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We report optical trapping of a polyatomic molecule, calcium monohydroxide (CaOH). CaOH molecules
from a magneto-optical trap are sub-Doppler laser cooled to 20(3) uK in free space and loaded into an optical
dipole trap. We attain an in-trap molecule number density of 3(1) x 10° cm™> at a temperature of 57(8) uK.
Trapped CaOH molecules are optically pumped into an excited vibrational bending mode, whose /-type par-
ity doublet structure is a potential resource for a wide range of proposed quantum science applications with
polyatomic molecules. We measure the spontaneous, radiative lifetime of this bending mode state to be ~0.7 s.

Ultracold molecules are a promising platform for pursu-
ing a large and diverse set of applications in quantum sci-
ence [1]. Recent experimental progress has led to ultracold
samples of a broad range of heteronuclear diatomic species,
produced via either direct laser cooling [2-5] or assembly
of ultracold atoms [6—12]. These experiments have enabled
new advances in physics such as the realization of degener-
ate gases of polar molecules [13, 14] and novel studies of
ultracold collisions [15-20]. Polyatomic molecules, as com-
pared with diatomic molecules, have qualitatively richer in-
ternal level structures, which are expected to open up access
to new, unique possibilities. Most prominently, polyatomic
molecules generically possess low-lying, closely spaced lev-
els with opposite parity. These parity doublets allow poly-
atomic molecules to be fully polarized at small electric fields,
typically ~1—100 V/cm, resulting in long-lived quantum
states with permanent electric dipole moments aligned in the
lab frame [21-23]. These states are accompanied by states
with zero lab-frame dipole moments. Such manifolds of states
have been proposed for novel quantum simulation and com-
putation platforms that have minimal field requirements and
easily switchable interactions [22, 24-27], and for improved
precision measurements of fundamental physics [21, 28, 29].
Ultracold polyatomic molecules would also facilitate new ap-
plications in beyond-standard-model searches [30], quantum
chemistry [31-34], and ultracold collisions [35].

While offering new scientific capabilities, the internal com-
plexity of polyatomic molecules also presents challenges to
trapping and cooling. To date, only two species of polyatomic
molecules, formaldehyde (H,CO) and calcium monohydrox-
ide (CaOH), have been trapped and cooled below 1 mK, using
optoelectrical cooling in an electric trap and direct laser cool-
ing in a magneto-optical trap (MOT), respectively [36, 37].
Unlocking the many capabilities of polyatomic molecules will
require techniques to reach even lower temperatures, as well
as ways to attain long coherence times and high-fidelity quan-
tum state control and readout. Optical trapping in particular
has emerged as an important tool in ultracold physics for sat-
isfying these criteria, as demonstrated by recent advances in
quantum simulation and computation with neutral atoms [38—

42] and trapping of individual diatomic molecules in optical
tweezers [43—46]. Developing methods to optically trap poly-
atomic molecules is highly desired in order to realize their full
scientific and technological potential.

In this Letter, we report optical trapping of a polyatomic
molecule, CaOH. Using a combination of two sub-Doppler
laser cooling schemes, CaOH molecules are cooled to a tem-
perature of 20(3) uK in free space and loaded into an opti-
cal dipole trap (ODT). Efficient state transfer of the trapped
CaOH molecules to the XX (010)(N” = 17) [47] vibra-
tional bending mode is accomplished via optical pumping.
This state possesses an “/-type” parity doublet structure due
to its near-degenerate vibrational angular momentum (¢) lev-
els [48]. Ab initio calculations for the spontaneous, radiative
lifetime of the X2 (010)(N” = 17) state, Traq, are performed
and agree well with our experimentally measured value of
Trad = 0.727037 5.

Our experiment starts with optical radiative slowing and
magneto-optical trapping of CaOH molecules from a cryo-
genic buffer gas beam [55]. Photon cycling is realized
by driving the X?L*(000)(N” = 1) — A2H1/2(000)(J’ =
1/2) electronic transition while optically repumping vibra-
tional branching decay to eleven rovibrational states back
to the cycling transition [37, 56, 57]. A detailed descrip-
tion of the apparatus and the repumping scheme is provided
in Ref. [37]. In that previous work, we demonstrated sub-
Doppler cooling of CaOH molecules to a temperature of
~110 uK. Here, we cool to lower temperatures by imple-
menting two sub-Doppler cooling schemes in combination, A-
cooling [5, 58] and single frequency (SF) cooling [3]. These
cooling schemes have recently been used to cool diatomic
molecules to 5 K [3] and rely on creating zero-velocity dark
states to achieve velocity-selective coherent population trap-
ping (VSCPT). In A-cooling, counter-propagating lasers cou-
ple two ground states to a single excited state; a zero-velocity
dark state occurs when the lasers are tuned to two-photon res-
onance [59]. In SF cooling, the zero-velocity dark states are
created in the presence of a single frequency component of
light that is blue-detuned from relevant ground state levels [3].

Our A-cooling and SF cooling implementations for CaOH
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Figure 1. A-cooling and single frequency (SF) cooling of CaOH. (a) CaOH level structure and the two frequency components used for A-
cooling (dark (I) and light blue (IT) arrows), with a two-photon detuning of 8 and single photon detuning of Agp. For SF cooling, only the bluer
component (I) is present. (b) A-cooling temperature as a function of § and intensity per cooling beam, Isp. (c) Temperature of SF cooling as a
function of Agp at Isp = 64 mW/cm?. Error bars include 16 errors from the temperature fitting and systematic effects from imaging [49].

molecules are both based on creating a blue-detuned optical
molasses that addresses the same X>X+ — ATI, /2 transition
as the MOT. This is a “type-II” transition (i.e., J” > J), which
exhibits strong sub-Doppler cooling (heating) at blue (red)
detuning due to polarization gradient forces that arise from
the existence of dark states in the ground state manifold [60—
63]. The experimental sequence for applying the molasses
is as follows. Starting with CaOH molecules loaded into the
MQOT as described in Ref. [37], the molecular cloud is com-
pressed to about half its size by ramping the MOT gradient
over 5 ms, from 8.3 G/cm (its value during MOT loading)
to 23.6 G/cm. The MOT laser beams, MOT coils, and MOT
light polarization switching (which is used to remix magnetic
dark states) are then turned off in a time period of 130 us.
The two frequency components of the MOT beams—which
separately address the spin-rotation components X252t (N =
1,J” = 1/2) and X?2*(N" = 1,J" = 3/2)—are simultane-
ously tuned to the blue of the optical transition. The laser
beams are then quickly turned back on to form the “blue-
detuned molasses.”

The blue-detuned molasses is configured for A-cooling by
coupling two hyperfine levels in the X2E* (N” = 1) manifold
to the A2IT, /2(J" = 1/2) excited state. To achieve this, the
two frequency components of the molasses are tuned to nom-
inally address the X2X*(J” = 3/2,F" =2) and X?2*(J" =
1/2) levels (Fig. 1(a)), with polarizations 6~ and o™, respec-
tively. (Hyperfine levels in the X?L* (J” = 1/2) state are un-
resolved in our experiment [64].) Both frequency compo-
nents are blue-detuned by a common detuning Agp, while
the component addressing X2Z+(J” = 3/2,F" = 2) is fur-
ther detuned by 9, the two-photon detuning. We set Agp =
12 MHz, informed by our previous sub-Doppler cooling re-
sults in Ref. [37]. The peak cooling intensity, Isp, is di-
vided between the two frequency components, whose inten-
sities are Isp /3 for X221 (J"” = 3/2,F" = 2) and 2Isp/3 for
X225t (I =1)2).

We investigate the dependence of A-cooling on both § and

Isp, using ballistic expansion of the cooled molecules to mea-
sure their temperature after 1 ms of A-cooling (Fig. 1(b)) [49].
This cooling duration was chosen to be many times longer
than the characteristic time of the cooling. The lowest mea-
sured temperature, Thin = 34(3) uK, occurs at § ~ 0 MHz and
at the lowest cooling intensity used, Isp = 32 mW/cm?. A sec-
ond, slightly higher local temperature minimum is observed
at & ~ 1.5 MHz, which corresponds to the two-photon reso-
nance for the A-system consisting of X2Z+(J” =3/2,F" =1)
and X2Z+(J” = 1/2). At higher intensities, the temperature is
minimized at increasingly negative 8. We attribute this behav-
ior to ac Stark shifts of the A-coupled hyperfine levels due to
the cooling light: for higher intensities, the levels move fur-
ther apart, and smaller 9 is required to satisfy the two-photon
resonance condition.

SF cooling is implemented similarly to A-cooling, except
that the frequency component used to address the X2+ (J” =
3/2,F" =2) state is removed. We find that the capture veloc-
ity of SF cooling is too low to cool molecules directly from the
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Figure 2. Number of CaOH molecules loaded into the optical dipole
trap versus duration of ODT loading with SF cooling on. The solid
curve is a fit to a rate equation with constant loading and loss rates.
The loss rate is consistent with loss to vibrational dark states during
SF cooling. Error bars are smaller than the data points.
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Figure 3. Populating the X2zt (010)(N" = 1) vibrational bending mode. (a) The optical pumping scheme. The bending mode repumping laser
is turned off while all other cycling and repumping lasers remain on. Vibrational repumping lasers for other states are shown schematically by
the “repumping” arrow connecting back to (000). Vibrational branching ratios are labeled for each decay channel. The main cooling laser is
blue-detuned by a frequency Agp to perform SF cooling of the molecules during population transfer. For more details on the optical cycling
lasers used, see Ref. [37]. Inset: repumping transition driven to optically detect molecules in the bending mode. (b) Transfer into the bending
mode versus optical pumping time. The solid curve is an exponential fit with a time constant of T = 23.4(2.2) ms.

MOT temperature of ~0.8 mK. We therefore start by cooling
the molecular cloud with A-cooling, then apply SF cooling.
For this sequence of cooling, A-cooling with parameters of
Asp = 10 MHz, 6 = 0.25 MHz, and Isp = 32 mW/cm? is ap-
plied for 2 ms, which cools the molecular cloud to T ~ 50 uK.
The molasses is next reconfigured for SF cooling in a period
of 1 ms, during which time the molasses light is turned off. SF
cooling is then applied for 5 ms, resulting in a minimum tem-
perature of Tiin = 20(3) uK, realized when Isp = 64 mW/cm?
and Asp 2 70 MHz (Fig. 1(c)). The cooling efficiency is in-
sensitive to detuning above some threshold (Asp ~ 70 MHz),
as has also been observed in SF cooling of CaF molecules [3].

CaOH molecules are loaded into the ODT using the blue-
detuned molasses. The trapping potential is formed by a 1064
nm Gaussian laser beam with a power of 13.3 W and waist
of ~25 um. Ab initio calculations of the polarizability of the
X2xt state predict a trap depth of ~600 uK, which agrees
well with the trap depth we measure using radial trap frequen-
cies [49]. The experimental sequence is as follows. After
switching off the MOT, the ODT is turned on and a 1 ms pulse
of A-cooling (Asp = 12 MHz, § = 0 MHz, Isp = 64 mW/cm?)
is used to cool the molecules to below the capture velocity of
SF cooling. The molasses is then reconfigured for SF cool-
ing (Asp = 74 MHz, Isp = 64 mW/cmz) to cool and load the
molecules into the ODT. After loading the ODT, the molasses
is turned off for 50 ms to allow untrapped molecules to escape
the field of view of the EMCCD camera used to image the
molecules. Trapped molecules are then imaged by turning SF
cooling on again for 100 ms and collecting fluorescence de-
cays from the B2 state [37]. We find that a maximum num-
ber of 260(80) molecules are trapped in the ODT by loading
with SF cooling for ~80 ms (Fig. 2). Longer loading times de-
crease the number of loaded molecules due to loss to rovibra-
tional dark states during SF cooling. An in-trap temperature
of T =57(8) uK is determined by varying the ODT depth and

observing the number of surviving molecules [49]. We calcu-
late a peak molecule number density of 3(1) x 10° cm~3 and
a phase-space density of 9(5) x 10~% in the ODT [65].

To study the X2£*(010)(N” = 1) vibrational bending
mode, we optically pump molecules into this state by sim-
ply turning off the corresponding repumping laser (Fig. 3(a)).
To quantify the transfer, we first load the ODT and image
the trapped molecules with 50 ms of SF cooling, as de-
scribed above. This first image serves as a normalization
signal to account for shot-to-shot variations in the number
of molecules loaded into the ODT. The molecules are then
SF cooled for a variable time with the X2X*(010)(N” = 17)
repumping laser turned off. The vibrational branching ra-
tio (VBR) from the optical cycle into this state iS Vpepng =
8.2 x 10~*, while the VBR into dark rovibrational states is
Vdark & 8.5 X 1073 [37]. We therefore expect the fraction of
molecules pumped into the vibrational bending mode to be
at most Vhend/ (Vbend + Vdark) =~ 91%. The timescale for op-
tical pumping, Thend, corresponds to 1/vpend = 1200 photons
scattered at the SF cooling scattering rate, Rsp. At the mea-
sured scattering rate of Rsp = 45 x 10° s~! [49], this results
in a calculated optical pumping timescale of ~26 ms. Af-
ter optical pumping, the surviving ground-state molecules are
imaged with the bending mode repumping laser turned off
(Fig. 3(b)). We observe Tpeng = 23.4(2.2) ms, which is con-
sistent with the calculated value. A short repumping pulse on
the X2XF(010)(N” = 17) — B>X¥(000)(N’ = 0) transition is
used to recover molecules from the bending mode (Fig. 3(a),
inset). We observe 80(3)% survival after two-way transfer into
and out of the bending mode, normalized to the number of sur-
viving molecules after an equal hold time in the X2£*(000)
ground state. There is no measurable change to the in-trap
temperature due to the optical pumping, hence the density in
the trap has decreased by at most ~20% after the transfer.

We measure the radiative lifetime of the X2Z+(010) vibra-
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Figure 4. Lifetime of optically trapped CaOH molecules in the
X?X7(000), X?>x7(010), and X2X*(100) vibrational states. Data
points are the fraction of molecules remaining in detectable rovibra-
tional states after holding them in the ODT for a variable time fol-
lowing transfer to the (N” = 17) level of the target vibrational state.
Solid curves are fits to the rate equation model described in the text.

tional bending mode, T;,g. The measurement sequence starts
by optically pumping into the bending mode for 100 ms and
then holding the molecules in the ODT for a variable du-
ration with all cooling and repumping lasers off. The sur-
viving detectable molecules, which include all molecules in
the (N” = 17) level of the bending mode along with all
other repumped vibrational states [37], are then imaged for
50 ms. The surviving fraction, normalized to the number of
molecules imaged before state transfer, is shown as a func-
tion of time in Fig. 4. Similar measurements are made for
the X2X*(000) and X>X*(100) vibrational states. The domi-
nant mechanism for the observed loss for the XL+ (010) and
X22+(100) states is radiative decay to the X2 (000)(N” =
0) and X221 (000)(N” = 2) rotational states, which are unde-
tected (but still trapped). Losses due to blackbody excitation
between rovibrational states and vacuum loss occur at similar
timescales and are the primary cause for the observed loss for
the X 2¥+(000) state. In order to isolate the separate decay
mechanisms, the data for all three states are fit to a rate equa-
tion model (solid curves) incorporating all these effects. The
rate equations capture the evolution of the vibrational popula-
tions over two distinct timescales: (i) initial vibrational ther-
malization due to radiative decay and blackbody excitation,
and (ii) slow losses induced by blackbody excitation and vac-
uum loss. A detailed description of the model is provided
in Ref. [66]. The fitted lifetime of the X>X*(010) state, in-
cluding all losses, is 0.36f8:(1); s (68% confidence interval),
while the radiative lifetime determined from the fit is T;,q =
0.721033 s. The measured lifetime of the X25+(000) state is
0.90f8:%2 s, dominated by the 1.3f83 s timescale for black-
body excitation to X271 (010) and X2£*(100). The lifetime
of X2X*(100) is 0.141003 s, dominated by the 0.1970:93 s
lifetime for spontaneous, radiative decay to X2£+(000). The
fitted vacuum lifetime is 3.0799 s.

We perform ab initio calculations for the radiative lifetime
of the X2Z+(010) state of CaOH and compare with our ex-
perimental measurement. Details on these calculations are

provided in Ref. [66]. In brief, the calculations include an-
harmonic contributions and employ high-level treatments of
electron correlation. The transition dipole moments between
vibrational states of X2 were calculated using an equation-
of-motion coupled-cluster (EOM-CC) [67, 68] dipole moment
surface and vibrational wave functions obtained from discrete
variable representation [57, 69] calculations on an EOM-CC
potential energy surface. The calculated radiative lifetime of
Trad = 0.88 s agrees well with the measured value. The same
computational protocol produced similar and slightly longer
X2¥7(010) spontaneous lifetimes for STOH and YbOH [49],
suggesting that ~1 s coherence times are attainable in several
other molecules with similar vibrational structure to CaOH.

In summary, we have sub-Doppler cooled CaOH molecules
to a temperature of 20(3) pK, loaded them into an ODT,
and transferred them into the long-lived X22+(010) vibra-
tional bending mode. The closely spaced ¢-type parity dou-
blets in the bending mode allow the molecules to be fully
polarized at ~300 V/cm and should enable dipolar interac-
tions [25, 27, 35], including applications that benefit from the
existence of states with zero lab-frame electric dipole mo-
ment alongside strongly interacting states with Debye-level
lab-frame dipolg moments [22]. The spontaneous, radiative
lifetime of the X?£*(010) bending mode is measured to be
Trad =~ 0.7 s. This suggests that experiments with coherence
times near ~1 s are achievable for vibrational bending modes
in molecules of this type, provided that technical sources of
loss are addressed, e.g., by performing experiments in a mild
cryogenic environment to suppress blackbody losses. Life-
times of ~0.4 s are currently attainable without apparatus up-
grades. This also signals the potential of optically trapped
molecules for spectroscopic measurements that would be dif-
ficult in a traditional beam-based apparatus, including their
possible application to blackbody thermometry [70].

Optical trapping of polyatomic molecules opens paths to
new precision measurements, including searches for dark mat-
ter [30] and the electron electric dipole moment [21]. In ad-
dition, the density of trapped CaOH molecules achieved here
is sufficient for loading into optical tweezer arrays [43, 46],
which would enable high-fidelity internal state manipulation
of individual polyatomic molecules, controlled dipolar inter-
actions between molecules in nearby traps, and studies of
few-body interactions between molecules sharing a single
trap [15, 17]. Molecule number densities two to three orders
of magnitude higher could likely be achieved with improved
ODT loading (e.g., using repulsive bottle-shaped traps [71])
and/or smaller trap geometries and would allow new studies
of collisions [35] and ultracold chemistry [33, 34]. Studies of
bulk dipolar gases may also be possible but will require phase-
space densities close to quantum degeneracy [72, 73]. These
phase-space densities might be achievable with evaporative
cooling using microwave shielding, as demonstrated recently
with diatomic molecules [14, 17]. Finally, this work suggests
that optical trapping may be viable for several large classes of
polyatomic molecules for which optical cycling is expected
to be possible [74], ranging from MOR type molecules [75]



(of which several have already been laser cooled in one di-
mension [76-78]) to asymmetric molecules [23], and possi-
bly more complex species [79-82]. Several of these species
(e.g., CaSH and CaOCH3) have closely-spaced parity doublet
states that are expected to have even longer radiative lifetimes
(>10 s) than the X?£7(010) state in CaOH.
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