High sensitivity chiral detection in the gas phase via microwave spectroscopy and the
possible frontier of ultracold chiral molecules
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Laser-cooling and trapping simple molecules and controlling them at the level of individual quantum states are now established methods in atomic, molecular and optical physics. The frontier
of quantum-state-controlled molecules has now moved to polyatomic molecules, including linear,
asymmetric top, and chiral varieties. Compared to atoms and diatomic molecules, this molecular
complexity offers new quantum resources with distinct advantages for wide-ranging applications, e.g.
quantum simulation, precision measurement, and quantum chemistry. Remarkably, it appears that
the dramatic increase in structural complexity that comes with polyatomic molecules requires only
a modest increase in experimental complexity compared to work with ultracold diatomic molecules.
Here we discuss spectroscopic identification of chiral molecules with high sensitivity and specificity
in a cold (∼5 K) buffer gas environment, and more recent results on the laser cooling complex
polyatomic molecules. Together, these efforts present a road map to full quantum control of ultracold chiral molecules. Other future prospects for ultracold samples of complex molecules are also
described.
I.

INTRODUCTION

The increased structural complexity of molecules, relative to atoms, offers unique quantum resources that are
impractical or impossible to attain in atomic systems.
While experiments with neutral [1–4] and ionic [5–7]
atoms have long exhibited a high degree of control at the
single-quantum-state level, more recently ultracold neutral diatomic molecules [8–11] have been proven as viable
quantum information platforms [12, 13]. A key advantage in these systems is the large electric dipole moments
in molecules, which enable strong, tunable, anisotropic
dipole-dipole interactions between molecules. These platforms also possess high-fidelity detection of single particles and provide scalable access to the microscopic details
of interesting many-body quantum phenomena.
Quantum-state-controlled diatomic molecules, even in
thermal ensembles at temperatures of several kelvin, have
also had an important role to play in studies of fundamental physics. Over the last decade, all state-ofthe-art electron electric dipole moment (eEDM) searches
have been conducted with diatomic molecules [14–17]. In
these experiments, the large effective electric fields inside
molecules polarized by modest laboratory fields as low as
∼100 V/cm can enhance the effect of the eEDM by up
to nine orders of magnitude compared with the strength
of the eEDM interaction for an isolated electron in the
presence of only the laboratory field. These experiments
with diatomic molecules may be improved further, for example by laser cooling and trapping molecules for longer
interaction times [18].
Polyatomic molecules may ultimately offer even
greater sensitivity to the eEDM and other beyond-theStandard-Model (BSM) physics [19, 20]. While diatomic
molecules with specific electronic structures can be easily polarized in laboratory fields below 1 kV/cm, nearly
all polyatomic molecules have such a capability in the
appropriate states. For example, in the simplest poly-

atomic molecules like YbOH, which possess three atoms
in a linear configuration, these states are excitations of
the bending vibrational mode. Such states have lifetimes
of ∼1 second. In more complex polyatomic molecules,
on the other hand, such as symmetric top molecules including YbOCH3 , the easily polarized states are extraordinarily long-lived rotational excitations and the coherence time of any measurement would be limited only by
engineering constraints.
Already, molecules with these structures including
SrOH [21], CaOH [22], YbOH [23], and CaOCH3 [24]
have been laser-cooled to ultracold temperatures in one
dimension, and the triatomic molecule CaOH has been
magneto-optically trapped [25]. The same experimental
tools that have enabled such successes can also be applied
to chiral molecules such as CaOCHDT, which naturally
occur in two configurations with opposite “handedness.”
For example, in CaOCHDT, the HDT can be arranged
either clockwise or counter-clockwise from the vantage
point of the C atom. Molecules with opposite chirality have nearly identical energy levels, but are expected
to exhibit small energy differences owing to the parityviolating weak interaction. Thus precision spectroscopy
of chiral molecules can probe symmetry violations and
test the Standard Model [26].
In addition, a large number of biologically relevant
molecules exhibit chirality and exist in two mirror-image
(or enantiomeric) configurations. The biological functionality of a molecule often depends critically on its
handedness. Tools to identify the enantiomeric composition of a molecule can be useful to biochemistry (including potentially pharmacology) and to understanding the
origin of biochemical homochirality.
In this manuscript, we discuss our experimental results detecting chiral molecules with high sensitivity and
specificity, using microwave spectroscopy in a cold buffer
gas environment. Then, we describe progress in laser
cooling and trapping molecules of increasing complexity,
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FIG. 1. 1,2-propanediol, an example of a chiral molecule, in
both enantiomeric configurations. The products of moleculeframe electric dipole moments have opposite sign, independent of the choice of coordinates. Figure reproduced from
[27].

and prospects for rapid photon cycling (RPC) and laser
cooling of large, asymmetric molecules including chiral
species. Finally, we provide an outlook on the scientific goals that could be achieved as RPC and laser cooling are applied to more complex and larger polyatomic
molecules.

II. ENANTIOMER-SELECTIVE DETECTION
AND STATE PREPARATION OF CHIRAL
MOLECULES

Large, asymmetric molecules commonly come in two
mirror images, or enantiomers. Aside from extraordinarily weak parity-violating interactions, in the absence
of external fields the energies of opposite enantiomeric
configurations are identical. However, the interactions of
these molecules with external electric fields can be distinguished. In particular, chiral molecules generally possess
three unequal permanent dipole moments, µa , µb , and µc
along axes designated a, b, and c. Opposite enantiomers
possess equal values of |µa |, |µb |, and |µc |, but opposite
values of the signed quantity µa µb µc . An example chiral
molecule is shown for both enantiomers in Fig. 1 along
with its electric dipole moments.
An oscillating electric field, for example arising from
microwave radiation, can couple to one of the electric
dipole moments of a molecule to exert torque and change
its rotational state. The transitions driven via the a-, b-,
and c-axis dipole moments are known as a-type, b-type,
and c-type transitions. If all three types of transitions
are driven, then the overall phase of the state evolution can reveal the sign of the product µa µb µc , and thus
unambiguously identify the enantiomeric composition of
a sample of chiral molecules. Here we discuss one im-

FIG. 2. (a) The rotational levels of 1,2-propanediol used for
detection of enantiomeric composition. (b) Applied electric
fields, which result in a superposition of all three rotational
states. (c) Simulation of ŷ-polarized radiation, which occurs
at the resonance frequency of the b-type transition (which is
not directly driven). Figure reproduced from [28].

plementation of such a technique, known as three-wavemixing, developed in our lab.
The relevant rotational structure is shown for the example molecule of 1, 2-propanediol in Fig. 2. Both ctype and a-type transitions are driven by microwave or
radio-frequency radiation, resulting in a superposition of
three rotational states. The time-evolution of this state
is characterized by oscillations of the molecular dipole
moments, resulting in radiation at the frequencies of the
three energy splittings. The phase of the radiation associated with the undriven transition (b-type) depends on
the product of dipole moments µa µb µc . Therefore, the
radiation associated with this transition is perfectly out
of phase for left- and right-handed molecules. This outof-phase radiation can be seen experimentally in Fig. 3.
The double-resonance inherent in the measurement
protocol described above also decongests the three-wave
mixing spectrum and makes it a highly specific detec-

3
III.

FIG. 3. Measured radiation from three-wave mixing of the
chiral molecule 1,3-butanediol. Left- and right-handed enantiomers radiate on the undriven transition perfectly out of
phase, while the radiation for an equal (or “racemic”) mixture of enantiomers cancels. Figure reproduced from [28].

tor of chiral molecules. Furthermore, in an equal mixture of enantiomers the three-wave mixing signal exactly
vanishes (see Fig. 3), making it highly sensitive to small
imbalances in enantiomers.
A crucial experimental requirement that has not yet
been discussed is the availability of a cold (∼10 K or
less) sample of molecules. In the experiments discussed
so far, room-temperature molecules were flowed into a
copper cell cooled to ∼5 K by a pulse tube cryocooler.
The cell is filled with helium buffer gas, which thermalizes with the cell walls and rapidly cools the large, chiral
molecules via collisions. In this way, the chiral molecules
rotationally cool and the population per quantum state
is increased by several orders of magnitude, leading to
high spectroscopic sensitivity.
Beyond merely detecting the presence of a chiral
molecule and identifying its enantiomeric composition,
it is also possible to use three-wave mixing to selectively prepare one enantiomer in a particular quantum
state [29]. In particular, we have demonstrated that a
chiral molecule can be driven to a given state via two
paths. For example, in the structure of Fig. 2(a), the
state |220 ⟩ can be populated from |211 ⟩ directly with a
b-type transition, or alternatively via the intermediate
state |221 ⟩ with both a c-type and a-type transition. If
the driving fields are chosen carefully and both paths are
driven simultaneously, then the quantum amplitudes to
populate a target state will either constructively or destructively interfere depending on the enantiomer.

WHY LASER COOL POLYATOMIC
MOLECULES?

The methods described in the previous section operate
at temperatures of several kelvin, already sufficient to reduce the number of occupied quantum states by several
orders of magnitude in large molecules. Further cooling
to ultracold temperatures below 1 mK, however, enables
qualitatively different experiments. At these lower temperatures, it is feasible to hold molecules in a conservative
potential such as an optical dipole trap (or optical lattice)
or magnetic trap [8, 30], enabling long coherent times and
high densities. Here we provide a brief overview of the
applications that are enabled by such traps of polyatomic
molecules at ultracold temperatures.
Optical traps, which can only be loaded from ultracold temperatures of ∼10 µK, offer several advantages
over cryogenic platforms or molecular beams. One key
feature is the possibility of confining molecules to submicron size scales, allowing them to be brought close
enough to interact strongly in a controlled manner. Such
strong, controlled interactions are essential to quantum
computation and simulation experiments. Another advantage of optical traps, in contrast to magneto-optical
or high-field electric and magnetic traps, is that the trapping light field can be weakly perturbing and may not
contribute systematic shifts in precision spectroscopy.
The inherent limitation of optical traps is that their
trap depths, in practice, are no larger than about 1 mK.
To reach this temperature regime, the standard approach
in atomic and molecular experiments is to laser cool samples using rapid cycling of ∼103 photons (see Fig. 4).
RPC has been demonstrated for highly symmetric atoms
and molecules in which the inherent structural symmetry
leads to electric dipole selection rules that aid the task
of scattering approximately 104 photons, enough to realize deep laser cooling. It is important to note that RPC
also enables high-fidelity quantum state preparation and
readout, important for both quantum information applications and spectroscopy. So, achieving RPC provides
full quantum control over both the internal and external
states of the molecule, providing a near-perfect platform
for a variety of quantum science endeavors.
While the advantages described above apply to all
laser-coolable atoms and molecules, polyatomic molecules
(those containing three or more atoms) offer qualitatively distinct vibrational and rotational motions that enable new opportunities in physics, chemistry, and quantum technology. For instance, all polyatomic molecules
have long-lived states with body-frame angular momentum arising from nuclear motion. These states offer energy level structures with Debye-scale Stark shifts at
low applied electric fields, as well as extremely fieldinsensitive molecular orientation states, including those
with near-zero lab-frame dipole moment. An example of
this structure is displayed in Fig. 5, where the calculation
is performed for rotational states of the bent triatomic
molecule CaSH. Also shown is the ground rotational
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FIG. 4. (a) Schematic diagram of optical cycling in an ideal two-level system: directional photon absorption, momentum change
due to photon absorption, and isotropic spontaneous emission leading to decay to the initial quantum level. Complex structures
(of either atoms or molecules) can interrupt this cycle, e.g., by the addition of multiple decay pathways for spontaneous emission.
(b) Molecular orbitals involved in a molecular optical cycling scheme, computed for the example of calcium hydrosulfide (CaSH).
Note that the orbitals are highly localized on the atomic Ca optical cycling center, and that these orbitals somewhat resemble
an atom-like s to p transition.

atomic molecules constitute a vast reservoir of potential
“loss channels” that could interrupt the laser cooling process (the repeated excitation and spontaneous decay process of Fig. 4). In a typical molecule, electron excitation
followed by spontaneous photon emission might cause
dozens (or more) of vibrational and rotational states to
become populated—too many to feasibly control with
lasers in the laboratory (at least with current laser technology). However, molecules with a particular structure
can be found that violate this trend and which populate
only a few vibrational states following electronic excitation, thus allowing rapid photon cycling with a practical
number of repumping lasers.

IV.
FIG. 5. Lab-frame dipole moments of CaSH Ka = 1 states
(red solid lines) and the CaF N = 0 state (blue dashed line)
in applied electric fields between E = 0 and 250 V/cm.

state in the diatomic molecule CaF, which is negligibly
polarized at the low electric fields shown. Polyatomic
molecules also often possess nearly degenerate rovibrational levels with enhanced sensitivity to new physics
such as ultralight bosonic dark matter [31]. Further, all
chiral molecules are necessarily polyatomic. Thus studies
of biochemical homochirality or parity-violating spectroscopic splittings between enantiomers require the use of
polyatomic molecules.
However, the rich internal structure of polyatomic
molecules also makes the task of laser cooling molecules
initially appear quite challenging. In particular, the
many vibrational and rotational states present in poly-

IDENTIFYING LASER-COOLABLE
MOLECULES

The essential requirement for rapid photon cycling
(and by extension laser cooling) is the existence of an
excited state that decays preferentially to a manageable
number of ground states (ideally one), with unplugged
leaks to all other levels below about 1 part in 104 . The
simplest atoms with this electronic structure are alkali
metal atoms with low-lying 2 S → 2 P transitions (the D1
and D2 lines). In the case of molecules, certain classes
with 2 Σ+ ground states have been found to be favorable
for laser cooling due to their single valence electron in
a metal-centered sσ orbital [32, 33]. These species can
be thought of as the molecular analogs of alkali atoms in
the sense that they have a single optically active electron
with essentially “atom-like” transitions; see Fig. 6(a).
Electronic closure can be ensured by exciting to lowlying electronically excited states that have no levels be-
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FIG. 6.
Illustration of orbital mixing between (a) sσ and pσ orbitals to generate an X̃ 2 Σ+ state and (b) pπ and dπ
orbitals to generate an Ã 2 Π state. (c) Experimental DLIF trace recorded for YbOH molecules following excitation to the
Ã 2 Π1/2 (v = 0, J = 1/2, p = +) level. Inset shows the detail near the baseline, demonstrating that relative intensity sensitivity
around 10−5 is achieved. Labels above each peak indicate the ground state vibrational level that the decay populates.

tween them and the absolute ground state. Each time
a molecule is excited and spontaneously emits a photon,
it is still possible that the vibrational and/or rotational
state will change. Fortunately, closed rotational cycling
schemes can be found for essentially all molecular structures of interest, relying on a combination of parity and
angular momentum selection rules [33–35].
Even without any electronic or rotational loss channels, the absence of angular momentum associated with
the stretching modes of vibrational motion will lead to
losses to excited vibrational levels. Vibrational losses are
strongly suppressed in molecules for which the groundand excited-state potential energy surfaces resemble one
another, as they do for alkaline-earth metal atoms monovalently and ionically bonded to an electronegative ligand (CaF, CaOH, CaOCH3 , etc.). As shown in Fig. 6(ab), electrostatic repulsion between the metal-centered valence electron and the negatively charged ligand leads
to orbital hybridization that excludes valence electron
density from the bonding region and thus to decoupling
between electronic and vibrational excitations [32]. Importantly, this bonding behavior remains true regardless
of the alkaline-earth (or alkaline-earth-like) metal atom
chosen (e.g., M = Ca, Sr, Ba, Yb) and for a wide range
of electronegative ligands (e.g., -OH, -OCH3 , -SH, -NH2 ,
etc.).
The intensities of vibronic transitions are governed not
by strict selection rules, but by the values of so-called
Franck-Condon factors (FCFs), which characterize the
overlap between ground and excited vibrational wave
functions. The possible decay pathways and their relative strengths can be experimentally measured by driving molecules to a particular excited state and measuring the relative intensities of the various wavelengths at

which spontaneous emission occurs, e.g. using dispersed
laser-induced fluorescence (DLIF). The pioneering use of
DLIF measurements to identify laser coolable molecules
were carried out by the Steimle group [36–38]. Recently,
we have improved the intensity sensitivity achievable in
these measurements to about 10−5 , allowing us to characterize all loss channels that must be repumped for a full
cooling and trapping experiment [39]. Figure 6(c) shows
a measurement determining the FCFs for the X̃ − Ã band
of YbOH [39]. Because of the highly diagonal FCFs,
fewer than a dozen vibrational decay channels need to
be repumped to ensure “closure” to the level of 1 part in
104 . These highly diagonal FCFs are characteristic of a
large class of molecules comprised of alkaline-earth atoms
ionically bonded to halogen-like ligands, as was originally
noted by Di Rosa [33].

V.

EXPERIMENTAL PROGRESS

The first polyatomic molecule to be directly laser
cooled was SrOH [21]. In these transverse cooling experiments, the transverse temperature of an SrOH molecular
beam, produced in a cryogenic buffer gas source, was reduced from 50 mK to 750 µK in one dimension using
only 220 scattered photons per molecule. Downstream
of the region where molecules interact with the cooling
lasers, the spatial profile of the molecular beam is imaged on an electron multiplying charge-coupled device
(EMCCD) camera. When molecules have been cooled,
they expand less during their time of flight and occupy
a smaller region of space. By adjusting laser detunings,
molecules can also be laser heated, resulting in a broader
spatial distribution downstream of the heating location
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FIG. 7. Laser cooling of the SrOH molecule. (a) Vibrational branching ratios relevant for the SrOH Ã 2 Π1/2 state. In the
experiment, the (100) and (020 0) levels were repumped. (b) Rotational substructure of each vibronic band pumped. Two
spin-rotation features are addressed. Either the Ã or B̃ state is targeted for laser cooling. (c) Transverse laser cooling of an
SrOH molecular beam from 50 mK (green curve) to 750 µK (blue curve). The dramatic reduction of transverse spatial extent
is indicative of cooling. Also shown (red curve) is the effect of laser heating, which increases the molecular velocities in the
transverse direction and therefore causes accumulation off of the molecular beam axis.

(Fig. 7(c)). Following the original work on SrOH, the
linear molecules YbOH and CaOH were also laser cooled
in one dimension [22, 23].
Very recently, the linear triatomic molecule CaOH has
been loaded into a 3D magneto-optical trap and cooled to
100 µK, below the Doppler limit [25]. This was achieved
by optically repumping 11 vibrational and rotational loss
channels identified from DLIF measurements [39], enabling an average of 12000 photon scatters per molecule
before loss to rovibronic dark states occurred. Notably,
only ∼2000 photons were required for magneto-optical
trapping of slow molecules, and well under 1000 photons
were required for sub-Doppler cooling, indicating that
such techniques remain efficient for trapped polyatomic
molecules.
Symmetric top molecules represent a natural next step
in the “symmetry descent” from linear molecules. These
molecules introduce rotational modes with angular momentum about the internuclear axis (K > 0 states), but
transitions can be chosen to preserve many of the selection rules that were relied upon to construct closed optical cycling transitions of simpler molecules [38, 40]. We
have laser-cooled the symmetric top molecule CaOCH3 to
approximately 1 mK via rapid photon cycling from states
with both K = 0 and K = 1 [24]. In the case of laser
cooling from K = 0, the rotational selection rules are
equivalent to those found in linear triatomic molecules,
while for K = 1 a single rotational repumping laser is required for each populated vibrational state. This result
establishes that laser cooling remains feasible even for the
rotational structures found only in nonlinear molecules.
Whereas the two principal moments of inertia per-

pendicular to the symmetry axis in CaOCH3 have
equal values, in the closely related chiral molecule
CaOCHDT all three moments of inertia have distinct values. Species with this property are known as asymmetric
top molecules (ATMs) and are the most generic type of
molecule. With the exception of rare special cases, all
chiral molecules are ATMs. ATMs lack the symmetries
that led to certain selection rules that aided the photon
cycling process for linear and symmetric top molecules,
but nonetheless our group has shown theoretically that
they can be controlled using slight modifications to the
standard techniques [34]. In fact, we have found that
an extremely broad group of molecules is amenable to
these photon cycling techniques, including the structures
shown in Fig. 8(a). There is thus no fundamental limitation to laser cooling and trapping chiral molecules
such as CaOCHDT. While DLIF measurements of chiral molecules have yet to be performed with a sensitivity sufficient to identify all required repumping lasers,
it appears that the vibrational branching of well-chosen
molecules will be experimentally manageable.
In addition to the possibility of enantiomeric symmetry, ultracold ATMs would offer several qualitative
features useful for a broad range of science [34]. For
example, ATMs generally have three permanent dipole
moments that could be controlled independently, a feature not present in higher-symmetry species. Furthermore, low-lying states with very long radiative lifetimes and large dipole moments promise strong moleculemolecule coupling in quantum simulation schemes, potentially enabling quantum gates at least an order of
magnitude faster than could be achieved with laser-
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FIG. 8. (Left) Classes of asymmetric top molecules that appear amenable to photon cycling and laser cooling include: (i) MSH,
(ii) MNH2 , (iii) MSCH3 , (iv) MNHCH3 , (v) MOC6 H5 [including substitutions around the carbon ring], (vi) MOC2 H5 , (vii)
MC5 H4 CH3 , and (viii) MOCHDT, where M is an alkaline-earth metal atom. (Right) Comparison of DLIF spectra recorded for
(a) CaOH, (b) CaOCH3 , and (c) CaOC10 H7 . The behavior of Ca as an optical cycling center is clearly demonstrated by the
fact that the number of vibrational-state-changing decays increases only slightly as the number of vibrational modes increases
by over an order of magnitude.

coolable diatomic molecules. Because the parity-doubled
states come from rotational motions with typical energies
0.1 − 1 cm−1 above the ground state, these useful “science” states have lifetimes orders of magnitude longer
than those present in the bending vibrational modes of
linear polyatomic molecules. This enhances the feasible coherence time for both precision measurement and
quantum science applications to many tens of seconds.

VI.

CONCLUSION

In summary, we have described methods to spectroscopically identify enantiomers of cold (∼5 K) chiral
molecules with high sensitivity and specificity. We ar-
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