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Abstract
We use narrow-band laser excitation of Yb atoms to substantially enhance the brightness of a cold
beam of YbOH, a polyatomic molecule with high sensitivity to physics beyond the standard model
(BSM). By exciting atomic Yb to the metastable 3P1 state in a cryogenic environment, we signiﬁcantly
increase the chemical reaction cross-section for collisions of Yb with reactants. We characterize the
dependence of the enhancement on the properties of the laser light, and study the ﬁnal state
distribution of the YbOH products. The resulting bright, cold YbOH beam can be used to increase the
statistical sensitivity in searches for new physics utilizing YbOH, such as electron electric dipole
moment and nuclear magnetic quadrupole moment experiments. We also perform new quantum
chemical calculations that conﬁrm the enhanced reactivity observed in our experiment and compare
reaction pathways of Yb(3P) with the reactants H2O and H2O2. More generally, our work presents a
broad approach for improving experiments that use cryogenic molecular beams for laser cooling and
precision measurement searches of BSM physics.

1. Introduction
Cold, gas-phase molecules represent a rapidly growing resource for the next generation of experiments in
atomic, molecular, and optical physics. For example, tabletop experiments utilizing molecules cooled to submeV energy scales have successfully constrained symmetry-violating physics beyond the standard model (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, quantum many-body systems, and searches for physics BSM [4–7]. However, these advantages
come at the cost of additional complexity, and compared to atoms, most molecules of interest are much more
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 for many cold
molecule experiments [8], including precision measurements [1, 9, 10] and ultracold molecule production
through direct laser cooling [11–16]. Cryogenic buffer gas beam (CBGB) sources produce bright, slow molecular
beams that are both translationally (T) and internally cold (Tint), typically with temperatures of T≈Tint≈4 K.
In such sources, the molecular species of interest is introduced into a cryogenic cell containing a density-tuned,
inert buffer gas (nearly always He or Ne). This is done via either a heated ﬁll-line or laser ablation of a solid target.
The resulting hot molecules, sometimes introduced at T>1000 K, are subsequently cooled by collisions with
the buffer gas. Once thermalized, the molecular species is entrained within the cell in the buffer gas ﬂow, and
carried out of the cell through an aperture, forming a beam. This cooling method is quite generic and can be
applied to many species, from atoms to small bio-molecules, including highly reactive or refractory species [8].
© 2020 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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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 a window ∼25mm away from the ablation target and ∼12mm away 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 ablation window, collinear with the YAG pulse.

Current state-of-the-art molecular experiments that use CBGB sources [1, 15, 16] are limited by the
achievable molecular ﬂux, and would beneﬁt from generic methods to make more cold molecules. In this
manuscript, we report an order of magnitude increase in the molecular yield from a CBGB source by using laser
light to excite a metal atom precursor. Speciﬁcally, we increase, by a factor of ∼10, the yield of polyatomic YbOH
from our CBGB source by resonantly driving the 1S0  3P1 atomic Yb transition inside the buffer gas cell. The
metastable 3P1 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 via metastable excited states as a promising tool for signiﬁcantly
improving the production of cold molecules in CBGB sources, with signiﬁcant implications for a broad range of
precision measurement experiments.
Reactive collisions involving excited species is a very active research area within chemical physics. Depending
on the species, promoting reactants to excited states can considerably modify the reaction dynamics and the
product state distributions [18–20]. These effects can have consequences for a wide range of ﬁelds, from
astrophysics [21–23] to atmospheric chemistry [24–26]. In many cases, the additional energy made available by
electronic excitation of reactants can convert an endothermic reaction to an exothermic one. Additionally, the
reaction mechanism on the excited potential energy surface can differ considerably from the mechanism for
ground state reactants. As a result, excited states can access more pathways and transition states that yield the
product of interest, as was seen in a recent study of Be+ reactions [27].
In addition to modifying chemical yield, excited state chemistry has been used to study the collisional physics
of atoms and molecules. In the case of atoms isoelectronic to Yb, such as Ca, Sr, Ba, and Hg, excitation of
reactants to metastable states was used for molecular spectroscopy [28, 29] and investigations of reactions in
ovens or beams with 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, and molecules [27, 42–44].
Here, we characterize the excited state chemistry of a system of high interest for precision measurements [3].
In particular, we study the dependence of enhanced YbOH yield on the properties of the laser light driving the
atomic Yb transition, investigate the enhancement of various internal states, provide a simple model 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 additional molecules produced via
exothermic reactions with the excited atoms.

2. Methods
Cold YbOH molecules 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 in ﬁgure 1, which has an
internal cylindrical bore with a diameter of 12.7 mm and a length of ∼70mm. The cell has windows that allow
optical access for laser ablation and absorption spectroscopy. Helium buffer gas enters the cell through a ﬁll line
at one end of the cell, and exits at the other end through an aperture 5mm in diameter. The source is typically
operated with a helium ﬂow rate of 3 standard cubic centimeters per minute (SCCM), equivalent to a steadystate helium density in the cell of ∼2×1015 cm−3 [8].
YbOH molecules are produced by laser ablation of a solid target with a pulsed, nanosecond Nd:YAG laser at
532 nm. Unless stated otherwise, the data in this paper were taken with ∼15mJ of energy at a repetition rate of
2
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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 data were obtained from targets of pressed Yb(OH)3 powder in a
stoichiometric mixture with Yb powder. The powders were mixed to have a 1:1 ratio of Yb and OH, ground
using a mortar and pestle, passed through a 230 mesh sieve, mixed with 4% PEG8000 binder by weight, and
pressed in an 8 mm diameter die at a pressure of 10 MPa for ∼15 min. The behavior of the laser-induced
enhancement was 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 of magnitude more than
typical yields of molecular YbOH.
We can provide a basic picture of the in-cell dynamic based on previous work [9, 45]. At the helium densities
considered here, the ablated material (atoms, molecules, and reactants) ballistically expands to uniformly ﬁll the
cell in the ﬁrst ∼μs after ablation. Buffer gas collisions then thermalize the molecules in 1 ms, and carry them
out of the cell, through the aperture. At the ﬂow rates considered here, roughly ∼10% of the molecules are
extracted, with the rest lost to the cell walls.
To study molecular production, we use a 577nm laser to perform absorption spectroscopy on the QQ11 (2)
line of the X˜ 2S+(000)  A˜ 2P1 2 (000) transition in 174YbOH. Here, (v1 v2 v3) denote the vibrational quanta in
the Yb–O stretch, O bend, and O–H stretch, respectively. For 174YbOH transitions, we use the labeling scheme
described in [46] and references therein. The laser light is produced by doubling a 1154nm ECDL using a PPLN
waveguide. Absorption of the probe was used to determine the number density of molecules both inside the cell
and immediately in front of the cell aperture. Unless stated otherwise, Yb refers to 174Yb for both atomic Yb
and YbOH.
To enhance the production of molecules, we excite the 556nm 1S 0  3 P1 transition in atomic Yb. The light
is derived by sum-frequency generation of a CW Ti:Saph with a 1550nm ﬁber laser, and has a linewidth of
<50 kHz4. The light is pulsed on and off with a combination of an acousto-optical modulator (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 ∼4ms before the ablation pulse, and blocks the light again
∼8ms after the ablation, in order to keep the cell from being heated unnecessarily. The AOM is used in
conjunction with the shutter to perform more precise measurements of the effects of pulse timing. The shutter
stays closed for every other molecule pulse, in order to normalize against drifts in molecular yield as the ablation
spot degrades. Speciﬁcally, when ablating the same spot over time, we observe a decay in molecular yield, which
has been previously observed in other CBGB sources [8, 11, 47], particularly when ablating pressed targets made
from mixed powders [48]. This decay is present for both enhanced and unenhanced molecular pulses.

3. Results
To determine the molecular yield inside the cell and the molecular ﬂux leaving the cell, we integrate the optical
depth (OD) over the duration of the resulting ∼ms long molecule pulse. We compute the enhancement factor,
or fractional increase in the number of molecules, by taking the ratio of the integrated OD with and without the
enhancement light. Since the probe light is always ﬁxed at the same molecule transition, common factors such as
cross section divide out, making the OD ratio directly sensitive to changes in molecule 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 absolute molecular yield.
Typically, in-cell YbOH population in the N=2, X˜ 2S+(000) state was enhanced from ∼1010 to ∼1011, with
front-of-cell numbers similarly enhanced, from ∼109 to ∼1010 molecules. Figure 2 shows a representative
absorption signal from a single ablation shot, both with and without the enhancement light present. The
enhancement factor depends on a number of parameters, such as laser power, detuning, timing, and geometry,
which we will now discuss.
We investigated three geometries for introducing the enhancement light into the cell, indicated in ﬁgure 1.
The 556 nm light was typically collimated to a beam diameter of ∼2.5mm. The largest enhancement signals
were observed when the light was sent through the window in the cell used for absorption spectroscopy, shown
in ﬁgure 1(a). For a given target, the enhancement effect was repeatable for different ablation sites. For the
second geometry, shown in ﬁgure 1(b), the light entered the cell longitudinally through the circular, 5mm
diameter cell aperture. The resulting enhancement magnitude was reduced by a factor of ∼2, with the effect
somewhat independent of the ablation site. In the ﬁnal geometry investigated, the enhancement light was
overlapped with the path of the ablation laser, shown in ﬁgure 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 the ﬁrst geometry, with the enhancement light sent through the
4
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Figure 2. Absorption spectroscopy of YbOH density in the N=2, X˜ 2S+(000) 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 4×1010 molecules, enhanced yield of
3×1011 molecules. (b) Front-of-cell un-enhanced yield of 7×109 molecules, enhanced yield of 8×1010 molecules.

Figure 3. Enhancement magnitude, calculated as a ratio of optical depths, plotted against the laser power sent into the cell. The laser
beam was collimated to a ∼2.5mm diameter. 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.

spectroscopy window. Note that in this conﬁguration, excited state atoms and reactions should be present only
in the region where the laser is propagating, due to their short radiative lifetimes relative to the timescales
associated with the buffer gas ﬂow.
The enhancement factor has a nonlinear dependence on the power of the enhancement light. This
relationship is illustrated in ﬁgure 3, showing the transition of the enhancement magnitude from linear behavior
at low powers to saturation at high power. The crossover typically occurs between 100 and 300mW for a
∼2.5 mm beam, corresponding to an intensity range of ∼10Wcm−2. Such behavior is indicative of driving an
optical resonance, and supports a simple model where the enhancement magnitude 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 is Doppler broadened [49].
We expect the effect to saturate when the power broadening is comparable to the Doppler broadening [49]. The
power broadened radiative width is , where γrad ≈ 180kHz is the natural width and s is the saturation parameter.
The broadened width becomes comparable to the Doppler width δD ≈ 70MHz when s » (dD /grad )2 » 105, or I
≈ 10Wcm−2, consistent with our measurements.
To characterize the frequency dependence of the enhancement, we scanned the enhancement laser
frequency across the atomic Yb line while monitoring the YbOH yield with a resonant absorption probe. The
resulting enhancement magnitude for such scans at varied powers is shown in ﬁgure 4, demonstrating the
resonant nature of the enhancement. Since we apply sufﬁcient laser power to power broaden the transition by an
amount comparable to the Doppler broadening, we successfully ﬁt the shape to a Voigt 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 of ﬁgure 4.
The observed enhancement widths indicate a broader reactant Yb frequency distribution than that expected
from Doppler broadening at ∼4 K and power broadening from ∼200mW of resonant light. A similarly broad
distribution is observed from low intensity scans of the atomic line shape alone. At ablation energies of ∼15mJ,
the ﬁrst <1 ms of the Yb absorption trace contribute to signiﬁcant broadening, indicating the presence of an
4
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Figure 4. Enhancement line shapes, data taken with the longitudinal geometry. Left: frequency scans and Voigt ﬁts, demonstrating the
variation of YbOH enhancement with detuning of the Yb laser at different powers. Right: full widths at half maximum for the
enhancement line shape as a function of the power sent into the cell. The Doppler width for the Yb atomic transition averaged over the
entire ablation pulse is ∼150MHz.

early, athermal Yb population [45]. The remaining population present after 1 ms are consistent with a Doppler
broadening at T∼4 K. Because the enhancement light can excite this early athermal Yb population, we expect
the atoms to react, providing the additional broadening we observe in the enhancement line shape. A typical
value for the FWHM of a Doppler-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 an AOM switch to pulse the atomic transition light for sub-ms duration, we determined the
majority of the enhancement occurs in the ﬁrst few ms after ablation, corresponding to the duration when the
cell is ﬁlled with atomic Yb. Notably, the enhancement is largest ∼1ms after the ablation, after the hot atoms
have thermalized with the buffer gas. This observation, combined with 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 enhancement magnitude was not found to have any signiﬁcant dependence on He ﬂow into the cell,
which was varied from 1 to 10 SCCM, equivalent to varying the stagnation He density in the cell from 6×1014
to 6×1015 cm−3 [8]. The enhancement magnitude was unaffected by the ablation energy used in the ablation
pulse, which was varied from 5 to 25 mJ/pulse. In fact, for low ablation energies, YbOH was observed only with
the aid of enhancement, as long as the ablation energy was 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 of molecules [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 of molecular vibration (hundreds of cm−1) or rotation (tens of cm−1), we expect that the
molecules created by chemical reactions will populate many rotational and vibrational states after decaying to
the ground electronic state. These distributions have been studied in excited state reactions producing molecules
containing Ca 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 between molecules and helium are comparable to elastic
collision cross sections [8], we expect this broad rotational distribution to rapidly thermalize in the buffer gas
cell. By measuring the enhancement on QQ11 (N ) transitions that address different rotational levels in the
ground vibronic state, we indeed observe such rotational thermalization, as shown in ﬁgure 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-enhanced molecule beams to have similar velocity properties. We veriﬁed this by monitoring
the transverse velocity distribution of YbOH exiting the cell using an absorption probe in front of the cell
aperture. The width of the resulting line shapes did not exhibit a measurable difference with and without the
enhancement. Similarly, we monitored Doppler shifted ﬂuorescence of the molecular beam ∼60cm
downstream, after a series of collimating apertures, and found that both the mean and width of the forward
velocity distribution were unaffected by the enhanced molecular yield.
Conversely, vibration-quenching cross sections are typically smaller than those for other degrees of freedom,
resulting in observations of non-thermal vibrational distributions in CBGB sources [8, 50, 51]. The efﬁciency of
vibrational thermalization can vary for different molecular species, as well as for different modes of the same
molecule [50]. In our source, we observe non-thermal vibrational distributions, probed by absorption of
5
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Figure 5. Enhancement of rotational and vibrational states in 174YbOH, and hypeﬁne states of 173YbOH. Error bars represent the
standard deviation of measured enhancement factors. (a), (b) Enhancement of 174YbOH as a function of ground state rotational level
(a) and ground state vibrational level (b). The rotational population was probed using QQ11 (N ) lines. (v1 v2 v3) denote the vibrational
quanta in the Yb–O stretch, O bend, and O–H stretch respectively. The (000) data point is an average of the N=0 through N=4
rotational enhancements. The excited vibrational population was probed with diagonal transitions to the Ã state with Dv1,2 = 0 .
(c) Enhancement of the molecular hyperﬁne levels in the odd 173YbOH isotopologue, resulting from driving F = 5 2  F ¢ hyperﬁne
transitions in atomic 173Yb. The molecular quantum number G results from coupling of S to IYb, G = S + IYb .

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 the O bend, and 17 378.58 cm−1 for the Yb–O stretch [52]. The populations we
observe in these vibrational states, ∼1ms after ablation, correspond roughly to temperatures of Tv1 » 280 K and
Tv2 » 110 K. Our observations of more 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 excited molecule population in the cell was also signiﬁcantly enhanced by laser excitation of
Yb. In ﬁgure 5(b) we compare the enhancement for the (000), (100), and (010) vibrational levels of the X̃ ground
electronic state. We ﬁnd the enhancement factor to be consistent across these vibrational states, indicating buffer
gas collisions do not efﬁciently quench the vibrational states populated by the excited state chemistry. Enhanced
yield in vibrational states can be desirable, as excited vibrational levels may have little population in a typical beam
source, but are required for laser cooling, spectroscopy, and precision measurements [3]. Furthermore, these
vibrational populations can be easily ‘re-pumped’ back into the ground state, e.g. using the same lasers that would
already be available for laser cooling, resulting in further increases to beam brightness.
Finally, we characterize the enhancement in the 173YbOH isotopologue, which has high sensitivity to the
symmetry-violating nuclear magnetic quadrupole moment (NMQM)[3, 53], by investigating the enhancement
of different 173YbOH hyperﬁne states when driving hyperﬁne transitions in atomic 173Yb (I=5/2). The results
are shown in ﬁgure 5(c). We separately drive each of the three 1 S 0  3 P1 hyperﬁne transitions in 173Yb
(F = 5 2  F ¢ = 3 2, 5 2, 7 2 ) and monitor the enhancement in either the G=2 or G=3 hyperﬁne state
of 173YbOH. Here, analogous to the case of 173YbF [54], the coupled angular momentum 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 IYb = 5 2. The molecule population was probed via absorption
spectroscopy on the OP12 (2) and OP13 (2) lines of the X˜  A˜ transition, where we label the transitions using the
convention from [54]. The enhancement in the G=2 and G=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, we ﬁnd smaller enhancement for
F′=3/2 compared to F′=5/2 and F′=7/2. We attribute this to overlap of the 173Yb (F = 5 2  F ¢ = 3 2)
transition with the 171Yb (F = 1 2  F ¢ = 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 and molecular dynamics. Speciﬁcally, we considered the cases of Yb, in both
the ground and metastable 3P state, reacting with H2O and H2O2, 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 are ﬂowed into the cell via a capillary [13, 15, 59]. Finally, previous studies with analogous
metallic atoms, such as Ca, Sr, and Ba, reacting with H2O and H2O2 [33–36] have shown that the reaction of the
ground state alkaline-earth atoms leads mostly to formation of the metal oxides whereas the metastable atoms
produce the metal hydroxides.
6
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Figure 6. Energy proﬁle for the Yb(1S)+H2O and Yb(3P)+H2O reactions leading to YbOH (X˜ 2S+)+H(2S) products calculated at
the DFT/UCAM-B3LYP level of theory [60]. The molecular models represent the system geometries at critical points, and were drawn
in the Gauss View 5 program [68]. The Yb, O, and H atoms are represented by green, red and white spheres, respectively. Solid and
dashed lines connecting the atoms correspond to σ bonds and temporary connections the transition states, respectively.

To obtain the critical points on high-dimensional potential energy surfaces for the Yb(1S)+H2O/H2O2
and Yb(3P)+H2O/H2O2 reactions, we ﬁrst performed geometry optimizations for the individual reactants,
intermediate complexes, and reaction products. These were performed using non-relativistic Density
Functional Theory (DFT) with the UCAM-B3LYP functional [60]. For the H2O and H2O2 molecules, we used
the aug-cc-pVTZ basis set [61], while for the Yb(1S) and Yb(3P) states, we chose the Stuttgart Effective Core
Potential ECP28MWB [62], combined with the def2-QZVPP basis set [63, 64].
The intermediate complexes formed along the reaction paths of Yb(1S)+H2O/H2O2 and
Yb(3P)+H2O/H2O2 were optimized to their minima or saddle points, corresponding to transition states. The
transition states were found by the synchronous transit-guided quasi-Newton method [65], implemented in the
Gaussian09 program [66]. Frequency calculations were also performed to ensure the geometry is optimized to
the minimum or saddle point (indicated by a single imaginary frequency).
We calculated an ab initio value of E/hc=17 780 cm−1 for the transition energy between the 1S and 3P states
of Yb. The quality of our DFT calculations can be characterized by a comparison of our ab initio value with 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)+H2O and Yb(3P)+H2O reactions. Firstly, our calculations demonstrate that the reaction between
a ground state Yb(1S) atom and an H2O molecule is endothermic, requiring E/hc=12 020 cm−1 of relative
kinetic energy to proceed and form the product YbOH (X˜ 2S+)+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
local minimum corresponding to a symmetric-top molecule, where none of the bonds within H2O are
signiﬁcantly affected by Yb, and the global minimum, where one of the hydrogen atoms has broken from the
water molecule and the Yb atom is inserted.
In contrast, the collision between the excited Yb(3P) state and H2O 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 and Yb(3P)+H2O2 collisions, the product molecules have a lower electronic energy than the
7
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Figure 7. Energies and molecular geometries at critical points for the Yb(1S)+H2O2 collision and Yb(3P)+H2O2 reaction leading to
either YbO(X1Σ+)+OH(X2Π) and YbOH (X˜ 2S+ )+H calculated by DFT and drawn with Gauss View 5 [68]. The Yb, O, and H atoms
are represented by green, red and white spheres, respectively. Solid and dashed lines connecting the atoms correspond to σ bonds and
temporary connections the transition states, respectively.

initial reactants. In fact, both YbO (X1S+) + H2O and YbOH (X˜ 2S+) + OH(X2Π) products are energetically
accessible, in contrast to the reaction with H2O.
The relative kinetic energy of the product molecules 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
minimum corresponds to a deeply-bound (OH)–Yb–(OH) molecule. We thus expect strong reactivity along this
pathway. Finally, we did not ﬁnd a transition state on the spin triplet surface, and spin conservation implies that
only YbOH (X˜ 2S+) + OH(X2Π) can be formed.
4.3. Molecular dynamics simulations
To further investigate the reactivity of atomic Yb colliding with H2O and H2O2, we performed a single, classical
Born–Oppenheimer molecular dynamics (BOMD) [69] calculation on both the singlet and triplet potential
energy surfaces, as implemented in Gaussian09 [66], with the basis sets used above. The initial conditions of the
dynamics are taken from a microcanonical or NVE ensemble, with a motional and rotational temperature of
4K, the temperature of the CBGB source in our experiment. The Yb atom is initialized ∼4Åaway from the O
atom in H2O or H2O2. Movies of the single classical trajectories for Yb(1S) and Yb(3P) colliding with H2O and
H2O2 are presented in supplementary material 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 YbOH product molecules. For the Yb(3P)+H2O collision, the HYbOH intermediate forms
immediately, after which the hydrogen atom attached to the Yb quickly ﬂies away, leaving the YbOH product.
Our simulations are in agreement with previous studies of Ca(3P), Sr(3P), and Ba(1D) reacting with H2O and
preferentially forming metal hydroxides [33, 34].
Finally, we discuss the BOMD calculation for each of the Yb(1S)+H2O2 and Yb(3P)+H2O2 reactions. The
reactions energetics imply that classical dynamics on the spin singlet potential can either form YbO or YbOH
molecules, while dynamics on the spin triplet potential forms YbOH. For the single BOMD trajectory initialized
with Yb(1S), we observe YbO and H2O products, which have the lowest internal energy. The Yb(1S)+H2O2
reaction occurs over 420fs, slower than the 120fs reaction time for Yb(3P) reacting with H2O2. This contrast
may indicate a difference in reaction mechanism between the two atomic states, which was previously suggested
in prior work studying reactions of Ca and Sr with H2O2 [35, 36]. Many more trajectories initialized with
Yb(1S)+H2O2 are needed to determine the branching ratio between the YbO and YbOH products, which falls
outside the scope of this paper.
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5. Discussion
By driving an electronic transition from Yb(1S0) to Yb(3P1), we have demonstrated signiﬁcantly improved yield
of molecular YbOH from a CBGB 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 product molecules, while still maintaining an athermal vibrational population, which is useful for
many applications.
By performing computational studies, we are able to provide insight into the reaction channels made
possible by excited Yb(3P) atoms. From our DFT simulations, we conclude that when Yb is in its ground state,
only collisions with H2O2 produce ground state YbOH molecules. When Yb is excited to its triplet metastable
state, collisions with both H2O and H2O2 react to form ground state YbOH.
Our approach suggests a number of new directions for both improvements to molecular yield in future
experiments and continued studies of cold chemical reactions. From our studies of geometry and timing, the
enhancement can occur throughout the cell and over the entire duration of the molecular pulse, suggesting an
optimal arrangement where the cell is evenly illuminated with resonant light. Although we used only a solid
precursor in the studies presented here, another approach is to use reactant gases ﬂowed into the buffer gas cell
via a capillary [13, 15, 59]. These molecular precursors react with ablated metal, providing a way 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 of ﬁnding the optimal reactant and
optimal excited states for both the atom and molecule. Additionally, compared to using mixed targets, metal
ablation can provide more consistent signals with slower decay [48]. Finally, enhancing reaction rates would
allow for reduction of ablation energy without also compromising molecular ﬂux.
While we have restricted our measurements to YbOH, it is likely that this method can be used to enhance
CBGB production of many 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 atoms with monovalent
and ionic bonds (conveniently, those which 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 the metastable states arises from spin–orbit coupling, which is larger in heavier species [71].
Nonetheless, resonant excitation of the metal precursor could be especially helpful for experiments with rare
isotopes where efﬁciency is critical, such as 225Ra, which is a component of molecules with extremely high
sensitivity to physics BSM [72, 73], or 26Al, which is of astrophysical relevance [74]. While we have mostly
focused on alkaline-earth or similar metals, CBGBs of other molecules of experimental importance, such as ThO
[1], may also beneﬁt from this approach by exciting the metal [75] or oxygen [30] produced in the ablation to a
reactive, metastable state.
In addition to increasing CBGB yield, chemical enhancement can also serve as a resource for spectroscopy of
dynamics inside the buffer gas cell. The dependence of the molecular 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
compounded with probes monitoring the ﬂux exiting the cell, or monitoring ﬂuorescence downstream, this
allows for study of beam properties, conditioned on where or when the molecules were produced. The ability to
perform such spectroscopy could aid in understanding and optimizing buffer gas cell geometries.
Our enhancement method 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 the molecular vibrational, rotational, and hyperﬁne state. For example, the spectra of
hypermetallic species [76] could be uniquely distinguished from other molecules by their dependence on the
chemical enhancement of the individual metal centers. Additionally, because the molecules resulting from
enhancement can possibly populate vibrational states non-thermally, yet still yield translationally cold beams,
this technique will be useful for studying transitions out of excited vibrational modes. The increased vibrational
population is also favorable for precision measurements [3], spectroscopy, and studies of vibration-quenching
collisions in cryogenic environments [50].
Finally, for precision measurements relying on CBGBs, increased molecular ﬂux directly translates to
increased sensitivity to new, symmetry-violating physics BSM. Speciﬁcally, the enhancement we demonstrate
for both the 174YbOH and 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] demonstrated Doppler and Sisyphus cooling of 174YbOH, an isotopologue with high
sensitivity to the electron’s electric dipole moment (eEDM). By combining the 174YbOH ﬂux obtained from the
enhanced source described here with laser slowing, magneto-optical trap loading, and transfer to an optical
9
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dipole trap (ODT), we estimate that an eEDM experiment with ∼105 molecules in an ODT 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].

Acknowledgments
We thank the PolyEDM collaboration for insightful discussions, especially Amar Vutha, Tim Steimle, John
Doyle, and the Doyle Group at Harvard. We also thank Tim Steimle for providing the lines used for spectroscopy
of YbOH, Avikar Periwal for his assistance fabricating the CBGB source, Yi Zeng for assistance with the lasers,
and Elizabeth West, Xiaomei Zeng, and Katherine Faber for assistance with fabricating the ablation targets. AJ
thanks Ashay Patel for helpful discussions.
Work at Caltech is supported by the Heising-Simons Foundation through grant #2019-1193, the NSF
CAREER Award #PHY-1847550, and NIST Precision Measurement Grant #60NANB18D253.
Work at Temple University is supported by the Army Research Ofﬁce Grant #W911NF-17-1-0563, the U.S.
Air Force Ofﬁce of Scientiﬁc Research Grant #FA9550-14-1-0321 and the NSF Grant #PHY-1908634.

ORCID iDs
Arian Jadbabaie https://orcid.org/0000-0002-7606-5586
Nickolas H Pilgram https://orcid.org/0000-0002-5467-3783
Jacek Kłos https://orcid.org/0000-0002-7407-303X
Svetlana Kotochigova https://orcid.org/0000-003-0580-3788
Nicholas R Hutzler https://orcid.org/0000-0002-5203-3635

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]

5

Andreev V et al 2018 Nature 562 355
Cairncross W B, Gresh D N, Grau M, Cossel K C, Roussy T S, Ni Y, Zhou Y, Ye J and Cornell E A 2017 Phys. Rev. Lett. 119 153001
Kozyryev I and Hutzler N R 2017 Phys. Rev. Lett. 119 133002
Carr L D, DeMille D, Krems R V and Ye J 2009 New J. Phys. 11 055049
Quéméner G and Julienne P S 2012 Chem. Rev. 112 4949
Bohn J L, Rey A M and Ye J 2017 Science 357 1002
Safronova M S, Budker D, DeMille D, Kimball D F J, Derevianko A and Clark C W 2018 Rev. Mod. Phys. 90 25008
Hutzler N R, Lu H-I and Doyle J M 2012 Chem. Rev. 112 4803
Hutzler N R, Parsons M F, Gurevich Y V, Hess P W, Petrik E, Spaun B, Vutha A C, DeMille D, Gabrielse G and Doyle J M 2011 Phys.
Chem. Chem. Phys. 13 18976
Baron J et al 2014 Science 343 269
Barry J F, Shuman E S and DeMille D 2011 Phys. Chem. Chem. Phys. 13 18936
Barry J F, McCarron D J, Norrgard E B, Steinecker M H and DeMille D 2014 Nature 512 286
Truppe S, Williams H J, Fitch N J, Hambach M, Wall T E, Hinds E A, Sauer B E and Tarbutt M R 2017a New J. Phys 19 22001
Truppe S, Williams H J, Hambach M, Caldwell L, Fitch N J, Hinds E A, Sauer B E and Tarbutt M R 2017b Nat. Phys. 13 1173
Anderegg L, Augenbraun B L, Chae E, Hemmerling B, Hutzler N R, Ravi A, Collopy A, Ye J, Ketterle W and Doyle J M 2017 Phys. Rev.
Lett. 119 103201
Collopy A L, Ding S, Wu Y, Finneran I A, Anderegg L, Augenbraun B L, Doyle J M and Ye J 2018 Phys. Rev. Lett. 121 213201
Bowers C J, Budker D, Commins E D, DeMille D, Freedman S J, Nguyen A-T, Shang S-Q and Zolotorev M 1996 Phys. Rev. A 53 3103
Whitehead J C 1988 Selectivity in Chemical Reactions ed J C Whitehead (Berlin: Springer)
González-Ureña A and Vetter R 1996 Int. Rev. Phys. Chem. 15 375
Telle H H, González Ureña A and Donovan R J 2007 Laser Chemistry: Spectroscopy, Dynamics and Applications (New York: Wiley)
pp 265–323
Agúndez M, Goicoechea J R, Cernicharo J, Faure A and Roueff E 2010 Astrophys. J. 713 662
Zanchet A, Agúndez M, Herrero V J, Aguado A and Roncero O 2013 Astron. J. 146 125
Fortenberry R C and Crawford T D 2011 J. Phys. Chem. A 115 8119
Cvetanović R J 1974 Can. J. Chem. 52 1452
Wiesenfeld J R 1982 Acc. Chem. Res. 15 110
Glowacki D R, Lockhart J, Blitz M A, Klippenstein S J, Pilling M J, Robertson S H and Seakins P W 2012 Science 337 1066
Yang T, Li A, Chen G K, Xie C, Suits A G, Campbell W C, Guo H and Hudson E R 2018 J. Phys. Chem. Lett. 9 3555
Bernath P F 1991 Science 254 665
Bernath P F 1997 Advances in Photochemistry vol 23 (New York: Wiley) pp 1–62
González-Ureña A and Vetter R 1995 J. Chem. Soc. Faraday Trans. 91 389
King D L and Setser D W 1976 Annu. Rev. Phys. Chem. 27 407
Mestdagh J M, Alcaraz C, Berlande J, Cuvellier J, Gustavsson T, Meynadier P, De Pujo P, Sublemontier O and Visticot J P 1990 Laser
Chem. 10 389

This estimate is based on previously reported efﬁciencies for slowing and trapping diatomic molecules from CBGBs [13, 15, 85].

10

New J. Phys. 22 (2020) 022002

[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]
[75]
[76]
[77]
[78]
[79]
[80]
[81]
[82]
[83]
[84]
[85]

Davis H F, Suits A G, Lee Y T, Alcaraz C and Mestdagh J 1993 J. Chem. Phys. 98 9595
Oberlander M D and Parson J M 1996 J. Chem. Phys. 105 5806
Oberlander M, Kampf R and Parson J 1991 Chem. Phys. Lett. 176 385
Cheong B S and Parson J M 1994 J. Chem. Phys. 100 2637
Solarz R W and Johnson S A 1979 J. Chem. Phys. 70 3592
Teule J M, Janssen M H M, Bulthuis J and Stolte S 1999 J. Chem. Phys. 110 10792
Husain D, Geng J, Castaño F and Sanchez Rayo M N 2000 J. Photochem. Photobiol. A 133 1
Teule J M, Mes J, Bulthuis J, Janssen M H M and Stolte S 1998 J. Phys. Chem. A 102 9482
De Castro M, Candori R, Pirani F, Aquilanti V, Garay M and Ureña A G 2000 J. Chem. Phys. 112 770
Okada K, Wada M, Boesten L, Nakamura T, Katayama I and Ohtani S 2003 J. Phys. B: At. Mol. Opt. Phys. 36 33
Puri P, Mills M, Simbotin I, Montgomery J A, Côté R, Schneider C, Suits A G and Hudson E R 2019 Nat. Chem. 11 615
Mills M, Puri P, Li M, Schowalter S J, Dunning A, Schneider C, Kotochigova S and Hudson E R 2019 Phys. Rev. Lett. 122 233401
Skoff S M, Hendricks R J, Sinclair C D J, Hudson J J, Segal D M, Sauer B E, Hinds E A and Tarbutt M R 2011 Phys. Rev. A 83 023418
Lim J, Almond J R, Tarbutt M R, Nguyen D T and Steimle T C 2017 J. Mol. Spectrosc. 338 81
Skoff S M, Hendricks R J, Sinclair C D J, Tarbutt M R, Hudson J J, Segal D M, Sauer B E and Hinds E A 2009 New J. Phys. 11 123026
Truppe S, Hambach M, Skoff S M, Bulleid N E, Bumby J S, Hendricks R J, Hinds E A, Sauer B E and Tarbutt M R 2018 J. Mod. Opt.
65 648
Budker D, Kimball D and DeMille D 2008 Atomic Physics: An Exploration Through Problems and Solutions 2nd edn (Oxford: Oxford
University Press)
Kozyryev I, Baum L, Matsuda K, Olson P, Hemmerling B and Doyle J M 2015 New J. Phys. 17 045003
Bu W, Chen T, Lv G and Yan B 2017 Phys. Rev. A 95 032701
Steimle T C 2019 private communication
Maison D E, Skripnikov L V and Flambaum V V 2019 Phys. Rev. A 100 032514
Wang H, Le A T, Steimle T C, Koskelo E A C, Aufderheide G, Mawhorter R and Grabow J-U 2019 Phys. Rev. A 100 022516
Pandey K, Singh A K, Kumar P V, Suryanarayana M V and Natarajan V 2009 Phys. Rev. A 80 022518
Shafer M W and ROY R 1959 J. Am. Ceram. Soc. 42 563
Ozawa M, Onoe R and Kato H 2006 J. Alloys Compd. 408–412 556
Liu J, He B, Chen Q, Li J, Xiong Q, Yue G, Zhang X, Yang S, Liu H and Liu Q H 2016 Sci. Rep. 6 38454
Patterson D and Doyle J M 2007 J. Chem. Phys. 126 154307
Yanai T, Tew D P and Handy N C 2004 Chem. Phys. Lett. 393 51
Dunning T H 1989 J. Chem. Phys. 90 1007
Dolg M, Stoll H and Preuss H 1989 J. Chem. Phys. 90 1730
Gulde R, Pollak P and Weigend F 2012 J. Chem. Theory Comput. 8 4062
Pritchard B P, Altarawy D, Didier B, Gibson T D and Windus T L 2019 J. Chem. Inf. Model. 59 4814–20
Peng C and Schlegel H B 1993 Isr. J. Chem. 33 449
Frisch M J et al 2013 Gaussian 09, Revision e.01 (Wallingford, CT: Gaussian, Inc)
Sansonetti J E and Martin W C 2005 J. Phys. Chem. Ref. Data 34 1559
Dennington R, Keith T A and Millam J M 2013 Gaussview Version 5.0 (Shawnee, KS: Semichem Inc)
Helgaker T, Uggerud E and Jensen H J A 1990 Chem. Phys. Lett. 173 145
Isaev T A and Berger R 2016 Phys. Rev. Lett. 116 63006
Santra R, Christ K V and Greene C H 2004 Phys. Rev. A 69 042510
Isaev T, Hoekstra S and Berger R 2010 Phys. Rev. A 82 52521
Isaev T A, Zaitsevskii A V and Eliav E 2017 J. Phys. B: At. Mol. Opt. Phys. 50 225101
Kamiński T, Tylenda R, Menten K M, Karakas A, Winters J M, Breier A A, Wong K T, Giesen T F and Patel N A 2018 Nat. Astron. 2 778
Au Y S, Connolly C B, Ketterle W and Doyle J M 2014 Phys. Rev. A 90 32702
O’Rourke M J and Hutzler N R 2019 Phys. Rev. A 100 22502
Gaul K and Berger R 2020 Phys. Rev. A 101 012508
Denis M, Haase P A B, Timmermans R G E, Eliav E, Hutzler N R and Borschevsky A 2019 Phys. Rev. A 99 042512
Prasannaa V S, Shitara N, Sakurai A, Abe M and Das B P 2019 Phys. Rev. A 99 062502
Augenbraun B L, Lasner Z D, Frenett A, Sawaoka H, Miller C, Steimle T C and Doyle J M 2020 New J. Phys. 22 022003
Kaenders W G, Lison F, Richter A, Wynands R and Meschede D 1995 Nature 375 214
DeMille D, Barry J F, Edwards E R, Norrgard E B and Steinecker M H 2013 Mol. Phys. 111 1805
Lu H-I, Kozyryev I, Hemmerling B, Piskorski J and Doyle J M 2014 Phys. Rev. Lett. 112 113006
Fitch N J and Tarbutt M R 2016 ChemPhysChem 17 3609
Cheuk L W, Anderegg L, Augenbraun B L, Bao Y, Ketterle W, Burchesky S and Doyle J M 2018 Phys. Rev. Lett. 121 083201

11

