PHYSICAL REVIEW RESEARCH 8, 023259 (2026)

Editors’ Suggestion
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In red-detuned magneto-optical traps (MOTs) of molecules, sub-Doppler heating competes with Doppler
cooling, resulting in high temperature and low density. A solution is offered by the blue-detuned MOT where sub-
Doppler cooling dominates and the cloud is compressed. Several blue-detuned molecular MOTs have been
implemented. A recent implementation relies on a pair of orthogonally polarized components whose frequency
separation is smaller than the transition linewidth. We identify the trapping force in these MOTs. At a certain
magnetic field, there is a state that is dark to the laser propagating in one direction, but not to the counterpropa-
gating one. This Zeeman-induced dark state (ZIDS) sets up an imbalance in the photon scattering rate, leading
to a restoring force. We also study the role of the moving lattices generated by the closely spaced frequency
components of the light. We show that there is a velocity-dependent force that drives the molecules toward the
speeds of these moving lattices, and that over a relevant range of magnetic fields this combines with the ZIDS
force to transport molecules toward the center of the MOT. Here, gray molasses cooling, assisted by nonadiabatic
transitions driven by the time-varying polarization of the light field, cools the molecules toward zero velocity.
We study these mechanisms for model systems with simple level structures and then extend them to molecules

with ground-state hyperfine structure.

DOL: 10.1103/ctj6-6hg9

I. INTRODUCTION

The past decade has seen the rapid development of di-
rect laser cooling and trapping of molecules, both diatomic
[1-6] and polyatomic [7-9]. These advances have been
driven by applications in many-body physics [10], quan-
tum computation [11-13], ultracold chemistry [14], and tests
of fundamental physics [15-18]. Experiments with trapped,
laser-cooled molecules typically start with a magneto-optical
trap using light red-detuned from a type-II transition (F > F’,
where F, F’ are the angular momenta of the ground and ex-
cited states). The type-II transition is needed for rotational
closure, and the negative detuning is needed for Doppler cool-
ing. However, this configuration leads to sub-Doppler heating
[19], resulting in temperatures above the Doppler limit,
and large, dilute clouds. A subsequent phase of blue-detuned
optical molasses uses sub-Doppler cooling to reduce the tem-
perature to a few microkelvins [2,20,21], but there is no
restoring force in the molasses, so the cloud remains at low
density. This greatly reduces the loading efficiency into op-
tical dipole traps, and the low initial phase space density
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inhibits effective evaporative cooling into the quantum degen-
erate regime.

The blue-detuned magneto-optical trap (MOT), first pro-
posed in Ref. [19], solves these problems by providing
confining forces and sub-Doppler cooling simultaneously.
The method was first demonstrated for Rb atoms [22] and
shown to produce MOTs of high density and low temperature.
Subsequently, the technique has been applied to great effect
for molecules [23-28], resulting in molecular MOTs with
densities exceeding 10'° cm~ that can load optical dipole
traps at phase densities exceeding 10~°. Various blue-detuned
MOT schemes have used for various molecular species. Here,
we focus on a scheme applied to CaF [26], CaOH [27], and
BaF [28], where two closely spaced frequency components
of opposite handedness generate a pair of moving lattices
traveling in opposite directions. These moving lattices can
transport molecules toward the center of the MOT, so the
scheme has been called a “conveyor belt” MOT. While the
conveyor mechanism is described in Ref. [29], the processes
involved have not been fully understood and the mechanism
does not fully explain the trapping and cooling present in this
MOT.

In this paper, we identify the mechanism that produces con-
finement around the magnetic field zero. At a specific nonzero
magnetic field, whose value is controlled by the spacing of the
two frequency components of the light, the molecules become
dark to one of the two counterpropagating beams, resulting
in preferential photon scattering from the beam that pushes
the molecules toward the field zero. We refer to this as the
Zeeman-induced dark state (ZIDS) trapping mechanism. We
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FIG. 1. A simple scheme for a blue-detuned MOT in 1D.
(a) Laser configuration, showing polarizations and detunings. The
laser components have a global detuning of A and a frequency differ-
ence of 8. The polarizations are denoted by o* according to whether
the light drives Am = %1 transitions, where m is the projection of
the angular momentum onto the z axis. (b) The F =1 — F' =1
system, showing transitions driven by the lasers. Solid (dashed)
arrows represent lasers propagating toward +z(—z).

o, A—6/2

also study the conveyor belt mechanism. A moving molecule
is dragged toward the speed of the conveyor belt moving
in the same direction as the molecule; i.e., it is driven into
whichever conveyor is moving more slowly in the molecule
frame. At large magnetic fields, both conveyors are active and
molecules may be transported in either direction, introduc-
ing a loss mechanism into the MOT. At intermediate fields,
however, the velocity-dependent force due to the moving lat-
tices combines with the ZIDS mechanism to drive molecules
preferentially into the lattice that transports them toward the
MOT center. For small magnetic fields, the molecules are
cooled toward zero velocity by gray molasses cooling, but
with nonadiabatic transitions from dark to bright states driven
by the time-varying polarization of the light field as well as
motion through the light field.

In Sec. II, we study theses forces in one dimension, for a
model system that has F = F’ = 1. In Sec. III, we show that
the same mechanisms operate in three dimensions. Then, in
Sec. IV, we extend our study to the case of a molecule with
ground-state hyperfine structure.

II. MODEL IN ONE DIMENSION

To help understand the trapping and cooling mechanisms,
we start with the simplest of schemes, a two-level molecule
with angular momentum F = 1 in the ground state and F' = 1
in the excited state, and decay rate I'. The molecule interacts
with counterpropagating laser beams in one dimension only.
In the standard one-dimensional (1D) oo~ MOT configu-
ration, with only a single frequency in each beam, the force
is zero at all positions and velocities [19,30,31]. In contrast,
when there are two closely spaced frequency components in
each beam, we find that there is a velocity-dependent force
whose sign reverses with A and a position-dependent force
whose sign reverses with §. Our aim is to understand how
these forces arise.

Figure 1 illustrates the scheme. Each laser beam con-
tains two components with opposite circular handedness, with
mean frequency w, difference frequency &, amplitude E,
and wavelength X = 2m /k. Their average detuning from the
molecular transition frequency is A, and the intensity of each
beam, in units of the saturation intensity, is denoted by s. In the

beam directed toward +z, the 0 component has the higher
frequency. The total electric field of the light is

E = 2 4E, cos(kz) cos(8t /2) cos(wt)
+ 9 4E sin(kz) sin(6¢ /2) sin(wt) €))]
= —&41 V2Ey cos(kz + 8t /2)e"
+2_1V2Eycos(—kz + 81 /2)e +cc., ()

where é4; = :F\/%(fc =4 iy) are the unit circular polarization

vectors. The first form may be interpreted as a pair of standing
waves oscillating with frequency §/2, one polarized along
and the other along y, and 7 /2 out of phase in both space
and time. At §r = 0 (6t = ), the light is polarized along %
(#) everywhere, and the standing wave has maximum con-
trast. In between, the polarization oscillates in space and the
standing wave has a lower contrast. The second form may be
interpreted as a pair of counterpropagating lattices of opposite
circular handedness moving with speeds 6 /(2k).

A. Simulation results

We numerically solve the optical Bloch equations (OBEs)
for this system using the methods described in Ref. [19] and
implemented in Ref. [32], and thus determine the force as
a function of velocity v and magnetic field B (equivalent to
position z in the MOT). We average the force over a time
period of either 10A/v or 200x /T", whichever is smallest,
and continue to integrate the OBESs until the force converges.
We repeat this Ny, times (typically Ny, = 256), choosing the
initial position at random each time from an interval of size A.
The relative phase of the copropagating beams is a constant,
whereas the phase difference of the counterpropagating beams
is chosen at random on each iteration. We find the mean and
standard deviation of the set of N results. We then repeat
this procedure for many different values of v and B to build a
map of the force.

Figure 2 shows the results of these simulations. Through-
out our discussion, we assume that the MOT has a posi-
tive magnetic field gradient, dB/dz > 0. At zero velocity,
molecules are trapped around B =0 when § > 0 (force is
negative at positive z) and antitrapped when § < 0. The sign of
A does not affect the trapping. Close to B = 0, the molecules
are cooled when A > 0 (force is negative at positive v) and
are heated when A < 0. This is characteristic of sub-Doppler
cooling in type-II systems. For these small values of B, the
sign of § does not affect the cooling. At larger values of B,
and for positive A, the molecules are instead cooled to the
velocity of one of the two counterpropagating lattices. Which
of the two is determined by the sign of B—At positive B,
the molecules are driven to speed —3/(2k). At negative A,
molecules are heated away from these special velocities. For
intermediate values of B (and positive A), the molecules are
cooled toward a velocity between zero and £4/(2k).

In the following, we aim to understand the features shown
in Fig. 2. What is the trapping mechanism and why does it
reverse with §? What is the mechanism that cools molecules
to zero velocity? What is the mechanism that drives the
molecules to the lattice velocities and why does the sign of
B determine which of the two lattices is preferred?
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FIG. 2. Force as a function of v and B for the 1D system il-
lustrated in Fig. 1, determined from OBE simulations. We have
used s =5 per beam and Ny, = 256. (a) A =2I", § =0.2I", (b)
A=2T,6=-02I, (c) A=-2I,§ =0.2I", and (d) A = 2T,
8 =-0.2T.

B. Trapping mechanism

Let the magnetic moment be p in the ground state and
zero in the excited state [33], and let the spontaneous emis-
sion rate be I'. First, consider the case where only the beam
pointing in the 4z direction is present, yielding the system
shown in Fig. 3(a). The two laser components form a A
system with a dark state |d;) = %ﬁ(ei(z“’z“”tl—l) + [+1)),
where +wz = +uB/h is the Zeeman shift of the m = +1
levels. At the critical magnetic field B. = /i§/(2u), the Zee-
man shift matches &, the two-photon detuning goes to zero,
|d+) becomes time-independent, and there will be no photon
scattering. The force due to this beam goes to zero at B.. Now
introduce the beam pointing in the —z direction. The state
that is dark to this beam is |[d_) = \/Li(e"(z“’z“)’l—l) + |+1),
as can be seen in Fig. 3(b). At B, this state rotates at 26,
rapidly becoming bright. The excited state has m = 0, which
can decay to the dark state or the orthogonal bright state with
equal probability. When it decays to the bright state, the atom
can be excited by either laser beam, but when it decays to the
dark state it can only be excited by the —z beam. This sets
up an imbalance in radiation pressure. The same arguments
apply at B = —B,, but with everything reversed—Here, the
molecule preferentially scatters photons from the 4z beam.
Thus, when § > 0 and dB/dz > 0, there will be a restor-
ing force due to the difference in scattering rates set up by
the ZIDS.

Figure 3(c) shows the forces from the +z beams alone and
from the —z beams alone. We have set A = 2I', § = 0.2T", and
s = 5. As expected from the discussion above, the force due
to the light in the +z (—z) direction goes to zero when B = B,
(B = —B,). Also shown in the figure is the sum of the two
forces. While we should not expect this to be accurate, since
the state that is dark to one beam is destabilized by the other,
the summed force gives an intuitive picture of what to expect.
Next, we simulate the full configuration shown in Fig. 1(a),
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FIG. 3. A system formed by (a) +z laser pair and (b) —z laser
pair at B > 0. The magnetic field brings the two-photon detuning
toward zero for the +z laser pair, introducing a stable dark state and
lowering the scattering rate from the 4z laser. The field increases the
two-photon detuning for the —z laser pair, so the molecule scatters
more photons from this direction. wz; = wB/h is the Zeeman shift.
(c) Force curve for a pair of copropagating lasers in the +z (red)
and —z (blue) directions. Reduced scattering rate near the dark state
resonance can be observed. The sum of the forces (green) leads to
trapping. (d) Force curve in 1D with both %z laser pairs present, as
in Fig. 1(a). § > 0 gives trapping and § < 0 gives antitrapping.

with all four components present. Figure 3(d) shows the force
obtained in this case. We see that the true force is similar
to the sum shown in Fig. 3(c), and that the force reverses
when § reverses, so we conclude that the ZIDS mechanism is
responsible for the trapping force in this blue-detuned MOT.

It is interesting to compare this ZIDS force with the naive
MOT force obtained by ignoring any dark states and just
summing the scattering forces due to each component of the
light, using the standard expression for the scattering force
and accounting for the detuning of each component and the
Zeeman shift of the transition that each drives. Interestingly,
this also gives a position-dependent force whose sign depends
on §. For § > 0, dB/dz > 0, it provides a trapping force be-
cause the beam pushing the molecules back toward the center
is Zeeman shifted closer to resonance. This force acts over a
broad range of magnetic fields (determined by A), but near
the trap center is far weaker than the force set up by the
Zeeman-induced dark states.

C. Cooling mechanism at zero magnetic field

We turn now to the velocity-dependent part of the force.
Recall that for the 1-1 system in 1D, with just a single polar-
ization component in each beam, there is no force because
the molecule decays with equal probability to m = +£1, so
must scatter an equal number of photons from the o beams.
For our configuration [Fig. 1(a)], this constraint is removed
because both polarizations are present in both beams. For
positive A, there will be Doppler heating at large velocity and
sub-Doppler cooling at low velocity. The sub-Doppler cooling
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is similar to the lin-¢-lin, or gray molasses, mechanism [19].
In the light field described by Eq. (2), and at zero B, there is a
dark state

|d) = cos(kz — 8t/2)|—1) + cos(kz + 6t/2)|+1),  (3)

where we have omitted the normalization. The dark state has
zero energy, while the orthogonal bright state has energy

g =" \/1+292(1+ (2Kz) cos(81)) — 1
= — — cos cos —
*T 7 A2 ¢
~ ¢ (1 4 cos(2kz) cos(6t)), (©Y)
where €2 is the Rabi frequency, ¢ = %, and the approxima-

tion holds for A > Q. The bright state energy is proportional
to the intensity of the light and goes to zero at the special
points in time and space (¢, z) = 2nm /8, 2m + 1)A/4) and
(t,z) = (2n+ 1) /6, mA/2), where n, m are integers. Op-
tical pumping into the dark state tends to happen when the
intensity is high, which is also where Ey is large, i.e., near
the top of the hill. Transitions back to the bright state occur
near the special points where Ej, is close to zero, i.e., near the
bottom of the hill. These transitions can be driven either by
motion through the light field or by the time variation of the
light field.

To understand the nonadiabatic transitions between dark
and bright states, it is helpful to use a Landau-Zener treatment.
In the basis of the two ground m sublevels |+1), a suitable
effective Hamiltonian is

Hi 7z = Al +Vo, + €0y, 5)

where [ is the identity operator, o, , are the Pauli operators,
and

A= %(1 + cos(2kz) cos(6t)), (6)

V= %(cos(Zkz) + cos(6t)), 7
he . .

€ = — sin(2kz) sin(4t). 8)

The eigenstates of Hy are the dark and bright states and the
eigenvalues are their energies [in the approximate form of
Eq. (4)]. Equation (5) is in a standard form for a Landau-Zener
treatment with an avoided crossing where € = 0 and an energy
gap of 2V. To apply this treatment, we will approximate €
as varying linearly in time and approximate V to be constant
close to the crossings.

First, consider diabatic crossings driven by motion through
the light field. Let the molecule be at kz = w/2 at time
tp so that we can write 2kz = m + 2kv(t — ty). Linearizing
around this point, we have € ~ ¢ kv sin(5t))(t — fp) and V ~
—¢ sin®(8ty/2). Applying the standard Landau-Zener result,
we find that the probability of a diabatic transition at this
crossing is

- 4
ism (6t0/2))‘ ©)

P~ e -7
Ltz P\ T Tsin(o0))|

A similar result is obtained for all points where 2kz = nm.
We see that the probability is controlled by the dimension-
less parameter ¢ /(kv), which is the ratio of the light shift

to the Doppler shift. When ¢ /(kv) > 1 (low v), the diabatic
transitions can only occur if §ty &~ 2msr, so molecules have
to pass through the right points at the right times for the
cooling to be effective. When ¢ /(kv) < 1 (high v), there can
be diabatic transitions for almost any value of 7y, the dark state
is unstable, and cooling will be ineffective. The cooling will
be most effective for intermediate values of ¢/(kv). We are
typically interested in parameters where ¢ ~ I" and kv < 0.1,
giving ¢ /(kv) > 10. This suggests that transitions driven by
the motion will be quite strongly localized at the bottom of
the potential hills. At very low velocity, the localization is so
strong that transitions are rarely driven this way.

Transitions can also be driven by the time variation of
the light field. Let the molecule be at z; at time ¢ =1 =
/8, and linearize around this value of r. We obtain € ~
1he 8 sin(2kzy)(t — 1) and V &~ —h¢ sin®(kz;). The probabil-
ity of a diabatic transition at this crossing is

@) ¢ sin(kz))
P77 ~ exp ( 2w 51 sin(2k21)|>' (10)
This probability is controlled by the dimensionless parameter
¢ /8, which is the ratio of the light shift to the rate of polar-
ization modulation. When ¢ /§ >> 1, the diabatic transitions
will be strongly localized around the points where z; &~ mm /k,
while if ¢ /8 < 1 there can be diabatic transitions almost any-
where (no stable dark state). Cooling will be most effective for
intermediate values of ¢ /§. Our studies have focused on the
regime where ¢ ~ I" and § ~ 0.2I", so that ¢/§ ~ 5. This is
the regime where transitions are localized around the bottom
of the potential but not so strongly localized that they become
improbable.

To summarize, we see that molecules tend to be optically
pumped to the dark state near the tops of the potential hills and
then make diabatic transitions back to the bright state near the
bottom of the hills. These diabatic transitions can be driven
by the motion when the velocity is not too small and can
be driven by the time variation of the field at any velocity.
Molecules with larger velocities climb further up the hills,
so lose more energy, resulting in a strong velocity-dependent
force that damps their motion toward zero velocity.

D. Cooling mechanism in a magnetic field

A magnetic field lifts the degeneracy of the m = %1 states
that form the dark state in Eq. (3), introducing an additional
time dependence into the dark state. In the Landau-Zener
picture, the magnetic field shifts the space-time locations of
the diabatic crossings away from the minima of the light shift,
making the cooling toward zero velocity less effective. Once
lwz| > ¢/2, € no longer crosses zero and the cooling mech-
anism breaks down. Instead, there is a force that drives the
molecules toward the velocity of one of the moving lattices.
We examine the origin of this frictional force in the frame of
the lattice.

Consider a molecule moving through the counterpropagat-
ing lattices. It sees only one lattice at a time, depending on
whether it has m = £1 and hops randomly between these
lattices due to photon scattering. Switching state places the
molecule at a random position in the new lattice, but (for
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A > 0) photon scattering always tends to happen at the top
of the potential hill where the intensity is highest. Thus, in
the frame of each lattice, a molecule tends to lose energy,
resulting in a force that drives the velocity toward zero in the
lattice frame. We will refer to the lattice moving in the same
direction as the molecule as the colattice, and the one moving
in the opposite direction as the counterlattice. To generate any
net force, we need to break the symmetry between the two lat-
tices. There are two effects that do this, both arising from the
motion of the molecule. The first effect is due to the different
impulses exerted by the two lattices. Suppose the molecule has
a speed close to 6 /(2k). It moves slowly through the colattice,
so spends a long time climbing the potential hill, resulting in
a large impulse that produces a large reduction in velocity (in
the colattice frame). The molecule moves much more quickly
through the counterlattice resulting in a smaller impulse and
a smaller reduction in velocity (in the counterlattice frame).
For a small change in kinetic energy K, the change in velocity
is inversely proportional to the velocity, Av = K/(mv). This
effect drags molecules toward the colattice. The second effect
is due to the optical pumping probability. When the velocity
is close to §/2k, molecules spend a long time at the top of
the potential hills of the colattice, but ride quickly over the
hills of the counterlattice. The optical pumping probability is
weighted toward the top of the hills in both lattices, since this
is where the scattering rate is highest, but the weighting is
stronger in the lattice where molecules move more slowly.
Both effects drive molecules toward £4/(2k), with the sign
determined by the initial velocity.

These processes are captured by a very simple 1D model
of a molecule jumping at random between m = =£1 at a rate
proportional to the scattering rate, R = 2 m For each
scattering event, the momentum changes by /ik in a random di-
rection. The molecule moves under the influence of the dipole
force Fyp = _thW For m = +1, s = sgcos®(kz +
6t/2). We call this the lattice hopping model. Figure 4(a)
shows some typical trajectories determined from this model
in the case where vjyyice = 6/(2k) >~ 0.5 m/s. The trajectories
illustrate the effects described above, with molecules dragged
to £0.5 m/s with the sign determined by the initial velocity.
Eventually, a molecule with speed very close to the lattice
speed will, by chance, find itself in m = F1 and at the node
of the o* standing wave, making only small oscillations
around the node. In this situation, the molecule is hardly ever
excited because it is dark to the oT lattice and only ever
sees low-intensity o* light. We see this in the trajectories
that eventually settle to low-amplitude oscillations around the
lattice velocity.

The solid line in Fig. 4(c) shows the mean acceleration
determined from the lattice hopping model. For each speed,
we simulate the motion for 10 us, calculate the average accel-
eration over this interval, repeat 400 times, and then average
the results. We see that there is a force driving molecules
away from zero velocity and damping the motion toward the
lattice velocities. We also see that the force is stronger for
[v] > |Viatice| than for |v| < |viice|. We attribute this to the
combined effect of the co- and counterlattices. The force from
the counterlattice reinforces the damping when the velocity is
above that of the colattice, but weakens it below. The residual
effect of the mechanism described in Sec. IIC also does this
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FIG. 4. (a), (b) Speed vs time for molecules with different ini-
tial speeds, found from the lattice hopping model described in
Sec. IID. The parameters are A = 606 nm, I' = 5.2 x 107 rad/s,
M =5%, so =5, A=2I',§ =0.2I", and (a) F, = 0 and (b) Fy =
—6.7 x 10735k, (c) Mean acceleration vs speed determined from
this model for Fy = 0 (solid red) and Fy = —6.7 x 1073/kT (dashed
blue).

since it drives the motion toward zero velocity, though that is
not captured by the lattice hopping model.

So far, this model does not explain why one lattice is
preferred over the other. It was previously suggested that this
preference arises because the Zeeman shift introduces a differ-
ence in detuning that makes one lattice deeper than the other
[29]. Although the lattices do have different depths, this does
not appear to play any role. Instead, the role of the magnetic
field is the ZIDS mechanism described in Sec. IIB. Until a
molecule is trapped at the node of its comoving lattice, this
mechanism still applies a force. When B > 0 and § > 0, the

023259-5



QINSHU LYU AND M. R. TARBUTT

PHYSICAL REVIEW RESEARCH 8, 023259 (2026)

0.20

0.15

0.10
0.05
0.00

Velocity (I'/k)

—0.05

Force (1073ATk)

-0.10 —40

-

-80
029, 0.2 0.4 0.6 0.8 1.0
B field (hT/u)

-0.15

FIG. 5. OBE simulation of the force map for A = 606 nm, I' =
5.2 x 107 rad/s, M = 59u, s = 5, A = 2T", and § = 0.2I".

force is negative at all velocities [see Fig. 3(d)]. There is a
range of magnetic fields where this force is large enough to
drive molecules away from the lattice moving with positive
velocity (which has weaker damping on the lower velocity
side), but not large enough to drive them out of the lattice
moving with negative velocity (which has stronger damping
on the lower velocity side). Consequently, within this range
of |B|, the velocity is driven toward —§/(2k) when B > 0 and
toward +3/(2k) when B < 0.

To capture this effect in the lattice hopping model, we
simply add a constant force Fy, which we take as a free
parameter. Figure 4(b) shows some trajectories determined
in the case where Fy = —6.7 x 1073/ikI". Molecules whose
initial velocity is negative are rapidly driven to —uvjagice and
then remain close to this speed as they oscillate around the
nodes of the lattice, rarely switching state. Molecules whose
initial velocity is positive may get trapped at vjuice for a while,
but this is unstable to fluctuations—When the molecule comes
out of the lattice, it tends to be driven by F, toward negative
velocities, and eventually ends up at —vjayice- The dashed line
in Fig. 4(c) shows the force in this case. We see that there is
still damping toward +vjayice, but the range of speeds where
this is stable is narrow. In contrast, molecules are damped to
—Unatice OVer a wide range of speeds. For the parameters used
in Fig. 4, we find that trapping around +vjagice 1S destabilized
once |Fy| 2 6.3 x 10735k, while trapping around — Vjygice
remains stable for |Fy| < 13 x 1073 kkI. Figure 5 shows the
result of the OBE simulation for the same parameters as used
for Fig. 4. The simulation extends to higher values of B com-
pared to those in Fig. 2. We see that at low B the molecules
are driven toward —uvjyyice [similar to Fig. 4(b)], but as B
increases the trapping force weakens and once uB 2 0.5AT
the molecules can be confined in either of the two lattices
[similar to Fig. 4(a)]. The range of forces where only one
lattice is stable is similar to the range found above. Thus, we
see that our very simple lattice hopping model captures all the
essential physics of the “conveyor belt” mechanism.

The results imply that molecules can easily be lost from
the blue-detuned MOT. Those molecules with v close to
~+Viaice and at large enough B will be confined at +vjaice and
driven out of the MOT. This is a relevant process in existing
blue-detuned molecule MOTs. For example, when p = ug,
I =5.2 x 107 rad/s, and dB/dz = 30 G/cm, a molecule at
z = 1 mm will have uB = 0.5AT". This suggests that, to avoid

losses, the magnetic field gradient needs to be ramped up
slowly so that the MOT is compressed without too many
molecules seeing large fields. The timescale is determined
by the time needed to reach equilibrium. The blue-detuned
MOT behaves as a heavily overdamped oscillator, so the
relevant timescale is y /a)(z], where y is the damping con-
stant and wy is the oscillation frequency. For the parameters
explored in the next section, this characteristic timescale is
about 1 ms.

III. MODEL IN THREE DIMENSIONS

A. Trapping mechanism

Next, we study the F = 1—F’ = 1 system in three dimen-
sions by adding beams propagating in the x and y directions,
identical to those along z. To see whether the ZIDS trapping
mechanism persists, we first remove the beams propagating
toward —z and calculate the force in the z direction, F., at
v = 0 and as a function of B. Figures 6(a)-6(c) show the re-
sults for three different values of 5, where we have fixed A =
2T" and s = 5 per frequency per beam. We see that, just as in
1D, F,; goes to zero close to the critical magnetic field where
uB = hd /2, verifying that the mechanism is still effective in
three dimensions (3D). The feature is substantially broader
in 3D than the one found in 1D. Similarly, we calculate F,_
by removing the beam propagating toward +z. Figures 6(d)—
6(f) compare the force calculated for all six beams to F,, +
F,_. We see very good agreement between these approaches,
indicating that the force in 3D can be understood as arising al-
most entirely from Zeeman-induced dark states generated by
pairs of copropagating beams. The moving lattices produced
by the counterpropagating beams do not contribute to the

trapping.

B. Spring and damping constants

The restoring force in a MOT is characterized by the spring
constant ¥ and the cooling can be characterized by the damp-
ing constant «. From the simulations, we calculate dF /0B
at zero velocity and refer to this as the “spring constant”
since dF/0z follows from this quantity once the magnetic
field gradient is specified. Similarly, the damping constant is
determined from 9F /dv at zero magnetic field.

Figure 7(a) shows how « varies with &, for several different
choices of A. We see that « rises rapidly as § increases from
zero, and then reaches a maximum and declines more slowly
as § increases further. Increasing A lowers the maximum
value of x (though only a little), shifts the maximum to lower
values of §, and yields a narrower peak. Figure 7(b) shows
that « is relatively insensitive to s once s exceeds a threshold
value. This threshold increases with increasing §. Figure 7(c)
plots « as a function of the intensity ratio of the two frequency
components sy /s_. We see that there is a small asymme-
try, with the highest spring constant typically found where
sy~ s_/2.

Figure 7(d) shows how « depends on 6 and A, when the
intensity in each component is s = 5. To understand the be-
havior observed, note that the damping constant is determined
from the gradient of the force near zero velocity, so that
diabatic transitions are mostly driven by the time variation of
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FIG. 6. 3D simulations of the force in the z direction, as a function of magnetic field. The parameters are A = 2I", s = 5 per beam, and
Nrep = 1024. (a)—(c) F4 for three values of §. (d)—(f) Force with all six beams present (blue) compared to F;; + F,_ (red).

the light field rather than by motion through the light field, and
the most relevant parameter is the ratio ¢ /8 o< sT'?/(8A). We
see that o first increases with § and then reaches a plateau.
At larger values of A, the plateau is reached at smaller §,
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consistent with the idea that there is an optimum value for
the parameter sI"?/(8 A). Figure 7(e) shows that « has a pro-
nounced peak near s &~ 1. As § increases, this peak gets larger
and shifts to higher s. With the exception of § = 0.1I", the
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FIG. 7. Characterization of the 3D blue-detuned MOT for the F = 1—F' = 1 system, showing the spring constant x = (dF/dB),—o and
damping constant @ = (3F /9v)p—o. (a), (d) ¥ and & vs § for several values of A. We have fixed s = 5 per frequency per beam. (b), (e) x and
a vs s for several values of §, with A = 3I". (¢), (f) ¥ and « vs the intensity ratio s /s_, with A = 3I" and a total s = 60 summed over all

frequency components and all six beams.
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FIG. 8. (a) Blue-detuned MOT scheme with two well-separated
ground-state hyperfine levels, F = 0 and 2, and a single excited state
F’ = 1. A is the global detuning and § is the two-photon detuning.
The figure shows the polarizations of the lasers propagating toward
—z, and we take dB/dz > 0. (b) Illustration of Zeeman-induced dark
state formed by the pair of beams traveling toward +z (solid arrows)
and toward —z (dashed arrows). (c) Force vs magnetic field for A =
2T", s = 5 per frequency per beam in 1D, and various positive values
of §. (d) Same as panel (c) but for negative §.

peak is located at s &~ 2.2§/I". This is again consistent with
there being an optimum for sT"?/(§ A). Increasing s increases
the height of the potential hills, so as the optimum s increases
the maximum value of « also increases. Beyond s > 3, there
is a much weaker dependence of « on s. Figure 7(f) shows that
« has a surprising dependence on the intensity ratio s /s_. At
low §, there is a peak at s, /s_ < 1, with the peak shifting to
smaller intensity ratios as § increases. At larger §, however,
a new peak appears where s, & 2s_. This becomes more
pronounced as § increases, but remains at roughly the same
intensity ratio. Taking Figs. 7(c) and 7(f) together, we see that
there is a range of intensity ratios around s, ~ s_ where the
spring constant and damping constant are both large.

IV. MODEL WITH TWO GROUND HYPERFINE STATES

The mechanisms described so far can also work between
two different hyperfine components of the ground state. We
consider a model with |F =2) and |F = 0) in the ground
state and |F’ = 1) in the excited state. As before, the magnetic
moment is u in the ground state, defined so that the Zeeman
shift of the |2, 2) state is wB. The excited state decays with
equal probability to F' = 0 and F' = 2, and the total decay rate
isT.

A. Trapping mechanism

We start from the 1D configuration shown in Fig. 8(a).
The two frequency components have opposite circular polar-
izations, a global detuning A and a frequency difference of
6. First, consider the case where only the laser propagating

toward +z is present. The states |2, +1) and |2, +2) cannot
couple to the light at any B. In addition, as can be seen from
the solid arrows in Fig. 8(b), there is a a Zeeman-induced dark
state |dy) = ae’ @90, 0) + B|2, —2), where «, B depend
on the Rabi frequencies. At the critical magnetic field B, =
hé/(2un), |d+) becomes time independent and the molecule
cannot couple to the +z laser beam, but will still couple to
the —z beam. The resulting imbalance in radiation pressure
produces a B-dependent force, exactly as for the 1-1 system
studied earlier. This mechanism is likely to be important in
several of the blue-detuned molecule MOTs reported previ-
ously [23-28].

Figure 8(c) shows the force as a function of the magnetic
field in this 1D system, for various positive values of §. As ex-
pected, the force has turning points near £B.. The maximum
force increases and shifts to higher |B| with increasing 8. This
is similar to the behavior of the 1-1 system studied earlier.
Figure 8(d) shows the force for negative values of §. While
the behavior is similar, there is some asymmetry between the
§ > 0and § < Ocases. For§ < 0, the force tends to be smaller
and the turning points are shifted to higher values of |B|. We
suppose this asymmetry arises because § is comparable to A,
so makes an appreciable difference to the overall detuning of
the light.

B. Spring and damping constants

Once again, we characterize the MOT by determining the
spring constant x and damping constant «. Figure 9(a) shows
that « rises with 6 and plateaus at § ~ 0.75T". « is higher
for lower A for all values of §. Figure 9(d) shows that « is
relatively insensitive to 8, and « increases as A increases, and
reaches maximum values at A ~ 4I". Figures 9(b) and 9(e)
show how « and o depend on s for various §, with A = 3T".
Kk initially rises rapidly with s before reaching a maximum
around s &~ 4 and then saturates, while o reaches a peak at
s ~ 3 and then slowly goes down. Figure 9(c) shows how the
spring constant depends on the intensity ratio so/s,, where sg
is the saturation parameter of the laser addressing hyperfine
state F. We see that a higher intensity for the |FF =2) —
|F’ = 1) transition is preferred for trapping. We attribute the
behavior seen in this plot to an effective change of § arising
from the differential ac Stark shift, so that it echoes Fig. 9(a).
Increasing sp—, increases the differential Stark shift, which
increases the effective value of §. Consider first the region
of the plot where sp_, > sp—o. Here, increasing sp_, takes
6 further into the plateau region of Fig. 9(a), so « is relatively
insensitive to the intensity ratio. Now consider the region
where sp—¢ > sp—,. Here, increasing sr—_o reduces the effec-
tive &, bringing it into the small-§ region where x decreases.
Figure 9(f) shows that « has a similar response to the intensity
ratio and is maximized close to sy = s5.

V. CONCLUSION

We have studied blue-detuned MOTs driven by a pair of
closely spaced frequency components of opposite polarization
where the light field can be viewed as a pair of oppositely
polarized lattices propagating with speeds £6/(2k). We have
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FIG. 9. Characterization of a 3D blue-detuned MOT with configuration shown in Fig. 8(a). (a) Spring constant x and (d) damping constant
« as a function of § for various A. The intensity is s = 5 per frequency per beam. (b) « and (e) « as a function of s, for various § and with
A = 3T". (c) k and (f) « as a function of the intensity ratio so/s,, where s is the saturation parameter of the laser addressing hyperfine state F.
Fixed parameters are A = 3I" and a total intensity s, = 60 for all frequency components and all three directions.

identified the mechanisms responsible for trapping and cool-
ing in these MOTs.

The trapping is due to the ZIDS mechanism. When the
Zeeman splitting matches the detuning between the frequency
components, there is a state that is dark to the beam propa-
gating in one direction, but not to the beam from the opposite
direction. This sets up an imbalanced radiation pressure that
confines molecules around the magnetic field zero.

At B = 0, molecules are cooled toward zero velocity by
gray molasses cooling. Notably, the time-varying polariza-
tion of the light field drives nonadiabatic transitions from
dark to bright states, unlike standard gray molasses where
these transitions are driven only by motion through the light
field. When |B| > By, there is a velocity-dependent force that
drives molecules to the lattice speeds +§/(2k), with the sign
determined by the sign of the initial velocity. In this regime,
some molecules will be transported toward the MOT center,
and some away from the center, potentially resulting in loss
from the MOT. There is a range of magnetic fields By, <
|B| < By; where the velocity-independent force from the ZIDS
mechanism adds to the velocity-dependent force from the
lattices in such a way that molecules are always driven to
one of the two lattices. In this regime, with the correct sign
of field gradient, molecules will always be transported toward
the center of the MOT. Finally, when 0 < |B| < By, there is
a competition between the force toward v = 0 and the one
toward v = §/(2k), resulting in a zero crossing of the force at
an intermediate v. For the parameters studied in this paper, we
find By, ~ 0.2hT" /i and Bp; ~ 0.5 / .

As noted already, there is a loss mechanism in the blue-
detuned MOT because at high magnetic fields molecules can
be transported out of the MOT by the moving lattice. This
may be partly responsible for the short lifetimes observed
at high field gradients in some blue-detuned MOTs (e.g.,
Ref. [24]). This observation suggests that, when transferring
molecules into the blue-detuned MOT, it may be beneficial
to ramp up the magnetic field slowly so that molecules remain
always in the low magnetic field regime. The 3D blue-detuned
MOT analyzed in Sec. IV has a maximum value of « of
about 1072 uk. For a CaF molecule in a field gradient of
15 G/cm, and taking an average u = 0.5up, this corresponds
to a trap oscillation frequency of about 860 rad/s. This is sim-
ilar to the trap frequencies measured in a red-detuned MOT
of CaF [34], and not so different from the values measured
in a blue-detuned MOT of CaF [about 450 rad/s at this field
gradient; see Fig. 3(d) of Ref. [24]]. The typical damping
constant found in Sec. IV is around 10~!7k2, which for CaF
gives a/m ~ 1.2 x 10* s~!. This is about 20 times higher than
measured in red-detuned MOTs [34], but only 3 times higher
than measured for a blue-detuned MOT of CaF [see Fig. 4(a)
of Ref. [24]]. The larger damping compared to a red-detuned
MOT is to be expected since the blue-detuned MOT relies
on sub-Doppler processes. The large damping and reduced
photon scattering associated with the dark states are respon-
sible for the low temperatures of the blue-detuned MOT. The
low temperature and high spring constant are responsible for
the small size of the MOT, yielding the desired high-density
samples.
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