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Laser cooling exploits the physics of light scattering to cool atomic and molecular gases to close

to absolute zero.

It is the crucial initial step for essentially all atomic gas experiments in which

Bose—Einstein condensation and, more generally, quantum degeneracy is reached. The ongoing devel-
opment of laser-cooling methods has allowed more elements to be brought to quantum degeneracy,
with each additional atomic species offering its own experimental opportunities. Improved methods
are opening new avenues, for example, reaching Bose-Einstein condensation purely through laser cool-
ing as well as the realization of continuous Bose-Einstein condensation. Here we review these recent
innovations in laser cooling and provide an outlook on methods that may enable new ways of creating

quantum gases.

I. INTRODUCTION

Reaching ever lower temperatures has been a frontier
of physics for over a century, as the reduction of ther-
mal excitations renders the quantum behaviour of mat-
ter more apparent and controllable, enables low-energy
quantum phases to arise and reduces decoherence. Laser
cooling allows us to cool atomic and molecular gases from
room temperature to the microkelvin regime, where par-
ticles move with velocities of as little as centimetres per
second [1, 2]. Combined with a trapping mechanism,
thousands to billions of particles can be accumulated in
a small volume. These laser-cooled gas clouds are ex-
ploited for precision measurement, enabling clocks that
would only go wrong by one second over the lifetime
of the Universe [3], atom interferometers that can accu-
rately measure accelerations [4], molecular spectroscopy
to search for new physics [5, 6], quantum memories [7],
cold electron beams [8] and more [9, 10]. They are also a
crucial stepping stone in nearly all degenerate quantum
gas experiments (the exception being experiments based
on buffer-gas cooling [11, 12]) thereby enabling the explo-
ration of intriguing few- and many-body quantum physics
[13, 14]. The importance of this research direction has
been recognized by several Nobel Prizes, in particular
those for laser cooling and trapping in 1997 [15-17] and
for Bose-Einstein condensation of atomic gases in 2001
[18, 19].

II. BASIC LASER-COOLING SCHEME

To reach quantum degeneracy, the most important
quantity to consider is the phase-space density (PSD) of
an atomic gas. This represents the number of particles
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per cubic de Broglie wavelength, and has to reach a value
of 1 or higher for a Bose-Einstein condensate (BEC) or a
degenerate Fermi gas to form. With an experimental set-
up such as that shown in Fig. 1a) as the baseline of our
discussion, a series of cooling and compression techniques
are applied to achieve this goal. In brief, a beam of fast
atoms effuses under vacuum from an oven and is slowed
in a Zeeman slower by the scattering of photons from a
counter-propagating laser beam. The slowed atoms are
captured in a magneto-optical trap (MOT), where they
are further cooled and compressed by light scattering un-
til this cooling method reaches its limits. To go beyond
this, the atoms are transferred into a magnetic or opti-
cal dipole trap and cooled by evaporation until quantum
degeneracy is reached.

Let us now take a more detailed look at these slowing
and cooling stages. The atomic beam is slowed by scat-
tering photons from a counter-propagating laser beam
via the absorption of the momentum of the photons,
leading to a deceleration of ~ lcm/s in each scatter-
ing event. The optically excited atoms emit photons in
random directions, thereby recoiling in the opposite di-
rection, which averages out over many scattering events.
The Doppler frequency shift of the laser beam reduces
while the atoms are slowing down. To keep the atoms in
resonance the Zeeman effect can be used by applying a
magnetic field that changes along the atoms’ trajectory
[1, 2]. Such a Zeeman slower, first demonstrated in 1982
[20] creates an atomic beam with a velocity of a few tens
of m/s that arrives in a central ultrahigh vacuum (UHV)
chamber in which the quantum gas will be created.

Doppler cooling, first proposed in the 1970s [21, 22],
is used to cool the atoms further [1, 2]. Three pairs of
counter-propagating laser beams of a few cm diameter are
sent along three orthogonal axes onto the centre of the
UHV chamber. The laser beams are tuned to a frequency
below the atomic transition frequency, such that atoms
that travel against them with a few 10m/s are Doppler
shifted onto resonance. Atoms will therefore mostly scat-
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Figure 1. Typical experimental set-ups for ultracold
gas creation. A 3D magneto-optical trap (MOT) of ultra-
cold atoms is created in an ultrahigh-vacuum (UHV) cham-
ber. Laser beams used to slow hot thermal atoms are shown
in blue, 3D MOT beams in green and magnetic field coils in
brown. Vacuum pumps are omitted. a) The MOT is loaded
from an atomic beam that is effusing from an oven and Zee-
man slowed by a counter-propagating laser beam. b) The
3D MOT is loaded from a 2D* MOT located in a vapour
cell. One of the axial 2D MOT beams is reflected from a
mirror located around a differential pumping tube. Atoms
on axis with this tube experience a light pressure imbalance
and are pushed towards the 3D MOT. To create a quantum-
degenerate gas in either set-up, atoms are transferred from
the 3D MOT into an optical dipole trap or magnetic trap,
where they are evaporatively cooled.

ter photons from beams against which they are propagat-
ing and less from the other beams. This results in a fric-
tion force irrespective of the direction in which the atoms
travel, which will bring the atoms close to standstill. It
is as if the atoms are moving through a substance with
high viscosity, similar to a finger moving through honey,
which led to the name molasses cooling for this technique.
The atoms will not quite reach a standstill, because once
they are close they will randomly scatter photons from
all six beams. Thus the atoms will undergo a random
walk in momentum space, which is counterbalanced by
the friction force. This leads to a gas sample with a finite
temperature, the Doppler temperature T, which under
optimal conditions [1, 2] turns out to be simply related
to the linewidth T" of the atomic transition used for the
cooling Tp = hl'/2kp, with h and kp the reduced Planck
constant and the Boltzmann constant, respectively.

The molasses can easily be extended into a trap for
atoms by adding a three-dimensional (3D) quadrupole
magnetic field centered on the molasses region. The Zee-

man effect creates a spatially dependent shift of the laser
cooling transition frequency, such that atoms somewhat
away from the quadrupole centre are in resonance with
the laser cooling beams and scatter more photons. The
polarization of the laser cooling beams is chosen such that
an atom displaced from the quadrupole centre scatters
most photons from the beam pushing it back to the cen-
tre. Inside such a MOT, densities exceeding 10'! cm™3
can be reached, as the first MOT experiment demon-
strated [23], and billions of atoms can be accumulated
within seconds. In a MOT, the atom number is lim-
ited by atom loss processes, such as photo-association of
atom pairs into molecules by laser-cooling photons [5].
The density is limited by repulsion between atoms that
arises when an atom absorbs a photon emitted by another
atom.

Several alkali elements can easily be cooled to a lower
temperature by an additional cooling mechanism, Sisy-
phus cooling [1, 2]. Sisyphus cooling of alkalis exploits
that the ground-state hyperfine levels experience peri-
odic energy shifts in the laser-cooling field through the
AC Stark effect. A moving atom that is initially in a po-
tential minimum will climb up a potential hill, converting
kinetic into potential energy. When the atom is close to
the potential maximum it has a high likelihood of being
optically pumped by the laser-cooling light into a hy-
perfine level that has a potential minimum nearby. The
atom will then climb another hill, slowing down, until it
is optically pumped again. Clearly the name Sisyphus
cooling is well chosen. Optical molasses cools atoms to a
velocity of a few cm/s, corresponding to the microkelvin
regime.

To reach quantum degeneracy, further cooling stages
are employed, in particular evaporative cooling [24]. To
avoid the negative side-effects of laser-cooling photons,
the first step after the MOT (and Sisyphys cooling) is
to store the atoms in a trap that does not rely on near-
resonant light, a magnetic trap [25] or an optical dipole
trap. The latter uses far-off-resonant light and the dis-
persive response of the atoms to it (via the induced elec-
tric dipole moment of the atoms in the oscillating electric
field of the light), to create a near-conservative trapping
potential [26]. The gas is further cooled by evaporation,
during which the hottest atoms are removed from the
gas and the remaining atoms thermalize by elastic col-
lisions at a lower temperature. While the gas cools it
shrinks in volume if confined in a suitable trap, which
can lead to density increase. The evaporation is forced by
continuously lowering the trap depth as the cloud cools,
maintaining a roughly constant depth-to-temperature ra-
tio [24]. Forced evaporative cooling typically takes sec-
onds to a few tens of seconds. During this time it is
necessary to reduce all heating and atom loss processes
sufficiently to avoid depletion of the gas before quantum
degeneracy is reached. In particular this usually means
performing evaporative cooling in an ultrahigh vacuum,
where few residual room-temperature gas molecules exist
that could knock ultracold atoms out of the trap. Suc-
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schemes are adapted from Refs. [154] (Rb), [60] (He), [81

cessful evaporative cooling increases the PSD of the gas
and eventually a Bose-Einstein condensate or a degener-
ate Fermi gas forms, depending on the quantum statistics
of the isotope used [27, 28].

III. IMPROVED LASER COOLING
TECHNIQUES FOR QUANTUM GAS CREATION

The laser-cooling techniques outlined so far are suffi-
cient to provide a sample of atoms suitable for reach-
ing the initial conditions for evaporative cooling to BEC.
However even the first BEC experiments included addi-
tional techniques to more quickly accumulate more atoms
in a MOT or to improve the PSD of the laser-cooled cloud
before evaporation. We will now discuss laser-cooling in-
novations that are used to obtain quantum gases of each

] (Sr), [93] (Cr) and [155] (Dy).

element. The discussion is ordered along increasing term
scheme complexity of the elements, see Fig. 2.

A. Alkali quantum gases

Alkali atoms, especially rubidium (Rb) and sodium
(Na), are easy to cool to quantum degeneracy because
of their convenient energy structure and scattering prop-
erties. Nevertheless, as detailed below, several innova-
tions have been introduced to improve the atom source
(2D MOT), to make the set-up more compact (atom chip
and mirror MOT), and to increase the laser cooling per-
formance (dark SPOT, narrow-line, grey molasses and
Raman cooling).

Improved atom sources — The first BEC experiment
[29] captured Rb atoms from a near-room-temperature



Rb vapour by “simply” operating a MOT in a UHV
vapour cell. The Rb pressure at the beginning of the
MOT loading phase was increased to enhance the MOT
atom number, making it necessary to wait for the Rb
pressure to decrease before evaporation to BEC could be
started.

The MOT loading time can be dramatically reduced
and much larger MOT atom numbers can be reached
by adding a separate source of pre-cooled atoms, see
Fig. 1. A Zeeman slower was employed as such a source
in the first Na BEC experiment [30] and this demon-
strated much larger condensates and faster cycle times.
Another source design (which was used in the second Rb
BEC machine at JILA [31]) uses a MOT in a separate
source chamber, and periodically accelerates the accu-
mulated atoms by a resonant laser beam, pushing the
atoms through a differential pumping tube into a UHV
chamber, where they are further accumulated in a second
MOT. In later machines the first MOT was given an elon-
gated cylindrical symmetry using a 2D quadrupole mag-
netic field. A high-flux beam of cold atoms was continu-
ously sent to the UHV MOT, either by replacing the ax-
ial MOT beams by a push beam or by creating a shadow
in the centre of one of the axial MOT beams to imbal-
ance their light pressure and create an escape path for
the atoms, see 2D MOT in Fig. 1b). The 2D MOT can
be loaded either from a thermal vapour or from an oven
beam source [32, 33]. Somewhat related, the atom flux
into the MOT in machines based on an oven and Zeeman
slower can be improved by transversally molasses-cooling
the atoms escaping the oven.

A range of BEC experiments target simplified laser
cooling architectures. A UHV-chamber MOT is not
needed in machines that transfer atoms from a vapour
cell MOT into a magnetic trap that moves the atoms
from the vapour cell to a UHV chamber [34, 35]. Com-
pact BEC machines with fast cycle time are enabled by
the use of magnetic microtraps (‘atom chips’) [36], of-
ten employing a mirror MOT. Other methods to simplify
the MOT beam geometry, such as a pyramid MOT [37]
and a grating MOT [38] have also been demonstrated.
The compactness of atom chip machines has even en-
abled BEC in space [39, 40].

Rb and Na BEC — Alkali elements have two hyper-
fine ground states that are separated by several hundred
times the linewidth of the laser cooling transition. Single-
frequency MOT beams can only excite atoms from one
hyperfine state into an optically excited state manifold,
from which they sometimes decay into the other hyper-
fine state. Atoms in this ‘dark’ state are out of resonance
with the MOT light and would fly out of the trap if no
further action is taken. The simplest approach to keep
the atoms is to optically repump them back into the orig-
inal hyperfine state using an additional laser beam that
addresses the dark state and illuminates the whole MOT.
A slight variation of this approach can be used to reduce
the light-dependent processes limiting atom density and
number in a MOT. By applying the repumping light only

in the outer regions of the MOT, atoms in the MOT cen-
tre are pumped into the dark state and can accumulate
in free flight at high density and in high number. Before
they fly out of the MOT they will enter the region with re-
pumping light, become sensitive to MOT light again and
are pushed back into the MOT centre. This approach
can be implemented by using two repump laser beams
crossing at roughly 90° that have a dark spot shadowed
into their centre, which inspired the name ‘dark SPOT’
(SPontaneous-force Optical Trap) for this type of MOT
[41, 42]. This dark SPOT makes it easier to reach the
threshold at which evaporative cooling starts to work and
allows to create condensates with more atoms.

Li and K quantum gases — The alkalis potassium
(K) and lithium (Li) stand out because they have nat-
urally occurring and stable fermionic isotopes that were
used to create the first degenerate atomic Fermi gases
[43, 44]. Bosonic Li was used for one of the first conden-
sates [45, 46]. These original experiments did not require
additional laser cooling techniques. However, advanced
laser-cooling techniques have improved the performance
of K and Li quantum gas machines, in particular narrow-
line laser cooling and grey-molasses cooling. Potassium
and lithium are more difficult to laser-cool than the el-
ements discussed so far, because the hyperfine splitting
of these lighter elements is small, which compromises the
performance of Sisyphus cooling. Improved cooling per-
formance has been reached by using transitions with nar-
row linewidth [47, 48], because the Doppler temperature
is proportional to that linewidth. Even better perfor-
mance has been obtained by using a grey molasses [49].
Grey molasses exploits bright and dark eigenstates of the
atomic ground state manifold in presence of cooling light.
The bright states are periodically light-shifted, which al-
lows Sisyphus-like cooling. Moving atoms are transferred
from the dark to the bright state at the potential mini-
mum and back again near the maximum, thereby losing
kinetic energy. The coupling between dark and bright
states is velocity-dependent, which leads to accumula-
tion of slow atoms in dark states, where photon scatter-
ing is suppressed. This aspect of grey molasses cooling
is similar to velocity-selective coherent population trap-
ping, which can even reach momentum spreads below the
level of a single-photon recoil [50].

Cs BEC — The achievement of BEC with caesium
(Cs) [51] relied on a powerful laser cooling technique,
Raman sideband cooling [52-56]. This technique can be
applied after the MOT stage, with atoms trapped in an
3D optical lattice. In Ref. [51] the lattice is an optical
dipole trap formed by a standing wave of four interfer-
ing laser beams, resulting in periodic lattice wells, which
are sparsely populated by atoms. Initially most atoms
are trapped in excited vibrational levels |v) of their lat-
tice well. Raman sideband cooling transfers the atoms
into the lowest vibrational level, reducing the entropy
of the gas. To start a cooling cycle the atoms are op-
tically pumped into the |F =3, mp = 3) state (F and
mp are the quantum numbers of total and projected an-
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Figure 3. Raman sideband cooling of Cs. Relevant
energy levels and optical transitions involved in Raman side-
band cooling, which was an essential laser-cooling stage to
create the first Cs condensate. Figure adapted from [53].

gular momentum, respectively) and a magnetic field is
applied that splits the mp states by the same energy as
the low-lying vibrational levels of a lattice well, see Fig. 3.
The lattice laser light then couples |F' = 3, mp = 3) |v) to
|[F=3,mp=2)lv—1) and |F =3,mp=1)|v—2) by
two-photon Raman transitions that do not change the
energy (for simplicity the second coupling is not shown
in the figure). A repump laser couples |F' = 3,mp = 1,2)
atoms to an excited-state manifold from which atoms can
decay to |F = 3,mpr = 3) by spontaneous emission. This
absorption-emission cycle is unlikely to change the vibra-
tional level because the lattice wells are so tight that in-
ternal and external atomic degrees of freedom are nearly
decoupled. This regime is reached when the quantum-
mechanical ground state of the well is smaller than A\/2,
and is called the Lamb-Dicke regime [15, 57]. The end
result of one cooling cycle is that the vibrational level
is lowered by one or two units. After several cooling cy-
cles most atoms will reach the harmonic oscillator ground
state. To subsequently perform evaporative cooling the
gas is released into a large volume optical dipole trap
by ramping off the optical lattice. The PSD reached at
this stage is at least one order of magnitude higher than
what could be reached from a Cs MOT alone, which was
crucial to obtain the first Cs condensate.

H BEC — Hydrogen (H), which has essentially the
same electronic structure as the alkalis, was Bose con-
densed without laser cooling, via cryogenic buffer-gas
precooling followed by evaporative cooling [11]. Laser
cooling of H [58], and even of anti-H [59], was demon-
strated, but requires light near the Lyman-a wavelength
(121 nm), which is very challenging to produce.

B. Beyond alkalis

The first degenerate quantum gases were created with
alkali atoms because these elements possess a simple en-
ergy level structure and laser-cooling transitions at con-

venient wavelengths. Since then, other elements have
been cooled to quantum degeneracy, tremendously en-
riching what can be explored with quantum gases. In
addition, the more complex level structures of these el-
ements have often allowed to improve laser cooling, in
some cases with vastly enhanced results.

He* quantum gases — The first gas of multi-valence-
electron atoms to be cooled to quantum degeneracy con-
sisted of metastable bosonic helium-4 (*He*), later fol-
lowed by fermionic *He* [60]. These quantum gases stand
out because the highly excited (18 eV) metastable state
makes it possible to detect individual atoms when they
impact a microchannel plate detector. The metastable
state is also the ground state of the two laser-cooling
transitions, one in the infrared (wavelength 1083 nm) and
one in the ultraviolet (389 nm). The highest MOT PSDs
were achieved by accumulating a large sample of atoms
in an infrared MOT and subsequently executing a short
MOT stage on the ultraviolet transition. This combined
the advantage of a high atom capture velocity of the in-
frared MOT with the relatively low rate of light-assisted
collisions of the ultraviolet MOT.

Yb, Ca, Sr quantum gases — Alkalis and metastable
He have only one valence electron that is used for laser
cooling. Elements with two valence electrons offer new
laser cooling opportunities, which were used to create
quantum gases of the lanthanide ytterbium (Yb) [61]
and the alkaline-earths calcium (Ca) [62] and strontium
(Sr) [63, 64]. The two valence electrons lead to a richer
energy-level structure as they can form a spin singlet or
triplet. The ground state is a singlet. Optical transi-
tions between it and electronically excited singlet states
can have a broad linewidth, whereas intercombination
transitions to triplet states are narrow. These narrow
transitions and the associated long-lived excited states
make these elements uniquely valuable for precision mea-
surement [3, 65] and quantum simulation [66, 67]. Fur-
thermore, the 'Sy-3P; intercombination transitions are
well suited for narrow-line laser cooling. Their linewidths
(182kHz for Yb, 7.5kHz for Sr and 370 Hz for Ca) en-
able MOTs of a few pK for Yb [68] and Ca [69] and below
0.5 pK for Sr [70]. These temperatures are even well be-
low what can be reached in alkalis by Sisyphus cooling
(a few tens of microkelvin). The density of Sr narrow-
line MOTs can reach 1012 atoms/cm?, ten times denser
than alkali MOTs. Combined with the lower tempera-
tures, this can lead to MOT PSDs of up to 1072 [70].
This upper limit arises from the necessity of MOTs in
earth-based laboratories to levitate atoms against grav-
ity, which requires a minimum photon scattering rate
(and therefore a minimum light intensity) which in turn
leads to a maximum density because of multiple scatter-
ing and photo-associative loss of atoms. The PSD can be
further increased by levitating the atoms against grav-
ity in an optical dipole trap, which allows one to reduce
the cooling laser intensity, leading to PSDs of up to 0.1
for Sr [71]. Recently, Sisyphus cooling has been imple-
mented with Sr [72-74], exploiting the difference in AC



polarizability of the 'Sy and 3P; states and the relatively
long lifetime of the 3P; state (22us). Yb and Sr also
have fermionic isotopes that have been cooled to quan-
tum degeneracy [75, 76]. These isotopes possess hyper-
fine structure, necessitating more involved laser-cooling
schemes [77-80].

There is a price to pay in laser system complexity to
benefit from narrow-line laser cooling. The photon scat-
tering rate on the narrow transitions is insufficient to
slow most atoms effusing from the oven sources typically
used for these experiments. Luckily these elements pos-
sess a broad linewidth transition suitable for this task
(1So-1P1), which requires construction of a second cool-
ing laser system. Ca possesses an additional difficulty:
the 370-Hz-wide laser-cooling transition does not pro-
vide enough photon scattering rate to support the atoms
against gravity, even at high MOT light intensity. To ob-
tain a sufficient scattering rate, the transition is quenched
by laser-coupling the 3P; state to a higher-lying singlet
state, which quickly decays to the ground state [69]. Fi-
nally, the broad 'So-'P; laser cooling transition of Sr is
not completely closed and atoms can decay through an
intermediate state into the metastable 3Py state. So as
not to lose these atoms, repumping can be used, requiring
one or two additional laser sources.

Instead of being a nuisance, the decay to 3Py can
also be exploited to easily create mixtures of Sr isotopes
[81], to access advantageous second-stage MOT transi-
tions [82, 83], to enable continuous dipole trap loading
[84], or to accumulate more atoms through a magnetic
trapping stage. The latter was key in obtaining the first
Sr quantum gases, which consisted of the low abundance
(0.6%) #4Sr isotope because of its good elastic scattering
properties.

Cr, Dy, Er, Tm quantum gases — The most com-
plex atoms cooled to quantum degeneracy to date are
chromium (Cr) [85] and the lanthanides dysprosium (Dy)
[86], erbium (Er) [87] and thulium (Tm) [88]. They have
many unpaired electrons in their ground state and as a
result have large electronic spin and magnetic dipole mo-
ment, up to 10 Bohr magneton for Dy. This leads to very
interesting dipolar quantum many-body physics [89, 90]
and is valuable for the creation of artificial gauge fields
[91, 92]. Cr was the first of these elements to be con-
densed. The initial laser-cooling stage is similar to the
one of Sr: atoms leak from a broad line MOT cycle into a
dark, metastable state and are magnetically trapped and
accumulated [93]. After repumping to the ground state
the atoms are Doppler-cooled while remaining magnet-
ically trapped [94]. This in-trap cooling delivers good
starting conditions for evaporative cooling. In Dy and
Er the large electronic spin leads to an extremely com-
plicated electronic level scheme with many metastable
states into which optically excited atoms could in princi-
ple decay and be lost. It came as a surprise that it is still
possible to operate a MOT, even without any repumper
[95]. These elements each possess narrow-line cooling
transitions, enabling cooling performance close to Sr [96—

98]. The large magnetic moment of these elements also
enables demagnetization cooling, as demonstrated with
Cr [99]. An initially spin-polarized gas depolarizes by in-
elastic dipolar collisions, which leads to the conversion of
kinetic energy into magnetic work in presence of a mag-
netic field that Zeeman splits the spin states. Optical
pumping is used to repolarize the sample, allowing con-
tinuous demagnetization cooling.

Other elements have been captured in MOTSs, but not
yet cooled to quantum degeneracy, e.g. Mg [100], Ba
[101], Ra [102], Fr [103], Ne*, Ar*, Kr*, and Xe* [60],
Fe, Cd [104], Hg [105], Ho [106] and Ag [107]. A recent
proposal further extends the range of transition-metal
atoms to be laser cooled [108]. These elements form nat-
ural targets to create quantum gases with novel proper-
ties, enabling new explorations of quantum physics and
opportunities for precision measurement.

IV. NEW LASER COOLING ROUTES TO BEC

Laser cooling to BEC — In all experiments described
above, laser cooling was followed by evaporative cooling
to remove enough entropy from the gas to achieve con-
densation. This raises the question whether it is possible
to create atomic Bose-Einstein condensates by remov-
ing the entropy by laser cooling alone, and thus render
the condensates’ existence compatible with simultaneous
laser cooling. This was achieved in three experiments
[109-111], see Fig.4. A key challenge of those experi-
ments is to sufficiently suppress the negative effects of
laser-cooling photons on quantum gases, such as heating
and loss of atoms.

The first experiment cools a Sr cloud in a ‘reservoir’
dipole trap on the narrow 'Sy-3P; laser cooling transi-
tion to 1 uK and a PSD of 0.1. Atoms in the central
part of the cloud are protected from laser-cooling pho-
tons by shifting the 3P; state out of resonance using an
AC Stark shift provided by a ‘transparency beam’. The
optical dipole potential in this small region is lowered us-
ing an additional ‘dimple’ dipole laser beam [112, 113].
Atoms collect in this deeper dimple well, while remain-
ing thermalized with the surrounding laser-cooled cloud
through elastic collisions. This increases the density and
PSD of the gas in the dimple and a condensate is formed.
This scheme was recently adopted to quickly create cold
and dense samples of fermionic Sr in a 3D optical lattice
clock [114].

The more recent experiments [110, 111] do not sepa-
rate the cooling and BEC spatial regions and Raman-
cool Rb samples to quantum degeneracy. Careful choice
of parameters minimizes the negative effects of sponta-
neously emitted photons. The first of those experiments
holds the Rb sample in a 2D optical lattice. To increase
the PSD, Raman sideband cooling is interrupted by pe-
riods during which one of the two lattices is ramped off,
allowing the gas to shrink in that dimension and ther-
malize by elastic collisions. After three such cycles in al-
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Figure 4. Schemes of three experiments achieving BEC by laser cooling. a) Strontium atoms are confined in a crossed
optical dipole trap creating a large reservoir and a small and deep dimple region. The atoms in the reservoir are laser-cooled on
the narrow 1So-3P; transition, whereas the atoms in the dimple region are protected from laser-cooling photons by AC Stark
shifting the *P; out of resonance. A condensate forms in the dimple, while being in thermal contact with the laser-cooled
reservoir atoms through elastic collisions [109]. b) Rubidium atoms are confined in a 2D optical lattice. They are Raman
sideband-cooled in stages that alternate with compression stages during which one lattice is ramped off till a condensate forms
[110]. ¢) Raman cooling of a Rb cloud in a 3D dipole trap leads to BEC [111]. The direction of gravity and magnetic field are
indicated by g and B respectively. The Raman lasers have a two photon detuning of 6z and address atoms with velocity dr/Ak
in the direction of the two photon momentum Ak. A Raman transition reduces the velocity by hAk/m. Panels adapted from:

a) [109], b) [110], ¢) [111].

ternate directions an array of 1D condensates is formed
during Raman cooling, which can be merged into 2D con-
densates by ramping one lattice off. The second exper-
iment even achieves BEC directly in an optical dipole
trap by Raman cooling, see Fig. 4c). The Raman transi-
tion selects |5S1/2, F=2mp= 72> atoms in the high-
velocity tail of the thermal distribution and couples them
to |5Sl/2,F =2, mp = —1>7 from which they are opti-
cally pumped back to the original internal state, reducing
their velocity in the process. After five stages of Raman
cooling under carefully chosen conditions a condensate is
created.

Continuous BEC — All BEC experiments discussed so

far create condensates by executing a sequence of cool-
ing steps one after the other in time. After the conden-
sate is produced, it typically decays through unavoidable
loss processes such as molecule formation. This limits
what can be done with Bose-Einstein condensates. For
example, it becomes impossible to extract a continuous-
wave atom laser. Such a phase-coherent, uninterrupted
beam of quantum-degenerate atoms has promising ap-
plications for precision measurement through atom in-
terferometry [115]. An important step towards this goal
was maintaining a trap filled with Bose-condensed atoms
by periodically adding fresh condensates [116]. The re-
maining challenge was to overcome the problem that each



refilling event was accompanied by motional excitations,
atom number jumps and phase-slips disrupting the co-
herence. In order to coherently maintain a stationary
condensate, a solution is to use a Bose-stimulated am-
plification process [117, 118] adding new atoms from a
continuous source of near-degenerate gas. Such a system
was recently realised [119], relying on the laser-cooling
to BEC technique of Fig.4a). To provide the continuous
source, all laser-cooling stages have to be executed simul-
taneously and rendered compatible with BEC. Sr atoms
are streamed from an oven through a spatial sequence
of laser-cooling stages, first using broad, then narrow
laser-cooling transitions. The atoms finally accumulate
in a reservoir dipole trap where the gas is laser-cooled to
high PSD. Bose-stimulated elastic collisions within the
thermal gas provide gain to a condensate located in a
dimple. The only step missing to create the long-sought
continuous-wave atom laser is the addition of a coherent
atom outcoupling mechanism [115].

Looking ahead, two developments involving laser cool-
ing are rapidly progressing that, among many other
things, may lead to a new way of producing BEC by laser
cooling, or to condensates of ground-state molecules.

Micro BEC — The first development is the approach to
build up a condensate one-by-one from individual atoms.
This approach would start by capturing individual atoms
from a MOT in tightly confining dipole traps, called opti-
cal tweezers [120]. The capture is probabilistic, and light-
assisted collisions cause each tweezer trap to be loaded
with either one or no atom. The occupancy can be de-
tected by fluorescence imaging without losing the atoms
[121]. The atoms can then be sorted from the outer
tweezers into unoccupied tweezers in the middle of the
array, e.g. using a movable tweezer [122] controlled by a
computer algorithm. After the innermost tweezer array
reaches unity filling, the atoms are cooled to the vibra-
tional ground state of the tweezers, e.g. using Raman
sideband cooling. The final step to obtain a condensate
will be to merge the tweezers into one larger trap, such
that the atoms undergo a Mott insulator-to-superfluid
transition [123]. In this way, condensates with a small
and well defined atom number should be within reach.

Molecular quantum gases — The second development
is the extension of laser cooling to molecules [124, 125].
Molecules have vibrational and rotational structure. In
many cases optical excitation is followed by decay into
a large number of ro-vibrational levels, which makes it
essentially impossible to scatter the thousands of pho-
tons needed to cool a room-temperature molecule to the
ultracold regime. However quite recently it was found
that some molecules, such as SrF, possess nearly closed
optical transitions because they have a valence electron
that is barely involved in the molecular bond. The use
of only a few repump lasers in addition to the cool-
ing laser allows to scatter enough photons. Since this
discovery, many species of molecules have been laser-
cooled [124, 125]. Slowers [126] and MOTs [127-129]
have been built, molecules have been trapped in mag-

netic [130, 131] and optical dipole traps and even indi-
vidually in optical tweezers [132]. An important enabling
technology for molecules is the so-called radiofrequency
MOT [125, 127, 129]. In such a MOT, the magnetic
field and the polarization of the light beams are switched
synchronously at a rate similar to that at which opti-
cal pumping occurs. Another technique is the dual fre-
quency (dec) MOT [125] in which a second frequency with
opposite circular polarization is added. In both schemes
the molecules are repumped out of dark states so that
the cooling process remains effective. So far the high-
est PSD reached (3.3 x 1078, with 5 x 10* YO molecules
[133]) is still orders of magnitude below quantum degen-
eracy. However it is likely that further improvements will
lead to molecular samples that allow evaporative (or sym-
pathetic) cooling to BEC. This requires a large enough
sample in a magnetic or dipole trap with an elastic col-
lision rate that is substantially higher than the loss rate.
The latter is not trivial because the complex inner struc-
ture of molecules easily leads to strong inelastic losses
during collisions. Fortunately it is possible to suppress
such inelastic collisions by choosing suitable conditions,
including the choice of molecular state, trap and applied
electromagnetic fields [134, 135]. Some of these methods
have already been shown to work [136-138] with gases
of ultracold, deeply bound molecules that were obtained
not by direct laser cooling, but by associating pairs of
ultracold atoms into weakly bound molecules [139] and
then optically transferring those molecules into the de-
sired bound state [140]. Even quantum gases of KRb
molecules in their rotational and vibrational ground state
have recently been created in this way [136, 141]. This
strategy is limited to quantum gases of molecules con-
sisting of elements that can be laser-cooled. Direct laser
cooling of molecules is applicable to a different and large
class of molecular species. Together these two strategies
open great opportunities for quantum-state-controlled
chemistry, quantum simulation and fundamental physics
[6, 90, 134, 135, 140].

V. OUTLOOK

Many more laser-cooling techniques have been and are
constantly being developed, some of which will undoubt-
edly play a role in future quantum gas experiments. Ex-
amples of these methods are one-way wall cooling [142],
cavity cooling [143-146], bichromatic force cooling [147—
149], or EIT cooling [150]. Furthermore, laser cooling
can be applied beyond atoms and molecules, for example
to cool ions [151], micromechanical oscillators [152, 153]
or beads in dipole traps [146]. More than 45 years after
laser cooling of atoms was proposed, and more than 25
years after a BEC of an atomic gas was realized, the field
of laser cooling continues to give rise to many exciting
new developments.
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