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Abstract
Weuse narrow-band laser excitation of Yb atoms to substantially enhance the brightness of a cold
beamof YbOH, a polyatomicmolecule with high sensitivity to physics beyond the standardmodel
(BSM). By exciting atomic Yb to themetastable 3P1 state in a cryogenic environment, we significantly
increase the chemical reaction cross-section for collisions of Ybwith reactants.We characterize the
dependence of the enhancement on the properties of the laser light, and study the final state
distribution of the YbOHproducts. The resulting bright, cold YbOHbeam can be used to increase the
statistical sensitivity in searches for newphysics utilizing YbOH, such as electron electric dipole
moment and nuclearmagnetic quadrupolemoment experiments.We also performnewquantum
chemical calculations that confirm the enhanced reactivity observed in our experiment and compare
reaction pathways of Yb(3P)with the reactantsH2O andH2O2.More generally, ourwork presents a
broad approach for improving experiments that use cryogenicmolecular beams for laser cooling and
precisionmeasurement searches of BSMphysics.

1. Introduction

Cold, gas-phasemolecules represent a rapidly growing resource for the next generation of experiments in
atomic,molecular, and optical physics. For example, tabletop experiments utilizingmolecules cooled to sub-
meV energy scales have successfully constrained symmetry-violating physics beyond the standardmodel (BSM)
at the TeV-scale [1, 2], with the possibility on the horizon of reaching PeV-scale limits [3]. Compared to atoms,
molecules provide significant advantages for powerful experiments in quantum simulation, quantum
information, quantummany-body systems, and searches for physics BSM [4–7]. However, these advantages
come at the cost of additional complexity, and compared to atoms,mostmolecules of interest aremuchmore
difficult to produce in a useful form (e.g. a cold beam).

Cryogenic buffer gas cooling is general and has proved to be an essential starting point formany cold
molecule experiments [8], including precisionmeasurements [1, 9, 10] and ultracoldmolecule production
through direct laser cooling [11–16]. Cryogenic buffer gas beam (CBGB) sources produce bright, slowmolecular
beams that are both translationally (T) and internally cold (Tint), typically with temperatures ofT≈Tint≈4K.
In such sources, themolecular species of interest is introduced into a cryogenic cell containing a density-tuned,
inert buffer gas (nearly alwaysHe orNe). This is done via either a heatedfill-line or laser ablation of a solid target.
The resulting hotmolecules, sometimes introduced atT>1000 K, are subsequently cooled by collisionswith
the buffer gas. Once thermalized, themolecular species is entrainedwithin the cell in the buffer gasflow, and
carried out of the cell through an aperture, forming a beam. This coolingmethod is quite generic and can be
applied tomany species, from atoms to small bio-molecules, including highly reactive or refractory species [8].
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Current state-of-the-artmolecular experiments that use CBGB sources [1, 15, 16] are limited by the
achievablemolecular flux, andwould benefit fromgenericmethods tomakemore coldmolecules. In this
manuscript, we report an order ofmagnitude increase in themolecular yield from aCBGB source by using laser
light to excite ametal atomprecursor. Specifically, we increase, by a factor of∼10, the yield of polyatomic YbOH
fromourCBGB source by resonantly driving the S P1

0
3

1 atomic Yb transition inside the buffer gas cell. The
metastable P3

1 state has a lifetime of τ≈871 ns [17], long enough for the atoms to engage in reactive collisions
before radiatively decaying, while also short enough to allow for rapid laser excitation. Our results establish
laser-induced chemical enhancement viametastable excited states as a promising tool for significantly
improving the production of coldmolecules inCBGB sources, with significant implications for a broad range of
precisionmeasurement experiments.

Reactive collisions involving excited species is a very active research areawithin chemical physics. Depending
on the species, promoting reactants to excited states can considerablymodify the reaction dynamics and the
product state distributions [18–20]. These effects can have consequences for awide range offields, from
astrophysics [21–23] to atmospheric chemistry [24–26]. Inmany cases, the additional energymade available by
electronic excitation of reactants can convert an endothermic reaction to an exothermic one. Additionally, the
reactionmechanism on the excited potential energy surface can differ considerably from themechanism for
ground state reactants. As a result, excited states can accessmore pathways and transition states that yield the
product of interest, as was seen in a recent study of Be+ reactions [27].

In addition tomodifying chemical yield, excited state chemistry has been used to study the collisional physics
of atoms andmolecules. In the case of atoms isoelectronic to Yb, such as Ca, Sr, Ba, andHg, excitation of
reactants tometastable states was used formolecular spectroscopy [28, 29] and investigations of reactions in
ovens or beamswith gases such as SF6 [19, 30], H2 [30, 31], H2O [32–34], H2O2 [35, 36], alcohols [19, 32, 34],
halogens [19, 30], halogenated alkanes [19, 31, 37–39], and hydrogen halides [19, 30, 37, 40, 41].More recently,
the ability to trap and cool species to ultracold temperatures has enabled research of reaction dynamics between
excited ions, atoms, andmolecules [27, 42–44].

Here, we characterize the excited state chemistry of a systemof high interest for precisionmeasurements [3].
In particular, we study the dependence of enhanced YbOHyield on the properties of the laser light driving the
atomic Yb transition, investigate the enhancement of various internal states, provide a simplemodel to interpret
our observations, and perform computational studies of chemical reactions that produce YbOH.Our
computational results confirm the enhanced reactivity of the Yb(3P) state, and indicate the possibility of
determining optimal reactants. Our experimental results also demonstrate the buffer gas environment
effectively thermalizes the rotational and translational energies of the additionalmolecules produced via
exothermic reactions with the excited atoms.

2.Methods

ColdYbOHmolecules are produced using cryogenic buffer gas cooling, which is reviewed in detail elsewhere
[8, 9]. Our source consists of a cryogenically cooled copper cell at∼4 K, depicted infigure 1, which has an
internal cylindrical borewith a diameter of 12.7 mmand a length of∼70mm.The cell has windows that allow
optical access for laser ablation and absorption spectroscopy. Heliumbuffer gas enters the cell through a fill line
at one end of the cell, and exits at the other end through an aperture 5mmin diameter. The source is typically
operatedwith a heliumflow rate of 3 standard cubic centimeters perminute (SCCM), equivalent to a steady-
state heliumdensity in the cell of∼2×1015 cm−3 [8].

YbOHmolecules are produced by laser ablation of a solid target with a pulsed, nanosecondNd:YAG laser at
532 nm.Unless stated otherwise, the data in this paper were takenwith∼15mJ of energy at a repetition rate of

Figure 1.Depictions of the enhancement light geometries investigated. The enhancement light is depicted by the thick green arrows.
The thin arrows indicate the absorption probes, which are fixed in position. (a)Transverse geometry: the enhancement light is
introduced through awindow∼25mmaway from the ablation target and∼12mmaway from the cell aperture. (b) Longitudinal
geometry: the enhancement light is introduced through the cell aperture. (c)Collinear geometry: the enhancement light is sent
through the ablationwindow, collinear with the YAGpulse.
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1–3Hz. The enhancement persists at repetition rates up to 10Hz, though above this repetition rate the cell
temperature begins to increase. The datawere obtained from targets of pressed Yb(OH)3 powder in a
stoichiometricmixturewith Yb powder. The powders weremixed to have a 1:1 ratio of Yb andOH, ground
using amortar and pestle, passed through a 230mesh sieve,mixedwith 4%PEG8000 binder byweight, and
pressed in an 8mmdiameter die at a pressure of 10MPa for∼15 min. The behavior of the laser-induced
enhancementwas found to be similar for variety of other targets with slightly different compositions. From such
targets, a single ablation shot typically produces∼1014 thermalized Yb atoms, orders ofmagnitudemore than
typical yields ofmolecular YbOH.

We can provide a basic picture of the in-cell dynamic based on previouswork [9, 45]. At the heliumdensities
considered here, the ablatedmaterial (atoms,molecules, and reactants) ballistically expands to uniformly fill the
cell in the first∼μs after ablation. Buffer gas collisions then thermalize themolecules in1ms, and carry them
out of the cell, through the aperture. At theflow rates considered here, roughly∼10%of themolecules are
extracted, with the rest lost to the cell walls.

To studymolecular production, we use a 577nm laser to perform absorption spectroscopy on the Q 2Q
11( )

line of the S  P+X A000 0002 2
1 2˜ ( ) ˜ ( ) transition in 174YbOH.Here, v v v1 2 3( ) denote the vibrational quanta in

the Yb–Ostretch, O bend, andO–Hstretch, respectively. For 174YbOH transitions, we use the labeling scheme
described in [46] and references therein. The laser light is produced by doubling a 1154nmECDLusing a PPLN
waveguide. Absorption of the probewas used to determine the number density ofmolecules both inside the cell
and immediately in front of the cell aperture. Unless stated otherwise, Yb refers to 174Yb for both atomic Yb
andYbOH.

To enhance the production ofmolecules, we excite the 556nm 1S 0
3P1 transition in atomic Yb. The light

is derived by sum-frequency generation of aCWTi:Saphwith a 1550nmfiber laser, and has a linewidth of
<50 kHz4. The light is pulsed on and off with a combination of an acousto-opticalmodulator (AOM) and
mechanical shutter, allowing us to study the effect of the excitation timing relative to the ablation pulse. The
mechanical shutter passes the light into the cell∼4msbefore the ablation pulse, and blocks the light again
∼8ms after the ablation, in order to keep the cell frombeing heated unnecessarily. TheAOM is used in
conjunctionwith the shutter to performmore precisemeasurements of the effects of pulse timing. The shutter
stays closed for every othermolecule pulse, in order to normalize against drifts inmolecular yield as the ablation
spot degrades. Specifically, when ablating the same spot over time, we observe a decay inmolecular yield, which
has been previously observed in other CBGB sources [8, 11, 47], particularly when ablating pressed targetsmade
frommixed powders [48]. This decay is present for both enhanced and unenhancedmolecular pulses.

3. Results

Todetermine themolecular yield inside the cell and themolecular flux leaving the cell, we integrate the optical
depth (OD) over the duration of the resulting∼ms longmolecule pulse.We compute the enhancement factor,
or fractional increase in the number ofmolecules, by taking the ratio of the integratedODwith andwithout the
enhancement light. Since the probe light is alwaysfixed at the samemolecule transition, common factors such as
cross section divide out,making theOD ratio directly sensitive to changes inmolecule number density induced
by the enhancement light.When ablating a single spot over time, the enhancement factor does not exhibit the
same decay present in the absolutemolecular yield.

Typically, in-cell YbOHpopulation in theN=2, S+X 0002˜ ( ) state was enhanced from∼1010 to∼1011, with
front-of-cell numbers similarly enhanced, from∼109 to∼1010molecules. Figure 2 shows a representative
absorption signal from a single ablation shot, bothwith andwithout the enhancement light present. The
enhancement factor depends on a number of parameters, such as laser power, detuning, timing, and geometry,
whichwewill nowdiscuss.

We investigated three geometries for introducing the enhancement light into the cell, indicated infigure 1.
The 556 nm light was typically collimated to a beamdiameter of∼2.5mm.The largest enhancement signals
were observedwhen the light was sent through thewindow in the cell used for absorption spectroscopy, shown
infigure 1(a). For a given target, the enhancement effect was repeatable for different ablation sites. For the
second geometry, shown infigure 1(b), the light entered the cell longitudinally through the circular, 5mm
diameter cell aperture. The resulting enhancementmagnitudewas reduced by a factor of∼2, with the effect
somewhat independent of the ablation site. In thefinal geometry investigated, the enhancement light was
overlappedwith the path of the ablation laser, shown infigure 1(c).When compared to the aforementioned
geometries, this collinear geometry resulted in smaller and less consistent enhancement. Unless stated
otherwise, the data in this paper are from thefirst geometry, with the enhancement light sent through the

4
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spectroscopywindow.Note that in this configuration, excited state atoms and reactions should be present only
in the regionwhere the laser is propagating, due to their short radiative lifetimes relative to the timescales
associatedwith the buffer gasflow.

The enhancement factor has a nonlinear dependence on the power of the enhancement light. This
relationship is illustrated infigure 3, showing the transition of the enhancementmagnitude from linear behavior
at low powers to saturation at high power. The crossover typically occurs between 100 and 300mWfor a
∼2.5mmbeam, corresponding to an intensity range of∼10Wcm−2. Such behavior is indicative of driving an
optical resonance, and supports a simplemodel where the enhancementmagnitude is proportional to the steady
state excited Yb population.Notice that this cross-over intensity is considerably higher than the saturation
intensity of the transition (0.14mWcm−2), which is due to the fact that the transition isDoppler broadened [49].
We expect the effect to saturate when the power broadening is comparable to theDoppler broadening [49]. The
power broadened radiative width is , where γrad≈ 180kHz is the natural width and s is the saturation parameter.
The broadenedwidth becomes comparable to theDoppler width δD≈ 70MHzwhen d g» »s 10D rad

2 5( )/ , or I
≈ 10Wcm−2, consistent with ourmeasurements.

To characterize the frequency dependence of the enhancement, we scanned the enhancement laser
frequency across the atomic Yb linewhilemonitoring the YbOHyieldwith a resonant absorption probe. The
resulting enhancementmagnitude for such scans at varied powers is shown infigure 4, demonstrating the
resonant nature of the enhancement. Sincewe apply sufficient laser power to power broaden the transition by an
amount comparable to theDoppler broadening, we successfully fit the shape to aVoigt distribution. The
extracted full-widths-at-half-maximum (FWHM), obtained from frequency scans in the longitudinal geometry,
are plotted against enhancement power in the inset offigure 4.

The observed enhancementwidths indicate a broader reactant Yb frequency distribution than that expected
fromDoppler broadening at∼4 K and power broadening from∼200mWof resonant light. A similarly broad
distribution is observed from low intensity scans of the atomic line shape alone. At ablation energies of∼15mJ,
thefirst<1 ms of the Yb absorption trace contribute to significant broadening, indicating the presence of an

Figure 2.Absorption spectroscopy of YbOHdensity in theN=2, S+X 0002˜ ( ) state, both in-cell and front-of-cell. This data was taken
with the enhancement light in the transverse geometry. (a) In-cell un-enhanced yield of 4×1010molecules, enhanced yield of
3×1011molecules. (b) Front-of-cell un-enhanced yield of 7×109molecules, enhanced yield of 8×1010molecules.

Figure 3.Enhancementmagnitude, calculated as a ratio of optical depths, plotted against the laser power sent into the cell. The laser
beamwas collimated to a∼2.5mmdiameter. Error bars represent standard deviations of results, as opposed to standard error, in
order to show the typical fluctuations over different shots and ablation spots. (a) In cell enhancement, (b) front of cell enhancement.
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early, athermal Yb population [45]. The remaining population present after 1ms are consistent with aDoppler
broadening atT∼4 K. Because the enhancement light can excite this early athermal Yb population, we expect
the atoms to react, providing the additional broadeningwe observe in the enhancement line shape. A typical
value for the FWHMof aDoppler-broadened Yb atomic absorption line (in the limit of low saturation
parameter) is∼70MHz if the athermal component is excluded, and∼150MHz if it is included.

By using anAOMswitch to pulse the atomic transition light for sub-ms duration, we determined the
majority of the enhancement occurs in the first fewms after ablation, corresponding to the durationwhen the
cell isfilledwith atomic Yb.Notably, the enhancement is largest∼1ms after the ablation, after the hot atoms
have thermalizedwith the buffer gas. This observation, combinedwith the effect of geometry on enhancement,
provides evidence that the enhancement occurs throughout the cell, rather than immediately in the region of the
ablation plume.

The enhancementmagnitudewas not found to have any significant dependence onHeflow into the cell,
whichwas varied from1 to 10 SCCM, equivalent to varying the stagnationHe density in the cell from6×1014

to 6×1015 cm−3 [8]. The enhancementmagnitudewas unaffected by the ablation energy used in the ablation
pulse, whichwas varied from5 to 25mJ/pulse. In fact, for low ablation energies, YbOHwas observed onlywith
the aid of enhancement, as long as the ablation energywas above the threshold necessary to produce atomic Yb.
This is encouraging for laser-cooling experiments, where lower energy ablation is useful for producing slow
beams ofmolecules [15].

We also investigated the effect of the enhancement light on the population of YbOH in different internal
states. Since the energy scales of the chemical reactions involved are on the order of several thousand cm−1,
much larger than those ofmolecular vibration (hundreds of cm−1) or rotation (tens of cm−1), we expect that the
molecules created by chemical reactions will populatemany rotational and vibrational states after decaying to
the ground electronic state. These distributions have been studied in excited state reactions producingmolecules
containingCa and Sr, and they support the expectation that the released energy is distributed among the internal
modes [34, 36].

Because rotational state-changing cross sections betweenmolecules and helium are comparable to elastic
collision cross sections [8], we expect this broad rotational distribution to rapidly thermalize in the buffer gas
cell. Bymeasuring the enhancement on Q NQ

11( ) transitions that address different rotational levels in the
ground vibronic state, we indeed observe such rotational thermalization, as shown infigure 5(a). Each rotational
transition demonstrates approximately the same enhancement, indicating that the rotational distribution is
essentially unchanged by the increased chemical production.

Since buffer gas collisions are also effective at thermalizing translational degrees of freedom,we expect the
enhanced and un-enhancedmolecule beams to have similar velocity properties.We verified this bymonitoring
the transverse velocity distribution of YbOHexiting the cell using an absorption probe in front of the cell
aperture. Thewidth of the resulting line shapes did not exhibit ameasurable difference with andwithout the
enhancement. Similarly, wemonitoredDoppler shiftedfluorescence of themolecular beam∼60cm
downstream, after a series of collimating apertures, and found that both themean andwidth of the forward
velocity distributionwere unaffected by the enhancedmolecular yield.

Conversely, vibration-quenching cross sections are typically smaller than those for other degrees of freedom,
resulting in observations of non-thermal vibrational distributions inCBGB sources [8, 50, 51]. The efficiency of
vibrational thermalization can vary for differentmolecular species, as well as for differentmodes of the same
molecule [50]. In our source, we observe non-thermal vibrational distributions, probed by absorption of

Figure 4.Enhancement line shapes, data takenwith the longitudinal geometry. Left: frequency scans andVoigt fits, demonstrating the
variation of YbOHenhancement with detuning of the Yb laser at different powers. Right: full widths at halfmaximum for the
enhancement line shape as a function of the power sent into the cell. TheDopplerwidth for the Yb atomic transition averaged over the
entire ablation pulse is∼150MHz.
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diagonal transitions (Δv=0) from the (100) and (010) vibrational states in X̃ to the same vibrational state in Ã,
located at 17 345.09 cm−1 for theObend, and 17 378.58 cm−1 for the Yb–Ostretch [52]. The populationswe
observe in these vibrational states,∼1ms after ablation, correspond roughly to temperatures of »T 280v1

Kand
»T 110v2

K.Our observations ofmore effective thermalization for lower-lying vibrational states is in agreement
with a recent study of SrOH thermalization in a buffer gas cell [50].

The vibrationally excitedmolecule population in the cell was also significantly enhancedby laser excitation of
Yb. Infigure 5(b)wecompare the enhancement for the (000), (100), and (010) vibrational levels of the X̃ ground
electronic state.Wefind the enhancement factor to be consistent across these vibrational states, indicating buffer
gas collisions donot efficiently quench the vibrational states populated by the excited state chemistry. Enhanced
yield in vibrational states can bedesirable, as excited vibrational levelsmay have little population in a typical beam
source, but are required for laser cooling, spectroscopy, andprecisionmeasurements [3]. Furthermore, these
vibrational populations can be easily ‘re-pumped’back into the ground state, e.g. using the same lasers thatwould
alreadybe available for laser cooling, resulting in further increases to beambrightness.

Finally, we characterize the enhancement in the 173YbOH isotopologue, which has high sensitivity to the
symmetry-violating nuclearmagnetic quadrupolemoment (NMQM)[3, 53], by investigating the enhancement
of different 173YbOHhyperfine states when driving hyperfine transitions in atomic 173Yb (I=5/2). The results
are shown infigure 5(c).We separately drive each of the three 1 S 0

3P1 hyperfine transitions in
173Yb

( =  ¢ =F F5 2 3 2, 5 2, 7 2) andmonitor the enhancement in either theG=2 orG=3 hyperfine state
of 173YbOH.Here, analogous to the case of 173YbF [54], the coupled angularmomentum = +G S IYb results
from the strong electric quadrupole interaction between the Yb-centered electron, with spin S=1/2, and the
non-spherical Yb nucleus, with spin =I 5 2Yb . Themolecule populationwas probed via absorption
spectroscopy on the P 2O

12( ) and P 2O
13( ) lines of the X A˜ ˜ transition, wherewe label the transitions using the

convention from [54]. The enhancement in theG=2 andG=3 states is equivalent for each driven 173Yb
hyperfine transition, which is expected in a thermalized ensemble.While thermalization should also result in
enhancement independent of the excited hyperfine ¢F state driven in 173Yb, wefind smaller enhancement for
F′=3/2 compared to F′=5/2 and F′=7/2.We attribute this to overlap of the 173Yb =  ¢ =F F5 2 3 2( )
transitionwith the 171Yb =  ¢ =F F1 2 3 2( ) transition, which differ by∼3MHz [55], much less than the
Doppler broadening in the cell. This overlap can explain lower enhancement rates, as the production of171YbOH
will deplete the available population of other reactants.

4. Chemistry

To elucidate the chemistry behind our experimentally observed enhancement of YbOH,we performed
calculations of electronic structure andmolecular dynamics. Specifically, we considered the cases of Yb, in both
the ground andmetastable 3P state, reactingwithH2O andH2O2, two reactants likely produced during laser
ablation of solid targets containing Yb(OH)3 [56–58]. These reactants are also of interest for future experiments
where the reactants areflowed into the cell via a capillary [13, 15, 59]. Finally, previous studies with analogous
metallic atoms, such asCa, Sr, andBa, reacting withH2O andH2O2 [33–36] have shown that the reaction of the
ground state alkaline-earth atoms leadsmostly to formation of themetal oxides whereas themetastable atoms
produce themetal hydroxides.

Figure 5.Enhancement of rotational and vibrational states in 174YbOH, and hypefine states of 173YbOH. Error bars represent the
standard deviation ofmeasured enhancement factors. (a), (b)Enhancement of 174YbOHas a function of ground state rotational level
(a) and ground state vibrational level (b). The rotational populationwas probed using Q NQ

11( ) lines. v v v1 2 3( ) denote the vibrational
quanta in the Yb–O stretch,Obend, andO–Hstretch respectively. The (000) data point is an average of theN=0 throughN=4
rotational enhancements. The excited vibrational populationwas probedwith diagonal transitions to the Ã state withD =v 01,2 .
(c)Enhancement of themolecular hyperfine levels in the odd 173YbOH isotopologue, resulting fromdriving =  ¢F F5 2 hyperfine
transitions in atomic 173Yb. Themolecular quantumnumberG results from coupling of S to IYb, = +G S IYb.
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To obtain the critical points on high-dimensional potential energy surfaces for the Yb(1S)+H2O/H2O2

andYb(3P)+H2O/H2O2 reactions, wefirst performed geometry optimizations for the individual reactants,
intermediate complexes, and reaction products. Thesewere performed using non-relativistic Density
Functional Theory (DFT)with theUCAM-B3LYP functional [60]. For theH2O andH2O2molecules, we used
the aug-cc-pVTZ basis set [61], while for the Yb(1S) andYb(3P) states, we chose the Stuttgart Effective Core
Potential ECP28MWB [62], combinedwith the def2-QZVPP basis set [63, 64].

The intermediate complexes formed along the reaction paths of Yb(1S)+H2O/H2O2 and
Yb(3P)+H2O/H2O2were optimized to theirminima or saddle points, corresponding to transition states. The
transition states were found by the synchronous transit-guided quasi-Newtonmethod [65], implemented in the
Gaussian09 program [66]. Frequency calculations were also performed to ensure the geometry is optimized to
theminimumor saddle point (indicated by a single imaginary frequency).

We calculated an ab initio value ofE/hc=17 780 cm−1 for the transition energy between the 1S and 3P states
of Yb. The quality of ourDFT calculations can be characterized by a comparison of our ab initio valuewith the
experimental value of 17 992 cm−1 for the 1S 0

3P1 transition [67].

4.1. Yb+H2O
Figure 6 shows our correlation diagram, i.e. the critical points on high-dimensional potential energy surfaces, for
the Yb(1S)+H2OandYb(3P)+H2O reactions. Firstly, our calculations demonstrate that the reaction between
a ground state Yb(1S) atomand anH2Omolecule is endothermic, requiring E/hc=12 020 cm−1 of relative
kinetic energy to proceed and form the product YbOH ( S+X 2˜ )+H(2S). Secondly, this singlet potential energy
surface has a transition state, or saddle point, that lies at 8741 cm−1 above the entrance channel. It separates a
localminimumcorresponding to a symmetric-topmolecule, where none of the bondswithinH2O are
significantly affected by Yb, and the globalminimum,where one of the hydrogen atoms has broken from the
watermolecule and the Yb atom is inserted.

In contrast, the collision between the excited Yb(3P) state andH2O is exothermic by 5760 cm−1.Moreover,
the corresponding triplet potential energy surface has a transition state that lies below its asymptotic channel
energies. Such a submerged reaction barrier is indicative of large reaction rates. For both singlet and triplet
channels, the product YbO+H2 is energetically inaccessible, lying 27 233 cm

−1 above the Yb(1S)+H2O
reaction channel.

4.2. Yb+H2O2

Figure 7 shows our correlation diagram for the relevant spin singlet and triplet Yb+H2O2 reactions. For both
Yb(1S)+H2O2 andYb(

3P)+H2O2 collisions, the productmolecules have a lower electronic energy than the

Figure 6.Energy profile for the Yb(1S)+H2O andYb(3P)+H2O reactions leading to YbOH ( S+X 2˜ )+H(2S)products calculated at
theDFT/UCAM-B3LYP level of theory [60]. Themolecularmodels represent the system geometries at critical points, andwere drawn
in theGauss View 5 program [68]. The Yb,O, andHatoms are represented by green, red andwhite spheres, respectively. Solid and
dashed lines connecting the atoms correspond toσ bonds and temporary connections the transition states, respectively.
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initial reactants. In fact, bothYbO ( S+X1 )+H2OandYbOH ( S+X 2˜ )+OH(X2Π) products are energetically
accessible, in contrast to the reactionwithH2O.

The relative kinetic energy of the productmolecules is significantly larger than that for the product in the
Yb(3P)+H2O reaction. The transition state on the spin singlet potential surface is submerged, and its global
minimumcorresponds to a deeply-bound (OH)–Yb–(OH)molecule.We thus expect strong reactivity along this
pathway. Finally, we did notfind a transition state on the spin triplet surface, and spin conservation implies that
only YbOH ( S+X 2˜ )+OH(X2Π) can be formed.

4.3.Molecular dynamics simulations
To further investigate the reactivity of atomic Yb collidingwithH2O andH2O2, we performed a single, classical
Born–Oppenheimermolecular dynamics (BOMD) [69] calculation on both the singlet and triplet potential
energy surfaces, as implemented inGaussian09 [66], with the basis sets used above. The initial conditions of the
dynamics are taken from amicrocanonical orNVE ensemble, with amotional and rotational temperature of
4K, the temperature of theCBGB source in our experiment. The Yb atom is initialized∼4Åaway from theO
atom inH2OorH2O2.Movies of the single classical trajectories for Yb(1S) andYb(3P) collidingwithH2O and
H2O2 are presented in supplementarymaterial available online at stacks.iop.org/NJP/22/022002/mmedia.

The simulations show that the Yb(1S)+H2O system forms a YbH2O complex, without reacting and
producing YbOHproductmolecules. For the Yb(3P)+H2O collision, theHYbOH intermediate forms
immediately, after which the hydrogen atomattached to the Yb quickly flies away, leaving the YbOHproduct.
Our simulations are in agreementwith previous studies of Ca(3P), Sr(3P), and Ba(1D) reactingwithH2O and
preferentially formingmetal hydroxides [33, 34].

Finally, we discuss the BOMDcalculation for each of the Yb(1S)+H2O2 andYb(
3P)+H2O2 reactions. The

reactions energetics imply that classical dynamics on the spin singlet potential can either formYbOor YbOH
molecules, while dynamics on the spin triplet potential forms YbOH. For the single BOMD trajectory initialized
with Yb(1S), we observe YbO andH2Oproducts, which have the lowest internal energy. The Yb(1S)+H2O2

reaction occurs over 420fs, slower than the 120fs reaction time for Yb(3P) reactingwithH2O2. This contrast
may indicate a difference in reactionmechanismbetween the two atomic states, whichwas previously suggested
in prior work studying reactions of Ca and SrwithH2O2 [35, 36].Manymore trajectories initializedwith
Yb(1S)+H2O2 are needed to determine the branching ratio between the YbO andYbOHproducts, which falls
outside the scope of this paper.

Figure 7.Energies andmolecular geometries at critical points for the Yb(1S)+H2O2 collision andYb(
3P)+H2O2 reaction leading to

either YbO(X1Σ+)+OH(X2Π) andYbOH ( S+X 2˜ )+Hcalculated byDFT and drawnwithGauss View 5 [68]. The Yb,O, andHatoms
are represented by green, red andwhite spheres, respectively. Solid and dashed lines connecting the atoms correspond toσ bonds and
temporary connections the transition states, respectively.
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5.Discussion

By driving an electronic transition fromYb(1S0) to Yb(
3P1), we have demonstrated significantly improved yield

ofmolecular YbOH fromaCBGB source. The resonant nature of the effect, as well as saturation at high power,
confirms that the excited atomic population is responsible for the observed enhancement. Furthermore, we
found that the cryogenic buffer gas environment is well suited to cooling the products from the resulting
exothermic reactions. Buffer gas collisions effectively thermalized the translational and rotational energies of the
resulting productmolecules, while stillmaintaining an athermal vibrational population, which is useful for
many applications.

By performing computational studies, we are able to provide insight into the reaction channelsmade
possible by excited Yb(3P) atoms. FromourDFT simulations, we conclude thatwhenYb is in its ground state,
only collisionswithH2O2 produce ground state YbOHmolecules.WhenYb is excited to its tripletmetastable
state, collisionswith bothH2O andH2O2 react to form ground state YbOH.

Our approach suggests a number of newdirections for both improvements tomolecular yield in future
experiments and continued studies of cold chemical reactions. Fromour studies of geometry and timing, the
enhancement can occur throughout the cell and over the entire duration of themolecular pulse, suggesting an
optimal arrangementwhere the cell is evenly illuminatedwith resonant light. Althoughwe used only a solid
precursor in the studies presented here, another approach is to use reactant gasesflowed into the buffer gas cell
via a capillary [13, 15, 59]. Thesemolecular precursors react with ablatedmetal, providing away to tune the
reactant species.While the enhancement we report here is a compound effect, possibly involving several
different reactants formed in ablation, our calculations suggest the possibility offinding the optimal reactant and
optimal excited states for both the atomandmolecule. Additionally, compared to usingmixed targets,metal
ablation can providemore consistent signals with slower decay [48]. Finally, enhancing reaction rates would
allow for reduction of ablation energy without also compromisingmolecular flux.

While we have restricted ourmeasurements to YbOH, it is likely that thismethod can be used to enhance
CBGBproduction ofmany interesting species, both diatomic and polyatomic. The chemical similarity of Yb
with alkaline-earth atoms, and the success of excited state chemical reactions producing a variety of Ca-, Sr-, and
Ba-molecules with numerous ligands [29, 33, 34], suggests that CBGBs of alkaline-earth atomswithmonovalent
and ionic bonds (conveniently, thosewhich can be generically laser cooled [70]) could benefit from this
approach.Note, however, that the power requirements become higher for lighter species, since the radiative
width of themetastable states arises from spin–orbit coupling, which is larger in heavier species [71].
Nonetheless, resonant excitation of themetal precursor could be especially helpful for experiments with rare
isotopeswhere efficiency is critical, such as 225Ra, which is a component ofmolecules with extremely high
sensitivity to physics BSM [72, 73], or 26Al, which is of astrophysical relevance [74].While we havemostly
focused on alkaline-earth or similarmetals, CBGBs of othermolecules of experimental importance, such as ThO
[1], may also benefit from this approach by exciting themetal [75] or oxygen [30] produced in the ablation to a
reactive,metastable state.

In addition to increasingCBGB yield, chemical enhancement can also serve as a resource for spectroscopy of
dynamics inside the buffer gas cell. The dependence of themolecular yield on the application of enhancement
light at a specific time and place can help study the distribution of the reactive dynamics in the cell.When
compoundedwith probesmonitoring theflux exiting the cell, ormonitoring fluorescence downstream, this
allows for study of beamproperties, conditioned onwhere orwhen themolecules were produced. The ability to
perform such spectroscopy could aid in understanding and optimizing buffer gas cell geometries.

Our enhancementmethod could also be used to disentangle complex spectroscopic data by comparing
enhanced and normal spectral features, taking into account the enhancement dependence on the excited atomic
state, as well as themolecular vibrational, rotational, and hyperfine state. For example, the spectra of
hypermetallic species [76] could be uniquely distinguished fromothermolecules by their dependence on the
chemical enhancement of the individualmetal centers. Additionally, because themolecules resulting from
enhancement can possibly populate vibrational states non-thermally, yet still yield translationally cold beams,
this techniquewill be useful for studying transitions out of excited vibrationalmodes. The increased vibrational
population is also favorable for precisionmeasurements [3], spectroscopy, and studies of vibration-quenching
collisions in cryogenic environments [50].

Finally, for precisionmeasurements relying onCBGBs, increasedmolecular flux directly translates to
increased sensitivity to new, symmetry-violating physics BSM. Specifically, the enhancement we demonstrate
for both the 174YbOHand 173YbOH isotopologues are directly applicable to experiments sensitive to new
physics in both the leptonic and hadronic sectors [3, 53, 77–79].

Recently, reference [80] demonstratedDoppler and Sisyphus cooling of 174YbOH, an isotopologuewith high
sensitivity to the electron’s electric dipolemoment (eEDM). By combining the 174YbOH flux obtained from the
enhanced source described herewith laser slowing,magneto-optical trap loading, and transfer to an optical
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dipole trap (ODT), we estimate that an eEDMexperiment with∼105molecules in anODT is feasible5. This
would lead to an eEDM sensitivity surpassing the current limit of de<1.1×10−29 ecm [1]. This sensitivity
could be further increased by additional technical improvements, such as beam focusing [81], transverse
confinement [82], and ‘few photon’ slowing techniques [83, 84].
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