] (Nasor ~
3500, Thvor ~ 1mK, Gaussian width opor &~ 1 mm).
The rfMOT requires laser frequencies addressing all four
| X230 = 0,N = 1,J, F) hyperfine levels (Fig. b)),
coupling them to the [A%IL; /5,v'=0,N'=0,J' =1/2, F')
state, along with repumpers for the X(v=1,2,3) vibra-
tional states. To use laser power efficiently, a single beam
containing all needed frequencies is cycled through all
three orthogonal axes of the rfMOT, then retro-reflected,
to provide trapping and cooling. To compensate for
power loss along the path, an adjustable telescope is used
to control the convergence of the MOT beams.

Efficiently loading an ODT typically requires T <
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FIG. 1. (a) Experimental schematic. The MOT/A-cooling
laser beams make three passes through the chamber before
they are retroreflected (dashed line indicates the beam di-
rected down below the chamber, then reflected upward). Ad-
ditional waveplates (bottom left, bold labels) control the trap
light polarization (see text). (b) Level diagram for A-cooling,
with hyperfine sublevels |F,J) indicated. (c¢) Trap depth
along ODT propagation axis (z) derived from measurements
of the beam waist using a beam profiler. (d) in-situ image of
optically trapped molecules.

Tp/10 [38]. Ideally, the cooling method should be ef-
fective both inside and outside the trap volume. One
technique demonstrated to reach the required tempera-
ture in similar molecules (CaF and YO) requires coupling
two | X23, N = 1) hyperfine levels to |A2H1/2, J' =1/2),
with overall blue detuning A and relative Raman detun-
ing 0 (Fig. [[b)), to create a A system [12, [15]. This ‘A-
cooling’ approach combines gray molasses [I1] with the
velocity-selective coherent population trapping (VSCPT)
characteristic of A systems [39, 40], and is commonly
used for loading alkali atoms into ODTs [4I]. In CaF,
coupling the |FF=2) and |F =1]) [throughout, 1] (11)



refers to |F =1,J=1/2(3/2))] levels can cool molecules
to T'~10 uK in free space [15].

Although SrF has a very similar level structure to
CaF, we find that coupling these states in SrF does
not result in effective cooling. However, coupling |1 1)
and [1]) (Fig. [[{b)) does lead to T" < 10 uK for A >
2r x 9MHz=1.4T" (where I" = 27 x 6.63 MHz is the nat-
ural linewidth of the X — A transition). A numerical
simulation based on solving the Optical Bloch Equations
(OBEs) also shows that choosing |11) over |2) to couple
with |1]) results in stronger cooling in SrF [42].

In CaF, A-cooling was also shown to be effective within
the ODT [I5]. This is remarkable, since—unlike al-
kali atoms in their |*S;/5) ground state—molecules in a
|22, N =1) state have substantial vector and tensor po-
larizabilities even for far-detuned traps [43], which lead
to differential shifts between the substates of each hy-
perfine manifold that can destabilize the zero-velocity
dark states needed for VSCPT cooling [44]. For exam-
ple, Zeeman shifts of ~ 100kHz (~ 5 uK) can limit sub-
Doppler cooling [Tl 3, 44} [45]. The comparably large
ODT-induced differential AC Stark shifts were proposed
to explain the observed saturation of trapping efficiency
of CaF at Tp =130 uK, since higher T, leads to larger
differential shifts [15].

We use A-cooling here to load SrF into an ODT. Unless
otherwise indicated, A =27 x 22 MHz; § =27 x 1.2 MHz;
the total intensity from all 6 passes of the A laser beam,
I, is 278 mW /cm?; and the ratio of intensities coupling
the hyperfine levels, Ri4 1y, is 2/3.

The ODT, formed by focusing a ~ 50 W single-mode
1064 nm laser beam to a 1/e2-radius of ~40 ym, is turned
on simultaneously with the A-cooling. This laser is com-
bined with one A-cooling beam pass using a dichroic mir-
ror, then passes through a A/4 plate before entering the
chamber. Additional A/2 and \/4 waveplates (lower-left,
Fig.[I[a)) are used to control the trap light polarization.

The trap depth is determined by calculating the AC
Stark shift based on measured [46, [47] and/or calcu-
lated [48, 49] dipole matrix elements between | X?2Y) and
all other states [42]. By measuring the ODT beam profile
along its axis (z), we determine the axial trap depth pro-
file Tp(z) (Fig.[I[c)), which deviates from ideal quadratic
behavior due to astigmatism, and the trap frequencies,
which are wy , » = 2 x (1.7 x 103,1.7 x 10%,9) s~ 1.

After 150 ms, the A-cooling light is shuttered for a time
tsp, (50 ms unless noted), to allow untrapped molecules to
fall from the imaging region. Then, A-cooling is turned
back on for 150 ms, during which the camera is exposed.
Trapped molecules remain cold even as they scatter pho-
tons [I5], allowing for their fluorescence to be imaged in
situ (Fig.[I{d)). This indicates that A-cooling is effective
inside the trap. The peak ODT-induced scalar AC stark
shift for the X state (A state) is -11.9 MHz (4-0.4 MHz).
These combine to redshift the one photon detuning in
the trap center to A¢yqp =27 x 10 MHz, still blue enough

to cool effectively.

Our imaging resolution is insufficient to observe the
molecular cloud width along the short axes of the ODT,
& and § (Fig. [[d). However, the weaker axial confine-
ment makes the cloud density profile along the ODT axis,
n(z) (and associated width, o,,) resolvable by our cam-
era, whose horizontal axis is at 45° to the ODT axis (2).
Then, T can be determined from Th(z) and n(z). We also
measured T through time-of-flight expansion and found
results consistent with, albeit less precise than, those de-
termined from n(z).

We expected that in-trap cooling would be sensitive
to the polarization of the trap laser, due to differen-
tial AC Stark shifts [43] [60H52] in the coupled manifolds
(Fig. f)) We anticipated that the optimum polariza-
tions would be those for which two states, one within
each manifold, experience the same shift (Fig. [2[f)) and
thus form a coherent dark state both inside and outside
the trap. Since there is no other applied field to define
a quantization axis, we expected the cooling to depend
only on the aspect ratio of the ODT light polarization
ellipse [53], and not on its orientation or rotation direc-
tion.

Instead, we found that T can strongly depend on the

rotation direction. To quantify this, we define the ellip-
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mensionless Stokes parameters of the trap light [54]. The
sign of vo pr indicates the electric field vector rotation di-
rection, with yopr > 0 indicating clockwise (when view-
ing along the direction of light propagation); tan(vopr)
is the ratio of minor to major axes of the polarization
ellipse.

We found that the symmetry between positive and neg-
ative yopr is broken by an intensity imbalance between
the counter-propagating A-cooling beams, which have op-
posite circular polarizations. Such an imbalance can arise
easily in our apparatus, where the A-cooling beam co-
(counter)-propagating to the ODT beam is the last (first)
pass of the long, retro-reflected, path (Fig. a)). If the
A-cooling beam is collimated, then, due to losses along
the path, the ratio of intensities of final to first pass, Rjx,
is 0.74. This can be increased (decreased) by making the
beam mildly convergent (divergent).

The effect of this broken symmetry is shown in Fig.
Fig. 2a) shows the results for R;y = 0.74 when the A
beam co-propagating with the ODT is o™ polarized. We
find that o4, and thus 7', is minimized when the ODT
polarization matches the weaker, co-propagating beam
(yopr = +45°). This remains the case when the A po-
larizations are reversed (Fig. [2(b)), where T is optimized
when yopr = —45°. If the intensity imbalance is reduced
(Ria = 0.93, Fig.[(c)), the dependence on yo pr is much
less pronounced (Fig. d)) Ultimately, we find that 7" is
globally minimized when the A beam intensities are de-
liberately imbalanced—in particular, when R;pn = 0.74



(a) R;,=0.74 (b) Rjy=0.74, reverse A-polarization (c) R;,=0.93
o+ O- o- = I o+ o+ o-
A-cooling . {
8 8t ° 8
— 4500(6+)
= e
=4 =4 4 Za
g g > : S
=) =2 3 % = 2
1t 'lln:l'.' N o
0% q 6 Yo 0 24 6 0
z(mm) z(mm)
(d)300 e(@] (©gg ()
=500 I~
250 ¢(b) _ =
s a0 =) —[F=1,J=1/2) =)
2000 7 p % : o 70 = —[F=1,J=3/2) E
£ 150 ﬁl R } §-550 —ACsuw 115 %
= * N ) = - - o 4
0op 4 é—\ﬁ 50 H’ + & &
el [ =
501 e . % -600 12.5(<'t)
30
%%s 3 15 35 0.65 0.8 095 P B @ 4
Yoor(®) Ria obt

FIG. 2. (a)-(c) Trapped molecular cloud profiles for different R;x and yopr (plot legends). (a-b) The trap is optimized when
the ODT polarization matches that of the weaker of the two A beams (lower intensity indicated by red and white stripes) on
its axis (see text). (c) If the imbalance is decreased such that Rra = 0.93 (by making the beam convergent), the dependence on
~vopr is reduced. (d) T, determined from fits to profiles in (a-c), vs. yopr. (€) T vs Ria for yopr = +45°, with A polarization

as in (a).

(f) Trap depth (and associated ODT-induced AC Stark Shift) for each eigenstate of the coupled manifolds vs.

~vopr [A2). Purple circles indicate where a pair of states are degenerate.

and yopr = +45° (Fig. e)) for the A polarizations
in Fig. a). This configuration is used throughout the
rest of this paper. (As expected, we observe no depen-
dence on the trap polarization ellipse orientation angle
S %tan_1 g—i)

To understand this unanticipated behavior, we devel-
oped an OBE solver [55] that can incorporate intensity
imbalanced, retro-reflected beams. We explicitly add the
AC Stark Hamiltonian from the ODT light (including
vector and tensor shifts), while differential AC Stark
shifts from the imbalanced A beams (which can be of
comparable magnitude to those from the ODT laser un-
der our conditions [42]) are included implicitly in the
OBEs. This solver was benchmarked against results from
comparable solvers [55, 56] and experimental observa-
tions, such as rfMOT trap temperature [8] and capture
velocity, A-cooling [15], and single frequency cooling [45].
However, we were unable to reproduce the effects shown
in Fig.[2] The mechanism behind the observed interplay
between ODT polarization and A-beam intensity imbal-
ance thus remains an open question.

We next worked to optimize § and Ry4.1,. We observe
that T is optimized near two-photon resonance (§ = 0),
with a broad minimum extending to 6 > 0 (Fig. [3p).
Similar behavior has been observed in other experi-
ments [I5] 39, 57]. The breadth of this feature is compa-
rable to the in-trap two photon Rabi frequency between
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FIG. 3. Dependence of in-trap temperature, 7', on A cooling
parameters. (a) T vs §, for Ri41y = 2/3. (b) T vs Rir,1y
for 6 =27 x1.2MHz. (c) Examples of n(z)/N, where N' =
J n(2)dz, with (blue, T'=14 pK) and without (red, 7'=20 uK)
fine spatial alignment of A-cooling beams.

the coupled hyperfine manifolds (4 & 27 x 7 MHz [42]),
as expected. We also observe that T is optimized for
Rit.1,~2/3 (Fig B(b)). We note in particular that ‘sin-
gle frequency cooling’ (R1+,1) = 0)—which was shown to
lead to T'< 10 4K in free space for CaF [45]—is ineffec-
tive at cooling SrF in the ODT, though it performed as
well as optimized A-cooling in free space.

For optimal values of 6r and Ri4,;,, we find that
T ~ 20 uK is regularly achievable. However, we have
observed that T is sensitively dependent on the spatial
alignment of the A-cooling beams. By iteratively adjust-
ing the alignment while optimizing for 7', we achieved a
minimum of 7' = 14(1) uK (Fig. [3¢). Because this opti-
mal condition was difficult to maintain, the SrF cloud had
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FIG. 4. (a) Number of molecules in ODT, Nopr, vs trap
depth, Tp, for optimum trap parameters [0 = 27 x 1.2 MHz,
A = 27 x22MHz, Riy,1, = 2/3]. For reference, typically
Nyror ~ 3000. The smooth curve is used to guide the eye.
(b) Fraction of molecules remaining vs time with (red) and
without (blue) A-cooling light. Dashed lines are exponential
fits, with fit lifetime indicated in the legend.

the more typical temperature in the data shown through-
out this paper.

Next, we studied the dependence of number of trapped
molecules, Nopr, on trap depth (Fig. a)). Knowing
this dependence is necessary to optimize the transverse
trap shape for maximum Nppr. For this measurement,
we recapture the molecules in an rfMOT prior to imaging.
This is done by turning on the rfMOT coils and switch-
ing from the A-cooling laser configuration to the rfMOT
configuration. After the ODT is loaded, but prior to re-
capture, we turn off all cooling light for ¢5;, = 140ms to
ensure that untrapped molecules fall out of the rfMOT
capture volume.

We find that Nopr rises monotonically with trap
depth, but appears to saturate for Tp 2 500 uK. This
is strikingly different than was observed in ODT loading
of CaF, where the efficiency peaked at Tp ~ 130 uK [15].
We suspect that this difference relates to the states cho-
sen for A-cooling. Hyperfine induced mixing between
[1]) and |11) modifies the transition strengths from the
|AIL, )9, J' = 1/2, F') hyperfine states to these levels. In
SrF, |171) couples 56x more strongly to |F’=0) than to
|F"=1) [42], so we expect that the A system primarily
couples through the former, thus avoiding complications
that may arise due to the large vector light shift in the
latter [42]. If the |2) and |1 |) states are used, as in
CaF [15], the coupling must be through |F’ =1). The
larger number of sublevels, all of which experience differ-
ential shifts, in the latter scheme may also limit A-cooling
in deeper ODTs.

Another critical trap quantity is the lifetime 7o pr. To
study collisions, it is necessary to have 75 })T < fn,
where 3 is the collisional rate coefficient. We measure
Topr by shuttering the A-cooling light for a variable time
before re-opening the shutter and imaging the remain-
ing molecules. We find 7opr = 910(200) ms (Fig. [4(b)).
Since this is comparable to the lifetime we measure in
a magnetic quadrupole trap with the same background
pressure [I3], we believe the lifetime in both cases is lim-

ited by collisions with background gas.

We also measure the trap lifetime while A-cooling is ap-
plied, 7o. This quantity sets the time over which molecule
loading is effective and over which in-situ imaging can oc-
cur. To measure 7o, we continuously apply the A light
for an additional t. = 650ms after the 150 ms loading
and 50ms release times, and image for 50ms intervals
during ..

We measure 74 = 290(50) ms, similar to what was ob-
served in an ODT of CaF [I5]. There, the losses were
attributed to spatial diffusion out of the trap induced by
light scattering. However, Monte Carlo simulations in-
dicate that this should contribute negligibly to the SrF
loss rate, primarily due to the larger trap depths used
here in addition to the higher mass of SrF. Light-assisted
collisions represent another potential loss mechanism. A-
light assisted loss rate coefficients of 3 > 1079 cm?/s
have been observed in diatomic molecules held in optical
tweezers [19], and thus could limit lifetimes to the few
100 ms level at our typical peak density of 10° cm™3.

For applications where high-fidelity detection is criti-
cal, such as studying molecules trapped in optical tweez-
ers [I7, 9], it is important for the average number of
photons emitted per molecule before loss (7o Ra, where
R, is the scattering rate during A-cooling) to be large.
We measure Ry = 3.1 x 10°s ' by comparing the flu-
orescence collected with that from the MOT recapture,
where the scattering rate is known [8]. Thus, TARx =
9(2) x 10*, ~3 times larger than demonstrated in an
ODT of CaF [I5] despite the similar t5. We attribute
the larger Rj observed here to the smaller in-trap de-
tuning (Aypqp/T" = 1.5 here, compared to Ay, /T = 3.6
in [I5]).

In conclusion, by optimizing the combination of trap
light polarization and intensity imbalance of A-cooling
lasers, we have loaded ~ 5% of SrF molecules from an
rfMOT into a 570 uK deep ODT, at temperatures as low
as 14(1) uK. The large value of Tp /T implies strong com-
pression, yielding density and phase space density higher
than previously reported in bulk gases of directly cooled
molecules, despite starting with 10 times fewer molecules.

We find that several features of loading molecule ODTs
using A-cooling remain poorly understood, such as the
observed interplay between the trap polarization and
cooling light intensity imbalance, and, more generally,
the effect of vector and tensor light shifts. Once these
are better understood, higher trap compression may be
achievable.

We are working to increase both the number of
molecules in our rfMOT and the ODT loading efficiency.
If collisional loss is described by the universal loss rate co-
efficient 8y [58], then, for the compression achieved here,
a factor of 5 increase in Nopr would lead to a colli-
sional timescale 79 = (Bon)~! ~ Topr, allowing for the
first studies of ultracold SrF molecule collisions.
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