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A key method to produce trapped and laser-cooled molecules is the magneto-optical trap (MOT), which
is conventionally created using light red detuned from an optical transition. In this work, we report a MOT
for CaF molecules created using blue-detuned light. The blue-detuned MOT (BDM) achieves temperatures
well below the Doppler limit and provides the highest densities and phase-space densities reported to date
in CaF MOTs. Our results suggest that BDMs are likely achievable in many relatively light molecules
including polyatomic ones, but our measurements suggest that BDMs will be challenging to realize in
substantially heavier molecules due to sub-mK trap depths. In addition to record temperatures and
densities, we find that the BDM substantially simplifies and enhances the loading of molecules into optical
tweezer arrays, which are a promising platform for quantum simulation and quantum information
processing. Notably, the BDM reduces molecular number requirements ninefold compared to a conven-
tional red-detuned MOT, while not requiring additional hardware. Our work therefore substantially
simplifies preparing large-scale molecular tweezer arrays, which are a novel platform for simulation of
quantum many-body dynamics and quantum information processing with molecular qubits.
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Laser-cooled molecules are a promising platform for
quantum simulation, quantum information processing,
studies of ultracold molecular collisions, and precision
probes of physics beyond the standard model [1–4]. A
workhorse technology for producing trapped laser-cooled
atoms and molecules is the magneto-optical trap (MOT),
where a magnetic gradient in combination with near-
resonant light provides both cooling and spatial confine-
ment. Conventionally, MOTs are created using light red
detuned from an optical transition. They rely on Doppler
cooling and achieve temperatures near the Doppler limit
TD ¼ ℏΓ=ð2kBÞ, where Γ is the excited state linewidth.
Starting with the first molecular MOTs of SrF [5,6],

MOTs have been demonstrated for many diatomic and
polyatomic molecules [7–10]. These developments have
enabled conservative optical and magnetic trapping [11–15]
that has allowed coherent control of rotational states [11],
exploration of ultracold molecular collisions [16–18], and
creation of arrays of single molecules held in programmable
tweezer traps [19,20]. Notably, because of microscopic
detection and control capabilities, these molecular tweezer
arrays have emerged as a promising platform for simulating
interacting quantum spin models and realizing quantum
circuits. In these arrays, although the crucial building blocks
of coherent electric dipolar interactions and entangling two-
qubit gates have been demonstrated recently [21,22], effi-
cient tweezer loading remains an experimental challenge
because of low molecular MOT densities. While density
enhancement techniques such as laser cooling in optical
traps [12,13,23,24] and optical compression [25] help, they

come at a cost of increased experimental complexity. Simple
techniques that create substantially denser MOTs are there-
fore of practical utility.
In this work, we demonstrate a blue-detuned MOT

(BDM) for CaF molecules that produces record cold
temperatures well below the Doppler limit, and high
densities. Practically, we find that the BDM substantially
enhances the loading of molecular tweezer arrays when
compared to a conventional red-detuned MOT, which
effectively reduces initial MOT number requirements nine-
fold. Notably, the BDM is simple to implement and only
uses hardware that is already needed for a red MOT.
In molecular MOTs, optical cycling is achieved by

addressing a rotational-lowering transition [26] (e.g., N ¼
1 → N0 ¼ 0 transition, where N denotes the rotational
quantum number). In these so-called type-II systems, the
number of excited states is less than or equal to the number
of ground states. As pointed out in [27], with red-detuned
light, type-II systems experience Doppler cooling at high
velocities and sub-Doppler heating at low velocities. With
blue-detuned light, Doppler heating and sub-Doppler cool-
ing occur instead [7,13,23,24,27]. It was subsequently
realized that blue-detuned MOTs, which offer spatial
confinement in addition to sub-Doppler cooling, are
possible [28–30]. The first BDM was realized with Rb
atoms [28]; recently, molecular BDMs of YO [31] and
SrF [18] have been created.
To create a blue-detuned CaF MOT, we start with a red-

detunedMOT formed using a dc quadrupolar magnetic field
(symmetry axis along ẑ) and light red detuned from the
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X2ΣðN ¼ 1Þ → A2Π1=2ðJ ¼ 1=2;þÞ transition. The cool-
ing light is sent along three orthogonal directions and
consists of four frequency components nominally address-
ing the four ground hyperfine manifolds [Fig. 1(a)(i)].
After initial capture of molecules from a cryogenic buffer
gas beam, the red-detunedMOTismagnetically compressed
[11,25], reaching a mean Gaussian width of σ ¼
680ð30Þ μm and a temperature of T ¼ 3.9ð4Þ mK.
Since BDMs have low capture velocities [27–30],

we further precool the molecules in free space with
Λ-enhanced gray molasses cooling to ∼10 μK before
loading into a BDM [18,23,31]. The sample expands
negligibly during this stage and 49(1)% remains.
We next transfer molecules into a BDM with four

frequency components, operating at a detuning of
≈þ 20 MHz and a gradient of B0

z ¼ 14.6 G=cm (details
in [32]). At optimal parameters, ≈70% is transferred.
Notably, the BDM rapidly approaches equilibrium over a
1=e time of 7.9(4) ms. The equilibrium axial (radial)
Gaussian width is σz ¼ 294ð2Þ μm [σr ¼ 215ð2Þ μm],
and the axial (radial) temperature is Tz ¼ 195ð5Þ μK
[Tr ¼ 186ð12Þ μK]. The corresponding mean size is
σ ¼ σ2=3r σ1=3z ¼ 239ð2Þ μm and mean temperature is
T ¼ T2=3

r T1=3
z ¼ 189ð8Þ μK, around the Doppler limit of

TD ¼ 200 μK. The equilibration time is similar to that
reported for SrF and is significantly faster than observed
in YO (∼50 ms). We attribute the rapid equilibration to the
high photon scattering rate of Γsc ¼ 2.0ð2Þ × 106 s−1 [32].
Although this provides large trapping and damping forces, it
limits the achievable temperature.
To cool further, we use a two-frequency configuration

[Fig. 1(a)(iii)] with light addressing the highest (J ¼ 3=2;
F ¼ 2) and lowest (J ¼ 1=2; F ¼ 1−) hyperfine mani-
folds. This configuration, which we call the Λ-BDM, is
similar to that used in Λ cooling, where velocity-dependent
coherent dark states enable cooling to sub-Doppler
temperatures. Similar to the four-frequency BDM, the

equilibrium size is reached rapidly over several milli-
seconds [Fig. 1(b)].
To characterize the Λ-BDM, we investigate its tempera-

ture (T) and lifetime (τ) dependences on the single-photon
frequency detuning (Δ), two-photon frequency detuning
(δ), and intensity (I). First, we fix the gradient at
B0
z ¼ 10.4 G=cm and probe the dependences of T and τ

on δ. We observe a temperature minimum and lifetime
maximum near two-photon resonance (δ ¼ 0), with a
striking rise in temperature and decrease in lifetime for
δ > 0 [Figs. 2(a) and 2(b)]. These features are similar to
those observed in free-space Λ cooling [23] and in a
BDM of YO [31], indicating the presence of velocity-
dependent coherent dark states. Notably, at B0

z ¼
10.4 G=cm and δ ¼ −0.7 MHz, we obtain a temperature
of T ¼ 36.7ð2Þ μK, 5 times below the Doppler limit of
TD ¼ 200 μK [Fig. 2(a)].
We next explore the dependences of T and τ on the light

intensity I. Similar to free-space Λ cooling [23], the
robustness of the dark states increases with intensity
due to increased two-photon coupling. Because the
two-photon resonance varies across the BDM due to
the magnetic gradient, one expects that a minimum
intensity is needed to counteract magnetic broadening.
However, at high intensities, photon scattering is
increased and leads to higher temperatures. There is
therefore an optimal intensity for reaching the lowest
temperatures, which we indeed observe [Figs. 2(c) and
2(d)]. Notably, we find that the lifetime improves with
intensity at the expense of higher temperatures. As a
compromise, we operate at I ¼ I0 ¼ 5.8ð2Þ mW=cm2.
Similar to the dependence on I, we expect an optimum in

the single-photon detuning Δ. The optimum occurs

FIG. 1. MOT laser configurations and Λ-BDM loading dy-
namics. (a) Laser configurations for (i) a red-detuned dc MOT,
(ii) the four-frequency BDM, and (iii) the two-frequency Λ-
BDM. The single-photon (two-photon) frequency detuning is
denotedΔ (δ). See Ref. [32] for specific detunings and intensities.
The hyperfine splittings from top to bottom are 25, 47, and
76 MHz. (b) In situ images of a Λ-BDM at time t following direct
loading from a Λ-cooled cloud (B0

z ¼ 27 G=cm).

FIG. 2. Parameter dependences of the Λ-BDM temperature T
and lifetime τ. (a),(b) T and τ versus two-photon detuning δ,
with Δ ¼ 23.8 MHz and I ¼ 5.8ð2Þ mW=cm2. (c),(d) T and τ
versus the intensity I=I0 per beam [I0 ¼ 5.8ð2Þ mW=cm2,
Δ ¼ 23.8 MHz, δ ¼ −0.7 MHz]. (e),(f) T and τ versus single-
photon detuning Δ [δ ¼ −0.7 MHz, I ¼ 5.8ð2Þ mW=cm2]. The
vertical dashed line shows the value of Δ where the F ¼ 2
frequency component is resonant with the F ¼ 1þ manifold. In
(a),(c),(e), axial (radial) temperatures Tz (Tr) are shown in blue
circles (red squares) and the horizontal dashed line shows the
Doppler temperature TD. For all plots, B0

z ¼ 10.4 G=cm.
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as a balance between increased off-resonant scattering at
small Δ and decreased two-photon coupling at large Δ,
which reduces the robustness of coherent dark states [23].
Fixing I ¼ 5.8ð2Þ mW=cm2 and δ ¼ −0.7 MHz, we find
an optimum of Δ ≈ 24 MHz [Figs. 2(e) and 2(f)]. With
optimized parameters (Δ ¼ 23.8 MHz, δ ¼ −0.7 MHz,
I ¼ 5.8ð2Þ mW=cm2), we measure a scattering rate of
Γsc ¼ 0.65ð19Þ × 106 s−1 [32], substantially lower than
the four-frequency BDM, but much higher than free-space
Λ cooling [23].
Motivated by the practical objective of increasing

molecular densities, we next explore the dependence of
the Λ-BDM on magnetic gradient B0

z. In red-detuned
MOTs, a strategy to increase density is magnetic com-
pression through increasing B0

z [37]. At a fixed temperature
T, the MOT size decreases as 1=

ffiffiffiffiffi
B0
z

p
. Consequently, the

density rises as B0
z
3=2 [32,37]. In detail, the MOT can be

modeled with an equation of motion containing a restoring
force and velocity damping: ẍ ¼ −αðxÞẋþ FðxÞ=m
[5,8,31,37]. Near the MOT center and at low velocities,
the damping coefficient α is approximately constant, and
the restoring force is approximated by Hooke’s law
FðxÞ ¼ −kx, where k is the spring constant. The
restoring force arises from magnetic-field dependent light
scattering. Therefore, F is a function of the local magnetic
field B. At the center of a quadrupole field in a MOT,
FðxÞ ¼ F(BðxÞ) ≈ B0xðdF=dBÞ. Hence, near the MOT
center, k ∝ B0

z. Using a generalized Virial theorem that
equates potential and kinetic energies [32], one finds that
σ ∝ 1=

ffiffiffiffiffi
B0
z

p
and the density grows as ðB0

zÞ3=2 at a fixed T.
Figure 3 shows the observed dependence of the size (σ),

temperature (T), and lifetime (τ) versus B0
z. We find that σ

scales as 1=
ffiffiffiffiffi
B0
z

p
up to ≈20 G=cm [Fig. 3(a)]. T increases

slightly with gradient, but remains well below TD even up
to 40 G=cm [Fig. 3(b)]. The rising temperature is likely
because the mean magnetic field experienced by the
molecules rises as

ffiffiffiffiffi
B0
z

p
[32], which in turn perturbs the

coherent dark states responsible for sub-Doppler cooling.
Notably, τ decreases significantly starting at B0

z ≈ 15 G=cm
[Fig. 3(c)]. At 30 G=cm, τ becomes comparable to the
equilibration timescale. Density enhancement via further
magnetic compression is therefore not a viable method for
our BDM, and the optimal gradient is a compromise
between minimizing σ and T and maximizing τ.
Empirically, the smallest sizes occur at B0

z ¼ 27 G=cm
[σ ¼ 172ð4Þ μm, T ¼ 60ð4Þ μK], the lowest temperatures
at B0

z ¼ 6.2 G=cm [σ ¼ 277ð5Þ μm, T ¼ 31ð1Þ μK], and
the highest peak phase space density (PSD) at B0

z ¼
14.6 G=cm [σ ¼ 188ð3Þ μm, T ¼ 39ð2Þ μK]. At optimal
parameters and with N ¼ 6.2ð15Þ × 103 molecules in the
Λ-BDM, we obtain a peak density of n0 ¼ 7ð2Þ ×
107 cm−3 and a peak PSD of 3.0ð8Þ × 10−9. Compared
to the compressed red-detuned MOT, these values corre-
spond to a density improvement of 19(3) and a PSD

enhancement of 1.6ð3Þ × 104. Notably, by applying
free-space Λ cooling to a cloud released from a Λ-BDM
(B0

z ¼ 18.7 G=cm), we obtain a peak PSD of 2.3ð6Þ × 10−8

[σ ¼ 182ð2Þ μm, T ¼ 10.6ð6Þ μK], the highest reported to
date for CaF in free space.
To investigate the origin of the short lifetimes at high

gradients, we examine the dependence of the restoring
force on B0

z, since an insufficient restoring force could lead
to loss. Assuming Hooke’s law and constant velocity
damping, the spring constant k can be obtained from T
and σ via keff ¼ kBT=σ2 [32]. In Fig. 3(d), we show
k̃eff ¼ keff=kB versus B0

z for both the radial and axial
directions. At gradients below B0

z ≈ 10 G=cm, k̃eff is linear
in B0

z, as expected, with values similar to those reported for
YO [31]. At higher gradients, k̃eff appears to saturate,
indicating that the restoring force decreases. Because
molecules experience an average magnetic field that grows
as

ffiffiffiffiffi
B0
z

p
, the saturation of k̃eff suggests that FðBÞ is

substantially sublinear at higher magnetic fields.
To test this hypothesis, we directly measure FðBÞ. We

create dense and cold samples by loading a Λ-BDM and
subsequently applying free-space Λ cooling. We then
impart an initial radial velocity of v0 ≈ 200 mm=s by

FIG. 3. Λ-BDM properties versus axial magnetic gradient B0
z.

(a) Gaussian axial (radial) width σz (σr) shown in blue circles (red
squares). Green dashed line shows a fit of the mean size σ ¼
σ2=3r σ1=3z to 1=B1=2

z for data up to 20 G=cm. (b) Axial (radial)
temperature Tz (Tr) shown in blue circles (red squares). The blue
solid (red dashed) line is a linear fit of the axial (radial)
temperature. (c) Lifetime τ (blue circles) versus B0

z. Solid line
shows a fit to the loss model described in the main text that uses
the measured MOT damping forces, restoring forces, temper-
atures, and sizes [32]. The shaded regions are uncertainty bands
from 1σ uncertainties of fitted parameters [32]. (d) Effective
spring constant k̃eff ¼ T=σ2 for the axial (radial) direction shown
in blue circles (red squares). The blue solid (red dashed) line is a
fit of the axial (radial) data to an exponential saturation curve. The
axial fit includes a horizontal offset to phenomenologically
capture the effect of gravity, which is along ẑ.
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pulsing on a beam resonant with the X2ΣðN ¼ 1Þ →
B2ΣðN ¼ 0Þ transition. We next apply a uniform magnetic
field B⃗ along the push direction (B⃗kv⃗0) and switch on
Λ-BDM light for a variable duration t. At each t, we
measure the velocity v via time-of-flight expansion. By
fitting to vðtÞ ¼ Ae−αt þ v∞, we extract the damping
coefficient α and the terminal velocity v∞. The restoring
force FðBÞ is then obtained via F ¼ mαv∞. To determine
v∞ more accurately, we perform a second set of measure-
ments where the push beam is not applied and the
molecules start with v0 ¼ 0 [32].
Figures 4(a) and 4(b) show the extracted damping curve

αðBÞ and acceleration curve aðBÞ ¼ FðBÞ=m. For aðBÞ,
we observe the expected sign change upon reversing B. We
also find that αðBÞ and aðBÞ are significant only when
jBj < 1 G. Furthermore, the restoring force is approxi-
mately linear only for jBj < 0.5 G. At B0

z ¼ 20 G=cm, this
corresponds to a radial size of 0.5 mm.
The acceleration curve aðBÞ explains why short life-

times are observed at high gradients. In short, we find
that the effective BDM trap depth becomes comparable to
the molecular temperatures, leading to loss. Using aðBÞ,
we define an effective conservative trapping potential
UðxÞ ¼ −m

R
a(BðxÞ)dx along the radial and axial direc-

tions [38]. It follows that both the spatial scale
and the magnitude of UðxÞ scale inversely with B0

z
[Fig. 4(c)]. That is, both the trap size and depth decrease

with B0
z. Assuming UðxÞ is Gaussian, given by

UðxÞ ¼ −U0 exp ½−x2=ð2d2Þ�, we obtain a trap depth of
U0ðB0

zÞ ¼ kB × 4.6ð10Þ mKðG=cmÞ=B0
z and a trap size

of dðB0
zÞ ¼ 0.62ð4Þ G=B0

z. Notably, at a typical gradient
of 20 G=cm, U0 ¼ kB × 230ð50Þ μK, which is only 4
times higher than the observed temperature. These trap
depths are much smaller than the ∼50 mK depths reported
for red-detuned molecular MOTs [6,29,37] and ∼0.5 K
depths reported for red-detuned atomic MOTs [39].
To further support our hypothesis that short lifetimes

arise from low trap depths, we quantitatively examine both
the trap-averaged damping constant hαi and the tempera-
ture to trap depth ratio hηi ¼ hðkBTÞ=UðxÞi. Monte Carlo
simulations using measured curves of αðBÞ and aðBÞ show
that hαi, which determines the average cooling rate, varies
by no more than 20% over experimentally relevant gra-
dients. On the other hand, hηi varies significantly and even
exceeds unity. Because the molecular fraction above the
local trap depth is given by expð−1=ηÞ, this confirms
that a shallow trap depth, rather than a lack of velocity
damping, is the primary loss mechanism at high gradients.
Simulations using a loss model incorporating α and η
also agree with the data within experimental uncertainty
[Fig. 3(c)], confirming our hypothesis [32]. Our identifi-
cation of shallow trap depths at high magnetic gradients has
implications for extending BDMs to other molecular
species. In particular, because a minimum gradient is
needed to counteract gravity, BDMs could be challenging
to implement for much heavier molecules. Specifically,
BDMs of molecular species with mass > 1000 amu and
similar optical properties are likely not possible.
Lastly, to demonstrate a key practical benefit of our

work, we compare the loading of an optical tweezer array
using a Λ-BDM versus using only a red-detuned MOT. In
both cases, the molecules are transferred into an inter-
mediate optical dipole trap (ODT), and then into tweezers
with the aid of Λ cooling, where the final tweezer
occupations are determined by fluorescent imaging [32].
By examining the tweezer loading probability p versus
initial MOT number [Fig. 4(e)], we find that the Λ-BDM
reduces the required molecule number by a factor
of 9.3(8). Notably, the BDM allows saturated loading
(p ≈ 0.35 [22]) robustly over a wide range of experimen-
tally accessible initial MOT numbers. It also significantly
outperforms optical compression [25] robustly and with-
out requiring additional hardware. Notably, dynamical
optical compression used in [25] increased ODT numbers
by ≈2 compared to using a red-detuned MOT alone. For
tweezer loading, this directly reduces initial MOT number
requirements by the same factor of 2, much lower than the
factor of ≈9 achieved here with the Λ-BDM. Notably, our
current work allows saturated tweezer loading, which
opens the door to creating large molecular arrays needed
to study quantum spin models in the many-body regime
and quantum circuits with large arrays of molecular
qubits.

FIG. 4. Velocity damping, restoring force, and enhanced
tweezer loading. (a) Damping constant α versus magnetic field
B. Solid blue line shows a Gaussian fit. (b) Acceleration aðBÞ
versus B. Solid line is a fit to the derivative of a Gaussian.
(c) Illustration showing decreasing trap depthsU0 and trap sizes d
with increasing magnetic gradient B0

z. Both U0 and d scale as
1=B0

z. (d) Simulated average damping hαi and temperature to trap
depth ratio hηi, versus magnetic gradient B0

z. hαi for the axial
(radial) directions are shown by the blue solid (red dashed) line;
hηi for the axial (radial) directions are shown by the green solid
(orange dashed) line. (e) Tweezer loading probability p versus
initial MOT number N. Solid blue (dashed red) line is an
exponential fit to data with (without) using a BDM.
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In summary, we have demonstrated a blue-detuned MOT
of CaF molecules that reaches record temperatures and
densities. In addition, we demonstrate that Λ-BDMs
significantly enhance loading of molecular tweezer arrays,
a promising platform for quantum science [1–4,21,22].
Notably, since BDMs do not require additional experimen-
tal hardware beyond that needed in a conventional MOT,
they are of great practical utility. In addition to enhanced
tweezer loading, the higher densities in a BDM could aid
studies of ultracold molecular collisions [16,18] and
provide improved starting conditions for evaporative cool-
ing. Contextualizing our BDM results with those reported
recently for YO [31] and SrF [18], we observe that despite
different spin rotation and hyperfine structure, a CaF
BDM is also possible. This lends further support that
BDMs could be widely applicable to other laser-coolable
molecules, including polyatomic ones such as CaOH and
SrOH [10,40–42]. Nevertheless, our work has revealed that
extension of BDMs to much heavier molecules could be
challenging because of limited trap depths.
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