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Abstract
Doppler and Sisyphus cooling of 174YbOHare achieved and studied. This polyatomicmolecule has
high sensitivity to physics beyond the StandardModel and represents a new class of species for future
high-precision probes of newT-violating physics. The transverse temperature of the YbOHbeam is
reduced by nearly two orders ofmagnitude to< 600 μKand the phase-space density is increased by a
factor of> 6 via Sisyphus cooling.We develop a full numericalmodel of the laser cooling of YbOH
andfind excellent agreementwith the data.We project that laser cooling andmagneto-optical
trapping of long-lived samples of YbOHmolecules arewithin reach and these will allow a high
sensitivity probe of the electric dipolemoment of the electron. The approach demonstrated here is
easily generalized to other isotopologues of YbOH that have enhanced sensitivity to other symmetry-
violating electromagneticmoments.

1. Introduction

Experimental probes of the electric dipolemoment of the electron (eEDM)provide strong constraints on theories
of particle physics beyond the StandardModel (BSM) [1–6]. Themost stringent limit on an eEDMhasbeen
realized in experiments using a diatomicmolecule, ThO, in a 3Δ1 state, limiting the eEDMto< 1.1×10−29 e cm
[7, 8]. This has placed limits onT-violating newphysics above theTeV scale [5, 6]. Otherwork, usingHfF+with the
same electronic structure, has confirmed theACMEresults at the<1.3×10−28 e cm level [9]. The sensitivity of
these experiments comes inpart from theparticular structure of the angularmomentumstates in thesemolecules.
Specifically, orbital angularmomentumalong the internuclear axis allowsone to fully polarize themolecules in the
lab frame, thereby providing control of the large internal effective electricfield (>10–100 GV cm−1) [10, 11]. For
these twomolecules, this structure and concomitant ease of polarization,which is the result of closely spaced levels
of opposite parity inΩ-doublet states, allows for strong rejectionofmany systematic errors [12]. A future eEDM
search could combine this internal structural featurewithother advances, such as extended coherence times and
larger numbers ofmolecules. Itwas recently proposed [13] that polyatomicmolecules generically allow for eEDM
searches that combine scalability, polarizability, long coherence times, and robustness to systematic errors. In
particular, YbOHwas pointedout as a viable candidate for greatly improved searches of symmetry-violating new
physics.Other heavy polyatomicmolecules, such asRaOH [14] andThOH+ andRaOH+ [15], are also expected to
have enhanced sensitivity toT-violating physics. Polyatomicmolecules are also of interest to other tests of BSM
physics, often due to vibrationalmotionswhich haveno analogs indiatomic species. For example, degenerate
bendingmodes can provide avoided crossingsuseful in probing nuclear spin-dependent parity violation [16],
tunneling [17, 18] and torsional [19–21] transitions provide enhanced sensitivity to drifts in fundamental
constants, and vibronic coupling can yield similar enhancement factors [22].
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eEDM-sensitivemolecules with nonzero angularmomentumprojection along the internuclear axis arising
from electronic orbits, i.e. the highly polarizable 3Δ1 state, have very poor laser cooling properties [13]. No
diatomicmolecule with sensitivity to new physics has been identified that is simultaneously amenable to laser
coolingwhile also providing convenient parity doublets for polarization and systematic error control.
Polyatomicmolecules, on the other hand, generically possess small parity doublets arising fromnuclear orbital
motion. For example, the low-lying bendingmodes of linear triatomicmolecules in 2Σ states posses nearly
degenerate levels of opposite parity that aremetastable. These levels, which are absent in diatomic species, can be
fully polarized and allow internal comagnetometry, features which enable strong systematic error rejection.
Thus, a class ofmolecules has been identifiedwhere a precisionmeasurement with trapped polyatomic
molecules, e.g. 174YbOH, could probeCP-violating BSMphysics at the PeV scale in a near-term experiment
[13, 23, 24]. Trappedmolecules presentmany other practical advantages to future eEDMexperiments. They
offer robust systematic error rejection due to the ability to control externalfields with exquisite precision over
the small trap volumes involved. Furthermore, onemay vary the precession time in order to eliminate systematic
errors associatedwith state preparation.

In order to achieve long coherence times andmanage systematic errors, trapping ofmolecules under weakly
perturbing conditions andwith long lifetimes, e.g. in an optical dipole trap (ODT), will be crucial in the pursuit
of next-generation eEDMmeasurements.Weak traps requiremuch lowermolecule temperatures thanwere
achieved in recent eEDMexperiments, and therefore some formof deeper cooling is necessary. Direct laser
cooling ofmolecules [25–29] has seen rapid growth in recent years; SrF [28, 30–36], CaF [37–42], and YO
[43–45] have all been laser-slowed, cooled, and transferred to long-lived traps. YbF [46]molecules have been
transversely laser-cooled, although not yet cooled in three dimensions. In experimental work begun in 2014, the
polyatomic radical SrOHwas sub-Doppler cooled in one dimension [47], marking a path to cooling ofmuch
heavier andmore complex isoelectronic species, like YbOH. Foundational work [14] found that polyatomic
molecules with heavy nuclei can have highly diagonal vibrational branching ratios, showing for thefirst time that
eEDM-sensitivemolecules could be laser cooled. To date, there has been no experimental demonstration of laser
cooling of a polyatomicmolecule with strongly enhanced sensitivity to the eEDM [48]. This is in part because
heavy polyatomics, like YbOH, are significantlymore challenging than previously cooled species due to their
highmasses, strong perturbations in the electronically excited states, and less favorable Franck–Condon factors.

We report here one-dimensional Doppler and Sisyphus cooling of a beamof 174YbOH from20mK to below
600μK. The particular Sisyphus effect used here, called themagnetically-assisted Sisyphus effect, has been
investigated previously in both atoms [49–51] andmolecules [31, 46, 47]. Consistent with previous work on
atoms and lightermolecular species, we observe that Sisyphus cooling ismore efficient thanDoppler cooling
because themagnitude of the cooling force is set by the depth of the laser field’s light shifts, which can bemade
arbitrarily deep at high intensity [50, 52, 53]. The laser cooling demonstrated here is a crucial proof-of-principle
test for further direct cooling and trapping of YbOHmolecules for a new generation of eEDMexperiments.We
create a theoretical simulation based on the optical Bloch equations and find excellent agreement with our
experimental data.We discuss extensions of our approach to isotopologues of YbOH, including 173YbOH,
which have been proposed for use inmeasurements of the nuclearmagnetic quadrupolemoment [54].

2. Experiment

Figure 1(a) shows a schematic diagramof the experimental apparatus. YbOHmolecules are produced in a
cryogenic buffer-gas beam (CBGB) [55, 56], the essential approach used in allmolecular laser cooling
experiments. A cryogenic cell is held at∼2Kandfilledwith 4He buffer-gas. Hotmethanol gas (∼250K) isflowed
into the cell through a thermally isolated capillary. Laser ablation of Ybmetal, followed by a chemical reaction
between the Yb atoms andmethanol, produces YbOHmolecules that are cooled by theHe buffer gas. YbOH
molecules entrained in theHe buffer gas are then extracted into a beam. A typicalHeflowof 3sccm is used and
themolecules are extracted from the cell through a 16mm×2.4mmslit (vertical×horizontal). A typical YbOH
CBGB contains∼109 YbOHmolecules in the  =N 1 rotational level, asmeasured via absorption spectroscopy.
Themean forward velocity is vf∼90 m s−1 and the transverse velocity spread is ~v̂ 15 m s−1. A 2.7mm
× 3 mmaperture placed 20cmdownstream from the cell collimates themolecular beam to an effective
transverse temperature of ~T̂ 20 mK.

Just after the aperture, themolecules enter a cooling region of variable length up toℓint∼50 mm
(interaction time tint∼500 μs). The cooling region contains light at four different wavelengths. Themain
photon cycling transition is P ¬ S+A X000 0002 2˜ ( ) ˜ ( ) (577 nm) [58, 59]. Significant optical pumping into
higher lying vibrational states occurs. Linear triatomicmolecules possess three vibrationalmodes: the
symmetric stretch, antisymmetric stretch, and doubly degenerate bend.We label the vibrational levels using the
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notation v v v1 2 3( )ℓ , where v1 indicates the number of quanta of excitation in the symmetric stretchingmode, v2
the quanta in the bendingmode, and v3 the quanta in the antisymmetric stretchingmode.ℓ labels the excitation
of nuclear orbital angularmomentum in the bendingmode. In the present work, dominant decays are to the

S+X 100 , 2002˜ ( ) ( ), and (020 0) levels, and vibrational repumping is required to return this population to the
main cooling cycle. The vibrational branching ratios from the A 000˜( ) state will be the focus of a future
publication [58]. Note that vibrational angularmomentum selection rules strongly limit decays to the 01 01( )
bendingmode [60]. Thus, the cooling region also includes light to drive P ¬ S+A X000 1002 2˜ ( ) ˜ ( ) (595nm,
‘first repump’), P ¬ S+A X000 02 02 2 0˜ ( ) ˜ ( ) (599 nm, ‘second repump’), and ¬ S+X17.73 000 2002[ ]( ) ˜ ( )
(600 nm, ‘third repump’)4.

Themagnetically-assisted Sisyphus effect has been described in detail previously [50]. In brief, spatially-
varying light shifts, optical pumping into darkmagnetic sublevels, and remixing by a staticmagnetic field lead to
an effective friction force which can bemuch larger than typical Doppler cooling forces. Due to the angular
momentum structure of the YbOH transitions used here, we expect cooling at blue detuning and heating at red
detuning. To produce the cooling force, themain and first repump laser beams propagate perpendicular to the
molecular beammaking 12 round-trip passes betweenmirrors to create a standingwave. Each beamhas
diameter∼4mm.A variablemagnetic field is present in the cooling region to provide the remixing between
dark and bright states necessary for themagnetically-assisted Sisyphus effect [50, 61]. Thefield is oriented at
45 degrees to the cooling light’s polarization axis to ensure near-optimal remixing. Themagnetic field is typically
∼1.5Gauss, as this leads to a Larmor precession time roughlymatching themolecular transit time between a
node and antinode of the standingwave [46]. In the case ofDoppler cooling (as opposed to the Sisyphus
configuration) the standingwave is purposely destroyed bymisaligning the retro-reflected beams, but the

Figure 1. (a) Schematic of the experimental apparatus (not to scale). A cryogenic beamof YbOH is produced by ablating a Ybmetal
target intomethanol followed by buffer-gas cooling with∼2KHe. The beam is extracted toward a cooling region. Amagneticfield is
applied at an angle to the laser polarization in order to remix dark states and aid in the Sisyphus cooling. Vibrational repumping in a
clean-up region enhances the LIF detection downstream. (b) Spin-rotation (SR) structure typical in the S+X 2˜ manifold (not to scale).
Each laser indicated in (a) has sidebands at the relevant SR splitting imprinted on it. Note the unusual ordering due to the SR constant,
γ, being negative. The hyperfine splittings have beenmeasured previously [57] and are unresolved in optical excitation. (c)Measured
values of γ for low-lying vibrational states in the 174YbOH SX 2˜ state.Measurements of the X 000˜ ( ) [57] and X 100˜ ( ) [58] spin-
rotation constants were previously reported, whilemeasurements for the X 200˜ ( ) and X 02 00˜ ( ) state are reported for thefirst time
here.

4
The [17.73] state is an electronically excited state present in YbOH. It behavesmostly like a P2 1 2 state and, importantly for the laser

cooling scheme, decays predominantly to the S+X 0002˜ ( ) and (100) levels.
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magnetic field is left on to remix any transient dark states. The second and third repump laser beams, of diameter
6mm, enter the cooling region through separatefibers, cover the cooling region, and do not form standing
waves. For bothDoppler and Sisyphus cooling, the light from each laser is split into two frequency components
separated by the spin-rotation (SR) splitting of the  =N 1 state; these address the  =P N 11( ) and

 =Q N 1P
12( ) lines [62] (see figure 1(b)). These transitions are rotationally closed, and have been used in all

previousmolecular laser cooling experiments.
Themain cooling light at 577nm is generated by the second harmonic of a Raman fiber amplifier, while all

repumping and imagingwavelengths are generated by cwdye lasers. Up to 150mWofmain cooling light,
100mWof (100) repumping light, and 50mWof (200) and (0200) repumping light are incident on the
molecules from each direction. The SR structure in the S+X 2˜ state, which arises from interactionwithΩ=1/2
excited electronic states, is unusual because the splitting scales quickly with vibrational level (see figure 1(c)). The
same effect has been observed in YbF and is attributed to competing contributions from the PA 2

1 2
˜ vibrational

states and vibrational levels ofΩ=1/2 excited electronic states arising fromanYb+( f 13) configuration
[57, 63–66]. To address both SR components, we pass each laser beam through an acousto-opticmodulator
(AOM)which adds a frequency sideband at the appropriate rf interval. The proton hyperfine splittings in
174YbOHare unresolved in optical excitation (<3MHz, see figure 1(b)). The splittings are small due to the large
distance between the hydrogen nucleus and the predominantlymetal-centered valence electron [57].

After the cooling region, themolecules travel 40cm in free flight and then encounter clean-up and imaging
regions. In the ‘clean-up’ region only the (200) and (020 0) repumping light is present in order to return any
population in excited vibrational states back to the lowest vibrational levels in preparation for imaging via laser-
induced fluorescence (LIF). In the imaging region, themolecular beam is imagedwith an EMCCDby driving the

¬A X000 000˜( ) ˜ ( ) and ¬A X000 100˜( ) ˜ ( ) transitions and collecting LIF at 577nm. The imaging light contains
10mWofmain line and 40mWof (100) repumping light. The detection light is always resonant and retro-
reflected in order to avoid systematic effects due toDoppler shifts in the imaging light. The imaging system is
calibrated to ensure that themagnification and collection efficiency are roughly uniformover the entire field of
view of 22mm.

3. Results and discussion

A typical set of EMCCD images under Sisyphus conditions, expected to give heating at red detuning and cooling
at blue detuning [50], is shown infigure 2. Figure 2(a) shows a typicalmolecular beam imagewhen the lasers in
the cooling region are all tuned to resonance. At the highest intensities (I/Isat∼70) roughly 40%of the
molecules remain for detection. The loss is attributed to decays to both the X 300˜ ( ) and X 01 01˜ ( ) levels, whose
precise energies are unknown. The branching ratios to both states are known, however, and the loss allows us to
calibrate the number of photons scattered permolecule. Using themeasured branching ratios, 1.0(0.25)×10−3

to the X 300˜ ( ) level and 0.8(3)×10−3 to the X 01 01˜ ( ) level [67], we determine that themolecules scatter an
average of -

+500 75
300 photons. The scattering rate ismeasured independently, via images offluorescence over the

molecules’ path, to beΓsc≈1.5×106 s−1. This is consistent with the estimated number of photons scattered as
determined by loss to dark states.

Figure 2. Images of the YbOHmolecular beamunder Sisyphus conditions at various detunings. The images represent the average over
20 experimental cycles and are plotted on the same color scale. Themolecular beam travels from left to right while the detection laser
beams are in the vertical direction. (a)On-resonance light in the cooling region. (b)Red-detuned light at D = - G1.8 , heating the
molecules away from low velocities. (c)Blue-detuned light atΔ=+1.8Γ, leading to substantial cooling and enhancing the on-axis
density relative to the on-resonance case.
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Infigure 2(b) (andfigure 2(c)), themolecular beam is imaged after passing through a cooling regionwith light
detunedby 1.8Γ to the red (andblue)of resonance. ( t pG = = ´1 2 9 MHz.)AtΔ=−1.8Γ there is a clear
heating feature indicatedby expulsionof population from the central beamaxis. AtΔ=+1.8Γ themolecules are
cooled and collimated,which results in an increase in on-axis density. Integrating across the central regionof these
images results infigure 3(a).Wenote that Sisyphusheating concentrates population at specificnonzero velocities.
This is because Sisyphusheating is operative at reddetuning, but only over a small rangeof velocities. TheDoppler
forces becomedominant beyond the capture velocity of the Sisyphus force, andpopulation accumulates at the
velocity forwhich these forces balance. This allowsus to estimate a value for the capture velocity of the Sisyphus effect
of approximately 1m s−1 at I/Isat∼65.Asdiscussedbelow, this is in good agreementwithour theoreticalmodel.

In order to interpret the integrated imageswefit the transverse beamprofiles to a set ofGaussians. The resonance
conditionmolecular beamprofile (figure 3(a)) isfirstfit to a singleGaussian. In all experimental conditions it is
found that thewidthof the beam is unchanged if light is present in the cooling regionbut tuned to resonance; only
the overall amplitudeof the beamsignal changes in this case.Next, the cooledbeamprofile (figure 3(b)) isfit to the
sumof twoGaussians: onewhosewidth is constrained tomatch the uncooled signal and anotherwhosewidth is
allowed to vary. In thiswaywe capture the fact that not allmolecules in the experiment are below the transverse
capture velocity of the Sisyphus force. The relative areas under the ‘cooled’ and ‘uncooled’portions give ameasure of
the fractionofmoleculeswithin the Sisyphus capture range. Inour data the cooledportionof the beam typically
contains up to60%of themolecules. This is consistentwith the capture velocity estimated above and the expected
velocity distributionproducedby the collimating aperture.Atmaximum intensity, the Sisyphus cooling
configuration reduces the FWHMof the cooledmolecular beam from8.5(5)mmto3.0(4)mm.

Bymisaligning the retro-reflected laser beams by∼2 beamwaists to remove the standingwave condition in the
cooling region,we are also able to exclusively studyDoppler cooling of themolecular beam.Thefittedbeamwidths
as a function of laser detuning are shown infigure 4(a), which are collected at the samemagneticfield (B∼1.5G)
andwith the samenumber of photons scattered (∼500) as for Sisyphus cooling. In contrast to Sisyphus cooling, the
Doppler scan shows cooling at red detuning andheating at blue detuning.TheDoppler cooling andheating are
efficient over a large range of frequencies due to the power broadening at thehigh intensities used in this study. The
overallmagnitude of the cooling andheating forces are significantly smaller in theDoppler configuration than in
the Sisyphus configuration. This is due to the large light shifts present in themolasses, as describedbelow.

In the Sisyphus configuration, we expect the transverse temperature to decrease as the standingwave
intensity is increased, as shown infigure 4(b). The data shows a clear saturation of theminimumbeamwidth at a
size set by the collimating aperture, i.e. themolecules expand negligibly during the 40cmof free flight following
this aperture. In order tofit the images to a transverse temperature, we follow [47] in comparing the beamwidth
after the cooling region to aMonte Carlomodel of ballistic expansion. This yields aminimum temperature of

-
+500 450

100 μK. The temperature has large and asymmetric error bars because the cooled beam is close to the size of
the 3mmcollimating aperture, sofitting the cooled cloud size yields very limited temperature resolution. At this
temperature, the uncertainty of thefit is comparable to the central value, such that we can only place an upper
limit on the temperature.We therefore interpret the extracted temperature as a bound, <T̂ 600 μK. Because
there is no fundamental temperature limit to the Sisyphus cooling near this scale, the actual temperature is likely
much lower; this is discussed inmore detail below, wherewe present the results of calculations using the optical
Bloch equations. Figure 4(c) shows the fraction of themolecular beam that has been cooled. The value increases
with intensity to approximately 60% at I/Isat∼65, and is not yet saturated at the intensities explored in this

Figure 3. (a) Integrated images under Sisyphus cooling conditions.We integrate over the central portion of each EMCCD image and
plot the resulting density distribution in the direction of the cooling light. The relatively flat top of the cooled beam is indicative of
cooling to the collimating aperture’s width. Lines representGaussian fits as described in the text. (b) Simulated spatial distribution in
the imaging region for the same experimental parameters. TheMonte Carlo simulation is described in detail in the text.
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work. Given the spread of velocities in the unperturbedmolecular beam, this value of the cooled fraction is
consistent with the estimated capture velocity of∼1m s−1. From this cooled fraction, we estimate that around
5×104molecules are in the ultracold part of the distribution. Accounting for the loss to dark states and
reduction in transverse temperature, this corresponds to an increase in phase-space density (PSD) in one
dimension5 of a factor of 6.

We have constructed a detailedmodel of the laser cooling forces based on [50, 68, 69]. Because the SR
splittings are all large compared to the detunings in the experiment, wemodel the force on amolecule as the
average of the forces on isolated ¢ = «  =J J1 2 3 2 and ¢ = «  =J J1 2 1 2 subsystems ( = +J N S

  
),

weighted by the number of states.We account for the presence of excited vibrational levels in the X̃ manifold,
following [35], by scaling the saturation intensity to account for themulti-level systems. For each subsystemwe
solve generalized optical Bloch equations to compute the time evolution of the densitymatrix as themolecule is
dragged at constant velocity through a standingwave.Once the densitymatrix has reached a periodic steady
state, we compute the average force and scattering rate as a function of velocity.We repeat this simulation at a
range ofmagnetic fields, detunings, intensities, and polarizations.

Using the theoretically generated force profiles, we simulate the propagation ofmolecules through the
experimental setup including the full three-dimensional structure of themolecular beam and the transverse
profiles of each laser beam, accounting for imperfect laser beamoverlap in the cooling region.We incorporate
randomdecays into dark vibrational states andmomentumdiffusion from spontaneous emission. The intensity,
magnetic field, number of photons scattered, polarization, and detuning are all set to the experimentally
measured parameters. A representative set of simulated beamprofiles is shown infigure 3(b) in comparison to
the experimental data. In order to assess the uncertainty in the simulation, we leave all parameters fixed to the
measured values but vary the assumed laser beamoverlap in the cooling region (themost poorly determined
parameter), effectively scaling the cooling force up or down by a factor of∼2. Error bars associatedwith theory
curves show the spread of predicted values under this variation (see figure 4).

Though the temperature sensitivity of our directmeasurements is limited by the collimating aperturewidth
as described above, we extrapolate to lower temperatures using this theoretical simulation. First, we validate the
model at higher temperatures, where excellent agreement is seen between themeasured and predicted beam
widths and cooled fractions (seefigure 4). At saturation parameters>20where the experimental sensitivity has
fallen off, our simulation predicts the temperature continues to drop aswould be expected intuitively. At the
highest intensity realized in the experiment, themodel predicts temperatures as low as -

+10 5
20 μK,which is below

theDoppler limit (200 μK) and approximately 60 times the recoil limit (150 nK) for YbOH.This temperature is
comparable to those achieved in the recent work on transverse Sisyphus cooling of YbFmolecules [46], where a
similar extrapolationwas required in order to assign the very low transverse temperatures observed. Ourmodel
also allows us to compute a capture velocity for the Sisyphus cooling of vc=0.8(2)m s−1. This is in good
agreementwith the value determined from the data above and also consistent with the observed fraction in the
‘cooled’ part of the distributions. Using theminimumpredicted temperature would yield a PSD increase of a
factor of 40, as compared to themore conservative estimate based on the temperature limit included above.

Figure 4. (a)Comparison ofDoppler and Sisyphus cooling as a function of detuning. Data taken at an intensity of I/Isat∼15. The
magnetically-assisted Sisyphus effect has the opposite detuning dependence andhigher cooling efficiencywhen compared toDoppler
cooling. (b)Dependence of themolecular beamwidth on Sisyphus cooling light intensity, at detuningΔ=1.5Γ. The beamwidth
initially decreases as the cooling intensity is increased, before saturating to awidth set by the collimating aperture. Temperature
resolution is limited to∼600μK in directfits of thewidth. (c) Fraction of the beamwithin the ‘cold’ portion of the beam, as
determined by our two-Gaussian fit. Data taken atΔ=1.5Γ. In all plots, error bars on experimental points come from the spread in
repeatedmeasurements. Shaded regions represent the spread in simulation outputswhen the simulated laser beamoverlap in the
cooling region is varied, as described in themain text.

5
Here, the phase-space density is given by l l ln B x B y B zd , d , d , where n is the number density and l p= h mk T2B i B id , is the de Broglie

wavelength formolecules withmassm and temperatureT. Because the cooling is only in one dimension, PSD scales with the square root of
the temperature rather than asT3/2.

6

New J. Phys. 22 (2020) 022003



4. Conclusion

In summary, we demonstrate Sisyphus andDoppler laser cooling of the polyatomic radical 174YbOH.Under
Sisyphus conditions, the transverse temperature of the YbOHbeam is reduced from∼20 mK to< 600 μKwith
∼500 photons scattered permolecule. Sisyphus cooling is found to be significantlymore efficient (per photon
scattered) thanDoppler cooling, as expected due to the large light shifts induced by the near-resonant standing
waves [47, 50].We compare our results to simulations based on the optical Bloch equations and find agreement
over a range of parameters. Validating thismodel is important as it can be used to guide future experiments to
cool and trap YbOHand othermolecules sensitive to BSMphysics. Due to the expected optical pumping to
unaddressed vibrational states, the on-axis density of the cooledmolecular beam is approximately equal to the
unperturbed beam. The decrease in temperature leads to an increase in the PSD around a factor of 6 under the
very conservative assumption of 600μK for the transverse temperature of the cooled beam.

Our results are a proof-of-principle demonstration toward further laser cooling ofYbOHsamples to
temperatures lowenough for optical trapping. In addition, the transverse coolingdemonstratedhere couldbe
extended to twodimensions, increasing thenumber ofmolecules in anoptical trap. The temperature limits
determinedhere are set by thenumber of photons scatteredpermolecule,which in turn is set by thenumber of
vibrational repump lasers used in the experiment. This couldbe improved in future experiments.Measurements of
the vibrational branching ratios to X 300˜ ( ) and X 01 01˜ ( ) indicate that adding these twoadditional repumping lasers
will increase thenumber of photon scatters permolecule to∼3000before decay to other unaddressed vibrational
levels (withhigher vibrational quantumnumbers)becomes a limiting factor6. Adding twoor threemore repumping
laserswouldbring thisfigure to>10,000photons [70, 71], sufficient to produce amagneto-optical trap ofYbOH.
Additional excited electronic states, such as the SB 2˜ state, could also improve the laser coolingbyproviding
additional repumpingpathways. Spectroscopic and theoreticalwork to locate this state is therefore greatlymotivated.
Transverse Sisyphus cooling could also contribute directly to improvements in beam-basedprecisionmeasurements
by increasing thenumber ofmolecules probedwhile also allowing longer beam lines, and thus longer coherence
times. Straightforward extensionof the technique to 173YbOHwouldbeuseful for proposednuclearmagnetic
quadrupolemomentmeasurements [13, 54]. Amore complex repumping schemewill be required in this case
because each  =X N 1˜ ( ) levelwill split into two closely spaced sets of three levels that are separatedby
approximately 6GHzdue to large 173Yb (I=5/2)magnetic andnuclear electric quadrupole hyperfine interactions,
similar to 173YbF [72].

In closely relatedwork, [73] recently demonstrated∼10×enhanced production of YbOHby exciting Yb
atoms to themetastable 3P1 state inside a buffer-gas cell, greatly enhancing the flux in a buffer-gas beam. By
combining such an enhanced sourcewith previously demonstrated laser slowing,magneto-optical trapping,
and transfer to anODT,we estimate that trapping of∼105molecules in an eEDMexperiment is feasible7. This
would lead to an eEDM sensitivity surpassing the current limit of<1.1×10−29 e cm [7]. Additional technical
improvements, such as beam focusing [74], transverse confinement [75], and ‘few photon’ slowingmethods
[76, 77], could further increase the sensitivity.
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