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Laser cooling of a fermionic molecule
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Only bosonic molecular species have been directly laser cooled to date, primarily due to an abundance
of bosonic isotopes in nature and to their simpler hyperfine structure. Fermionic molecules provide new
opportunities for ultracold chemistry, quantum simulation, and precision measurements. Here we report direct
laser cooling of a fermionic molecular isotopologue, calcium monodeuteride (CaD). With a nuclear spin I = 1,
only 5 hyperfine states need to be addressed for rotational closure in optical cycling. These hyperfine states are
unresolved for typical experimental linewidths. We present a method for efficiently producing alkaline-earth
metal hydrides and deuterides. We demonstrate rotational closure and show magnetically assisted Sisyphus
cooling in one dimension for a beam of CaD molecules. Our results indicate that the experimental complexity
for laser cooling CaD is similar to that of calcium monohydride (CaH). Laser cooling of CaD is a promising first
step for production of ultracold and trapped atomic deuterium.
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I. INTRODUCTION

Recent achievements in quantum-state control of
molecules have demonstrated their potential for ultracold
chemistry [1,2], quantum simulation [3,4], quantum
computation [5,6], and precision measurements [7–9].
While fermionic molecules have been assembled from
ultracold atoms [10–12], to date all directly laser-cooled
molecules have been exclusively bosonic. This stems partly
from the fact that most abundant isotopes of neutral atoms in
nature that constitute these molecules are bosonic, with the
notable exceptions of beryllium and nitrogen. Additionally, a
guiding principle for laser cooling candidate molecules is the
simplicity of the hyperfine structure [13]. Most laser-cooled
molecules are of the type MX , where M is an optical cycling
center with nuclear spin IM = 0 and X is an electronegative
ligand with IX = 1/2. The resulting hyperfine structure
consists of only four states that need to be optically addressed
for rotational closure of the optical cycling process [9].
IM �= 0 for a fermionic species can significantly complicate
the laser-cooling scheme [14].

Fermionic molecules possess many favorable properties
for quantum science applications. Being less prone to colli-
sional loss than their bosonic counterparts due to the p-wave
barrier [15], fermionic molecules are an important ingredi-
ent in ultracold chemistry experiments. The combination of
Fermi-Dirac statistics and long-range interactions of polar
molecules can enable the realization of topological superfluid
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phases [16] and lattice-spin models [17]. A fermionic cy-
cling center M can be employed for precision measurements
of nuclear-spin-dependent parity violation (NSD-PV) [18,19]
and axionlike dark matter searches [20]. This has motivated
recent studies with fermionic 137BaF [14] and 171,173YbOH
[21], with the demonstration of rotational closure for the latter.
In order to overcome the hyperfine complexity that plagues
the molecules listed above, we turn our attention to cal-
cium monodeuteride (CaD)—the easiest fermionic molecule
to laser cool in the near term.

Cold CaH and CaD isotopologues have astrophysical
significance as they have been observed in stellar and in-
terstellar media [22–24]. Studying their ultracold chemical
reactions in the laboratory would improve our understanding
of fundamental chemical processes [25]. Moreover, CaD is
a promising precursor for producing ultracold atomic deu-
terium, in analogy to the proposals for CaH dissociation
[26,27]. High-precision measurements with hydrogen and
deuterium allow testing quantum electrodynamics [28], de-
termining fundamental constants such as the proton charge
radius [29,30], and probing new physical forces and parti-
cles [31]. In addition, a degenerate Fermi gas of ultracold
deuterium atoms would enable a new paradigm in quantum
simulation with the simplest Fermi liquid [32]. Even with-
out dissociation, the fermionic nature of CaD could allow
it to reach lower temperatures and achieve better shield-
ing from collisional losses in a conservative trap, creating a
promising playground for quantum simulation experiments.
The existence of an electron spin in the ground state of
CaD provides an additional degree of freedom compared to
bialkali molecules. The relative simplicity and extensive ap-
plications make CaD an interesting laser-cooling candidate.
In this work, we demonstrate the production and one-
dimensional (1D) laser cooling of CaD, which, to our knowl-
edge, is the only fermionic molecule to have been directly
cooled.
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FIG. 1. (a) Schematic of the experiment viewed from above. CaD molecules are generated in a ∼6 K CBGB source. The molecular beam is
collimated by a 2.5-mm diameter aperture and enters the interaction region where it is addressed by the main cooling laser, copropagating with
the (ν = 1) repump laser. The laser beam is expanded to (10.8 mm × 5.4 mm) 1/e2 diameter and retroreflected to form a standing wave. The
molecules then enter the clean-up region where only the (ν = 1) repump laser is applied in a multipass configuration and are finally detected
in the (ν = 0) state. (b) Level structure of the main cycling transition A2�1/2(ν ′ = 0, J ′ = 1/2, +) ← X 2�+(ν ′′ = 0, N ′′ = 1, −). The
hyperfine splittings are adapted from Ref. [22]. (c) In-beam spectroscopy of the transition. The inset shows signal enhancement with rotational
closure.

II. METHODS

A. Experimental setup

Figure 1(a) illustrates the experimental setup. The experi-
ment starts with a cryogenic buffer-gas beam (CBGB) source.
An Nd:YAG-pulsed laser at 1064 nm is used to ablate a solid
rock sample of CaD2, creating a hot cloud of CaD radicals.
The molecules are buffer-gas cooled to ∼6 K using 4He and
then ejected from the cell. This creates a CaD molecular-
beam pulse with peak forward velocity of ∼250 m/s. The
molecules are collimated with a 2.5-mm diameter aperture
to 16(1) mK transverse temperature (Appendix E) before
entering the interaction region where we perform laser cool-
ing. The molecules then enter the clean-up region and are
detected through laser-induced fluorescence (LIF) with an
electron-multiplying charge-coupled device (EMCCD) cam-
era. The setup has been described in detail in the context
of CaH experiments [27,33] with some modifications. Our
ultrahigh-vacuum chamber is set up in a three-dimensional
(3D) radio-frequency magneto-optical trap (RF-MOT) config-
uration, with the MOT chamber here serving as the interaction
region. We apply magnetic field using the in-vacuum MOT
coils in the Helmholtz configuration.

Although some deuterated compounds are commercially
available, CaD2 is not. We produce the molecules by fol-
lowing a procedure outlined in Ref. [34] and detailed
in Appendix A. The flux of the CaD molecules in the
X 2�+(ν ′′ = 0, N ′′ = 1, −) state out of the CBGB source is
∼1011 molecules/steradian/pulse. Compared to CaH, we find
an overall ∼5× higher yield under a full range of experimental
parameters such as helium flow rate, ablation laser energy,
and ablation laser-beam waist. This could be attributed to

differences in collisional cross section with 4He and in crys-
talline chemistry between the species (Appendix B).

B. Relevant level structure for laser cooling

Figure 1(b) shows the level structure of the main cycling
transition A2�1/2(ν ′ = 0, J ′ = 1/2, +) ← X 2�+(ν ′′ = 0,

N ′′ = 1, −) used for laser cooling. We are able to locate
the transition in Fig. 1(c) within ∼200 MHz of available
spectroscopic data [23,24]. The hyperfine splittings of the
J = 1/2 and J = 3/2 states are adapted from Ref. [22],
which we are unable to resolve due to Doppler broadening
of the beam. This is of particular advantage compared to
CaH where the spacings are ∼50–100 MHz [33]. We show
our ability to rotationally close the transition by adding the
two spin-rotation components J = 1/2 and J = 3/2 in the
inset of Fig. 1(c). The LIF is normalized to that of J = 3/2
only and we observe a ∼15× higher fluorescence when
both components are present. This also confirms that the
A2�1/2(ν ′ = 0, J ′ = 1/2, +) excited-state hyperfine levels
are unresolved.

A key requirement to directly laser cool a molecule is
the ability to continuously scatter photons at a relatively fast
rate (∼106 s−1). The vibrational branching ratios (VBRs) of
the molecule should be diagonal so that a practical number
of lasers can mitigate loss to higher vibrational states. The
VBRs for CaD have been calculated [24] and are shown in
Table I of Appendix C. Since the electronic potential energy
surface does not depend on the mass of the nuclei, we do not
expect large isotope shifts in the VBRs. However, the mass
change leads to a significant shift of fundamental vibrational
frequencies, from 37 THz in CaH to 27 THz in CaD. Overall,
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FIG. 2. Molecular-beam profile with Sisyphus cooling and heating. (a)–(c) Beam images under unperturbed, Sisyphus cooling at
+40 MHz, and Sisyphus heating at −40 MHz configurations, respectively. (d) Integrated 1D profile. Sisyphus cooling narrows the width
of the center of the molecular beam (blue), while Sisyphus heating expels molecules away from the center (red). Unperturbed beam is shown
as gray. Solid lines show the fits to the beam profile.

we assume the VBRs for CaD to be the same as our measured
VBRs for CaH in order to calculate the number of scattered
photons.

We perform laser cooling on the A2�1/2(ν ′ = 0, J ′ =
1/2, +) ← X 2�+(ν ′′ = 0, N ′′ = 1, −) transition, together
with a (ν = 1) repump laser addressing the A2�1/2(ν ′ =
0, J ′ = 1/2, +) ← X 2�+(ν ′′ = 1, N ′′ = 1, −) transition.
This allows us to scatter ∼1/(1 − VBRν=0, 1) ≈ 400 photons
before populating higher vibrational states. We add frequency
sidebands for the ground-state spin-rotation and hyperfine
splittings using electro-optic modulators (EOMs) (see Ap-
pendix D for details). The main cooling laser and the repump
laser are combined with a polarizing beam splitter and cou-
pled to a single-mode polarization-maintaining optical fiber.
They are expanded to (2w1 × 2w2) =(10.8 mm × 5.4 mm)
1/e2 diameter and retroreflected in the interaction region to
form a standing wave. The polarization of the main cooling
laser (ν = 0) is set to 45◦ with respect to the applied magnetic
field along the y axis for efficient dark-state remixing. In the
clean-up region, only the (ν = 1) repump laser is applied in a
multipass configuration. Finally we detect the molecules that
remain in the (ν = 0) state using the main cycling transition.
The total power of the lasers shown in the schematic are
475 mW, 180 mW, 180 mW, and 45 mW, corresponding to
the main cooling laser, (ν = 1) repump laser in the interaction
region, (ν = 1) repump laser in the clean-up region, and the
detection laser, respectively.

III. RESULTS

We demonstrate 1D cooling in a beam of CaD molecules
using the magnetically assisted Sisyphus effect [35]. This
technique has served as a barometer for the feasibility of
laser cooling for molecules such as SrF [13],YbF [36], SrOH
[37], YbOH [38], and CaOCH3 [39]. Figures 2(a)–2(c) show
the molecular-beam profile detected on the EMCCD camera,
with a magnetic field | �B| = 1.7 G applied along the y axis in
the interaction region. The image in Fig. 2(a) is taken when

the main cooling laser is absent, representing the unperturbed
molecular-beam profile in the (ν = 0, 1) states. The fluores-
cence along the x axis indicates the size of the molecular beam
in the detection region, while the z-axis width is determined
by the detection laser beam. In Fig. 2(b) the main cooling
laser is applied at +40 MHz detuning from resonance and we
observe an accumulation of molecules near the center of the
beam due to Sisyphus cooling. In Fig. 2(c) the laser is detuned
by −40 MHz and we observe an expulsion of molecules from
the center due to Sisyphus heating. We integrate the images
along the z axis and obtain the 1D profile shown in Fig. 2(d).
We note that because of the limited interaction time of ∼40 µs,
we only deplete the population to 93(3)% even when the main
cooling laser is set on resonance. This corresponds to 30(13)
photons scattered at a rate of 0.7(3) × 106 s−1. This number
further decreases in Sisyphus cooling and heating configura-
tions due to the laser detuning. With the limited number of
scattered photons, the integrated LIF signals under Sisyphus
cooling and heating configurations are essentially unchanged
from an unperturbed beam, as in Fig. 2(d). We note that the
estimated scattering rate is roughly half of the maximum scat-
tering rate due to the fact that both (ν = 0) and (ν = 1) lasers
address the same excited state A2�1/2(ν ′ = 0, J ′ = 1/2, +).

A. Fitting protocol

We fit the 1D profile with a phenomenological model ca-
pable of describing both Sisyphus cooling and heating. The
model combines a Gaussian and a second derivative of a
Gaussian, the latter serving as a modulation of the amplitude.
The function is given by

f (x) = A × gx0,σ0 (x) × (1 − �h × g′′
x0,σS

(x)), (1)

where gx0,σ0 (x) = exp(−(x − x0)2/(2σ 2
0 )) and g′′

x0,σS
(x) =

((x − x0)2/σ 2
S − 1) × exp(−(x − x0)2/(2σ 2

S )). The parame-
ters A, x0, and σ0 represent the amplitude, center position,
and width of an unperturbed beam, while �h and σS represent
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(a) (b) (c)

FIG. 3. Parameter scans of the Sisyphus effect. (a) Peak height change as a function of the main laser detuning, taken with magnetic field
| �B| = 1.7 G and at 45◦ with respect to laser polarization. (b) Sisyphus cooling (blue circles) and heating (red squares) as a function of the
main laser intensity, taken at ±40 MHz detuning and the same magnetic field configuration as in (a). Saturation is not observed. The gray
lines are guides to the eye for the unperturbed scenario (horizontal) and zero detuning [vertical in (a)]. (c) Sisyphus cooling (blue circles) and
heating (red squares) as a function of applied magnetic field, taken at ±40 MHz detuning and maximum laser intensity. A sharp decrease in
the strength of Sisyphus effect is observed when | �B| ≈ 0. Error bars represent the 95% confidence intervals.

the fractional peak height change and the width of the region
where Sisyphus cooling or heating is effective. The shape of
the second derivative of a Gaussian qualitatively reproduces
how Sisyphus cooling or heating affects the central part of the
molecular beam. The fits are shown as solid lines in Fig. 2(d).

The characteristic feature of the Sisyphus effect arises
from the finite capture velocity vc of the Sisyphus force.
In the Sisyphus cooling configuration, only molecules with
v < vc can experience the Sisyphus force and get cooled. The
Sisyphus cooled molecules reach a transverse temperature
of 2.7(2) mK. In the Sisyphus heating configuration, on the
contrary, slower molecules are heated and pushed away from
the center. From the position of the two peaks in the Sisyphus
heating profile, we determine a capture velocity of ∼1 m/s.

B. Characterization of the Sisyphus effect

We characterize the Sisyphus effect for the following ex-
perimental parameters: laser detuning, intensity, and magnetic
field. The Sisyphus effect as a function of laser detuning is
shown in Fig. 3(a), taken at | �B|=1.7 G. Here we use peak
height change �h in Eq. (1) as a proxy for the strength, its
sign representing cooling (positive) or heating (negative). The
Sisyphus effect is antisymmetric around zero detuning, and
the optimal detuning for cooling and heating are found to be
at ∼ ± 40 MHz, respectively, which corresponds to ∼ ± 10�.
Here � ≈ (2π ) × 3.8 MHz represents the natural linewidth of
the main cycling transition and is estimated from Ref. [24].
The relatively large optimal detunings primarily result from
the small hyperfine splittings, since at small detunings all the
sidebands introduced to address the hyperfine structure of
the ground state compete with each other. Figure 3(b) shows
the laser-intensity dependence of Sisyphus cooling (blue cir-
cles) and heating (red squares). Laser intensity here is defined
as the mean intensity of the Gaussian beam in a 1/e2-diameter
area (Ptot/πw1w2), with only the effective laser sidebands
accounted (Appendix D). We are not able to saturate the
Sisyphus effect primarily due to the limited interaction time,
and the scattering rate increases linearly with laser intensity in
this regime.

The Sisyphus mechanism in a Type-II system with more
ground states than excited states relies on dark-state remix-
ing. In the cooling configuration, for example, molecules lose
kinetic energy as they climb to the intensity maxima of the
standing wave produced by the retroreflected laser beam. At
the maxima they are optically pumped into dark states at a
lower energy [35]. Dark-state remixing allows the molecules
to return to a bright state and repeat the cycle, thus reduc-
ing the beam temperature. This is achieved through Larmor
precession in the hyperfine sublevels in the presence of an
external magnetic field. Figure 3(c) shows the magnetic-field
response of the Sisyphus effect, taken at maximum laser in-
tensity and ±40 MHz detuning for cooling (blue circles) and
heating (red squares). We observe a sharp decrease of strength
in both cooling and heating at | �B| ≈ 0, when dark-state remix-
ing is the least efficient. At higher magnetic fields, Sisyphus
effect is again suppressed due to large Zeeman shifts. We also
note that the Sisyphus effect cannot be completely eliminated
by tuning the magnetic field in the standing-wave configu-
ration for two reasons. First, the magnetic field cannot be
perfectly canceled throughout the entire interaction region
due to the presence of the Earth’s magnetic field. Second,
polarization gradient cooling could occur due to imperfect
linear polarizations.

IV. CONCLUSION

In conclusion, we have demonstrated laser cooling of a
fermionic molecule, CaD. The complexity introduced by the
larger nuclear spin ID = 1 is comparable to that of other
bosonic molecules that have been laser cooled and trapped.
This is a key first step towards a MOT of a fermionic molecule,
opening the door to a variety of quantum science applica-
tions such as the realization of the dipolar Fermi-Hubbard
model [40] and topological superfluids [16]. With a fermionic
molecule added to the list of directly laser-coolable molecular
species, qudit platforms with high-fidelity readout become
possible [41]. Due to a small isotope shift between CaD and
CaH, we expect the deuterated isotopologue to suffer from
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similar rates of predissociation for the A and B excited states
as CaH [27]. However, the same predissociative nature can be
leveraged to engineer dissociation pathways for the generation
of ultracold and trapped atomic deuterium [26]. This will
enable a novel precision-measurement platform with trapped
hydrogen and deuterium [31]. Finally, the efficient hydrogena-
tion and deuteration method described in this work can be
extended to produce chiral molecular isomers such as the chi-
ral methyl group [42] in order to study parity-violation effects
predicted to be the source of biomolecular homochirality [43].
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APPENDIX A: SYNTHESIS OF CaD2

We produce CaD2 samples by following a procedure out-
lined in Ref. [34] for the production of CaH2. We build a
high pressure, high temperature reactor using readily available
components [Fig. 4(a)]. The body of the reactor is composed
of a standard CF 2.75” stainless steel nipple. The bottom of the
nipple is blanked off using a nickel gasket and constitutes the
main reaction area wrapped with an electrical heating coil and
a thermocouple connected to a temperature controller. The top
is a CF to 1/4” VCR adapter and the subsequent connections
are all made with standard stainless steel VCR connectors.
Such connections are rated for pressures >5, 000 psi and
temperatures >500 ◦C. However, CF flanges are only rated
for pressures below atmospheric pressure and temperatures up
to 450 ◦C.

Once assembled, we stress test the reactor using inert he-
lium gas. We confirm that the system is leak-tight first at
atmospheric pressure and 450 ◦C, then up to 80 psi at room
temperature, and finally up to 80 psi at 450 ◦C. With no
leaks appearing at any point during these tests, we deem our
reactor safe for operation with deuterium gas. We use calcium
pieces of >99% purity from Millipore Sigma (327387-25G)
and 99.8% pure deuterium gas from Cambridge Isotope Labs
(DLM-408-100).

We charge our reactor with 3 g of Ca metal pieces mea-
suring a few millimeters in size. Powderizing the Ca target is
expected to improve reaction yield due to larger surface area
but this is avoided since it would require pressing to form
a target. The reactor is charged and sealed in an inert nitro-
gen environment to avoid contamination. Then we gradually
heat the sample under vacuum to 450 ◦C over 2 hours. Care
is taken to avoid large thermal gradients in the system that
could lead to a formation of leaks. Since Ca melts at 840 ◦C,
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FIG. 4. Synthesis of CaD2. (a) Illustration of the home-built
setup used for the synthesis. The main reactor is a standard CF
2.75”, 5” long 304 stainless steel nipple. The base is wrapped with
heating tape connected to a variac via a temperature controller (Ex-
tech 48VFL). A standard J-type thermocouple attached to the base
is used for temperature stabilization. A high-pressure gauge (MG1-
100-A-9V-R) is placed close to the top of the reactor. All connections
henceforth are VCR type. The reactor connects to a scroll pump and
a Convectron gauge (MKS 275) via a tee. The other end of the tee
connects to a D2 cylinder using a long flexible hose. The regulator
on the cylinder allows for control of the charging pressure, while
the valves shown are used to direct the flow. (b) Pressure measured
on the high-pressure gauge as a function of time at 450 ◦C. The
reactor contains 3 g of Ca pieces. From an exponential fit, we obtain
a reaction rate of k = 0.11 min−1. (c) Powder x-ray diffraction study
of the resulting sample. Red lines are the known CaD2 peaks. Almost
all measured peaks match with the known CaD2 values except for the
peak at 2θ = 37◦. This peak could be attributed to CaO or Ca(OH)2,
possibly resulting from short contact with air. The results suggest
very high conversion efficiency from Ca to CaD2.

this temperature only enhances the rate of deuterating the Ca
pieces. We then charge the hot reactor instantly with D2 gas
to 88 psi. With the D2 reservoir valved off, the pressure in
the reactor starts decreasing immediately, signaling that the
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reaction is underway. The pressure decreases to 62 psi after
40 min and the rate of change stagnates. This implies that the
first phase of the reaction, surface deuteration, is complete
[Fig. 4(b)]. The measured reaction rate is k = 0.11 min−1.
We leave the reactor charged and hot overnight, and after 9
hours the pressure decreases to ∼50 psi. During this time, D2

molecules diffuse through the Ca surface and penetrate into
the bulk.

Once the system has cooled down to room temperature,
we open the reactor in a nitrogen environment. Since the
temperature is not high enough to melt calcium, the pieces do
not change their shape or size. However, they turn from a dark
silvery gray to a light powdery gray. We perform a powder
x-ray diffraction (PXRD) analysis of the sample and find that
it predominantly consists of CaD2 [Fig. 4(c)]. This confirms
our assumption that D2 molecules can easily diffuse through
the metal surface and cause deuteration in the bulk of the Ca
pieces with high efficiency.

APPENDIX B: CHARACTERIZATION
OF MOLECULAR YIELD

We employ a CBGB source described in detail in Ref. [33].
The steady-state in-cell density of the He buffer gas is given
by Eq. (B1), where fHe is the flow rate of the buffer gas and
vHe is its average thermal velocity at 6 K [44]:

nHe = 4 fHe

AaperturevHe
. (B1)

For the measurements taken in this work a buffer-gas flow rate
of ∼20 standard cubic centimeters per minute (sccm) is used,
giving a steady-state buffer-gas density of 1.4 × 1016 cm−3,
similar to other buffer-gas experiments. Although the higher
He flow rate leads to higher beam velocities, we obtain a
higher molecular yield and signal-to-noise ratio (SNR). In-
terestingly, we measure a ∼5× higher CaD yield both inside
the buffer-gas cell and also in the extracted beam compared to
CaH measured under identical conditions.

This difference in production of the two isotopologues
can give insight into the dynamics of our CBGB source, al-
lowing for further improvements in molecule production and
molecular-beam flux. Differences in thermalization resulting
from different collisional cross sections is one possible ex-
planation for our observations. As the hot molecules diffuse
away from the target, they collide with the cold buffer gas. The
rate of these collisions affects the time it takes the molecules
to diffuse through the cell. Assuming the molecular species
instantly freezes (or is “lost” ) once it reaches the cell walls,
and the molecules are much lower density than the buffer gas,
the decay in absorption is a good representation of the time
it takes for the molecules to diffuse out. This characteristic
time τ can be found by fitting a simple exponential to the
tails of absorption traces. Then, using the method employed
in Ref. [44], the collisional cross section can be calculated via
the expression

σHe-m = τ
9πvHe

16AcellnHe
, (B2)

where Acell is the cross-sectional area of the cell, nHe is
the steady-state density from Eq. (B1), and vHe is the

TABLE I. Measured CaH VBRs [33] and calculated CaH and
CaD VBRs [24]. The calculated VBRs for CaH are in good agree-
ment with our own calculations [27].

Transition

Vibrational
Quanta

(ν ′′)
CaH VBR

Measured (q0ν′′ )

CaH VBR
Calculated

(q0ν′′ )

CaD VBR
Calculated

(q0ν′′ )

A → X 0 0.9680(29) 0.9820 0.9758
1 0.0296(24) 0.0175 0.0235
2 2.4(1.8)×10−3 4.61 × 10−4 7.18 × 10−4

3 - 2.0 × 10−5 3.2 × 10−5

B → X 0 0.9853(11) 0.9790 0.9688
1 0.0135(11) 0.0202 0.0295
2 1.2(0.2)×10−3 7.5 × 10−4 1.5 × 10−3

3 - 6.7 × 10−5 1.5 × 10−4

thermal velocity of the buffer gas. We find the cross sec-
tions to be σHe-CaH = 2.0(8) × 10−14 cm2 and σHe-CaD =
3.0(3) × 10−14 cm2. These calculated cross sections are con-
sistent with previous work [45]. However, given the large
errors of these values and their relative closeness, we cannot
definitively attribute the difference in the production between
the two species to He thermalization. We also cannot rule out
other factors such as crystalline chemistry of the substrates.

APPENDIX C: VIBRATIONAL BRANCHING RATIOS

The VBRs for CaD calculated from Ref. [24] are shown
in Table I. We also show the calculated CaH VBRs and find
a small isotope shift between CaH and CaD. We make the
assumption that the VBRs for CaD are approximately the
same as those for CaH.

APPENDIX D: LASER CONFIGURATION

The frequencies of the lasers used in this work are pre-
sented in Table II. The spectroscopy of the A2�1/2(ν ′ =
0, J ′ = 1/2, +) ← X 2�+(ν ′′ = 0, N ′′ = 1, −) main cy-
cling transition is done in a quasirotationally-closed configu-
ration. We scan the frequency of one spin-rotation component
while holding the other on resonance. This provides higher
SNR because of the enhancement in LIF due to optical cy-
cling. With the hyperfine levels unresolved [Fig. 1(c)], we
fit the spectra to Gaussians with fixed spacing and relative

TABLE II. CaD transition frequencies used in this work. The
uncertainties are ∼10 MHz statistical and ∼60 MHz systematic from
the wavemeter.

Frequency
Ground ν ′′ N ′′ J ′′ F ′′ Excited ν ′ N ′ J ′ (THz)

X 0 1 3/2 5/2 A 0 − 1/2 431.140421
3/2 431.140441
1/2 431.140453

1/2 3/2 431.141437
1/2 431.141425

X 1 1 3/2 5/2, 3/2, 1/2 A 0 − 1/2 403.852444
1/2 3/2, 1/2 403.853423

033135-6



LASER COOLING OF A FERMIONIC MOLECULE PHYSICAL REVIEW RESEARCH 6, 033135 (2024)

amplitude, according to the hyperfine splittings obtained from
Ref. [22] and state degeneracies. However, there are no pre-
viously measured hyperfine splittings for the X 2�+(ν ′′ =
1, N ′′ = 1, −) state. We instead fit the (ν = 1) repump
transition with a single Gaussian for each spin-rotation com-
ponent. All the frequencies are measured using a HighFinesse
WS7-60 wavemeter, which is calibrated using the 1S0 →3 P1

transition in Sr.
In order to generate the sidebands for the ground-state spin-

rotation and hyperfine splittings of the main cycling transition,
we use two EOMs operating at 980 MHz and 11 MHz in
series. Specifically, we use the −1st and 0th order of the
980 MHz EOM for the J = 3/2 and J = 1/2 spin-rotation
components, respectively, and the 0th, ±1st, ±2nd orders of
the 11 MHz EOM for the hyperfine levels. We note that the
+1st order of the 980 MHz EOM is unused in the cooling
experiment because it is far-off resonant, resulting in a ∼30%
decrease in the effective laser intensity. For the (ν = 1) re-
pump, we use a 978 MHz EOM and a high-Q 4.185 MHz
EOM. The 4.185 MHz EOM generates an array of side-
bands (±5 orders) to cover the hyperfine levels in the (ν = 1)
manifold.

APPENDIX E: BEAM TEMPERATURE ESTIMATION

We estimate the transverse temperature of the molecular
beam using Monte Carlo beam propagation. We generate a
uniform spatial distribution of 105 particles at the location of
the aperture with a Boltzmann-distributed forward velocity of
250 m/s with 40 m/s as standard deviation and a transverse
velocity v⊥. We vary v⊥ and calculate the molecular-beam
width at the position of the detector. Matching this value to
our measured unperturbed beam width (σ ≈ 5.4 mm) gives
us an estimate of T⊥ ≈ 16(1) mK. Next, we perform the same
computation but now compare the calculated beam width to
the measured width of the central peak of the Sisyphus cooled

FIG. 5. Doppler cooling and heating as a function of laser detun-
ing. A change in the molecular-beam width demonstrates Doppler
cooling (negative) and heating (positive). Error bars represent the
95% confidence intervals.

profile [Fig. 2(d)], σ ≈ 2.3 mm. This provides a rough esti-
mate of the Sisyphus-cooled beam temperature of 2.7(2) mK.
We note that this temperature estimate is approximate and
only serves as an indicator of cooling efficiency.

APPENDIX F: DOPPLER COOLING

In addition to sub-Doppler Sisyphus cooling, we also per-
form 1D Doppler cooling of the CaD molecular beam. The
measured Doppler cooling and heating curve as a function of
laser detuning is shown in Fig. 5. Because of the large capture
velocity of the Doppler force, cooling and heating manifest
as a change in Gaussian width (�σ ) of the molecular beam.
We can switch from a Sisyphus to a Doppler configuration by
multipassing the interaction laser and ensuring little overlap
between neighboring passes.

[1] Y. Liu and K.-K. Ni, Bimolecular chemistry in the ultracold
regime, Annu. Rev. Phys. Chem. 73, 73 (2022).

[2] S. Ospelkaus, K.-K. Ni, D. Wang, M. H. G. De Miranda, B.
Neyenhuis, G. Quéméner, P. S. Julienne, J. L. Bohn, D. S.
Jin, and J. Ye, Quantum-state controlled chemical reactions
of ultracold potassium-rubidium molecules, Science 327, 853
(2010).

[3] L. Christakis, J. S. Rosenberg, R. Raj, S. Chi, A. Morningstar,
D. A. Huse, Z. Z. Yan, and W. S. Bakr, Probing site-resolved
correlations in a spin system of ultracold molecules, Nature
(London) 614, 64 (2023).

[4] N. Bigagli, W. Yuan, S. Zhang, B. Bulatovic, T. Karman, I.
Stevenson, and S. Will, Observation of Bose-Einstein conden-
sation of dipolar molecules, Nature (London) 631, 289 (2024).

[5] C. M. Holland, Y. Lu, and L. W. Cheuk, On-demand entan-
glement of molecules in a reconfigurable optical tweezer array,
Science 382, 1143 (2023).

[6] Y. Bao, S. S. Yu, L. Anderegg, E. Chae, W. Ketterle, K.-K.
Ni, and J. M. Doyle, Dipolar spin-exchange and entanglement
between molecules in an optical tweezer array, Science 382,
1138 (2023).

[7] The ACME Collaboration: V. Andreev, D. G. Ang, D. DeMille,
J. M. Doyle, G. Gabrielse, J. Haefner, N. R. Hutzler, Z. Lasner,
C. Meisenhelder, B. R. O’Leary, C. D. Panda, A. D. West, E. P.
West, and X. Wu, Improved limit on the electric dipole moment
of the electron, Nature (London) 562, 355 (2018).

[8] T. S. Roussy, L. Caldwell, T. Wright, W. B. Cairncross, Y.
Shagam, K. B. Ng, N. Schlossberger, S. Y. Park, A. Wang, J.
Ye, and E. A. Cornell, An improved bound on the electron’s
electric dipole moment, Science 381, 46 (2023).

[9] D. Mitra, K. H. Leung, and T. Zelevinsky, Quantum control of
molecules for fundamental physics, Phys. Rev. A 105, 040101
(2022).

[10] J.-R. Li, W. G. Tobias, K. Matsuda, C. Miller, G. Valtolina, L.
De Marco, R. R. W. Wang, L. Lassablière, G. Quéméner, J. L.
Bohn, and J. Ye, Tuning of dipolar interactions and evaporative
cooling in a three-dimensional molecular quantum gas, Nat.
Phys. 17, 1144 (2021).

[11] A. Schindewolf, R. Bause, X.-Y. Chen, M. Duda, T. Karman, I.
Bloch, and X.-Y. Luo, Evaporation of microwave-shielded polar
molecules to quantum degeneracy, Nature (London) 607, 677
(2022).

033135-7

https://doi.org/10.1146/annurev-physchem-090419-043244
https://doi.org/10.1126/science.1184121
https://doi.org/10.1038/s41586-022-05558-4
https://doi.org/10.1038/s41586-024-07492-z
https://doi.org/10.1126/science.adf4272
https://doi.org/10.1126/science.adf8999
https://doi.org/10.1038/s41586-018-0599-8
https://doi.org/10.1126/science.adg4084
https://doi.org/10.1103/PhysRevA.105.040101
https://doi.org/10.1038/s41567-021-01329-6
https://doi.org/10.1038/s41586-022-04900-0


DAI, SUN, RILEY, MITRA, AND ZELEVINSKY PHYSICAL REVIEW RESEARCH 6, 033135 (2024)

[12] J. J. Park, Y.-K. Lu, A. O. Jamison, and W. Ketterle, Magnetic
trapping of ultracold molecules at high density, Nat. Phys. 19,
1567 (2023).

[13] E. S. Shuman, J. Barry, and D. DeMille, Laser cooling of a
diatomic molecule, Nature (London) 467, 820 (2010).

[14] F. Kogel, M. Rockenhäuser, R. Albrecht, and T. Langen, A laser
cooling scheme for precision measurements using fermionic
barium monofluoride (137Ba19F) molecules, New J. Phys. 23,
095003 (2021).

[15] R. Bause, A. Christianen, A. Schindewolf, I. Bloch, and X.-Y.
Luo, Ultracold sticky collisions: Theoretical and experimental
status, J. Phys. Chem. A 127, 729 (2023).

[16] N. R. Cooper and G. V. Shlyapnikov, Stable topological super-
fluid phase of ultracold polar fermionic molecules, Phys. Rev.
Lett. 103, 155302 (2009).

[17] A. Micheli, G. K. Brennen, and P. Zoller, A toolbox for
lattice-spin models with polar molecules, Nat. Phys. 2, 341
(2006).

[18] E. B. Norrgard, D. S. Barker, S. Eckel, J. A. Fedchak, N. N.
Klimov, and J. Scherschligt, Nuclear-spin dependent parity vi-
olation in optically trapped polyatomic molecules, Commun.
Phys. 2, 77 (2019).

[19] Y. Hao, P. Navrátil, E. B. Norrgard, M. Iliaš, E. Eliav, R. G. E.
Timmermans, V. V. Flambaum, and A. Borschevsky, Nu-
clear spin-dependent parity-violating effects in light polyatomic
molecules, Phys. Rev. A 102, 052828 (2020).

[20] M. S. Safronova, D. Budker, D. DeMille, D. F. J. Kimball,
A. Derevianko, and C. W. Clark, Search for new physics with
atoms and molecules, Rev. Mod. Phys. 90, 025008 (2018).

[21] Y. Zeng, A. Jadbabaie, A. N. Patel, P. Yu, T. C. Steimle,
and N. R. Hutzler, Optical cycling in polyatomic molecules
with complex hyperfine structure, Phys. Rev. A 108, 012813
(2023).

[22] C. I. Frum, J. J. Oh, E. A. Cohen, and H. M. Pickett, Rotational
spectra of the X 2�+ states of CaH and CaD, Astrophys. J. 408,
L61 (1993).

[23] E. GharibNezhad, A. Shayesteh, and P. Bernath, Fourier trans-
form emission spectra of the A2� → X 2�+ and B2�+ →
X 2�+ transitions of CaD, J. Mol. Spectrosc. 281, 47 (2012).

[24] S. F. Alavi and A. Shayesteh, Einstein A coefficients for
rovibronic lines of the A2� → X 2�+ and B2�+ → X 2�+

transitions of CaH and CaD, Mon. Not. R. Astron. Soc. 474,
2 (2018).

[25] T. V. Tscherbul and J. Kłos, Magnetic tuning of ultracold
barrierless chemical reactions, Phys. Rev. Res. 2, 013117
(2020).

[26] I. C. Lane, Production of ultracold hydrogen and deuterium via
Doppler-cooled Feshbach molecules, Phys. Rev. A 92, 022511
(2015).

[27] Q. Sun, C. E. Dickerson, J. Dai, I. M. Pope, L. Cheng, D.
Neuhauser, A. N. Alexandrova, D. Mitra, and T. Zelevinsky,
Probing the limits of optical cycling in a predissociative di-
atomic molecule, Phys. Rev. Res. 5, 043070 (2023).

[28] M. Boshier, P. Baird, C. Foot, E. Hinds, M. Plimmer, D. Stacey,
J. Swan, D. Tate, D. Warrington, and G. Woodgate, Precision
spectroscopy of hydrogen and deuterium, Nature (London) 330,
463 (1987).

[29] A. Grinin, A. Matveev, D. C. Yost, L. Maisenbacher, V. Wirthl,
R. Pohl, T. W. Hänsch, and T. Udem, Two-photon frequency

comb spectroscopy of atomic hydrogen, Science 370, 1061
(2020).

[30] R. Pohl, F. Nez, L. M. P. Fernandes, F. D. Amaro, F. Biraben,
J. M. R. Cardoso, D. S. Covita, A. Dax, S. Dhawan, M. Diepold,
A. Giesen, A. L. Gouvea, T. Graf, T. W. Hänsch, P. Indelicato,
L. Julien, P. Knowles, F. Kottmann, E.-O. L. Bigot, Y.-W. Liu
et al., Laser spectroscopy of muonic deuterium, Science 353,
669 (2016).

[31] R. M. Potvliege, A. Nicolson, M. P. A. Jones, and M.
Spannowsky, Deuterium spectroscopy for enhanced bounds on
physics beyond the standard model, Phys. Rev. A 108, 052825
(2023).

[32] M. Zaghoo, T. R. Boehly, J. R. Rygg, P. M. Celliers, S. X.
Hu, and G. W. Collins, Breakdown of Fermi degeneracy in the
simplest liquid metal, Phys. Rev. Lett. 122, 085001 (2019).

[33] S. F. Vázquez-Carson, Q. Sun, J. Dai, D. Mitra, and T.
Zelevinsky, Direct laser cooling of calcium monohydride
molecules, New J. Phys. 24, 083006 (2022).

[34] A. D. Bulanov, O. Y. Troshin, and V. V. Balabanov, Synthesis
of high-purity calcium hydride, Russ. J. Appl. Chem. 77, 875
(2004).

[35] O. Emile, R. Kaiser, C. Gerz, H. Wallis, A. Aspect, and
C. Cohen-Tannoudji, Magnetically assisted Sisyphus effect, J.
Phys. II (France) 3, 1709 (1993).

[36] J. Lim, J. R. Almond, M. A. Trigatzis, J. A. Devlin, N. J. Fitch,
B. E. Sauer, M. R. Tarbutt, and E. A. Hinds, Laser cooled YbF
molecules for measuring the electron’s electric dipole moment,
Phys. Rev. Lett. 120, 123201 (2018).

[37] I. Kozyryev, L. Baum, K. Matsuda, B. L. Augenbraun, L.
Anderegg, A. P. Sedlack, and J. M. Doyle, Sisyphus laser cool-
ing of a polyatomic molecule, Phys. Rev. Lett. 118, 173201
(2017).

[38] B. L. Augenbraun, Z. D. Lasner, A. Frenett, H. Sawaoka, C.
Miller, T. C. Steimle, and J. M. Doyle, Laser-cooled poly-
atomic molecules for improved electron electric dipole moment
searches, New J. Phys. 22, 022003 (2020).

[39] D. Mitra, N. B. Vilas, C. Hallas, L. Anderegg, B. L.
Augenbraun, L. Baum, C. Miller, S. Raval, and J. M. Doyle,
Direct laser cooling of a symmetric top molecule, Science 369,
1366 (2020).

[40] E. G. C. P. van Loon, M. I. Katsnelson, and M. Lemeshko,
Ultralong-range order in the Fermi-Hubbard model with long-
range interactions, Phys. Rev. B 92, 081106 (2015).

[41] R. Sawant, J. Blackmore, P. Gregory, J. Mur-Petit, D. Jaksch,
J. Aldegunde, J. Hutson, M. Tarbutt, and S. Cornish, Ultracold
polar molecules as qudits, New J. Phys. 22, 013027 (2020).

[42] H. G. Floss and S. Lee, Chiral methyl groups: Small is beautiful,
Acc. Chem. Res. 26, 116 (1993).

[43] M. Quack, G. Seyfang, and G. Wichmann, Parity violation
in chiral molecules: From theory towards spectroscopic ex-
periment and the evolution of biomolecular homochirality,
Chiral Matter (World Scientific Publishing, Singapore, 2023),
pp. 209–268.

[44] N. R. Hutzler, H.-I. Lu, and J. M. Doyle, The buffer gas beam:
An intense, cold, and slow source for atoms and molecules,
Chem. Rev. 112, 4803 (2012).

[45] J. D. Weinstein, Magnetic trapping of atomic chromium and
molecular calcium monohydride, Ph.D. thesis, Harvard Univer-
sity (2002).

033135-8

https://doi.org/10.1038/s41567-023-02141-0
https://doi.org/10.1038/nature09443
https://doi.org/10.1088/1367-2630/ac1df2
https://doi.org/10.1021/acs.jpca.2c08095
https://doi.org/10.1103/PhysRevLett.103.155302
https://doi.org/10.1038/nphys287
https://doi.org/10.1038/s42005-019-0181-1
https://doi.org/10.1103/PhysRevA.102.052828
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/PhysRevA.108.012813
https://doi.org/10.1086/186831
https://doi.org/10.1016/j.jms.2012.10.001
https://doi.org/10.1093/mnras/stx2681
https://doi.org/10.1103/PhysRevResearch.2.013117
https://doi.org/10.1103/PhysRevA.92.022511
https://doi.org/10.1103/PhysRevResearch.5.043070
https://doi.org/10.1038/330463a0
https://doi.org/10.1126/science.abc7776
https://doi.org/10.1126/science.aaf2468
https://doi.org/10.1103/PhysRevA.108.052825
https://doi.org/10.1103/PhysRevLett.122.085001
https://doi.org/10.1088/1367-2630/ac806c
https://doi.org/10.1023/B:RJAC.0000044107.80122.61
https://doi.org/10.1051/jp2:1993226
https://doi.org/10.1103/PhysRevLett.120.123201
https://doi.org/10.1103/PhysRevLett.118.173201
https://doi.org/10.1088/1367-2630/ab687b
https://doi.org/10.1126/science.abc5357
https://doi.org/10.1103/PhysRevB.92.081106
https://doi.org/10.1088/1367-2630/ab60f4
https://doi.org/10.1021/ar00027a007
https://doi.org/10.1021/cr200362u

