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Abstract
Wepropose and demonstrate a novel laser coolingmechanism applicable to particles with narrow-
linewidth optical transitions. By sweeping the frequency of counter-propagating laser beams in a
sawtoothmanner, we cause adiabatic transfer back and forth between the ground state and a long-
lived optically excited state. The time-ordering of these adiabatic transfers is determined byDoppler
shifts, which ensures that the associated photon recoils are in the opposite direction to the particle’s
motion. This ultimately leads to a robust coolingmechanism capable of exerting large forces via a
weak transition andwith reduced reliance on spontaneous emission.We present a simple intuitive
model for the resulting frictional force, and directly demonstrate its efficacy for increasing the total
phase-space density of an atomic ensemble.We rely on both simulation and experimental studies
using the 7.5 kHz linewidth 1S0 to

3P1 transition in
88Sr. The reduced reliance on spontaneous

emissionmay allow this adiabatic sweepmethod to be a useful tool for cooling particles that lack
closed cycling transitions, such asmolecules.

The development ofDoppler cooling and sub-Doppler cooling in the 1980s has revolutionized our ability to
control neutral atoms, ions, andmechanical resonators [1–3]. Since then,Doppler cooling techniques have been
extended to narrow-linewidth optical transitions to achieve lower temperatures and high phase-space density
[4–9]. Additionally, there is an ongoing effort to useDoppler cooling formolecules [10, 11]. Each of these
pursuits face certain persistent limitations. The use of weak transitions limits the forces achievable withDoppler
cooling, and the narrow transition linewidthmakes the cooling very sensitive to perturbations of the cooling
transition frequency [12] and to drifts in the cooling laser frequency. In the case ofmolecules, the large number
of spontaneous emissions required forDoppler cooling is a key obstacle due to the high probability of
spontaneous Raman transitions to undesired states.

Here we present a new formof laser cooling thatmitigates these issues. Our technique relies on the adiabatic
transfer of atoms to and froma long-lived optically excited state to both slow and cool the atoms. Because the
role of spontaneous emission is reduced (though not eliminated) relative to standardDoppler cooling
techniques, our technique enables large forces to be generated even onweak transitions, andmay facilitate the
extension of laser cooling techniques to systems that lack closed cycling transitions. Of particular interest, this
techniquemay be applied to the slowing and cooling ofmolecules with narrow linewidth optical
transitions [13, 14].

From a fundamental perspective, this work has important implications for the ongoing discussion of the role
of spontaneous emission in dissipating entropy during laser cooling [15, 16]. Our view is that spontaneous
emission (or another formof dissipation) is necessary to achieve phase-space compression, but that the total
number of spontaneously scattered photons required can be quite low (of order one). Similar conclusions have
been reached in the study of optical pumping in high angularmomentum states of atoms [17] and cooling with
single spontaneous emission events [18].

To understand our coolingmechanism in its simplest form,we consider a two-level atomwith a long-lived
optically excited state ñ∣e and ground state ñ∣g moving in one dimensionwith velocity v (figure 1(a)). Two
counter-propagating laser beamswithwave-number k and frequencyω are linearly ramped in frequency from
below to above the atomic transition frequencyωa, with full sweep rangeΔs. This ramp is repeated to form a
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sawtooth pattern in time (figure 1(c)). Each laser interacts with the two-level atomwith a Rabi frequencyΩ,
which is larger than the spontaneous decay rate γ from ñ∣e to ñ∣g . The sweep range is adjusted such thatΔs>Ω,
4kv. The frequency sweep rateα=(dω/dt) fulfills the Landau–Zener conditionα=Ω2 for adiabatic transfer
of population between ground and excited states. Lastly, the jump in laser frequency at the end of each ramp is
treated as perfectly diabatic.

In the reference frame of the atom, both cooling beams start below resonancewith the atomic transition.
Doppler shifts due to the atomicmotion cause the beam counter-propagating to the atom’s velocity to appear kv
higher in frequency` and the co-propagating beam to appear kv lower in frequency. As the laser sweep upward in
frequency, the counter-propagating beam sweeps over resonance first, and adiabatically transfers the atom from
ñ∣g to ñ∣e . Because of the long lifetime of the excited state, the atom remains in ñ∣e until the co-propagating beam

sweeps over resonance and adiabatically transfers it back to the ground state. In this process, the atomhas
absorbed one photon from the beampropagating against itsmotion, and emitted a photon into the beam
propagating along itsmotion, resulting in a netmomentum transfer of k2 against itsmotion. The laser
frequency is then diabatically jumped back to its start frequency such that the atom remains in ñ∣g , and then the
process is repeated.

Similar principles have been explored [19–23] to generate large forces. In theseworks, the time-ordering of
the left and right-going pulses isfixed by parameters external to the atom.Here, because the time-ordering of the
interactionwith the two beams is determined by the atomic velocity, the force always opposes the atom’s
velocity, and thus causes slowing for atomsmoving in either direction.

Figure 1(d) shows simulated trajectories for atoms that begin at different initialmomenta using aMonte
Carlowave function trajectorymethod [24]. Atoms are prepared in a pure quantum state specified by their
internal ground state and fixedmomentum. The averagemomentumover 50 trajectories is calculated at each
time step. At highmomentum, each sweep lowers themomentumof the atomby roughly k2 . At lower
momentum,we find that the change inmomentumper sweep can greatly exceed k2 , asmultiple photons are
transferred between the two cooling beams.

At lowmomentum, the role of spontaneous emission becomesmore important. As the atom is slowed to
near-zero velocity, theDoppler shift becomes small compared to the Rabi frequency, kvΩ, and the condition
for deterministic time ordering of adiabatic transfers from the two beams no longer holds.When this occurs, the
simple picture of sequential adiabatic transfers to and from ñ∣e becomes invalid, and the probability that the

Figure 1. (a)Amoving atom is illuminated by two counter-propagating laser beams,whose frequencies aremodulatedwith a sawtooth
wave-form. (b)The atom is treated as a two-level systemwith transition frequencyωa. (c)Representation of frequencies in lab frame.
Because ofDoppler shifts resulting from atomicmotion, the co-propagating (counter-propagating) laser beams are resonant with ñ∣g
to ñ∣e transitionwhen the laser frequencyω=ωa−kv (ωa+kv). Becauseω increaseswith time, the counter-propagating laser
sweeps over the transition before the co-propagating laser. If the atom starts in ñ∣g , the counter-propagating laser transfers the atom
from ñ∣g to ñ∣e as it sweeps over resonance, and the co-propagating laser transfers the atomback to ñ∣g . This results in the transfer of
two photon recoils ofmomenta to the atom in the correct direction to slow the atom. (d) Simulation of trajectories inmomentum
space.When the atoms have largemomenta, each sweep lowers themomentumby k2 . At lowermomenta,multi-photon processes
can transfer larger amounts ofmomentum.
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atom is found in ñ∣e at the end of the sweep, which ideally should be 0, becomes appreciable.While the sawtooth
frequency sweep leads to slowing for an atom that is in the ground state at the beginning of a sweep, it causes an
atom that starts in the excited state to increase in velocity. In the absence of spontaneous emission, the atom
wouldfind itself on a heating trajectory after initial cooling. The presence of spontaneous emission is therefore
critical, as it ensures that the atompreferentially starts in ñ∣g at the beginning of each sweep. This breaks time
reversibility, enabling cooling and phase space compression to occur.

We can extract the rate of spontaneous emission events from the simulation. For a trajectory that begins at
100 photonmomenta and realistic sweep and atomic properties for 88Sr, the atom’smomentum is initially
reduced by an average offive photonmomenta for each spontaneous emission event. This can be compared to
Doppler cooling, which requires at least one scattered photon per photonmomentum removed, and in practice
typicallymuchmore. Once the atomhas reached its equilibrium temperature, the average scattering rate is
slightly less than one photon per sweep for the same parameters. If applied to a species for which spontaneous
emission is problematic (likemolecules), itmay be useful to apply velocity-selective optical pumping to a dark
state to avoid the continued scattering of photons from already cooled particles.

We experimentally verify that ourmechanism leads to cooling by applying two counter-propagating beams
to an ensemble of 88Sr atoms precooled to roughly 600 μK (figure 2(a)). The frequency of the two beams is swept
upwards byΔs=2π×6.6 MHz every 50 μs. The frequency sweep is centered on the resonance of the dipole-
forbidden 1S0 to

3P1 transition, which has a linewidth of γ=2π×7.5 kHz. The two beams are linearly
polarized in the direction of a 3.3 gaussmagnetic field, such that the light–atom interaction can be described as a
two-level systemwith ñ º = ñ∣ ∣g mS , 0j

1
0 and ñ º = ñ∣ ∣e mP , 0j

3
1 , wheremj labels themagnetic Zeeman sub-

level.
The cooling beams are applied for a time of 50–1200 μs (i.e. application of 1 to 24 sweeps) after which the

beams are turned off. The temperature of the atomic cloud is determined from afluorescence image of the cloud
after free ballistic expansion for 10ms. In the direction of beampropagation, wefind that for these parameters
the atoms are cooled from their initial temperature of roughly 600μK to 45 μK in of order 300 μs or 6 sweeps.

Importantly, we directly observe an increase in phase-space density during the cooling process, and not
simply velocity reduction.Wemeasure atom loss during cooling to be negligible and the relative increase in
phase space density is ρ/ρ◦=Δx◦Δv◦/(ΔxΔv), whereΔx andΔv (Δx◦ andΔv◦) are themeasured cloud size
and velocity spread after (before) cooling. Infigure 2(b), this quantity is shown as the gray line. The black line in
figure 2(b) accounts formeasured heating in the orthogonal directions (which for simplicity we have assumed to
be equal in the two directions). Note that because the atoms are not confined and the cooling is only applied
along one dimension, this increase of phase-space density ismuch smaller than onewould obtainwith the same
decrease in temperature for three-dimensional cooling in a harmonic trap.

The fact that phase-space density increases indicates that entropy is removed during the cooling process.
Thismay seemproblematic for amechanism that relies heavily on unitary dynamics and stimulated emission.
However, as discussed above, the presence of even small amounts of spontaneous emission is critical for
breaking time reversibility and enabling phase-space compression. In relatedworks [17, 18], it was found that
the number of scattered photons required to remove entropy from a system can be quite low (of order one).

In these protocols, the timing of the emitted photons encodes key information about the initial state of the
quantum system. In an idealized version of our coolingmechanism, the dynamics are completely unitary as the

Figure 2.Experimental study of an atomic ensemble using one-dimensional cooling by adiabatic transfer. (a)An ensemble of atoms,
precooled to around 600 μK, is illuminated by frequency-swept counter-propagating beams for a variable amount of time. The one-
dimensional temperature is decreased to a steady-state value of 45 μKby the cooling lasers. (b)The phase-space density in one
dimension (gray trace) and three dimensions (black trace) is increased during the cooling process.
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atom is slowed from ahigh initialmomentum.When it reaches some lowermomentum threshold, the simple
picture of subsequent adiabatic transfer breaks down and the atombegins to scatter photons. In this way, the
initial velocity of the atom is encoded in the time delay before the atombegan to scatter photons, and the atoms
initial entropy inmomentum space ismapped onto entropy contained in themeasurement record of when
photons are and are not spontaneously emitted.While a detailed analysis of the entropy transfer is beyond the
scope of thework here andwill be exploredmore fully in futurework, we believe that the above picture captures
the essential physics of howphase-space compression is achieved.

Wenow turn to amore detailed characterization of the forces involved in the cooling process. Previously,we
have considered the casewhere the instantaneous frequencies of the twobeams are equal in the lab frame. If,
however,we introduce afixed relative offset frequencybetween the counter-propagating beams (as shown in
figure 3(a)), then atoms that are stationary in the lab framewill be accelerated until their velocitymatches that of the
frameFmoving at velocity vF=Δ/2k, inwhich the twobeams appear to have equal instantaneous frequencies.

We apply the frequency-swept beams for a variable amount of timeTa, thenmeasure the resulting velocity of
the atoms. This is shown infigure 3(b) for several sweep configurations. The green points represent the cooling
configuration described above, with the laser frequency adiabatically swept from low to high and diabatically
jumped fromhigh to low. The two beams are offset by a detuningΔ/2π=400 kHz, and are swept by
Δs/2π=8MHz every 33 μs.We observe that the atoms undergo initial acceleration until they reach
equilibriumwith the velocity of themoving frame vF=0.14 m s−1.

To rule out the interpretation that the atoms aremerely being dragged by themoving standingwave formedby
thedetuned lasers, we reverse the direction of the sawtooth sweepwithout changing the relative detuningΔof the
twobeams. The standingwave stillmoves in the samedirection as before, but now the atoms accelerate in the other
direction.While the upwards sweep causes saturation of the atomic velocity at vF, no such saturation is apparent for
a downwards sweep. This confirms that thedownwards sweep configuration does not lead to cooling.

Finally, whenwe apply a symmetric triangle-ramped frequency sweep to the lasers, the atoms undergo a
much smaller acceleration, likely due to incidental residual radiation pressure from an intensity imbalance
between the two beams.

Figure 3.Cooling into amoving reference frame. (a)Weapply a frequency offset in the lab reference frame between the two beams,
which creates amoving reference frame inwhich the beams have equal frequency. (b) If the laser frequency is swept upwards, (green
points) the atoms settle into themoving reference frame, which has a velocity indicated by the dashed black line. If the laser frequency
is swept downwards (orange points), the atoms accelerate in the other direction, without cooling. If the frequency sweep is symmetric
(purple points), atoms experience a small acceleration due to radiation-pressure imbalance. (c)Acceleration versus polarization angle
between two beams. Acceleration is enhancedwhen the polarizations of the two beams are aligned. The solid line represents the
maximumacceleration for a saturated two-level atomwithout stimulated emission. The dashed red line represents themeasured
accelerationwith a single beam. Black points represent accelerationwith both beams applied. The dashed black line represents the
acceleration that two photon recoils per sweep of the laser frequencywould produce.
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Because ourmechanism relies on stimulated emission,much larger accelerations can be achieved than
would be possible withDoppler cooling on such a narrow transition. To quantify this acceleration, we apply
the beams for a timemuch shorter than it takes the atoms to reach equilibrium velocity, andmeasure the
resulting change in velocity. If we apply only one of the two cooling beams, the atoms experience an
acceleration consistent with g = -( )( )k m2 155 m s 2, the expected value for amaximally saturated atom.

We see a farmore dramatic effect whenwe apply both beams at the same time (figure 3(c)).When the
polarizations of the two beams are aligned, we observe amaximumacceleration of around 600 m s−2 for a sweep
period of 20 μs, a factor of almost 4 above both the observed acceleration from the leftward beam alone and the
maximumexpected acceleration for a two-level atomwithout stimulated emission. Thismeasured acceleration
is within 10%of the valuewewould expect if each sweep of the laser frequency led to twophoton recoils of
momentum transfer, though this agreementmay partly be due to a cancellation between the effects of imperfect
adiabatic transfers andmulti-photon processes.When the polarizations aremade orthogonal, the acceleration
returns to near the single-beam value, as only one of the beams interacts with ñ∣e .

An analytic or intuitive prediction of the final temperature has proved difficult, especially in the presence of
multi-photon processes.We compare our experimentallymeasured temperature to simulation infigure 4.

The simulation used is aMonte Carlowave function approach.While the external electricfield associated
with the cooling lasers is treated classically, the internal and external atomic degrees of freedomare treated fully
quantummechanically. Thewave function contains ground and excited internal states in addition to a discrete
family of externalmomentum states, which are equally spaced in units of k up to amaximum cutoff. The
unitary dynamics are generated by the single-particleHamiltonian

 w s s= + + W +h+ -ˆ ˆ
ˆ ( ˆ)( ˆ ) ( )( )H

p

m
kz

2

1

2
cos e h.c. , 1a

z t
2

i

where the instantaneous phase of the applied coherent field η(t) is the time integrated instantaneous frequency,
with the frequency ramped in the sawtooth pattern previously described. Because the full atom and field system
is an open quantum systemdue to the presence of spontaneous emission, a decay operator proportional to the
spontaneous emission rate is also included to fully simulate the associated quantummaster equation.

Both experiment and simulation show aminimum temperature as a function of Rabi frequency. At lowRabi
frequency, the Landau–Zener conditionα=Ω2 breaks down, leading to inefficient adiabatic transfers. For the
parameters used in figure 4,α=Ω2 whenΩ=2π×130 kHz, roughly the point at which temperature is
minimized in both the simulation and experimental results.

At largerΩ, both the experimentallymeasured and simulated temperatures rise withΩ, though the predicted
and observed values appear to disagree at largeΩ. Several experimental factors could lead to this discrepancy.
Because an acousto-opticmodulator is used to sweep the frequency of the cooling lasers, there are significant
power variations during the sweep. Including this effect in our simulation resulted in lower temperatures at high
Rabi frequency, and this effect can explainmuch of the disagreement (as indicated by the red band infigure 4).
Furthermore, imperfect laser polarization and finite biasfieldmay lead to cooling on the transitions to 3P1,
mj=±1, especially at high Rabi frequency.

These results highlight that obtaining low temperatures requires lowRabi frequencies, and a sufficiently slow
sweep such that the Landau–Zener conditionαΩ2 ismaintained. These conditions indirectly constrain the
values of the atomic decay rate γ that are compatible with achieving low temperatures. In order to be in a regime
where adiabatic transfer can be performed efficiently, we require thatΩ?γ, whichmotivates the use of narrow

Figure 4.Temperature versus Rabi frequency for a sweep range of 7 MHz and repetition rate of 15 kHz. Red line represents the results
of our simulations, and black points are experimental data. The red band indicates uncertainty of prediction due to statistical
uncertainty in simulation results, experimental calibration ofΩ, and variations in Rabi frequency during the sweep. The vertical line at
130 kHz represents the approximate point at whichwe expect adiabaticity to break down:Ω2=α.
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linewidth transitions in order to utilize a lowRabi frequency and obtain a low temperature. The sweep rateα is
further constrained by the condition that the atoms should not decay between subsequent adiabatic transfers to
and from the excited state, which requiresα/2kvγ. If we take v to be the initial velocity of the particles to be
cooled, this condition represents a tradeoff between lowfinal temperatures (which necessitate a small sweep rate
α), and a large velocity capture range (which requires largeα). This tradeoff becomesmore favorable for long-
lived excited states, though in principle can bemitigated in certain applications by dynamically adjusting the
sweep rate and range as the particles are cooled.

By optimizing the sweep parameters in our simulation to achieve low equilibrium temperatures for 88Sr
atoms that begin at low temperature (making capture range amoreminor concern), we achieve an equilibrium
temperature of 2.3 μK.Wefind that colder temperatures can be achieved in simulation by using a longer-lived
excited state. For comparison, this temperature is roughly an order ofmagnitude above theDoppler cooling
limit for the same transition. Clearly, the keymerit of our coolingmechanism is not its ability to achieve the
lowest possible temperature, but rather to provide relatively strong forces onweak transitions, a large capture
range, and a reduced reliance on spontaneous emission.

In conclusion, we have demonstrated a novel coolingmechanism inwhich large accelerationsmay be
achieved even on optical transitionswith low scattering rates. Thismechanismmay find application to the
cooling ofmolecules, and can improve the performance of atomic cooling using dipole-forbidden optical
transitions. From a technical perspective, this coolingmethod has the advantage of low sensitivity to long-term
laser frequency drifts and to perturbations of the atomic transition frequency, for example to those encountered
while loading into a deep optical dipole trap [12].

Extensions andmodifications to this coolingmechanismmay include the use of circularly polarized beams
andmagnetic field gradients to form amagneto-optical trap (also observed but to be described elsewhere), near
ground state cooling of tightly confined atoms, and application to species without narrow linewidth optical
transitions by using Raman transitions. Furthermore, thismethod could be employed to accelerate, decelerate,
or otherwise control atomic beams or ensembles with strong stimulated forces.
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