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Laser cooling and trapping'?, and magneto-optical trapping methods in particular?, have
enabled groundbreaking advances in science, including Bose-Einstein condensation®?>,
quantum computation with neutral atoms®” and high-precision optical clocks®. Recently,
magneto-optical traps (MOTs) of diatomic molecules have been demonstrated® ™,
providing access to research in quantumsimulation and searches for physics beyond
the standard model**. Compared with diatomic molecules, polyatomic molecules have
distinct rotational and vibrational degrees of freedom that promise a variety of
transformational possibilities. For example, ultracold polyatomic molecules would be
uniquely suited to applications in quantum computation and simulation™ %, ultracold
collisions', quantum chemistry” and beyond-the-standard-model searches®*.
However, the complexity of these molecules has so far precluded the realization of MOTs
for polyatomic species. Here we demonstrate magneto-optical trapping of a polyatomic
molecule, calcium monohydroxide (CaOH). After trapping, the molecules are laser
cooledinablue-detuned optical molasses to atemperature of 110 pK, whichis below the
Doppler cooling limit. The temperatures and densities achieved here make CaOHa
viable candidate for a wide variety of quantum science applications, including quantum
simulationand computation using optical tweezer arrays™”*>* This work also suggests

that laser cooling and magneto-optical trapping of many other polyatomic species

24-27

will be both feasible and practical.

Polyatomic molecules, including calcium monohydroxide (CaOH),
have distinct degrees of freedom that make them powerful tools for
quantum science. For example, the rotation of polyatomic molecules
about theirinternuclear axis generically results innearby levels of oppo-
site parity, leading to fully polarized quantum states with linear Stark
shifts atlow electric field, as well as states with zero first-order electric
field sensitivity”. Such states are predicted to be useful for research
in quantum simulation and computation, ultracold collisions and
beyond-the-standard-model searches™ %, For CaOH, this parity dou-
bletstructureiis obtainedin the low-lying vibrational bending modes'*.
Motivated by the diverse applications of polyatomic molecules at the
frontier of quantum physics and chemistry, several techniques have pre-
viously demonstrated trapping and/or cooling of polyatomic molecules.
Methyl (CH,) radicals have been trapped in a permanent magnetic trap®,
and trapped formaldehyde (H,CO) molecules have been cooled below
1mK by electro-optic Sisyphus cooling?>°. Although polyatomic mol-
eculesincluding strontium monohydroxide (SrOH)*, CaOH®, ytterbium
monohydroxide (YbOH)* and calcium monomethoxide (CaOCH,)** have
allbeenlaser cooled in one dimension, polyatomic molecules have not
previously been trapped and cooled in a magneto-optical trap (MOT).
A MOT relies on dissipative scattering of thousands of photons from
lasers that are tuned into or out of resonance according to the mol-
ecules’ positions and velocities in a quadrupole magnetic field? This
leads to simultaneous trapping and cooling to near the Doppler limit,

in the millikelvin temperature regime or below. The rapid cooling and
compression provided by MOTs is highly desirable for efficiently increas-
ingthe phase-space density of the trapped species, and because of this,
MOTs are the workhorse tool in ultracold atomic physics.

In this work, we extend magneto-optical trapping to a polyatomic
molecule, CaOH. This is accomplished by optical photon cycling of
CaOH sufficient to enable laser slowing, trapping in a MOT and cool-
ing to temperatures near the Doppler limit. To cool to even lower
temperatures, we apply a blue-detuned optical molasses, reaching
temperatures below the Doppler limit. In addition to trapping and
cooling, thiswork demonstrates the photon cycling needed to perform
high-fidelity quantum-state readout in polyatomic molecules. The
realized density and temperature represent a viable starting point
for further laser cooling to lower temperatures®>® and the loading of
CaOH molecules into optical dipole trap arrays***, Applicationto a
wide variety of molecules analogous to CaOH where, for example, the
OHgroupisreplaced by acomplex ligand, has been proposed®%. This
work also suggests that MOTs of such molecules, for example, CaSH
and CaOCH;, are within reach®?,

CaOH laser cooling and MOT loading

Our experiment begins with a cryogenic buffer gas beam*® of CaOH
molecules produced inatwo-stage buffer gas cell cooled toabout 2 K.

'Department of Physics, Harvard University, Cambridge, MA, USA. 2Harvard-MIT Center for Ultracold Atoms, Cambridge, MA, USA. *Present address: Department of Physics, Columbia

University, New York, NY, USA. ®e-mail: vilas@g.harvard.edu

70 | Nature | Vol 606 | 2 June 2022


https://doi.org/10.1038/s41586-022-04620-5
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-022-04620-5&domain=pdf
mailto:vilas@g.harvard.edu

a B Ca-0 stretch b ~ St 4 c .
H 2 e o
E A l_[1/2 —_—— ng -0.04 103 L
H Bend A s B
: Ca-O stretch E o
- : )
AT H Bend 5 |
1/2 :' A s ot g 102 g
: 2 - - a 5
: s 2 2 E 5
: > = = o
gl : g K s 5 £l =
°l:s ) 3 5 51 §
o) :9 & ® _ J=3/2,- =
©f -0 N g, ~+0.67 ° °
: S z P 1
: Xzt S 10° ~ ~ 10
S S S VS 'SY
-1 o S OIS S v & v &§ S &
. Vv 00 clecd N=1 By 1 u=e - LTI ILY
Xezt —At— ceC coC g,~-0.67 S S
Ca-0O «~ Q< ) < N
stretch  Bend  Hybrid

Fig.1|Laser coolingand repumpingscheme.a, The primary cycling
transition forslowingand the MOT isthe X =" & A M,, transitionat 626 nm.
Spontaneous decay from the laser repumping the first Ca-O stretching mode s
at555nmand s used for background-free imaging. Decays to Ca-O stretch,
bend and hybrid vibrational modes in the electronic ground state are
repumped though anumber of excited vibronic states to attain aclosure of
approximately 12,000 photons (Methods). b, CaOH MOT polarization
configuration. The MOT beams addressing theX(N”=1,J”=3/2, p”=~)and

X (N”=1,J"=1/2, p”=-)ground states have opposite polarization due to their

Inbrief,ametal calciumtargetin the cellis ablated, producing calcium
atoms thatreactinthe gas phase with water (H,0), whichisintroduced
throughaheated capillaryinto the cell. CaOH productionviaa Ca-H,0
reactionis enhanced by optically exciting the reactant calcium atoms
to the metastable 4s4p°P, state (Methods)*. CaOH molecules exit the
cell with a peak forward velocity of v;= 140 ms™ and a flux of about
5x10" molecules per steradian per pulse in the N” =1 rotational state
used for laser cooling (where NV is the rotational quantum number in
the electronic ground state).

Asthe CaOH moleculestravel fromthe cell tothe MOT region, which
is 81 cm downstream, they are illuminated with counter-propa
gating white-light slowing lasers**¢, including the ‘main’ 626-nm
AT ()=1/2,p =+) « X I'(N” =1, p” =-) cycling transition (Meth-
ods)*. HereJ’ and p’ are the total angular momentum and parity of the
excited state, respectively, and p”is the parity of the ground state. Given
the recoil velocity of hik/m =1.1x102m s (where h is the reduced
Planck constant, k=21/(626 nm) and m = 57 atomic mass units is the
mass of CaOH), approximately 10,000 photons must be scattered per
molecule toslow the velocity peak of the molecular beamto below the
MOT capture velocity (<10 m s™)*2. Additional ‘repumping’ lasers
copropagate with the main cycling light and repump population that
decays to three Ca-0O stretching vibrational modes, three Ca-O-H
bending modes and three mixed character modes (Fig. 1a)**%, Two
more lasers are added for rotational repumping of vibrational modes
with a parity doublet structure®’. The suite of repumpers allows for
approximately 12,000 photons to be scattered before 1/e = 36.8% of
theinitial molecular population remains, while the restis lost to unad-
dressed vibrational states (Methods)*. As we will describe, this number
isamply sufficient for laser slowing and subsequent cooling and trap-
pinginaMOT.

The main cycling and repumping lasers used for slowing are
frequency-broadened by about 300 MHz so that molecules with
velocities as high as 140 m s™ can be slowed to restin the MOT region.
The counter-propagating slowing light interacts with the CaOH molecu-
lar beam along the full slowing length and is focused from a 1/e? Gauss-
iandiameter of 11.5 mm at the MOT region to a 5.5-mmdiameter at the
buffer gas cell. The focusing provides transverse compression forces
and has been shown to improve slowing efficiency in experiments with
diatomic molecules*®*, The polarization of each slowing laser is rapidly

Vibrational state addressed

oppositeg-factors (or magnetic moments), g,. ¢, The power of each slowing and
repumping laser required to saturate the laser slowing and MOT efficacy (left
axis; black). Theright axis (blue) shows the mean number of photons, before 1/e
loss of molecular population occurs, by adding all preceding repumpinglasers
(from left to right)***5, Lasers are labelled by the vibrational state repumped,
notated as (v,v5v;), where v, v, and v; are the vibrational quantum numbers for
the Ca-Ostretch, Ca-O-Hbend and O-H stretch modes, respectively, and Zis
the projection of the vibrational angular momentum onto the molecular axis.

switched atabout 1.4 MHz between two orthogonal linear polarizations
using a Pockels cell, ensuring remixing of magnetic dark states in the
cycling scheme over the full slowing length*®. The minimum laser pow-
ersrequired to saturate the slowing effect on the molecules, aswell as to
optimize the trapping and cooling efficacy, are plotted in Fig.1c (Meth-
ods). Notably, over half of the frequency-broadened repumpinglasers
requireless than 100 mW, atechnically straightforward requirement.
These powers could be further reduced by using slowing techniques
that do not rely on spectrally broadened lasers.
~2The optical cycle for trappingN(%aOH is formed by addressing the
XT*(N"=1,J"=1/2,p"=-) and X £*(N"=1,J"=3/2,p”=-) compo-
nents (where/”is the total angular momentum) of the electronic ground
state, 52 MHz apart (Fig. 1b). Both components are driven to the
A Ty,(J'=1/2, p’ =+)excited electronic level, and their polarizations
are chosen to preferentially scatter photons from the confining MOT
laser beams (Fig. 1b)*'. Magnetic dark states that occur in these ‘type
II' transitions are remixed by rapidly switching laser polarizations
between o"and o™ with a Pockels cell at 1.0 MHz. Trapping is maintained
by modulating the current through the anti-Helmholtz MOT coils in
phase with the polarization switching™'*32>%%53_Each of the six MOT
beams has a1/e? Gaussian diameter of 10 mm (truncated at a diameter
of 19 mm by in-vacuum baffles), and the laser power in each beam
is equally balanced between the X(N"=1,)" = 3/2,p”=-) and
X(N"=1,J7=1/2, p” =-)components. The axial radio-frequency mag-
netic field gradient has a root-mean-square value of about 8.5G cm™.
The experimental sequence used to load the MOT is as follows. The
slowing lasers are turned on 1 ms after ablation of the calcium target,
and are held at constant power for aduration of 23 ms. During this time,
the MOT beams are held ata power of 33 mW per beam with adetuning
of -2.0l, where I'= 211 x 6.4 MHzis the natural linewidth of the cooling
transition. When the slowing beam is turned off, the intensity in each
MOT laser beamis ramped down to 3 mW over 5 ms, and the detuningis
simultaneously ramped to—0.97". Allrepumping lasers that are used for
slowing (thatis, all except for the main cycling laser at 626 nm) are kept
onforthe full MOT sequence to address vibrational and rotational dark
statesinside the MOT. Thus, the same frequency-broadened repump-
ing lasers are used for repumping molecules during all three tasks of
the experiment: slowing, magneto-optical trapping and sub-Doppler
cooling (see below).
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Fig.2|MOT lifetime versus number of states repumped. CaOH fluorescence
isplotted asafunction of time for an untrapped molecular beam (grey curve),
and for molecules trapped inthe MOT, with select repumpers switched off at
52 ms (vertical dashed line; curvesI-IIl). The configurations achieve 1/e
populationlossafter1,200 photons scattered (5repumpinglasers; 1), 4,600
photons (8 repumpers; I1) and -12,000 photons (11 repumpers; I1I). I-1ll are
normalized to their mean signal from 35 ms to 52 ms. The untrapped beamis
normalized to the average of I-1ll from1 msto 35 ms (during which time fast,
untrapped molecules pass through the MOT region). The dotted lines are
exponential fits, from which we extract MOT lifetimes of 2.60(3) ms, 10.1(2) ms
and 25.7(6) ms for I-11I, respectively. Errors are 1o fit errors. Inset: MOT lifetime
versus power per MOT beam. The dotted lineisaguide to the eye..

Characterization of the MOT

To characterize the MOT, we collect fluorescence phogons en itted at
555 nm resulting from spontaneous emission on the B x* > X X * tran-
sition. In our photon cycling scheme, approximately 1 out of every 18
photons scattered during laser cooling occurs at this wavelength
(Fig. 1a, Methods). This imaging scheme enables background-free
detection owing to the absence of cooling or repumping lasers at
555 nm. AsshowninFig. 2, the MOT manifestsitselfas a persistence of
molecular fluorescence (collected on a photomultiplier tube) at long
times after the slowed molecular beam has fully passed through the
trapping region. The signal is observed to decay exponentially owing
to molecules being lost from optical cycling into higher vibrational
dark states. By selectively removing repumpinglasers during trapping,
the average number of photonscatters during cooling may be varied.
We observe that the MOT lifetime depends linearly on the number of
photonsscattered, as expected. We extract from the lifetime measure-
mentsascattering rate of 4.6(1) x 10°s™ (Methods). By decreasing the
intensity of the MOT laser beams after initial loading, the overall scat-
tering rate canbereduced, extending the MOT lifetime beyond 100 ms
(Fig.2, inset).

Next, we measure the cooling of molecules and the damping of
their motioninthe MOT. The MOT forces may be approximated at low
velocity and displacement as those of a damped harmonic oscillator,
F/m=—Bv - w’r. Here v and r are the velocity and position in the trap,
and fand w are the damping constant and trap frequency, respectively.
To measure these properties, we observe the MOT after anintentional
spatial displacement (Methods). After loading the MOT and ramping
the MOT light to apower of 3 mW per beam, the slowinglaser is turned
onfor1mstodisplace the cloud of CaOH molecules fromits equilibrium
position. After a variable wait time, the molecules are imaged for 1 ms
on an electron-multiplying charge-coupled device (EMCCD) camera
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Fig.3|MOT dynamics and characteristics.a, CaOH cloud positionasa
function of time after asudden displacement, for MOT powers of 1.2 mW
(green; top curve), 3 mW (blue; middle curve) and 11.5 mW (red; bottom curve).
Thefitted MOT parameters are 8 ={310(90), 455(85), 340(100)} s*and

=21 x{37(4),59(4), 50(4)} Hz for the three powers, respectively. b, Geometric
mean temperature, T= T2, T¥2 (middle plot; black) and geometric root mean
square (RMS) width (bottom plot; blue) of the CaOH MOT versus laser power in
eachMOTbeam.Errorbarsarelofiterrorsand are smaller than the plot
markers for most points. CaOH MOT images are shown at top for representative
powers of 0.5 mW, 3.0 mW and 12.9 mW per MOT beam, from left to right. The
MOT isimaged for 10 ms following a15-ms wait time to fully thermalize. The
imagesizeis7 x 7mm. The three intensity axes are different owing to changing
numbers and scattering rates at each MOT power. Normalized to the centre
image, the maximumimageintensity fromleft torightis 0.23,1and 0.38.

and the centre position is extracted (Fig. 3a). We measure a damping
constant 8 =455(85) s™and an oscillation frequency w = 21t x 59(4) Hz.
The observed damping constant and frequency are comparableto those
achieved in MOTSs of diatomic molecules'". Moreover, the character-
istic damping time 8 = 2.2 ms at this intensity is much shorter than
the 1/e MOT lifetime of 25.7(6) ms (Fig. 2), indicating that significant
coolingand compression of the MOT is possible. The dampingis lower
for MOT laser powers both above and below the optimum (Fig. 3a), as
expected™.

The temperature of the molecules in the MOT is measured by
time-of-flight (TOF) expansion. The MOT light is held at fixed power
forabout 15 msfollowing theinitial ramp, and then the MOT lasers and
anti-Helmholtz coils are simultaneously turned off. After a variable
time 7,05, an image of the expanded molecular cloud is taken. The
expanded cloud widths, g, are determined from two-dimensional (2D)
Gaussianfits, and the radial and axial MOT temperatures are extracted
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froma linear fit of 0? versus 12, (Methods). The final MOT temperature
depends strongly on the MOT power (Fig. 3b) owing to sub-Doppler
heating effects®, as have been observed in other type IlMOTs'*, As
the powerislowered, the temperature of the MOT reaches aminimum
measured temperature of 720(40) pK.

Following the 5-msloadingramp and aroughly 15 ms hold at variable
intensity, the diameter of the molecular cloudis determined by imaging
the MOT with a10-ms EMCCD exposure. The diameter is smallest at a
power of 3mW per MOT beam (Fig. 3¢), increasing at both lower and
higherintensities. After about 15 ms of cooling at 3 mW per MOT beam,
we observe approximately 20,000 molecules (Methods) withatemper-
ature of 870(50) pK, a peak number density of 3.0(1.5) x 10° cm™, and
a peak phase-space density of 1.4(7) x 102, These values are all com-
parable to those achieved in the first MOTs of diatomic molecules® 2.
The MOT could be furtherimproved by repumping additional, known,
vibrational loss channels*®,

Sub-Doppler cooling of CAaOH

We sub-Doppler cool the molecular cloud by applying ablue-detuned
optical molasses. As demonstrated previously for diatomic molecules
with thetypell/ > /- 1transitions used here'®**%, the presence of dark
states in the ground manifold leads to polarization gradient forces that
resultinstrongsub-Doppler heating at red detuning and sub-Doppler
cooling at blue detuning®~’. After loading and cooling the MOT,
we perform sub-Doppler cooling by turning off the MOT coils, MOT
lasers and the polarization switching over a period of 130 ps, and simul-
taneously jumping both frequency components of the MOT lasers
to avariable detuning A,. The cooling laser beams are then switched
onfor1msatapower of 30 mW per beam. After this cooling pulse, the
CaOH temperature is measured via TOF expansion, as described above.
The cooling occurs with a characteristic time of 98(15) ps (Fig. 4a)
andascatteringrate of 7.7(4) x 10°s%, corresponding to only 75 photon
scatters for a 1/e decrease in temperature. We find an optimal

detuning of A4, = +13 MHz (Fig. 4b). As the lower-frequency
component of the sub-Doppler cooling light is red-detuned from the
K(j’ =1/2,p'=+) « X(N"= 1,)7=1/2,p”=-) transition, sub-Doppler
heating might be possible as the detuning increases. The minimum
temperature acheived is 110(4) pK, which is comparable to the tem-
peratures achieved in diatomic molecules using a similar cooling
mechanism!%*-3¢,

Conclusion and outlook

We have demonstrated magneto-optical trapping of a polyatomic
molecule, CaOH, and performed sub-Doppler cooling to reach tem-
peratures below the Doppler laser cooling limit. We expect that lower
temperatures may be achieved by using techniques that were used
to sub-Doppler cool diatomic molecules to 10 pK (refs. *). At such
temperatures, loading CaOH molecules into conservative optical
traps, including optical tweezer arrays, will be possible?>***%¢ Such a
platformwould enable the ability to study and engineer interactions
betweenindividual, ultracold CaOH molecules, using nearby opposite
parity states in the vibrational bending mode™"?**, We have dem-
onstrated the ability to rapidly scatter >10* photons in CaOH, which
will greatly aid in achieving the high-fidelity state preparation and
detectionrequired for these quantum simulation and computation
applications®™ "%, as well asbeyond-the-standard-model searches??.
Finally, this work is a proof of principle that managing rovibrational
loss channels in polyatomic molecules for the purpose of laser cooling
isfeasibleinspecies with optically accessible transitions and branching
losses similar to those of CaOH. This is particularly notable as recent
theoretical and experimental work indicates that these criteria are
satisfied not only by linear, triatomic molecules but also by several
classes of molecules of even greater structural complexity. Several
candidate species have already been identified, spanning nonlinear
symmetric top molecules (for example, CaOCH, and SrOCH,)*, asym-
metric top molecules (for example, CaSH and CaNH,)* and complex
organic molecules containing carbon rings (for example, CaOC¢H;
and SrOC4H,F,)?"°°,
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Methods

Photon cycling and rovibrational repumping

The main cycling transition used for CaOH laser cooling is the rota-
tionally closed A(000)T,,(J' =1/2, p’ = +) « X(000)2T*(N" =1, p”— -)
electronic transition at 626 nm. Vibrational levels are labelled aS(U1U2U3)
wherev,, v,andv;are the vibrational quantum numbers for the symmetric
stretch, the Ca-O-H bend and the antisymmetric stretch modes, respec-
tively, and ¢ is the vibrational angular momentum. Vibrational branching
ratios (VBRs) from the excited K(OOO)ZHI/Z( J'=1/2,p’ =+) statewere
determined using dispersed laser-induced fluorescence spectroscopy in
ref. %3, It was found that 10 vibrational levels (including the X(000) state)
have branching ratios above about 5 x 10~ and must be repumped to
cycle about 10* photons before 1/e loss to vibrational dark states occurs.
Owing to parity doubling in bending modes with angular momentum
¢ # 0, both the X(01'0) and X(11'0) vibrational states require rotational
repumping to address the X(N” = 2,]”=3/2,p”=-) levels. Similarly, the
X(0220) and X(12%0) repumping lasers address the A(J' =1/2, p’ = +)
<X(N”=2,J7=3/2, p” = -)rotational branch only*.. All other repumping
lasers drive rotational transitions from X(N” = 1,)7=1/2,p”=-) and
X(N”=1,J”=3/2, p” = -)inthe ground-state manifold.

Thevibrationallevels repumped during CaOH photon cycling and laser
coolingarelistedin Extended Data Table1, along with the excited vibronic
level and laser wavelength used for repumping. The excited states were
chosento maximize the strength (or similarly, the Franck-Condon over-
lap) of each repumping transition, which enables many of the transitions
tobedrivenwithlowintensity relative to the ‘main’ 626-nm cyclinglaser
(Fig. 1c). This is especially important given that frequency-broadened
lasers are used to repump the MOT in the experiment.

To determine the mean number of photons scattered in our optical
cycling scheme (Fig. 1c), we account for vibrational branching from both
the A(OOO)ZI'II/2 state and the B(000)?Z" state, which is driven by the
X(lOO)repumpmglaser andistherefore populated during approximately
1 out of every 18 photon scatters. The VBRs from B(000)?%* were
reported in ref. ®'. The ‘effective’ branching ratios for the CaOH laser
cooling cycle, whichweight the branching ratios from A(000)andB(000)
according to the fraction of photons scattered through each state, are
listedin Extended Data Table 1. The mean number of photons scattered
before 1/e loss of molecular population after repumping N states is
(N> = (1= XY VBR,) where VBR,is the VBR of the ith state addressed.

Because the B(000)state is frequently populated and tends to decay
at 555 nm to X(000), these 555-nm photons may be used for efficient
background-free detection of the CaOH MOT.

CaOH production and buffer gas cooling

CaOHis produced in a copper buffer gas cell cooled to about 2 K by a
circulatingliquid *He pot. The cell length is 44.5 mmand the diameter
is43.2 mm. A calcium metal target is ablated with aroughly 20-mJ, 5-ns
laser pulse at 532 nm. The gas-phase Careacts with H,0 vapour to form
CaOH. The molecule productionis enhanced by about tenfold by intro-
ducing approximately 800 mW of 657-nm light, addressing the
452 1S, > 454 p°P; transitionin atomic Ca, into the cell through a4-mm
aperture on the side of the cell, 6.35 mm from the front aperture*"®%,
The molecules are cooled by collisions with *He buffer gas, introduced
to the cell at a flow rate of 7 standard cubic centimetres per minute.
They exit the cell through a 7-mm-diameter aperture and pass through
a20-mm-long, 25.4-mm-diameter slowing cell with a 9-mm-diameter
front aperture*®®® before travelling to the MOT region 81 cm down-
stream. Thereisa5-mm-diameter, 12.7-mm-thick aperture at the back
of the cell through which the slowing lasers are aligned, minimizing
heat loads on the cell owing to the slowing light.

Radiative laser slowing
A combination of frequency-doubled and frequency-summed fibre
lasers, external cavity diode lasers and continuous-wave dye lasers are

used to generate the light used for laser slowing, MOT and sub-Doppler
cooling. Each laser beam passes through an acousto-optic modulator
(AOM) or an optical shutter to allow rapid switching on and off. The
lasers used for white-light radiative slowing are combined on dichroic
beamsplitters and frequency broadened over about 300 MHz using
high-modulation-index electro-optic modulators with a resonance
frequency of about 4.6 MHz. After accounting for the 52-MHz
spin-rotation splitting between the Y(N”:l,j”:l/z,p”: -) and
X(N”=1,J7=3/2, p” = -) ground states used for optical cycling, this
corresponds to a velocity spread of 140 m s™ addressable by the
white-light broadened lasers. We find that optimal accumulation of
slow molecules (510 ms™) is obtained by detuning the main cycling
laser to resonantly address only velocities above about 55 m s, result-
ingin compression of the velocity distribution at lower velocities*t. All
repumpinglasers are tuned to resonantly address molecules between
approximately —10 m s and 130 m s, although power broadening
enables significant slowing of molecules even outside this velocity
range. Resonant addressing of small negative velocities isimportant
because these same lasers are also used to provide repumping during
MOT and sub-Doppler cooling.

Experimental details of the MOT

The MOT coils consist of two pairs of copper spirals bonded to alu-
minum nitride boards, similar to those in refs. "™ Each spiral consists of
8turns, withaninner diameter of about 23 mm and an outer diameter
ofabout45 mm. The two boards are spaced by 25.4 mm, and eachboard
consists of two spirals separated by 1.6 mm. The axial magnetic field gra-
dient produced by the coilsis4.7 G cm™ A™. They aredriven at 1.0 MHz
with high-power radio-frequency amplifiers and can be switched off
in about 50 ps. The coils are driven with a root-mean-square current
of 1.8 A, corresponding to an axial field gradient of about 8.5 G cm™.
Compensation coils areinstalled toreduce the ambient magnetic field
to<0.1 Galongall three principal axes. This isimportant for optimizing
sub-Doppler cooling™.

The MOT cooling laser light passes through a double-passed AOM,
used to tune the frequency and power of the cooling beams. It then
passes through a Pockels cell, driven with a square wave at 1.0 MHz to
performradio-frequency MOT polarization switching. AnAOM is used
togenerate two frequency components, spaced by 52.1 MHz, thataddress
theX(N"=1,J7=1/2, p”=-)and X(N” =1,J” = 3/2, p” = -)ground states
for laser cooling and magneto-optical trapping. The two frequency
components are combined in an evanescent fibre coupler, three out-
puts of which are used for the MOT beams.

Repumping of vibrational dark states in the MOT is done with the
same repumping laser beams used for slowing, which resonantly
address molecules near zero veloc1t)l/ after bemgwhlte light broadened
(see above). Forces owing to the 83 (000) « X Z*(IOO) repumping
laser at 574 nm (see above) are non-negligible because approximately
5% of all photons scattered during the MOT are absorbed from this
laser. Thisresultsinasignificant forceimbalance in the MOT if repump-
ing of this state is done using only the slowing beam path. Therefore,
resonant light addressing this repumping transition, with 52-MHz
sidebands to excite both components of the photon cycling ground
state, is combined with the vertical MOT beam and retroreflected,
mitigating the forceimbalance. Forces fromall other repumping lasers,
which contribute to only about 0.7% of photon scatters, are negligible.

MOT scattering rate and lifetime
To determine the scattering rate of the MOT, we measure the MOT
lifetime using a photomultiplier tube, as described in the main text.
By removing anumber of repumping lasers inthe MOT, the number of
photonscatters, and therefore the lifetime, can be varied. This serves as
auseful check on systematic errorsin the scattering-rate measurement.
We take lifetime data with several combinations of repumping lasers.
By repumping all states in Extended Data Table 1 up to X(12°0), we
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achieve approximately 1,200 photon scatters before 1/e loss of mole-
culesto vibrational dark states. From the fitted lifetime of 2.60(3) ms,
we extract ascattering rate of 4.62(5) x 10° s ataMOT power of 3 mW
perbeam. Adding repumpinglasers up through X(300)enables approx-
imately 4,600 photon scatters with afitted lifetime of 10.1(2) ms, giv-
ing a scattering rate of 4.55(9) x 10°s". Finally, adding all repumping
lasers enables approximately 12,000 photon scatters with a fitted
lifetime of 25.7(6) ms, giving a scattering rate of 4.67(11) x10°s™. The
excellent agreement between these values suggests that the MOT life-
time is dominated by loss to vibrational dark states, and helps to con-
firm the reliability of the photon number estimates. The scattering
rateis extracted fromalinear fit of the MOT lifetime versus number of
photonsscattered (including several other repumper combinations),
givingavalue of4.6(1) x 10° s™. The scattering rate during sub-Doppler
coolingis extracted using a similar technique.

Number of trapped molecules

The number of molecules loaded into the MOT is estimated from the
photonscattering rate and the magnitude of the collected fluorescence
onthe EMCCD. The collection efficiency of the imaging system, includ-
ing transmission losses through the optics, is 0.15 + 0.05%, determined
from a combination of calibration measurements and estimates of
the numerical aperture. Uncertainties in the quantum efficiency of
the EMCCD are smallin comparison. Numbers are determined froma
10-msimage of the MOT on the EMCCD, following a 5-ms loading ramp
and a10-ms hold time at 3 mW per MOT beam. The scattering rate at
thisintensity (also used during imaging) is4.6(1) x 10°s™, as described
above. Owing to the background-free imaging scheme, only 1 out of
every 18 photons is emitted at the detected wavelength of 555 nm.
Combining these factors, the number of molecules detected on the
EMCCD is 2(1) x 10*. The error is dominated by the uncertainty in the
collection efficiency of the imaging system.

Measurement of MOT oscillations and damping

The oscillation frequency and damping rate of the MOT are measured
by waiting for the position of the CaOH molecular cloud to equilibrate
afterloading, then suddenly pushing the moleculesinthe direction of
the slowing laser with a 1-ms-long pulse of slowing light. After a vari-
able time, we image the cloud using a 1-ms exposure, which is short
compared with the oscillation period, and extract the centre position
using a 2D Gaussian fit. The observed maximum displacementincreases
with decreasing MOT intensity as the MOT forces weaken relative to
the constant pushing force. Nonetheless, we find that the maximum
displacementis <3 mminall cases, implying that both the position, r,
and velocity, v =r, of the moleculesis small enough that the MOT force
may be Taylor expanded about r=v =0 to yield**:

F+Br+w’r=0 (1)

where B is the damping constant, w is the oscillation frequency, and
oneortwo dotsdenote afirst or second-order derivative with respect
to time. We fit the centre position of the CaOH molecular cloud, as a
function of time, to the solution of equation (1) for an underdamped
harmonic oscillator:

r(t) = 1y + ae PP sin(\/(wz— B/4) t—¢) )

wherer,isthe equilibrium position, ais theamplitude and ¢pis a phase.
The results of the fit, for various MOT intensities, are presented in the
main text.

Temperature measurements

Temperatures are determined by waiting about 15 ms for the CaOH
molecular cloud to thermalize after MOT loading, then turning off the
MOT laser beams and magnetic field for a variable expansion time, ;o
The molecules are then imaged by applying resonant light from the
MOT beams for 1 ms, and its radial and axial widths, 0, and o,, are fit
from a 2D Gaussian model. The imaging time was chosen to be short
compared withthe TOF, and it was verified, by comparsion withimages
with evenshorter exposures of 0.5 ms, that theimaged cloud size was
unaffected by the imaging light.

After ballistic expansion during the TOF, the molecular cloud size
alongeachaxisis 02= 03+ kyT T2¢/m, where g, is the initial size and k;
isthe Boltzmann constant. Therefore, the radial and axial temperatures
were determined by linear fits ofof, and 02 versus 12 for each axis.
Thesame procedureis used to extract temperatures after sub-Doppler
cooling.

Data availability
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Extended Data Table 1| Repumping transitions driven for CaOH photon cycling and laser cooling

Ground state |Excited state |Wavelength|“Effective” VBR
X (000) A(000)%I1;/, | 626.4 nm 0.9470(28)
X (100) B(000)2=t | 574.3 nm 0.0465(26)
X (02°0) A(100)2I1;/, | 629.0 nm |2.58(16) x 1073
X (200) A(100)%M, /5 | 650.4 nm |1.71(16) x 10~3
X(0110), N = 1|B(000)2S* | 566.0 nm | 8.2(4) x 10~*
X (0220) A(100)%I1;/, | 630.0 nm | 6.4(1.1) x 10~
X(01%0), N = 2|A(010)x22(-)| 622.9 nm | 3.6(2) x 10~*
X (1200) A(020)pT, /5| 650.8 nm | 2.0(3) x 1074
X (300) B(100)2Tt | 594.3nm | 6.5(8) x 1075
X(11'0), N = 1| A(010)2x™)| 651.1 nm | 6.0(5) x 1075
X (1220) A(020)k°IL; /5| 645.9 nm | 4.9(1.1) x 1075
X(11'0), N = 2|A(010)x22(")| 647.0 nm | 2.5(2) x 1075

<2
‘Ground state’ refers to the vibrational level of the X “* electronic manifold, and ‘excited state’ gives the ted vibronic level to which the repumping transition is driven. The rotational level of
each excited state is A(J' = 1/2, p’ = +). ‘Effective’ VBRs account for repumping through both the A and B st ( see text).
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