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Engineering the sub-Doppler force in magneto-optical traps
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Current dual-frequency magneto-optical traps (MOTs) for ultracold molecules are plagued by sub-Doppler
heating effects, making them vastly inferior to standard atomic MOTs. Here we demonstrate theoretically that
the sub-Doppler effects in such a MOT can be engineered to provide cooling instead of heating. We give an
intuitive picture how to achieve such cooling and show the cooling and trapping force results of the 16-level
optical Bloch equations for the case of CaF molecules. From three-dimensional Monte Carlo simulations we
estimate the temperature and density of our MOT to be 40 μK and 4 × 108 cm−3, respectively, for a molecule
number of 1 × 105. We also extend our idea to the case of atomic MOTs and show that it can be used to produce
sub-Doppler forces in these systems that are much more robust against magnetic fields.
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Magneto-optical trapping has been at the forefront of
atomic and molecular cooling experiments for over three
decades [1,2]. The technique is used in virtually every labo-
ratory working with ultracold neutral particles, owing to the
fact that it is able to capture, trap, and cool species down
to temperatures inaccessible by any other nonoptical method.
Once captured and cooled in a magneto-optical trap (MOT),
other techniques, such as sub-Doppler cooling in molasses
[3–8] and evaporative cooling [9–12] can be used to re-
duce temperatures and increase phase-space densities even
further. Sub-Doppler mechanisms are, in fact, present even
during the MOT stage. Their effect on MOT temperatures
can be beneficial [13] or negligible [14] or, as is the case
in current molecular MOTs, sub-Doppler effects can signifi-
cantly increase MOT temperatures [15–18]. As such, the high
temperatures and the resulting low MOT densities are signifi-
cantly limiting the phase-space density of molecular systems.
In this Letter, we propose experimental techniques to engineer
these sub-Doppler effects. In particular we illustrate this by
theoretically engineering a molecular magneto-optical trap
for CaF where the sub-Doppler heating has been turned into
sub-Doppler cooling. Monte Carlo simulations of the molec-
ular cloud show a significant decrease in temperature and a
consequential increase in density, which will have consider-
able impact on experiments using laser coolable molecules
attempting to reach quantum degeneracy. Finally, we show
how the same technique can be used to make sub-Doppler
forces more robust against magnetic fields in atomic MOTs.

In a magneto-optical trap, particles are subjected to light
from six laser beams, incident from six directions, as well as
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a quadrupole magnetic field. The purpose of the laser beams
is twofold (1) their frequencies are tuned in such a way as to
produce a velocity damping force on the particles, and (2) to-
gether with the magnetic field they produce a spatial restoring
force. In the case of a type-I MOT operating on a J → J + 1
transition [1] as is used to trap most atomic species, simply red
detuning the lasers from resonance and choosing the correct
circular polarizations ensures both damping and trapping. In
the case of a molecular type-II MOT [19] operating on a
J → J − 1 transition, multiple laser frequencies, and polar-
izations must be used [15–18]. In both cases, the resulting
photon scattering produces cooling and trapping. This stands
in stark contrast to the forces responsible for sub-Doppler
cooling/heating. Here, photon scattering serves the role of
optical pumping, and the scattering itself is not the main
contributor to the momentum change [4]. Rather, sub-Doppler
processes generally rely on differential AC Stark shifts for
slowing. Whereas the probability to scatter a photon scales as
I/δ2, where I is the laser intensity and δ is the laser detuning
from resonance, the AC Stark shift scales as I/δ. This, then,
highlights the idea behind this Letter: at least, to some degree,
experiments should be able to control Doppler forces, relying
on scattering, and sub-Doppler forces relying on the AC Stark
shift, independently by adjusting laser intensity and detuning
or adding additional lasers.

To illustrate this point we focus on the dual-frequency
type-II MOTs currently used in ultracold molecule experi-
ments. In particular, we focus on the case of CaF molecules.
The ground state of CaF has a F = 2 level which couples to
the F ′ = 1 level in the excited state (Fig. 1). Furthermore,
the excited state g factor is small compared to that of the
ground state. To produce a magnetic restoring force in such a
system, two laser frequencies are necessary [Fig. 1(a)]: a red-
detuned and a blue-detuned frequency as was first pointed out
in Ref. [20]. For the beams traveling to the left (beams 3 and
4), the red-detuned beam is σ− polarized and the blue-detuned
beam is σ+ polarized. When the molecules move to a region
of higher field (to the right), the mF = ±2 and mF = ±1
levels shift closer to resonance with these beams [Fig. 1(b)].
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FIG. 1. The one-dimensional (1D) MOT laser configuration for
a F = 2 to F ′ = 1 system. (a) Laser frequencies, directions, and
polarizations needed. The four laser beams are labeled 1–4, respec-
tively, with their colors representing their detuning and the horizontal
direction of the straight arrows indicating their polarization. (b) In a
positive magnetic field the ground-state Zeeman shift causes light
to preferentially be scattered from beams 3 and 4, resulting in a
momentum kick to the left. (c) Transitions as seen by the lasers
for a molecule with a velocity to the right. Lasers 3 and 4 will
see red-shifted transitions (red ground-state levels) whereas 1 and
2 see blue-shifted ones (blue ground-state levels). The overall laser
detuning is chosen such that laser 4 comes into resonance sooner
than laser 2, resulting in a damping force to the left. (d) AC Stark
shift and optical pumping in red-detuned cork-screw molasses. (e)
Adding a blue-detuned laser with the same polarization as the mo-
lasses laser can change the sign of the overall AC Stark shift, turning
sub-Doppler heating into cooling.

Conversely, the beams propagating to the right are shifted out
of resonance, and the resulting photon-scattering imbalance
pushes molecules towards the center of the quadrupole field.

If the detuning of the red- and blue-detuned laser compo-
nents is equal but opposite, there is no velocity-dependent
force: when a molecule travels towards one of the laser beam
pairs it scatters more photons from the counterpropagating
red-detuned beam, but it also scatters more photons from the
blue-detuned co-propagating beam. To get a velocity-damping
force in this system then, both frequency components need to
be shifted slightly higher so that the red-detuned component
is closer to resonance than the blue-detuned one. This ensures
that molecules preferentially scatter photons from the coun-
terpropagating laser beams [Fig. 1(c)].

The laser configuration producing the dual-frequency
MOT force brings with it an unfortunate consequence: near
zero velocity at the trap center the red-detuned laser beams are
closer to resonance than the blue-detuned ones. This results
in AC Stark shifts that lower the energy of the ground states
by an amount depending on the coupling strength. In 1D,
the counterpropagating red-detuned σ+ and σ− laser beams
form a corkscrew polarization pattern where the polarization
is linear everywhere and rotates as a function of distance from
the center [4]. Choosing the quantization axis to be along
this polarization, molecules near zero velocity will be pref-
erentially pumped into the F = 2, mF = ±2 states, which
have the least AC Stark shift and due to the red detuning, the
highest energy [Fig. 1(d)]. As a consequence, when molecules
move at low velocities in this laser configuration, they will
constantly “roll down” a potential hill as they move through
the corkscrew polarization, causing sub-Doppler heating [21].
With this picture in mind, the way to engineer the sub-Doppler
force into a cooling force becomes straightforward. A far
blue-detuned laser with the same polarization as the molasses
beam can produce a larger AC Stark shift than the molasses
beams, thereby changing the sign of the overall shift, resulting
in cooling [Fig. 1(e)]. Due to its large detuning from reso-
nance, this laser will not cause additional scattering forces,
allowing for the Doppler cooling forces to remain intact. In
reality the level structure of CaF is more complicated (Fig. 2).
The X 2�+ ground state consists of four hyperfine energy
levels, F = 1, 0, 1, and 2, spaced by 76, 47, and 25 MHz.
The A2�1/2 excited state has a hyperfine splitting of 5 MHz.
Four laser frequencies are used to drive transitions from the
four ground states to the excited states, each detuned by
δ = −� with respect to the F ′ = 1 excited state [20]. The
lasers driving the F = 1 and F = 0 ground-state levels are σ+
polarized whereas the one driving the F = 2 ground state is
σ− polarized. As such, the F = 2 to F ′ = 1 transition closely
resembles the situation depicted in Fig. 1.

A full three-dimensional (3D) simulation of the 16-level
optical Bloch equations (OBEs) for CaF using this laser con-
figuration confirms our intuitive picture of optical pumping
into the mF = ±2 states. Our method for solving the OBEs is
largely taken from Ref. [22], and we have verified that we can
reproduce all results presented therein. The resulting velocity-
dependent force is depicted as the blue curve in Fig. 3. The
figure clearly shows the Doppler cooling and sub-Doppler
heating features observed in experiment [7]. To get rid of this
sub-Doppler heating, and perhaps even turn it into cooling,
the mF = ±2 states must be shifted down in energy instead
of up, whereas not affecting the photon scattering much. This
can be accomplished most easily with a laser detuned far into
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FIG. 2. Ground- and excited-state hyperfine levels of CaF and
laser frequencies used to address them. The ground states are coupled
to the excited states with four laser frequencies, each detuned by δ =
−� from their respective transition. Also shown in blue is the shift
laser, detuned by δ = +100� and with polarization equal to that of
the F2 laser.

the blue. Because mF is defined relative to the polarization
of the most red-detuned frequency component (the one that
is most responsible for optical pumping), this far off-resonant
laser should have the same polarization as this component. For
the rest of the discussion we will refer to this blue-detuned
laser as the shift laser and to the most red-detuned laser as the
F2 laser (see Fig. 2). For our simulations we choose a blue
detuning of the shift laser of 100� (angular frequency), where
� = 2π × 8.3 MHz is the transition’s natural linewidth. This
detuning is large enough to ensure that the shift laser has little
effect on the Doppler force (photon scattering), whereas being
small enough to not cause any leakage to any states close
by. The red curve in Fig. 3 shows the result of the OBEs
when including this shift laser with a power of 80 mW and
a Gaussian beam diameter of 4 mm. The other four, regular
MOT frequency components share 200 mW of power and
have a beam diameter of 20 mm. At these intensities, the
shift laser introduces an AC stark shift on the F = 2 levels
0.6 times as large as that of the F2 laser. Together with the
other three MOT frequencies, this shift is enough to reverse
the AC stark shift caused by the F2 laser. The sub-Doppler
heating which previously dominated the force for velocities
below 6 m/s has disappeared, and in its place there is a sub-
Doppler cooling force below 3 m/s. Applying the shift laser
to the MOT, furthermore, seems to have reduced the Doppler
force, presumably because the additional AC Stark shift has
changed at what velocity the various ground states become
resonant with the lasers, however, the force is still more than
strong enough to keep the molecular cloud cold. A stronger
shift laser would retain the sub-Doppler cooling, but would
eventually flip the sign of the Doppler force. Whereas this

FIG. 3. Acceleration vs velocity for molecules in the MOT. The
blue curve shows the acceleration in the usual four-laser component,
dual-frequency MOTs used to date [22]. The red curve shows the
acceleration when the blue-detuned shift laser is added with polar-
ization equal to the F = 2 laser component, showing sub-Doppler
cooling below 3 m/s. The yellow curve depicts the acceleration when
the blue laser polarization is reversed with respect to the F = 2
component. The inset: closeup of the sub-Doppler cooling part of
the red and yellow curves. Shaded areas reflect the 68% confidence
intervals on the mean acceleration over 100 runs of the OBEs.

may be counteracted by changing the detunings of the MOT
lasers, such an optimization is beyond the scope of this paper.
Due to the smaller diameter of the shift laser beam (4 mm)
as compared to the MOT beams (20 mm) the capture velocity
of the MOT should remain largely unchanged. Alternatively,
one could switch on the shift laser after MOT loading as an
additional compression/cooling step. The effect of the shift
laser on the trapping force is shown in Fig. 4. A blue-detuned
laser can, in principle, result in a repulsive force, but this
effect is negligible for our parameters as can be seen from
the figure. Since the radius of the shift laser is chosen to be
2 mm the figure only shows the acceleration for positions up
to 3 mm. Calculating the trapping force using the OBEs needs
a lot of averaging [22] as it fluctuates a lot depending on the
initial conditions chosen. As such, whereas the red curve in
Fig. 4 seems to show a small force at the MOT center, our
uncertainty in the calculation is consistent with zero force, and
we force it to be so in our further modeling.

The requirement that the shift laser has the same polariza-
tion as the F2 laser translates to the condition that the phase
of the σ+ and σ− parts should be the same over the size
of the MOT. This results in two constraints for experiments
(see Appendix A): the red and blue components must be
co-propagating from the point on where their σ+ and σ−
beams are split, and the path length difference between coun-
terpropagating beams must be an integer multiple of the beat
length between the F2 and shift lasers. The former constraint
is necessary for the polarization gradients of the two compo-
nents to remain in-phase with each other. The latter constraint
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FIG. 4. Acceleration vs position for molecules in the MOT. The
blue curve shows the acceleration in the usual four-laser component,
dual-frequency MOTs used to date [22]. The red curve shows the
acceleration when the blue-detuned shift laser is added with polar-
ization equal to the F = 2 laser component. Adding the extra blue
laser seems to have little effect on the trapping force. Shaded areas
indicate the 68% confidence intervals of acceleration for 1000 runs
of the OBEs.

ensures that the polarization direction of the two components
is the same over the size of the MOT. For the detuning chosen
in our simulations, this constrains the path-length difference
between counterpropagating beams to multiples of 36 cm with
a tolerance of 1 cm to keep the angle between F2 and shift
laser polarization below 5◦. Both constraints should be readily
realizable in experiments. The yellow curve in (Fig. 3) shows
what happens to the acceleration when the polarization of the
shift laser is reversed (i.e., σ+ turned to σ− and vice versa).
This causes the polarizations of the shift and F2 lasers to
not be equal at every point in space anymore, significantly
reducing the sub-Doppler cooling. There does remain a small
cooling feature, however, and as such, the shift laser should
help improve MOT temperatures and densities even when the
above two constraints are not met.

Using our results from the OBEs we can estimate the tem-
peratures and densities the sub-Doppler cooling MOT should
be capable of reaching. To this end, we perform a simple
Monte Carlo simulation (see Appendix A). From the velocity
distribution obtained this way (see Fig. 7 in Appendix A)
we estimate the MOT temperature to be 40 μK, well below
the Doppler limit of ≈200 μK [6]. Similarly low MOT tem-
peratures have previously been observed in experiment for
blue-detuned MOTs of atoms [13,23], whereas current dual-
frequency CaF MOTs only reach temperatures of about 1 mK,
and, consequently, densities on the order of 1 × 106 cm−3

[24]. Whereas experiments can lower the temperature of these
MOTs by decreasing laser intensities, this comes at the cost
of a further reduction in MOT density [6]. The peak density
of our MOT is simulated to be 4 × 108 cm−3 for 1 × 105

FIG. 5. Velocity-dependent force for a F = 1 to F ′ = 2 system
in a 3D MOT as a function of the magnetic-field B = β h̄�/μB. Pa-
rameters for the MOT laser are I = Isat , δ = −2.5�. Parameters for
the shift laser are I = 80Isat , δ = −40�. The polarization of the laser
beams coming from the positive direction is σ− unless specified. The
g factors of both the ground and excited states are 1. Shaded areas
indicate the 68% confidence intervals of acceleration for 500 runs of
the OBEs.

molecules, a value much higher than current molecular MOTs
are capable of reaching. It should be noted that the density
is limited, in part, by our choice of magnetic-field gradient
(15 G/cm) and higher densities may be reached by increasing
this value.

Lastly, to show that the ideas presented here can intuitively
be applied to a variety of systems, we use them here to
engineer a MOT for atoms with robust sub-Doppler cooling.
In normal atomic MOTs, sub-Doppler cooling features exist,
but they are quickly destabilized by Zeeman shifts, and can
essentially be ignored. By using a shift laser, however, it
should be possible to produce AC Stark shifts great enough to
overcome Zeeman shifts and extend the range of sub-Doppler
cooling at the MOT center. To demonstrate this, we use the
OBEs to model a simple type-I F = 1 to F ′ = 2 system with
MOT lasers of intensity I = Isat , the saturation intensity, and
detuning δ = −2.5� in a magnetic field (Fig. 5). The field
strength β is given in units of h̄�/μB as was performed in
Ref. [21]. The large slope near zero velocity can be attributed
to sub-Doppler cooling. As was already seen in Ref. [21],
sub-Doppler cooling has already completely disappeared at
a field of β = 0.2, corresponding to ≈1 G for a typical alkali
atom. At this field, the “β = 0.2 without the shift laser” line
in Fig. 5 shows no sub-Doppler “bump” and simply follows a
Lorentzian lineshape at higher velocities as is expected for the
Doppler force. To regain sub-Doppler cooling in this type-I
system, a red-detuned shift laser with the same polarization
as the MOT lasers should be used. Adding such a laser with
an intensity of 80Isat and detuning of δ = −40�, we see that
the sub-Doppler cooling range extends to, at least, a field of
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β = 0.2. Our simulations show that sub-Doppler forces per-
sist even at β = 0.8. As was the case with the molecular MOT,
reversing the polarization of this laser significantly reduces its
effects.

In conclusion, we have shown that it is possible to engineer
sub-Doppler forces inside a magneto-optical trap using far
off-resonant laser beams and a careful choice of polarization.
Using this principle we designed a MOT for CaF molecules
with sub-Doppler cooling and estimated that it should reach
temperatures of 40 μK and densities of 4 × 108 cm−3 for 105

molecules. Such densities are much larger than is currently
being reached in molecular CaF MOTs [18], and they are a
direct consequence of the lower MOT temperature. The low
temperature and high density result in a phase-space density of
our simulated MOT of 2 × 10−8. Whereas this paper has con-
centrated on improving molecular magneto-optical traps, the
idea that AC Stark shifts, and as such, sub-Doppler effects, can
be engineered is quite general. We have shown that the same
ideas can be used to engineer an atomic MOT with robust
sub-Doppler cooling at its center. If such a MOT is capable of
producing colder denser samples than current atomic MOTs
are capable of, it may be used to directly load optical dipole
traps, improving the way to all-optical BECs of (for example)
alkali atoms. We expect many uses for the technique across the
broad spectrum of atom and molecular physics experiments
being performed today.

We thank the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) for support under Ger-
many’s Excellence Strategy - EXC-2123 QuantumFrontiers -
390837967.

APPENDIX A: MONTE CARLO SIMULATION

Here we present the details of our Monte Carlo simulation.
The optical Bloch equations are solved to find the damping
and trapping forces, closely following the method outlined in
Ref. [22]. To account for the effects of vibrational repumping,
we reduce all forces by a factor of 2. For simplicity we use the
axial 1D trapping force with the shift laser present and ignore
the fact that the MOT is weaker in the radial direction. We
calculate the velocity damping force as well as the probability
of being in the excited state for velocities up to 4�/k and
positions up to 3 mm (Fig. 6). Here, � is the natural linewidth
of the transition, and k is the magnitude of the wave vector.
Since the shift laser beam diameter is smaller than the other
MOT lasers, we see a transition from sub-Doppler cooling to
sub-Doppler heating at larger positions. Even though our ini-
tial cloud size overlaps significantly with the heating region,
the final MOT size is smaller than the shift laser beam so
that the heating does not affect the final cloud temperature.
For the trapping force, we make the approximation that its
dependence on the velocity is negligible and use the force in
Fig. 4. As is stated in the main text, the force in Fig. 4 has a
small value at the MOT center, which would be unphysical.
Our error estimates show that this value is consistent with
zero, however, and we set it to zero for our simulations.

We start the simulation with a uniform 3D distribution of
104 molecules with a radius of 3 mm. The 3D velocity distri-
bution is also chosen to be uniform with a radius of 1 m/s.

(a)

(b)

FIG. 6. Velocity damping force (acceleration) (a) and excited
state probability (b) of the molecules vs position and velocity in the
MOT.

Because the profiles in Figs. 4 and 6 are relatively coarse, we
use linear interpolation of their data to calculate the force at
the velocity and position of each molecule. Photon scattering
is included as momentum kicks of h̄k in a random direction
with a probability of �ρeedt , where ρee is the excited-state
probability and dt is the time step of the calculation. In case
this probability exceeds 1, we instead give the molecule a
momentum kick of

√
�ρeedt every time step. Time steps

in the simulation are chosen to switch periodically between
100/� and 1/�. The 100/� steps allow for the molecules
to propagate in space whereas keeping the computation time
reasonable, whereas the 1/� steps more accurately model
photon scattering. For the final time evolution we give 106

steps of 1/� to make sure equilibrium is reached. The re-
sulting velocity and radial position distributions are plotted
in Fig. 7. From these we extract a temperature of 40 μK using
T = mv2

rms/3 kB. This temperature is the result of a balancing
of the sub-Doppler cooling force and residual heating from

L042036-5



S. XU et al. PHYSICAL REVIEW RESEARCH 4, L042036 (2022)

FIG. 7. Distribution of velocities and radial positions of 104

molecules subjected to the forces given in Figs. 4 and 6. The inset
shows the 1D distribution of molecules along one of the Cartesian
coordinates.

photon scattering due to the nonzero excited-state probability
near v = 0 m/s. The central density is calculated by simply
counting the number of molecules in a 0.3 × 0.3 × 0.3 mm3

cube in the center of the cloud.

APPENDIX B: REQUIREMENTS ON RED AND BLUE
LASER COMPONENTS

For the conventional MOT, at low velocities, molecules
are optically pumped by the red most laser component (F2
laser), which forms a corkscrew polarization pattern in space.
Choosing the quantization axis along the local polarization of
this laser, the OBEs confirm that molecules are pumped into

the mF = ±2 ground-state levels, which are dark states to this
laser. In order for our scheme to produce sub-Doppler cooling,
our blue AC Stark shift laser must shift the mF = ±1 and
mF = 0 levels above the mF = ±2 levels, and as such it needs
the same local linear polarization as the F2 laser. Two con-
ditions can be derived from this requirement. First, whereas
it is okay that the local polarization changes in time (due to,
e.g., vibrations of the mirrors), the corkscrews produced by
the blue and red lasers must not dephase with respect to one
another. The easiest way to achieve this in experiment is to
have both lasers overlap from the moment that the σ+ and σ−
components are split. This way, any phase induced by vibra-
tions will be placed on both beams and their polarizations will
rotate together. Even with the blue and red lasers taking the
same path, there is a second requirement: if the arm lengths
for the σ+ and σ− beams are the same there will be zero phase
difference between them when they meet in the MOT center.
If the arm length is different, however, the phase between σ+
and σ− will be given by


θ = k(z+ − z−) = k 
z, (B1)

where k is the wave vector and z+ and z− are the path lengths
for the σ+ and σ− components, respectively. Because the shift
and F2 lasers have different wave vectors, this phase is not
necessarily the same for them, causing their linear polariza-
tions to be at an angle with respect to each other. This phase
difference, then, is given by


φ = 
k 
z = 2π ( fb − fr )

c

z = 100�

c

z, (B2)

using the detuning we have chosen for the shift laser in our
simulations. From this, using the excited-state linewidth of
CaF, we see that the path-length difference between counter-
propagating MOT beams should be multiples of 36 cm. If we
allow for a 5◦ angle between the polarizations of the red and
blue beams we may have a path-length difference uncertainty
of ±1 cm.

Making sure that each counterpropagating MOT pair trav-
els the same distance ±1 cm should certainly be possible in
experiments. If, on the other hand, one wants to use a single
laser to produce all six MOT beams in order to not split power
into multiple paths, care must be taken that each retroreflected
beam has traveled multiples of 36 cm, a number that also
seems reasonable.
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