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Direct laser cooling of molecules has reached a phase-space density exceeding 10~ in optical traps but
with rather small molecular numbers. To progress toward quantum degeneracy, a mechanism that combines
sub-Doppler cooling and magneto-optical trapping would facilitate near unity transfer of ultracold
molecules from the magneto-optical trap (MOT) to a conservative optical trap. Using the unique energy
level structure of YO molecules, we demonstrate the first blue-detuned MOT for molecules that is
optimized for both gray-molasses sub-Doppler cooling and relatively strong trapping forces. This first sub-
Doppler molecular MOT provides an increase of phase-space density by 2 orders of magnitude over any

previously reported molecular MOT.
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Achieving a quantum degenerate gas of directly laser-
cooled molecules remains an outstanding goal for rea-
lizing many applications within fundamental precision
studies [1,2], ultracold chemistry [3,4], and quantum
simulations [5,6]. In recent years, coherently associated
bialkali molecules, KRb and NaK, have been cooled to
quantum degeneracy [7-9], leading to the observation of
dipolar-mediated spin many-body dynamics [10]. Direct
laser cooling of diatomic molecules [11-16], in the past
decade, has given an impetus to the goal of making a
quantum gas of laser-cooled molecules that allows for a
much broader range of molecules to be used for scientific
applications. Important advances include demonstrating
magneto-optical trapping [17-21] and cooling to sub-
Doppler temperatures [21-25] for several directly cooled
molecular species.

For a molecular sample to achieve quantum degeneracy,
its temperature needs to be cooled to a few tens of degrees
nanokelvin in a tightly confining trap. The temperatures
currently achievable for laser-cooled molecules in optical
dipole traps are on the order of tens of pK [23,25-27].
The lowest temperature achieved is with YO molecules at
1 pK in an optical lattice [28]. One of the viable routes for
achieving degeneracy is evaporative cooling of the mole-
cules in a conservative trap [29,30]. However, the densities
of laser-cooled molecules in conservative traps are not quite
high enough to initiate an efficient evaporation process.
The primary reason for this is the low transfer efficiency of
the molecules from magneto-optical traps into conservative
traps. Typical red-detuned molecular magneto-optical traps
(MQTs) are hot (~mK) [31], producing large clouds with
low densities. Sub-Doppler cooling via gray molasses
(GMC), which follows the red-detuned MOTSs, reduces
the temperature of the molecules, but the cloud sizes stay
large in the absence of a confining force [23,24].
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In this Letter, we report an effective solution to this
problem by demonstrating the first blue-detuned MOT
(BDM) of molecules inspired by the first demonstration on
Rb atoms [32]. In our BDM for YO, we simultaneously
achieve sub-Doppler cooling and a magneto-optical restor-
ing force, with tunable operations between GMC and MOT.
This signifies the first molecular MOT with temperatures
well below the Doppler limit. With a corresponding
compression in size, the number density in the BDM is
50 times higher than that of a dual-frequency MOT (DFM).
As aresult, we achieve phase-space densities several orders
of magnitude higher than any previous molecular MOT.

The physical principles of the BDM are illustrated in
Fig. 1. The need for rotational closure to ensure continual
optical cycling [33] calls for laser cooling and magneto-
optical trapping of molecules to operate on type-II tran-
sitions, where the corresponding angular momenta change
by J — J,J — 1. In type-II transitions, the Doppler and sub-
Doppler damping forces have opposite signs for a specific
laser frequency detuning [32]. Below a critical velocity on
the order of v, ~ 1 m/s, blue-detuned laser light provides
sub-Doppler cooling and Doppler heating [31]. This sub-
Doppler cooling is known as GMC [34], and it relies on
nonadiabatic transitions between bright and dark states as
the molecule moves through a light-induced Stark shift
gradient [31,34]. This cooling can be further enhanced
by coupling multiple ground-state manifolds in a A-type
configuration as shown in Fig. 1, known as Raman-
assisted-GMC or A-enhanced cooling [24,35]. On two-
photon resonance, a robust dark state is created by coherent
population trapping [35]. For the YO molecule, this cooling
is extremely efficient and allows for pK temperatures over a
large parameter space [24].

With the use of ground dark states, GMC is relatively
insensitive to magnetic fields, when compared to typical

© 2023 American Physical Society


https://orcid.org/0000-0001-9745-4815
https://orcid.org/0000-0003-1838-3006
https://orcid.org/0000-0003-0076-2112
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.130.193401&domain=pdf&date_stamp=2023-05-10
https://doi.org/10.1103/PhysRevLett.130.193401
https://doi.org/10.1103/PhysRevLett.130.193401
https://doi.org/10.1103/PhysRevLett.130.193401
https://doi.org/10.1103/PhysRevLett.130.193401

PHYSICAL REVIEW LETTERS 130, 193401 (2023)

FIG. 1. The basic physical mechanism of the BDM. GMC relies
on a motion-induced Sisyphus mechanism through a light-
induced Stark shift gradient in the molecular ground state of
X2¥ . While most of the molecules are cold and, thus, remain in
the dark state, fast-moving molecules can undergo nonadiabatic
transitions to a bright state. These molecules lose kinetic energy
as they climb the Stark potential hill. Near the intensity
maximum, they will scatter a photon in a magnetic quadrupole
field gradient which provides the MOT restoring force. Cooling is
further enhanced in YO by coupling both ground-state manifolds
in a A-type configuration as shown diagrammatically. By
detuning the two-photon resonance §, we can transition between
robust coherent population trapping (6 = 0) and MOT restoring
force (6 # 0).

sub-Doppler cooling on type-I transitions (J — J + 1)
[24,31]. Based on this, a BDM was proposed and demon-
strated in Rb atoms [32], by taking advantage of GMC
cooling while providing a position-dependent scattering
force [31]. The magnetic field sensitivity is further sup-
pressed because of the unique hyperfine structure of YO
with its small ground-state magnetic Landé g factor. With a
magnetic field up to ~#25 G, GMC remains effective for YO
to produce a temperature more than 3 times below the
Doppler limit on two-photon resonance [24]. This means
sub-Doppler cooling for YO should be particularly robust
against typical magnetic quadrupole fields used in a MOT.

Our experiment proceeds with a pulsed buffer gas beam
source by ablation of a Y,0Oj3 ceramic target. Chirped laser
cooling is performed on the molecular beam employing the
XZZH(N = 1) » A™lL, 5 (J" = 1/2) transition for rotational
closure. After chirped laser cooling, molecules are loaded
into a DFM, with details described in our previous work
[24]. Figure 2(a) shows the four laser beams that address
the hyperfine structure in the N = 1 rotational level of the
ground electronic state, X%t For a given combination of
the excited-state g-factor sign, upper and lower angular
momenta, quantization axis, and laser detuning, the differ-
ent laser light polarizations are optimized to provide a
strong trapping force [36]. Each of the four hyperfine
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FIG. 2. Relevant YO level structure and the transitions em-
ployed to address the hyperfine structure of N = 1 rotational
level of the main cooling laser for (a) dual-frequency MOT and
(b) blue-detuned MOT.

components have equal intensity with the total intensity of
all beams combined to be [ = 1.41, for a single pass,
where [, is defined for a two-level system. The magnetic
field gradient is set to 12 G/cm. After the maximum DFM
loading, we apply a 2 ms pulse of GMC to rapidly cool the
molecules from the DFM equilibrium temperature of 2 mK
to ~10 pK. We find that this precooling increases the
loaded fraction of molecules into the BDM by a factor of 2.
This is accomplished by switching off the quadrupole field
and beams L, and L;. The detuning of L and L, is jumped
to +3.131'/2x, where I' = 27 x 4.8 MHz is the linewidth
of A7, ;2 (J' =1/2). The Doppler temperature on this
transition is 115 pK. The detunings are defined relative to
G=0,F=1forbeam L, and to G =1, F =2 for Ly,
respectively. We keep the two-photon detuning on reso-
nance, 6 = 0. The intensity for L; and L, is increased to
10.91, each.

After this 2 ms of GMC, L, is switched off and a new
beam is turned on with opposite polarization as shown in
Fig. 2(b) to address the populationin G = 0, F = 1. This is
to give the right polarization for providing a trapping force
and is the critical step in transitioning from pure GMC in
our previous work [24] to a BDM. Beam L, already has the
correct detuning and polarization owing to the dual-
frequency mechanism [24]. The quadrupole field gradient
is ramped back on to 4 G/cm over 40 ms and then held
constant for the rest of the BDM. We use the same notation
to describe the detunings as in Raman-assisted GMC: The
one-photon detuning is defined as A and the two-photon
detuning as 9, depicted in Fig. 2(b).

Figure 3 shows the evolution of the YO molecular cloud
in the BDM as a function of the MOT hold time ¢.
Each image is taken in situ with a 13 ms exposure. At
t =170 ms, with YO molecules having made ~5 trap
oscillations in the axial direction, the cloud reaches thermal
equilibrium and is strongly compressed in size. The transfer
efficiency of the molecules from DFM to BDM is
about 50%.
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FIG. 3. Evolution of the blue-detuned MOT as a function of

different hold times (13 ms in sifu exposure). The magnetic field
is ramped from 0 to 4 G/cm over 40 ms and held constant for the
remaining hold time, A = 0.44T" and 6/27x = —264 kHz. Each
camera image is 3.3 mm x 3.3 mm.

We investigate the systematic dependence of the cloud
temperature and size, and, thus, the damping and trapping
forces of the BDM, on I, A, and 6. For small displace-
ments from the trap center, the position- and velocity-
dependent forces in the MOT can be described by
mi = —ai — kr, where k is the spring constant, « is the
damping coefficient, m is the mass of YO, and r is the
displacement from the trap center. The spring constant ; 7
is obtained by using the equipartition theorem o7k; =
kgT, where i = (axial,radial), o; is the rms size, kg is
Boltzmann’s constant, and T is the average temperature,
defined as T = Trza/jial X Tlﬁdl We justify that we are
temperature limited in size, as we measured no density-
dependent lifetime in the BDM for optimized parameters.
At temperature equilibrium, we have a relationship
between momentum diffusion and motional damping
given by the Finstein relation in three dimensions:

L — kT 1
L=k (1)
D, is the momentum diffusion coefficient, defined as

Dp = hzkzrscah (2)

where [, is the scattering rate, k is the wave number, and
# is the reduced Planck’s constant.

Figure 4 details T, a, and « of the BDM as a function of
intensity /. Both L; and L, have equal intensity, indicated
on the horizontal axis in terms of /g, and we measure T
along both the axial and radial directions using ballistic
time-of-flight (TOF) expansion. The common one-photon
detuning is A = 0.44I", and the two-photon detuning is
6/2m = =264 kHz. The total hold time ¢ is 100 ms.

At relatively low intensities, D, increases linearly with 7,
and a should be relatively insensitive to / in the regime where
BDM is optimized [31]. Therefore, T should increase
linearly with 7, as observed in Fig. 4(a). At lower intensities,
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FIG. 4. Variation of the (a) temperature (7'), (b) spring constant
(x), and (c) damping rate (a/m) with intensity (/) of each sub-
Doppler MOT hyperfine component, with a magnetic field
gradient of 4 G/cm, A = 0.44T", and §/27 = —264 kHz. At
optimal I (~1-2[,), the damping rate is high but momentum
diffusion remains sufficiently small for the lowest temperature.
As I increases further, dark states form more rapidly, suppressing
the excited-state population, and « drops rapidly. The inset in
(b) shows the excited-state population vs I/l by solving the
optical Bloch equations for a three-level system with the above
parameters and is directly proportional to k. We see good
qualitative agreement. The red clover symbol represents a
numerical simulation result based on a rate equation model.
The model agrees strongly with the experimental data for low 1.

we see the temperature begin to rise and then increase rapidly.
The cooling slows down for I/1, < 1 and the cloud may
start falling under gravity, which leads to an increase in
temperature that matches previous observations reported
in Ref. [37].

The dependence of « on [ is shown in Fig. 4(b). The
maximum spring constant value is observed under I =
0.9117 at 5.7(3) x 102! and 3.2(3) x 107! N/m in the
axial and radial direction, respectively. This corresponds to
an axial oscillation period of 34 ms. This low trap
oscillation frequency explains the slow compression dis-
played in Fig. 3. We also note that the peak value of « in the
axial direction is ~2 times that of the radial direction,
consistent with the quadrupole field configuration. We see
that x increases to a maximum value and then drops rapidly
with 1. With I exceeding [, dark states between the G = 0
and G = 1 manifolds form more rapidly, causing x to drop
due to a decrease in the excited-state population. A full 3D
rate equation model was performed based on Ref. [36]
with a magnetic field gradient of 4 G/cm, A = 0.44T",
6/2m = =264 kHz, and I =0.911/I,. The model pre-
dicts a spring constant in the axial direction of x =
6(2) x 107! N/m, which strongly agrees with our
experimental results at low /. This result is represented
by a red clover in Fig. 4(b).
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FIG. 5. Variation of (a) temperature (7), (b) quadrature size

(6?), (c) spring constant (x), and (d) damping rate (a/m) in the
blue MOT with differential detuning (J), with a maximum
magnetic field gradient of 4 G/cm, A =0.44I, and [ =
1.931,. The variation of 6> and x vs & shows the transition
between BDM and GMC as a function of the excited-state
population. The inset in (b) shows the inverse of the excited-state
population which is proportional to dependence of quadrature
size on §. There is good agreement as o approaches 0; however,
we see disagreement with this model as § moves away from zero.
This is most likely due to the fact that the model does not account
for the close triplet of states in Xzt G=1.

To determine @, we perform an additional light scattering
rate measurement. We measure the scattering rate for the
BDM by turning off the laser light that addresses the G = 1
component of the v = 1 and v = 2 vibrational transitions.
The BDM decay lifetime and the branching ratios to the
states [38] for which the repumper is switched off are used
to determine the scattering rate. The maximum scattering
rate in the BDM is a factor of 3 lower than the DFM, which
matches exactly the observation seen in Ref. [32]. The
relations expressed in Eqgs. (1) and (2) then allow us to
determine a based on T and D,. Figure 4(c) shows the
damping rate (a/m) as a function of /. The damping rate
increases with I to a peak value and then plateaus at higher
values of intensity. This matches with what theory predicts,
as a should be intensity insensitive [31]. In contrast to the
results in Fig. 4, the DFM with optimized parameters
achieves spring constants of 1.4(1) x 10720 and 7.0(1) x
102! N/m in the axial and radial directions, respectively,
with a damping rate of 39.7(2.6) Hz.

We also investigated the BDM operating conditions as a
function of 8. Figures 5(a) and 5(b) plot the measured 7" and
6?2, respectively, under various values of 8. The horizontal
axis denotes the detuning from two-photon resonance
between G = 0, F = 1 and G = 1, F = 2. The temperature
plateaus and reaches a minimum value near § = 0. The
quadrature size 6 is determined from extrapolating TOF to
zero expansion time. We see a very prominent increase in
o? near § = 0, along with the development of a large
disparity in size between the radial and axial directions.
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FIG. 6. The weak dependence of (a) temperature (7), (b) quad-
rature size (¢%), and (c) spring constant (x) on one-photon
detuning (A), with a magnetic field gradient of 4 G/cm,
0/2m = =264 kHz, and I = 1.931 . The inset in (b) shows
the inverse of the excited-state population which is proportional
to dependence of quadrature size on A, and we again see
qualitative agreement.

As we detune away from resonance, we reach a minimum
value in 62, and then it increases again as the detuning
increases, but the sizes in the axial and radial directions do
not develop a large difference. In Fig. 5(c), we plot x using
the same method as before, and we see a corresponding
trend to the size. On the other hand, the damping rate
increases as we approach two-photon resonance, as shown
in Fig. 5(d).

These observations can be explained as a transition of
operational regimes between GMC and BDM as a function
of 6. For GMC to facilitate the lowest temperatures, the
excited population should be as low as possible for
coherent population trapping. However, for BDM the
excited-state population cannot be zero, as there will be
no position-dependent scattering force. As such, there is a
fine balance of parameters that leads to efficient sub-
Doppler cooling, along with an appreciable excited-state
population to provide the MOT restoring force. By tuning
to 6 =0, a coherent dark state is formed between the
ground-state manifolds, and the excited-state population
drops rapidly. This explains the observation of the spring
constant dropping toward zero and the size remaining large.
We also see that, at resonance, the damping rate approaches
the highest value and the lowest temperatures are obtained.
Thus, by tuning the two-photon detuning, we can easily
transition from a regime where the molecules are in a 3D
gray-molasses to a BDM configuration where an appreci-
able trapping force appears. This is a unique feature of the
BDM that is not found in typical type-I transition optical
molasses used for cooling most atomic species. It alludes to
the fact that type-1I transitions provide a close physical
connection between GMC and BDM.

In Fig. 6, we optimize the temperature and size in the
BDM against one-photon detuning A. The variation of T as
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a function of A is shown in Fig. 6(a). The temperature stays
roughly constant for all values of A larger than 0.44I". For
smaller values of A, there is an appreciable excited-state
population which increases the temperature due to photon
scattering. This trend can also be seen in the dependence of
size and spring constant in Figs. 6(b) and 6(c). The
population in the excited state at smaller A provides a
spring constant that helps to reduce the size. We find the
optimal value of A to be 0.44T", as it provides the best
compression for a relatively low temperature.

The peak number density we have achieved so far is
2.5 x 10% cm™3. The size of the cloud in the radial and axial
direction is 225 and 202 pm, respectively, at a field
gradient of 14 G/cm. This leads to a phase-space density
in the BDM of 5x 107 with an average temperature
of T =38(4) pK.

Furthermore, applying a 1 ms pulse of free-space GMC
with the same parameters as described earlier after the
BDM reduces the temperature to 7 = 8.8(4) puK, with a
nominal 4(1)% increase in the cloud size in both radial and
axial directions. With this temperature and size, we achieve
a free-space phase-space density of 4.5 x 1078 which
surpasses the previous highest free-space phase-space
density even at this elevated temperature [24]. This denser
molecular sample will be loaded into a crossed dipole trap,
where we aim to achieve a near unity transfer. With an
estimated trapping frequency of several hundred hertz in
the radial direction [28] and GMC cooling remaining
effective inside a dipole trap, we anticipate a phase-space
density well above 1 x 1075, together with a large number
of YO molecules. Recently, inelastic molecular collision
loss has been suppressed by electric-field-induced reso-
nance [30,39] or microwave shielding [8,40]. Application
of these techniques to collisions and evaporative cooling of
YO may open a path toward a molecular Bose-Einstein
condensate.

We thank L. Caldwell and E.B. Norrgard for careful
reading of the manuscript and their useful comments.
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MURI, AFOSR MURI, NIST, and NSF PHY-1734006.
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