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ABSTRACT

Lithium is an important element in atomic quantum gas experiments because its interactions are highly tunable due to broad Feshbach
resonances and zero-crossings and because it has two stable isotopes: °Li, a fermion, and "Li, a boson. Although lithium has special value for
these reasons, it also presents experimental challenges. In this article, we review some of the methods that have been developed or adapted
to confront these challenges, including beam and vapor sources, Zeeman slowers, sub-Doppler laser cooling, laser sources at 671 nm, and
all-optical methods for trapping and cooling. Additionally, we provide spectral diagrams of both °Li and "Li and present plots of Feshbach

resonances for both isotopes.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5131023

I. INTRODUCTION

Lithium is popularly used in experiments with ultracold atoms.
Although there are several reasons for this, perhaps the most com-
pelling is that lithium is found in nature in two isotopic forms: °Li,
a fermion, and ’Li, a boson. Furthermore, the two-body interactions
of either of the isotopes are widely tunable using magnetic Feshbach
resonances.”” The ability to continuously tune interactions over a
wide range and with high precision has enabled new experimental
capabilities for both the bosonic and fermionic isotopes of lithium.
The isotopes of lithium have played an important role in the devel-
opment of the field of atomic quantum gases. The bosonic isotope
was among the first to be cooled to quantum degeneracy” and was
later used for studies of matter-wave solitons.” The fermionic iso-
tope, °Li, was the second atomic Fermi gas to be cooled to degen-
eracyi"\‘ after “°K.” Later, the broad Feshbach resonance in °Li was
exploited to observe a strongly interacting superfluid in its expan-
sion dynamics'”'" and to realize the BEC-BCS crossover' '~ at about
the same time as in *’K."*

Although the lithium isotopes have much to offer, lithium
presents a unique set of challenges that make it a relatively diffi-
cult atom to apply the standard methods of cooling and trapping.
Lithium has a relatively low vapor pressure, in comparison with the
other alkali metals, and this necessitates high temperatures to pro-
duce sufficiently intense atomic beams or to create useful vapor cells.
Consequently, care must be taken in the choice of construction and

vacuum materials. The wavelength of its principal (25-2P) transi-
tion, at 671 nm, is relatively short compared with all other alkali
metals, with the exception of sodium; consequently, there are rel-
atively few laser sources available, and the ones operating at the
correct wavelength are less robust and powerful than those work-
ing in the more typical near-infrared regime. Lithium’s light mass
presents additional problems, including a large recoil energy that
causes transverse spreading of a laser cooled atomic beam and the
need for higher power lasers to produce an optical lattice with suf-
ficient depth. Finally, the hyperfine structure of lithium is anoma-
lously small, preventing the straight-forward application of sub-
Doppler laser cooling methods that are so important for cooling the
other alkali metals.

In Secs. [I-VII of this article, we will review the methods that we
and others have developed to manage these obstacles. Our goal is to
provide a compilation of the techniques that differ from the standard
methods appropriate for most alkali species but have proven to be
the most effective for lithium.

Il. SPECTROSCOPIC DATA AND COLLISIONAL
PROPERTIES

A. Spectroscopic data

We begin by presenting the structure of the low-lying energy
levels of lithium. Figure 1 gives the hyperfine structure of the 25/,
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FIG. 2. Ground-state hyperfine sublevels of (a) ®Li and (b) ”Li in an applied magnetic field. The electron g-factor for both isotopes of lithium is g, = —2.0023010, and the
nuclear g-factors are g; = 0.821 9610 for 6Li and g = 2.170 723 5 for 7Li."® We define the nuclear moment as wi = giunl, where py is the nuclear magneton. The ground-state
hyperfine splittings are 228.205 259 0(30) MHz for 6Li and 803.504 086 6(10) MHz for ”Li.'®
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ground state and the 2P, and 2P3;, excited states for both SLi
and ’Li. The values of the various transition, hyperfine interval,
and isotope shift frequencies were measured using an optical fre-
quency comb in a first-order Doppler-corrected atomic beam exper-
iment,"” except for the 2S;; hyperfine intervals which are from
Ref. 16. °Li has a nuclear spin of I = 1, resulting in a total angu-
lar momentum of either F = 1/2 or F = 3/2 in the 2Si, ground
state, while "Li has I = 3/2 giving a ground state with either F = 1
or F=2.

The ground-state hyperfine structure as a function of an applied
magnetic field is shown for both isotopes in Fig. 2. The spin projec-
tions mp exhibit a Zeeman structure that lifts the zero-field degen-
eracy of the ground state as described by the Breit-Rabi formula.'’

B. Scattering and interactions

Two-body interactions and scattering are determined by an
interaction potential V(R). The low energy scattering properties may
be approximated by the s-wave phase shift or, more commonly, by
the s-wave scattering length a. In the case of alkali metal atoms,
there are actually two ground-state potentials, Vo and V1, corre-
sponding to either an electronic spin singlet state with S = 0 or
a spin triplet with § = 1, and each has a corresponding scatter-
ing length. Model potentials Vo and V; for °Li and "Li were con-
structed using data mainly obtained from photoassociation mea-
surements of lithium confined to a magneto-optical trap (MOT)"**
and from the measured locations of Feshbach resonances and zero-
crossings.” ** The scattering lengths were extracted from these
model potentials.

The triplet scattering lengths for °Li and ’Li are both notable
but for different reasons. The triplet scattering length for ®Li is
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FIG. 3. S-wave Feshbach resonances involving the lowest three hyperfine levels of
810 The levels are designated by the quantum numbers (F, mg). Note the narrow
Feshbach resonance near 543 G for the (1/2, 1/2) + (1/2, —1/2) pair. Dashed ver-
tical lines show positions of zero-crossings for each scattering length. These were
calculated using the coupled-channel method’ with model potentials constructed
from ab initio calculations, various spectroscopic data, and measured locations of
the resonances. 24 %41
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FIG. 4. Feshbach resonances for the lowest three hyperfine sublevels of "Li for
collisions between identical atoms. Otherwise, the same as in Fig. 3.

a; =-2160(250) ao,”” where aq is the Bohr radius. Its extremely large
magnitude indicates that a bound or nearly bound state lies near
the dissociation limit. In this case, since a; < 0, the molecular state
lies just above the dissociation threshold. If V; were just 0.08 cm™"
deeper, the virtual state would become bound and a; would be large
and positive.”’ The triplet scattering length for ”Li is also negative,
a1 = —27.6(5) ao, but relatively small in magnitude. The fact that
a1 < 0 profoundly affects the nature of Bose-Einstein condensa-
tion for atoms interacting via the triplet potential as it imposes a
limit on the number of atoms that may form a stable Bose-Einstein
condensate in a trapped gas.””” **
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FIG. 5. Feshbach resonances for mixtures of the lowest three hyperfine sublevels
of Li for collisions between atoms with differing spin. Otherwise, the same as in
Fig. 3.
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S is only an approximate quantum number in the alkali metal
atoms as the two potentials Vo and V; are weakly coupled by the
hyperfine interaction." While the electron and nuclear spin aligned
states, known as the stretched states, interact solely via V1, none of
the hyperfine sublevels interact exclusively on V. The presence of
two coupled interaction potentials, however, is extremely useful. A
magnetic field may then be used to tune a bound state of the Vj
potential into resonance with the dissociation threshold of V1, thus
creating a tunable collisional “Feshbach” resonance.”* Figure 3
shows the s-wave Feshbach resonances involving the three lowest
hyperfine sublevels in °Li," * while Figs. 4 and 5 show the Feshbach
resonances for the lowest three sublevels of " Li.

I1l. BEAM AND VAPOR SOURCES

®Li is distinctive because it is one of only two stable fermionic
isotopes, along with “°K, among the alkali metals. Each has its own
advantages and challenges. An advantage for ®Li is that the natural
abundance of °Li is relatively high at 7.5%, and furthermore, because
of the usefulness of its high neutron absorption cross section to the
nuclear industry, °Li is readily available in an isotopically pure form.
In comparison, “’K has a relative abundance of only ~10™%, but it can
be obtained as a KCI salt that has been isotopically enriched to the
level of 3%-4.5%. The KCl salt may then be crafted into a dispenser
of enriched “’K.”*"’ On the other hand, lithium requires a relatively
high temperature of ~600 C to produce a vapor pressure of 0.1 Torr,
as shown in Fig. 6.

Lithium reacts with air, so it must be stored appropriately. Typ-
ically, lithium is purchased in rod or wire form that is stored in
mineral oil or packed in an argon environment. Most of the min-
eral oil can be removed with petroleum ether while inside a glove

Vapor Pressure (Torr)

1010 L . . . . .
0 100 200 300 400 500 600

Temperature (°C)

FIG. 6. Vapor pressure of the alkali metals from the data tabulated in Ref. 44.
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bag purged with argon or other inert gas. It takes 5-10 days of
vacuum baking while heating the oven to typical operating temper-
atures to eliminate the oil contamination from the vacuum cham-
ber. We perform this bake using a gate valve to isolate the ultra-
high vacuum (UHV) portion of the chamber from the oven cham-
ber as bake pressures will rise into the ~107° Torr range. Lithium
metal with natural isotope abundances (92% ’Li) can be purchased
from ESPI Metals, while isotopically pure °Li can be obtained from
Sigma-Aldrich.

A. Atomic beam source

Lithium’s low vapor pressure influences the design of beam
sources and vapor cells so that they are usable in the 500-600 C
range. We have designed a simple recirculating oven for this pur-
pose, as shown in the schematic drawing (Fig. 7). Efficiency, sim-
plicity, and compatibility with an ultra-high vacuum (UHV) sys-
tem were the primary design considerations. The oven consists of
a reservoir for lithium made from an approximately 20 mm diam-
eter stainless steel tube and a smaller tube, functioning as a nozzle,
that is welded at right angles into the middle of the reservoir. The
opposite end of the nozzle tube is welded into a through hole in the
center of a UHV flange, which is joined to a stainless steel chamber,
and sealed by a standard copper gasket/knife-edge assembly. Before
installing the oven, it is also air-baked at 400 C for 36 h to reduce
hydrogen outgassing during normal operation. Lithium is added to
the reservoir through a 1.33 in. UHV “mini-flange” located at the top
end of the reservoir. As lithium is reactive in air, the reservoir is best
filled in a glove bag purged with argon.

The output beam of the oven is designed to be well-collimated
due to the small diameter of the nozzle output aperture compared
to the length of the nozzle tube."” A single layer of fine stainless
steel mesh (SS304, No. 80) is inserted into the nozzle tube to pro-
vide a return path for molten lithium to wick back to the reservoir.
The mesh is extended only up to the outer surface of the mount-
ing flange to prevent clogging at the cool end of the nozzle. Wick-
ing requires a temperature gradient along the nozzle tube. We use
several heater tapes (Omega, model SST051) separately controlled
by variable transformers to keep the central area of the reservoir
tube at ~500 C, while the nozzle exit is kept at a lower temper-
ature but well above the melting point of lithium of 180 C (typ-
ically ~300 C). The oven is covered by several layers of ceramic
fiber insulation (McMaster-Carr 93315K34). The top 2-3 cm of
the reservoir and the mini-flange are left exposed to air to prevent
lithium from accumulating on the reservoir walls and potentially
damaging the mini-flange seal. The temperature of the mini-flange
is kept above 180 C. A layer of mesh is also placed around the
inner wall of the reservoir up to 1 cm below the top of the mini-
flange. We cut a hole in this mesh at the location of the nozzle
tube. Because of the relatively high oven temperatures, this flange is
sealed with a nickel gasket, rather than a standard copper one. This
also minimizes the corrosion of the copper gasket from exposure to
lithium vapor.

By operating the oven as described, lithium that is not within
the small solid angle subtended by the oven nozzle exit is recircu-
lated back to the oven, thus minimizing lithium consumption while
producing a high central flux. We have found that this oven will last
for more than 5 years without service when loaded with ~10 g of
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lithium. While the relatively large area of the nozzle helps provide
high flux, the aperture may be larger in diameter than the mean-free
path for elastic collisions, which would violate the effusive source
criterion and alter the speed distribution.!” Nonetheless, we find that
we can load a MOT with 1.5 x 10° atoms in only 55" using a Zeeman
slower, as described in Sec. IV B. At the time that this was written,
Nor-Cal Products will construct such an oven from the drawings
presented in Fig. 7 for $400. Alternative sources, such as the one
using multichannel nozzles consisting of arrays of microcapillaries,
have demonstrated excellent collimation of a lithium atomic beam
while maintaining a similarly high flux.*

B. Lithium vapor cell

Vapor cells in conjunction with saturated absorption spec-
troscopy are typically used as frequency references. While simple
all-glass cells are often used for this purpose with the other alkali
metals, the temperature required to get sufficient optical depth with
a lithium vapor generally prevents this simple solution. In addi-
tion, lithium, like sodium, attacks glass and, thus, quickly renders
windows unusable. A stainless steel tube, operating together with
a buffer gas in the heat-pipe mode, was found to be a trouble-free
solution to these problems.

A simple design that we have successfully used consists of a
stainless steel nipple 50 cm long with ISO KF-25 flanges attached at
each end. Optical windows, mounted to KF-25 flanges, are attached
to either end of the nipple to allow laser beams to pass. The cen-
tral ~15 cm of this nipple is heated to ~330 C to produce suitable
absorption. The windows are protected from lithium by flowing
water through copper tubing soldered around ~8 cm length at each
end of the nipple. A buffer gas of ~30 mTorr of argon provides
a short mean-free path for lithium and, thus, prevents the lithium
vapor from reaching the windows.

IV. DOPPLER COOLING: PRINCIPAL TRANSITION

Elements of the alkali metals were the first group of the peri-
odic table to be laser cooled, trapped, and brought to quantum

REVIEW scitation.orgljournal/rsi

FIG. 7. Schematic drawing of the recirculating oven (all
dimensions are in inches). The 4.5 in. rotatable flange
attaches to the chamber. The nozzle consists of stainless
steel tube with an OD = 0.313 in. and a wall that is 0.049 in.
thick. The oven body has an OD = 0.750 in. with a wall that
is 0.060 in. thick. The top flange is a 1.33 in. mini-flange.

degeneracy (although trapped atomic ions were previously laser
cooled). Lithium beams were first transversely cooled”’ and then
slowed longitudinally, first using the Zeeman slowing method"* and
then followed by a chirp-cooling method."’

A. Laser sources at 671 nm

The principal transition of lithium is the 2S-2P transition at
671 nm, as shown in Fig. 1. The earliest laser cooling experiments
with lithium used dye lasers pumped by an Ar ion laser.”” ™ A
dye laser could produce over 500 mW of red light. Shortly there-
after, however, extended cavity diode lasers (ECDLs) were employed
for detection using resonance fluorescence.”’ ' The performance of
semiconductor lasers at this wavelength was significantly inferior to
those operating at the principal transition wavelength of every other
alkali atom, with the exception of sodium for which there is no direct
bandgap materials available at 589 nm. Maximum powers were lim-
ited to ~10 mW, which is insufficient to slow an atomic beam or to
make a robust magneto-optical trap.

Semiconductor tapered amplifiers were developed several years
later.”” These can amplify the weak signal from an ECDL to pro-
duce useable powers of ~400 mW for near-infrared wavelengths’ "
and ~200 mW for the lithium wavelength.”” This master oscilla-
tor/power amplifier (MOPA) configuration was a satisfactory solu-
tion for more than a decade as Toptica Photonics and Eagleyard
Photonics supplied tapered amplifiers that operate at 671 nm.
Although supplied by both companies, the devices are appar-
ently produced by Eagleyard. Unfortunately, Eagleyard has expe-
rienced technical problems over the past several years and has
been unable to consistently produce a 671 nm TA device with
the same quality and lifetime they previously attained. As far as
we know, Eagleyard is the sole source of TA’s operating at red
wavelengths.

Two new developments partially mitigate this challenge. First,
M-Squared Lasers offers a Ti-sapphire laser whose tuning range can
be extended down to 671 nm, and second, Toptica has developed a
system employing second harmonic generation of a MOPA operat-
ing near 1.34 ym. Both manufacturers claim that their systems can
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produce nearly 1 W at 671 nm. Another approach, commercially
available from LEOS, is to begin with a 1342 nm ECDL, whose out-
put is amplified by a Raman fiber amplifier and then doubled in a res-
onant cavity. Such a system has demonstrated 2.5 W at 671 nm and
has been employed to produce a quantum gas of °Li using all-optical
methods. ™

B. Zeeman slower

The Zeeman slower’” was one of the first methods developed
to slow an atomic beam and is still a commonly used and pow-
erful method for loading MOTs. The Zeeman slower employs a
magnetic solenoid in which the longitudinal magnetic field either
increases or decreases as a function of position along its axis.
The atomic beam passes through this solenoid, while a counter-
propagating near-resonant laser beam produces photon absorp-
tion/spontaneous emission cycles that slow the atoms. The changing
magnetic field is designed to compensate the changing Doppler shift
of the slowing atoms by the position-dependent Zeeman field, thus
keeping the atoms near resonance during their progression along
the solenoid.

The velocity scale of lithium is high because it is light and
because the temperatures required to produce an appreciable vapor
are high. The most probable velocity in a beam is v, = \/3kpT/m,
where T is the temperature of the beam source, m is the atomic mass,
and kg is the Boltzmann constant.”” An oven temperature of T ~
800 K, for example, gives a high beam flux, and at this temperature,
vp = 1800 m/s and 1700 m/s for °Li and "Li, respectively.

The primary consequence of high beam velocities is the cor-
respondingly large length needed for the Zeeman slower solenoid,
L = v}/(2a), where vy is the initial velocity, or capture range of the
slower, and a = vrec/(27) is the maximum acceleration possible using
the usual 2-level Doppler cooling.” Here, vyec = h/(mA) is the recoil
velocity of an atom from the absorption of a single resonant pho-
ton; for "Li, vrec = 8.5 cm/s, while for °Li, vrec = 9.9 cm/s. T = 1/yis
the excited state lifetime, which for the lithium principal transition
is 27.102(7) ns.”

If we take vo = vy, we can capture a significant fraction of the
atomic beam distribution, but the required length is long, L ~ 90 cm
for both isotopes. Not only would such a device occupy a large

0.750 —

o
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portion of an optical table, but it would also require significant elec-
trical current and water cooling. Furthermore, as discussed below,
transverse heating of the beam results in significant loss of beam
intensity, an effect exacerbated by the long length.

Fortunately, it is not necessary to capture most of the atoms in
the distribution to obtain a high flux of slow atoms. Since the inten-
sity distribution of an atomic beam source scales as v° for v < vp,r
the total number of slowed atoms N is the integral of the distribution
from v = 0 to v = vy, thus giving N oc vy. At the same time, the solid
angle subtended by the Zeeman slower exit aperture diminishes as
1/L* oc 1/ug. Thus, the gain in atom flux obtained by increasing
L is exactly canceled by the reduction in solid angle. The optimal
length can then be kept short, as long as L is greater than the dis-
tance between the oven aperture and the entrance to the Zeeman
slower.

Our Zeeman slower design is shown in Fig. 8. It consists of a
double-jacketed stainless steel vacuum nipple with 2 3/4 in. UHV
flanges welded to either end. Water flows through the inner jacket
for cooling. Magnet wire is wrapped around this nipple to generate
an appropriately increasing field in the ¢~ configuration.”’ The mag-
net wire is installed using a thermally conductive potting compound.
The 0~ configuration is better able to extract a slow, monoenergetic
beam since the exit field falls rapidly from its peak value as atoms
leave the slower, causing their effective detuning with the slowing
light to grow rapidly. Thus, the atoms are quickly decoupled from
the slowing light, so they do not get turned around before arriving at
the MOT.

Transverse heating produced by the laser photon absorp-
tion/spontaneous emission cycles poses a significant problem for
lithium due to its relatively large vrec and vo. In this case, the trans-
verse velocity, vr, can grow to be comparable to the longitudinal
exit velocity, resulting in a significant loss of slowed atoms due to
transverse spreading. Because of the inherent randomness of the
spontaneous emission process, Ur = Urecy /Nph’ where N ph = Vo/Vrec
is the number of spontaneously scattered photons induced by the
slowing laser. Hence, vr = (vrecvg)l/z. Assuming vy ~ 1000 m/s
gives vr ~ 10 m/s, which is comparable to a typical final longitu-
dinal velocity. While we have been unable to eliminate this prob-
lem, it can be mitigated by using a 2D MOT located as close as
possible to the exit of the Zeeman slower for beam collimation.”’

0.500 ID

15.00

FIG. 8. Schematic drawing of the Zeeman slower showing the double wall construction. Atoms enter from left. Water enters through a cooling port. Two bare copper wires
(No. 15 American wire gauge) are helically wrapped around and brazed to the outer surface of the inner tube in order to channel water down the slower and back to the outlet

cooling port. All dimensions are in inches.
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In our systems, we incorporate a 2D MOT using a short vacuum nip-
ple with 2 3/4 in. UHV flanges in which two pairs of small (1.3 in.)
UHYV flanges with optical viewports are mounted transverse to the
atomic beam axis.

The lithium beam will coat the window that transmits the
counter-propagating Zeeman slower laser beam, and without tak-
ing additional steps, the window eventually becomes opaque. We
minimize this problem in two ways. First, we mount the viewport
at the end of an ~1 m long UHV vacuum nipple to effectively
reduce the solid angle subtended by the window, relative to the
beam source. Second, we use a sapphire vacuum viewport that is
heated to ~375 C to reduce the rate at which lithium adheres to the
window.

C. Magneto-optical trap

62

The magneto-optical trap (MOT)"" is ubiquitous as it used in
nearly every cold atom experiment. The MOT uses three pairs of
counter-propagating laser beams in each of the three orthogonal
directions. In this respect, the MOT resembles an optical molasses”
which provides velocity-dependent laser cooling in 3D. However, in
addition to laser cooling, the MOT uses an inhomogeneous mag-
netic field, produced by a pair of anti-Helmholtz coils, to create
spatially dependent radiative pressure to confine the atoms.

A standard lithium MOT, for which the numbers and temper-
atures are optimized by fixing the field gradient, laser intensities,
and detunings, takes about 5 s to fully load from a Zeeman slower.
The maximum load is ~3 x 10'® atoms, the temperature is typically
1-2 mK, and the peak density is ~8 x 10" cm™. However, by
dynamically reducing the laser beam intensities and detunings, while
increasing the magnetic field gradient, a compressed MOT with 10"
atoms, a temperature of ~700 K, and a peak density of 10" ¢cm™?
can be attained.”®* As we will see in Sec. V, however, much higher
phase space densities can be realized by using a gray or uv molasses.
Thus, these techniques can contribute to creating a much better
starting point for evaporative cooling.

V. SUB-DOPPLER COOLING

One of the most surprising observations in the early days
of laser cooling was that the temperature of atoms in an optical
molasses or a MOT could be much below the Doppler cooling limit,
Tpop = hy/2kp. For the alkali metals, Tpop ~ 100-250 K. However,
careful measurements of the temperature of sodium released from
an optical molasses found T = 43 + 20 uK, in strong disagreement
with the Doppler limit of 240 K for Na.””

It was soon realized that this discrepancy is caused by the
multi-level structure of the alkali metals arising from the hyper-
fine interaction and laser polarization gradients that can promote
transitions between them.”* " While the Doppler cooling limit is
predicated on an atom with a simple two-level structure with damp-
ing forces arising from a directionally dependent Doppler shift,
non-adiabatic optical pumping between hyperfine levels of an atom
moving through a light field with polarization gradients can pro-
duce stronger cooling. In this case, temperatures can approach the
recoil limit kg Trec = %mvrzec =K / (2m}t2), where Trec for the alkali

metals varies from 3.5 uK for ®Li to 100 nK for Cs. These tem-
peratures are 40-1000 times lower than Tpyy. The recoil limit can

REVIEW scitation.orgljournal/rsi

be approached with the appropriate configuration of laser polar-
izations and with sufficient hyperfine splitting of the sublevels.
The excited state hyperfine structure in lithium is nearly unre-
solved, rendering sub-Doppler cooling much less effective than
in other alkali metals and considerably more difficult to imple-
ment. Nonetheless, sub-Doppler cooling of lithium has recently been
achieved.”"”'

A. Gray molasses

Gray molasses, or A-enhanced sub-Doppler cooling, has been
demonstrated as an effective cooling technique for Li. This technique
requires a A-type three-level system, a requirement which is satis-
fied in the alkalis, thanks to the ground-state hyperfine structure. For
the electronically excited level, it is convenient to select the 2Py, |F/
=1+ 1/2) level as it is well resolved (the prime refers to the 22 P12
state). Two laser beams address the |[F =1+ 1/2) — |F' =1+ 1/2) and
|F=1-1/2) > |F' =1+ 1/2) transitions. Coherent superpositions
of the two ground states may form a bright or a dark state when the
lasers are in resonance with the two-photon transition. The energy
of the bright state is modulated by the laser intensities, while that
of the dark state is not. By applying an appropriately blue-detuned
bichromatic lattice consisting of these two frequencies, it is possi-
ble to remove energy from the atoms by transferring them from the
bright state to the dark state at regions of high intensity. Motional
coupling at regions of low intensity can cause dark-state atoms to be
transferred to the bright state. This allows for Sisyphus-like cooling,
as well as velocity-selective coherent population trapping (VSCPT)
to occur.””””

Temperatures of ~60 uK and phase space densities of ~107°
have been achieved with gray molasses for both isotopes of Li.” " °
The density of these clouds is limited by radiation trapping to ~10"°
cm™>. In order to transfer a significant number of atoms into an opti-
cal trap, a large trapping volume and, therefore, high-power trapping
beams are required. With the availability of 200 W fiber lasers near
1070 nm, gray molasses has become a viable path to eliminating the
need for an intermediate stage of magnetic trapping. The ac Stark
shifts induced by the optical trapping beams of the one-photon tran-
sitions have been reported in Ref. 74 to be +6.3(7) MHz/(MW/cm?)
at 1073 nm and can be effectively counteracted by a relatively mod-
est frequency shift of the gray molasses beams as the optical trap is
ramped up. Using this technique, the authors report an optical trap
containing 2 x 107 ®Li atoms at 80 uK and following evaporation a
degenerate Fermi gas consisting of 7 x 10° atoms.

B. Narrow-line cooling on the 2S-3P transition

Lower Doppler limited temperatures may be realized by using
a narrower transition than the usual principal transition. This
approach was recently exploited in *°K using the 4S-5P transition’’
and in °Li using the 28-3P transition"” to achieve lower temperatures
as a final stage of magneto-optical trapping. Although these tran-
sitions are still dipole allowed, the dipole matrix element between
the nS ground state and the (n + 1)P excited state is significantly
weaker than for the nS-nP principal transition. In the case of lithium,
the 3P excited state has a natural linewidth of 754 kHz, which is
~8 times narrower than the 2P state.”” The corresponding Doppler
limit of Tpop ~ 18 uK is consequently 8 times lower than for a 25-2P
“standard” MOT.
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The 2S-3P transition wavelength of 323 nm is too far into the
UV for fundamental laser sources, but ~10 to 100 mW at 323 nm
can be generated by frequency doubling the output of a 646 nm
laser source that is generated either by an ECDL MOPA operating
in the red or by frequency doubling a 1.3 ym laser. While a UV laser
source is somewhat inconvenient and expensive, the shorter wave-
length results in a smaller absorption cross section which enables
laser cooling a lithium vapor to higher densities and, therefore, to
higher phase space densities. A UV MOT was demonstrated with
a density of 2.9 x 10°cm™3, a temperature of 59 yK, and a corre-
sponding phase space density of pjs = 2.3 x 10~°. For comparison,
the phase space density for a compressed red MOT in the same
apparatus was approximately 10 times less."

C. Magic wavelength

Perhaps even more significant for laser cooling on the 2S-3P
transition is the existence of a “magic wavelength” where the differ-
ential ac Stark shift between the upper and lower states vanish.”"’
A magic wavelength for the 2S,/,-3P3, transition was predicted at
1071 nm,”" as was subsequently verified experimentally.”’ By opti-
cally trapping lithium atoms with a laser operating at a 1071 nm
wavelength, atoms may be continuously cooled on the UV transi-
tion as they load the trap. With this scheme, a quantum degenerate
gas with 3 x 10° ®Li atoms was produced in 11 s by evaporating in a
crossed-beam optical trap operating at the magic wavelength.”

VI. TRAPPING AND EVAPORATIVE COOLING

While the MOT is a general purpose trap with many appli-
cations, it is not capable of achieving sufficiently high phase space
density to produce quantum degeneracy because the optical density
becomes ~1 for n > 3 x 10'° cm™>. All experiments creating ultra-
cold atomic quantum gases use evaporative cooling in conjunction
with eithef a magnetic or a pure optical trap that is often loaded by a
MOT."*

A. Magnetic traps

The first quantum gas of lithium was made in a magnetic trap
constructed with six permanent magnets.” The trapping geome-
try was that of an Ioffe-Pritchard trap, which features a poten-
tial with quadratic curvature combined with a uniform bias field.”
Because of the strength of permanent magnets, the trapping poten-
tial had both a large depth and volume. It was loaded directly from
a slowed atomic beam of “Li and laser cooled to a temperature of
~1 mK without a MOT stage. The only magnetically trappable
hyperfine sublevel of "Li stable to spin exchange collisions is the (F
= 2, mp = 2) state, denoted as (2, 2), although the (2, 2) state can
undergo loss-producing two-body dipolar decay collisions.”” The
rate of dipolar decay combined with the small s-wave triplet scat-
tering length of only —27.6 ao prevents ’Li from undergoing run-
away evaporative cooling for which the elastic scattering rate exceeds
the collisional loss rate, leading to increasing density as evaporation
proceeds.”” While Bose-Einstein condensates could be produced in
a permanent magnet trap,” its inability to be shut off eliminated
time-of-flight as a tool to measure the momentum distribution and
prevented the transfer of the atoms to an optical trap where the field
may be tuned to a Feshbach resonance.

REVIEW scitation.orgljournal/rsi

TABLE |. Singlet and triplet scattering lengths in units of the Bohr radius for
isotopically pure and mixed gases of lithium.”?

Li "Li Li/’Li
a —2160 + 250 ~27.6+0.5 40902
a0 45525 33+2 —20+10

Fermi-Dirac statistics prevent s-wave interaction between
identical fermions. In order to evaporatively cool a Fermi gas, one
must employ either a two spin-state mixture” or sympathetic cool-
ing of the fermions using a Bose gas. °Li in the (3/2, 3/2) state
was sympathetically cooled by ’Li in the (2, 2) state in a mag-
netic trap.”*’ The interspecies scattering length is shown in Table
to be 41 ap, which is sufficient to perform efficient sympathetic
cooling.

B. Optical dipole traps

While magnetic traps provide a path to quantum degeneracy,
in many experiments, atoms are transferred following evaporation
from the magnetic trap to an optical dipole trap where a tunable
external magnetic field may be applied without affecting the trap.
This is usually the case in experiments involving Feshbach reso-
nances, for example. The optical dipole trap is a conservative poten-
tial that arises from mixing of the ground and excited states by a
far-detuned laser.”””’ The potential depth of an optical dipole trap
scales as I/A, where I is the laser intensity and A is the detuning of the
laser relative to resonance of an effective two-level system; A is made
sufficiently large to minimize spontaneous emission, which scales
as 1/A”. For a focused red-detuned laser beam, atoms are attracted
to the intensity maximum while being repelled by a blue-detuned
beam. Unfortunately, the potential depth of an optical dipole trap
is typically much smaller than for a magnetic trap. Using lithium as
an example, a laser beam with 1 W of power, focused to a Gaussian
radius of 50 ym and a wavelength of 1064 nm, produces a poten-
tial depth of only ~15 yK. While it is simpler to transfer directly
from a MOT to an optical dipole trap, thus realizing an all-optical
system, the depth of the optical trap is often insufficient to con-
tain the thermal energy distribution from the MOT. As described in
Secs. V A and V B, either a gray molasses cooling scheme or narrow-
line Doppler cooling on the 2S-3P transition now provides an all-
optical pathway to quantum degeneracy. The first all-optical lithium
experiment used a high-power CO; laser to create a deep optical
potential.”"”

VIl. POLARIZATION PHASE-CONTRAST IMAGING

Optical absorption or phase-contrast imaging of the in situ den-
sity or the momentum distribution of the atoms in time-of-flight
provides valuable information. Generally, a near-resonant probe
laser passing through the atoms is attenuated and it acquires a
phase shift, both of which may be exploited to extract information
about the atomic sample. To account for both effects, we intro-
duce a complex phase, = ¢ + ia/2, where ¢ is the dispersive phase
shift and « is the absorption coefficient resulting from spontaneous
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emission. The transmitted field is, thus, described as E = Ege’®. Imag-
ing the atoms onto a CCD camera produces an absorption signal,
Is = |Ef* = Ipe™®, where I, = |Eo|*. The absorption signal is indepen-
dent of the acquired phase and scales with the probe detuning from
resonance A as A%,

Absorption imaging is commonly employed because of its sim-
plicity: one simply images the shadow cast by the atoms. It has two
primary deficiencies, however. First, it is destructive since it relies
on spontaneous emission to generate the absorption signal. Second,
since ¢ falls off more slowly with detuning, as A™', ¢ may be as
large as /2 or greater, especially for higher densities, and distor-
tions will occur. Distortions are lessened by reducing the density
by time-of-flight expansion. For in situ images, however, the den-
sity is often too large to have an ample absorption signal while
simultaneously having sufficiently small dispersive distortion. In
these cases, it can be advantageous to employ phase-contrast imag-
ing where the signal depends on ¢ in addition to or instead of a.
Furthermore, since ¢ does not depend on spontaneous emission,
phase-contrast may be used to take multiple, minimally destructive
images.

In the usual implementation of phase-contrast imaging, a small
1/4-wave plate is placed at the focus of the probe beam after passing
through the atom cloud so that the phase of the unscattered light is
shifted by +7/2.”” This results in an interference between the scat-
tered light and the probe field so that Is = Iye™>? depends solely on
¢, rather than a. For large enough A, a << |¢| <« 1, and the signal is
linear in ¢.

A more flexible phase-contrast method, polarization phase-
contrast imaging (PPCI),** exploits the birefringence of the atoms
in the presence of a strong magnetic field and does not require a
phase plate. When the Zeeman shift is large compared to the excited
state linewidth, y, the atoms polarize according to their mp value.
The interaction between the atoms and the probe beam depends
on the polarization of the probe field, which decomposes into two
elliptical polarizations: one that couples to the transition dipole and
scatters and one that does not. The coupled component picks up a
phase shift, while the uncoupled component serves as a reference
field. The two components are combined and interfered by pass-
ing them through a linear polarizer. The angle of the polarizer with
respect to the incident probe polarization determines the relative
contribution to the detected signal to the terms proportional to ¢, as
in linear phase-contrast imaging, and to ¢, as for dark-field imag-
ing.”” Thus, a simple adjustment of the polarizer angle controls the
character of the image and is easily optimized. This technique has
also been referred to as Faraday imaging.”*”’

Vill. CONCLUSION

In this article, we reviewed the methods and apparatus devel-
oped over the past 30 years to effectively cool, trap, and detect quan-
tum gases of lithium. Our goal is to collect a record of best practices
to assist future experimenters to navigate this complex set of chal-
lenges. While the approaches that we describe have been immensely
successful, we expect that what we have written is not the last word
and that improvements will lead to even faster cooling and trapping
cycles, more robust laser systems, and lower temperatures to access
previously unexplored quantum states of matter.

REVIEW scitation.orgljournal/rsi

ACKNOWLEDGMENTS

We are grateful to Eduardo Ibarra for help with the figures.
This work was partially supported by the NSF (Grant No. PHY-
1707992), the Army Research Office Multidisciplinary University
Research Initiative (Grant No. W911NF-14-1-0003), the Office of
Naval Research, and The Welch Foundation (Grant No. C-1133).

REFERENCES

YE. Tiesinga, B. J. Verhaar, and H. T. C. Stoof, “Threshold and resonance
phenomena in ultracold ground-state collisions,” Phys. Rev. A 47, 4114-4122
(1993).

2C. Chin, R. Grimm, P. Julienne, and E. Tiesinga, “Feshbach resonances in
ultracold gases,” Rev. Mod. Phys. 82, 1225-1286 (2010).

5c.c. Bradley, C. A. Sackett, J. J. Tollett, and R. G. Hulet, “Evidence of Bose-
Einstein condensation in an atomic gas with attractive interactions,” Phys. Rev.
Lett. 75, 1687 (1995).

“C. C. Bradley, C. A. Sackett, and R. G. Hulet, “Bose-Einstein condensation of
lithium: Observation of limited condensate number,” Phys. Rev. Lett. 78, 985-989
(1997).

5L. Khaykovich, F. Schreck, G. Ferrari, T. Bourdel, J. Cubizolles, L. D. Carr,
Y. Castin, C. Salomon, T. B. L. Khaykovich, F. Schreck, G. Ferrari, C. S. J.
Cubizolles, L. D. Carr, and Y. Castin, “Formation of a matter-wave bright soliton,”
Science 296, 1290-1294 (2002).

6K. E. Strecker, G. B. Partridge, A. G. Truscott, and R. G. Hulet, “Formation and
propagation of matter wave soliton trains,” Nature 417, 150-153 (2002).

7A. G. Truscott, K. E. Strecker, W. I. McAlexander, G. B. Partridge, and R. G.
Hulet, “Observation of Fermi pressure in a gas of trapped atoms,” Science 291,
2570-2572 (2001).

8E. Schreck, L. Khaykovich, K. L. Corwin, G. Ferrari, T. Bourdel, J. Cubizolles,
and C. Salomon, “Quasipure Bose-Einstein condensate immersed in a Fermi sea,”
Phys. Rev. Lett. 87, 080403 (2001).

9B. DeMarco and D. S. Jin, “Onset of Fermi degeneracy in a trapped atomic gas,”
Science 285, 1703 (1999).

10K, M. O’Hara, S. L. Hemmer, M. E. Gehm, S. R. Granade, and J. E. Thomas,
“Observation of a strongly interacting degenerate Fermi gas of atoms,” Science
298, 2179-2182 (2002).

n J. Kinast, S. L. Hemmer, M. E. Gehm, A. Turlapov, and J. E. Thomas, “Evidence
for superfluidity in a resonantly interacting Fermi gas,” Phys. Rev. Lett. 92, 150402
(2004).

"2M. Bartenstein, A. Altmeyer, S. Riedl, S. Jochim, C. Chin, J. Hecker Denschlag,
and R. Grimm, “Crossover from a molecular Bose-Einstein condensate to a
degenerate Fermi gas,” Phys. Rev. Lett. 92, 120401 (2004).

3M. W. Zwierlein, C. A. Stan, C. H. Schunck, S. M. F. Raupach, A. J. Kerman,
and W. Ketterle, “Condensation of pairs of fermionic atoms near a Feshbach
resonance,” Phys. Rev. Lett. 92, 120403 (2004).

T4C. A, Regal, M. Greiner, and D. S. Jin, “Observation of resonance condensation
of fermionic atom pairs,” Phys. Rev. Lett. 92, 040403 (2004).

15C.J. Sansonetti, C. E. Simien, J. D. Gillaspy, J. N. Tan, S. M. Brewer, R. C. Brown,
S. Wu, andJ. V. Porto, “Absolute transition frequencies and quantum interference
in a frequency comb based measurement of the ’Li D lines,” Phys. Rev. Lett. 107,
023001 (2011).

8 A. Beckmann, K. D. Boken, and D. Elke, “Precision measurements of the nuclear
magnetic dipole moments of °Li, ’Li, *Na, *K and *'K,” Z. Phys. 270, 173-186
(1974).

N. F. Ramsey, in Molecular Beams, edited by R. J. Elliott, J. A. Krumhansl,
W. Marshall, and D. H. Wilkinson (Oxford University Press, New York, 1985).
8E. R. I Abraham, N. W. M. Ritchie, W. I. McAlexander, and R. G. Hulet,
“Photoassociative spectroscopy of long-range states of ultracold °Li, and "Li,,”
J. Chem. Phys. 103, 7773-7778 (1995).

19E. R. I. Abraham, W. I. McAlexander, C. A. Sackett, and R. G. Hulet, “Spectro-
scopic determination of the s-wave scattering length of lithium,” Phys. Rev. Lett.
74, 1315-1318 (1995).

Rev. Sci. Instrum. 91, 011101 (2020); doi: 10.1063/1.5131023
Published under license by AIP Publishing

91,011101-9


https://scitation.org/journal/rsi
https://doi.org/10.1103/physreva.47.4114
https://doi.org/10.1103/revmodphys.82.1225
https://doi.org/10.1103/physrevlett.75.1687
https://doi.org/10.1103/physrevlett.75.1687
https://doi.org/10.1103/physrevlett.78.985
https://doi.org/10.1126/science.1071021
https://doi.org/10.1038/nature747
https://doi.org/10.1126/science.1059318
https://doi.org/10.1103/physrevlett.87.080403
https://doi.org/10.1126/science.285.5434.1703
https://doi.org/10.1126/science.1079107
https://doi.org/10.1103/physrevlett.92.150402
https://doi.org/10.1103/physrevlett.92.120401
https://doi.org/10.1103/physrevlett.92.120403
https://doi.org/10.1103/physrevlett.92.040403
https://doi.org/10.1103/physrevlett.107.023001
https://doi.org/10.1007/bf01680407
https://doi.org/10.1063/1.470296
https://doi.org/10.1103/physrevlett.74.1315

Review of

Scientific Instruments

20p R. 1. Abraham, W. I. McAlexander, J. M. Gerton, R. G. Hulet, R. Coté, and
A. Dalgarno, “Triplet s-wave resonance in ®Li collisions and scattering lengths of
SLiand "Li,” Phys. Rev. A 55, R3299-R3302 (1997).

21K. M. O’Hara, S. L. Hemmer, S. R. Granade, M. E. Gehm, J. E. Thomas, V. Ven-
turi, E. Tiesinga, and C. J. Williams, “Measurement of the zero crossing in a
Feshbach resonance of fermionic °Li,” Phys. Rev. A 66, 041401 (2002).

223 E. Pollack, D. Dries, M. Junker, Y. P. Chen, T. A. Corcovilos, and R. G. Hulet,
“Extreme tunability of interactions in a ’Li Bose-Einstein condensate,” Phys. Rev.
Lett. 102, 090402 (2009).

ZN. Gross, Z. Shotan, O. Machtey, S. Kokkelmans, and L. Khaykovich, “Study of
Efimov physics in two nuclear-spin sublevels of “Li,” C. R. Phys. 12, 4-12 (2011).
24p, Dyke, . E. Pollack, and R. G. Hulet, “Finite-range corrections near a Feshbach
resonance and their role in the Efimov effect,” Phys. Rev. A 88, 023625 (2013).
25p. A. Ruprecht, M. J. Holland, K. Burnett, and M. Edwards, “Time-dependent
solution of the nonlinear Schrédinger equation for Bose-condensed trapped
neutral atoms,” Phys. Rev. A 51, 4704-4711 (1995).

26y, M. Pérez-Garcia, H. Michinel, and H. Herrero, “Bose-Einstein solitons in
highly asymmetric traps,” Phys. Rev. A 57, 3837-3842 (1998).

27 A. Gammal, T. Frederico, and L. Tomio, “Critical number of atoms for attractive
Bose-Einstein condensates with cylindrically symmetrical traps,” Phys. Rev. A 64,
055602 (2001).

28N. G. Parker, S. L. Cornish, C. S. Adams, and A. M. Martin, “Bright soli-
tary waves and trapped solutions in Bose-Einstein condensates with attractive
interactions,” . Phys. B: At., Mol. Opt. Phys. 40, 3127-3142 (2007).

29R. A. Duine and H. T. C. Stoof, “Atom-molecule coherence in Bose gases,” Phys.
Rep. 396, 115-195 (2004).

3%M. Houbiers, H. T. C. Stoof, W. I. McAlexander, and R. G. Hulet, “Elastic and
inelastic collisions of °Li atoms in magnetic and optical traps,” Phys. Rev. A 57,
R1497-R1500 (1998).

31g. Jochim, M. Bartenstein, G. Hendl, J. H. Denschlag, R. Grimm, A. Mosk,
and M. Weidemiiller, “Magnetic field control of elastic scattering in a cold gas
of fermionic lithium atoms,” Phys. Rev. Lett. 89, 273202 (2002).

32\, Bartenstein, A. Altmeyer, S. Riedl, R. Geursen, S. Jochim, C. Chin, J. H.
Denschlag, R. Grimm, A. Simoni, E. Tiesinga, C. J. Williams, and P. S. Julienne,
“Precise determination of °Li cold collision parameters by radio-frequency spec-
troscopy on weakly bound molecules,” Phys. Rev. Lett. 94, 103201 (2005).

33G. Ziirn, T. Lompe, A. N. Wengz, S. Jochim, P. S. Julienne, and J. M. Hutson,
“Precise characterization of °Li Feshbach resonances using trap-sideband-
resolved RF spectroscopy of weakly bound molecules,” Phys. Rev. Lett. 110,
135301 (2013).

34D. D. Konowalow and M. L. Olson, “The electronic structure and spectra of the
X‘z; and A'Z} states of Lip,” . Chem. Phys. 71, 450-457 (1979).

351, Schmidt-Mink, W. Miiller, and W. Meyer, “Ground- and excited-state prop-
erties of Li, and Li; from ab initio calculations with effective core polarization
potentials,” Chem. Phys. 92, 263-285 (1985).

56B. Barakat, R. Bacis, F. Carrot, S. Churassy, P. Crozet, F. Martin, and ]. Verges,
“Extensive analysis of the X' =* ground state of " Li, by laser-induced fluorescence
Fourier transform spectrometry,” Chem. Phys. 102, 215-227 (1986).

57R. Coté, A. Dalgarno, and M. J. Jamieson, “Elastic scattering of two ’Li atoms,”
Phys. Rev. A 50, 399-404 (1994).

387.C. Yan, J. F. Babb, A. Dalgarno, and G. W. F. Drake, “Variational calculations
of dispersion coefficients for interactions among H, He, and Li atoms,” Phys. Rev.
A 54,2824-2833 (1996).

39C. Linton, F. Martin, A. Ross, I. Russier, P. Crozet, A. Yiannopoulou, L. Li, and
A. Lyyra, “The high-lying vibrational levels and dissociation energy of the @’
state of "Liy,” . Mol. Spectrosc. 196, 20-28 (1999).

“0M. D. Halls, H. B. Schlegel, M. J. DeWitt, and G. W. F. Drake, “Ab initio calcula-
tion of the aSZ; interaction potential and vibrational levels of "Li,,” Chem. Phys.
Lett. 339, 427-432 (2001).

“TF. D. Colavecchia, J. P. Burke, W. J. Stevens, M. R. Salazar, G. A. Parker, and
R. T. Pack, “The potential energy surface for spin-aligned Lis(1*A’) and the poten-
tial energy curve for spin-aligned Liy(a’%}),” J. Chem. Phys. 118, 5484-5495
(2003).

42B. DeMarco, H. Rohner, and D. S. Jin, “An enriched *°K source for fermionic
atom studies,” Rev. Sci. Instrum. 70, 1967-1969 (1999).

REVIEW scitation.orgljournal/rsi

“35. Aubin, M. H. T. Extavour, S. Myrskog, L. ]. LeBlanc, J. Estéve, S. Singh,
P. Scrutton, D. McKay, R. McKenzie, I. D. Leroux, A. Stummer, and J. H.
Thywissen, “Trapping fermionic *°K and bosonic ¥ Rb on a chip,” J. Low Temp.
Phys. 140, 377-396 (2005).

#* A. N. Nesmeyanov, Vapor Pressure of the Elements (Academic Press, New York,
1963).

“>p, M. Duarte, R. A. Hart, J. M. Hitchcock, T. A. Corcovilos, T.-L. L. Yang,
A. Reed, and R. G. Hulet, “All-optical production of a lithium quantum gas using
narrow-line laser cooling,” Phys. Rev. A 84, 061406 (2011).

“6R. Senaratne, S. V. Rajagopal, Z. A. Geiger, K. M. Fujiwara, V. Lebedev, and
D. M. Weld, “Effusive atomic oven nozzle design using an aligned microcapillary
array,” Rev. Sci. Instrum. 86, 023105 (2015).

“71.]. Tollett, J. Chen, J. G. Story, N. W. M. Ritchie, C. C. Bradley, and R. G.
Hulet, “Observation of velocity-tuned multiphoton “Doppleron” resonances in
laser-cooled atoms,” Phys. Rev. Lett. 65, 559-562 (1990).

“87. Lin, K. Shimizu, M. Zhan, F. Shimizu, and H. Takuma, “Laser cooling and
trapping of Li,” Jpn. J. Appl. Phys., Part 2 30, L1324-L1326 (1991).

“9C. C. Bradley, J. G. Story, J. J. Tollett, J. Chen, N. W. M. Ritchie, and R. G. Hulet,
“Laser cooling of lithium using relay chirp cooling,” Opt. Lett. 17, 349-351
(1992).

50C. C. Bradley, J. Chen, and R. G. Hulet, “Instrumentation for the stable
operation of laser diodes,” Rev. Sci. Instrum. 61, 2097-2101 (1990).

5. Chen, J. G. Story, J. J. Tollett, and R. G. Hulet, “Adiabatic cooling of atoms by
an intense standing wave,” Phys. Rev. Lett. 69, 1344-1347 (1992).

52D. Mehuys, D. Welch, and L. Goldberg, “2.0 W CW, diffraction-limited tapered
amplifier with diode injection,” Electron. Lett. 28, 1944 (1992).

5%]. H. Marquardt, F. C. Cruz, M. Stephens, C. W. Oates, L. W. Hollberg,
J. C. Bergquist, D. F. Welch, D. G. Mehuys, and S. Sanders, “Grating-tuned
semiconductor MOPA lasers for precision spectroscopy,” Proc. SPIE 2834, 34
(1996).

S4R. A Nyman, G. Varoquaux, B. Villier, D. Sacchet, F. Moron, Y. Le Cogq,
A. Aspect, and P. Bouyer, “Tapered-amplified antireflection-coated laser diodes
for potassium and rubidium atomic-physics experiments,” Rev. Sci. Instrum. 77,
033105 (2006).

55G. Ferrari, M.-O. Mewes, F. Schreck, and C. Salomon, “High-power multiple-
frequency narrow-linewidth laser source based on a semiconductor tapered ampli-
fier,” Opt. Lett. 24, 151-153 (1999).

565.-]. Deng, P.-P. Diao, Q.-L. Yu, and H.-B. Wu, “All-optical production of quan-
tum degeneracy and molecular Bose-Einstein condensation of °Li,” Chin. Phys.
Lett. 32, 053401 (2015).

57W. D. Phillips and H. Metcalf, “Laser deceleration of an atomic beam,” Phys.
Rev. Lett. 48, 596-599 (1982).

58H. J. Metcalf and P. van der Straten, Laser Cooling and Trapping (Springer-
Verlag, New York, 1999).

59W. I. McAlexander, E. R. I. Abraham, and R. G. Hulet, “Radiative lifetime of the
2P state of lithium,” Phys. Rev. A 54, r5 (1996).

9T, E. Barrett, S. W. Dapore-Schwartz, M. D. Ray, and G. P. Lafyatis, “Slowing
atoms with 0~ polarized light,” Phys. Rev. Lett. 67, 3483-3486 (1991).

S1E. Riis, D. S. Weiss, K. A. Moler, and S. Chu, “Atom funnel for the production
of a slow, high-density atomic beam,” Phys. Rev. Lett. 64, 1658-1661 (1990).

62, L. Raab, M. Prentiss, A. Cable, S. Chu, and D. E. Pritchard, “Trapping of
neutral sodium atoms with radiation pressure,” Phys. Rev. Lett. 59, 2631-2634
(1987).

83g, Chu, L. Hollberg, J. E. Bjorkholm, A. Cable, and A. Ashkin, “Three-
dimensional viscous confinement and cooling of atoms by resonance radiation
pressure,” Phys. Rev. Lett. 55, 48-51 (1985).

84M.-O. Mewes, G. Ferrari, F. Schreck, A. Sinatra, and C. Salomon, “Simultaneous
magneto-optical trapping of two lithium isotopes,” Phys. Rev. A 61, 011403(R)
(1999).

5P, D. Lett, R. N. Watts, C. . Westbrook, W. D. Phillips, P. L. Gould, and H. J.
Metcalf, “Observation of atoms laser cooled below the Doppler limit,” Phys. Rev.
Lett. 61, 169-172 (1988).

68y, Dalibard and C. Cohen-Tannoudji, “Laser cooling below the Doppler limit
by polarization gradients: Simple theoretical models,” ]. Opt. Soc. Am. B 6,
2023-2045 (1989).

Rev. Sci. Instrum. 91, 011101 (2020); doi: 10.1063/1.5131023
Published under license by AIP Publishing

91, 011101-10


https://scitation.org/journal/rsi
https://doi.org/10.1103/physreva.55.r3299
https://doi.org/10.1103/physreva.66.041401
https://doi.org/10.1103/physrevlett.102.090402
https://doi.org/10.1103/physrevlett.102.090402
https://doi.org/10.1016/j.crhy.2010.10.004
https://doi.org/10.1103/physreva.88.023625
https://doi.org/10.1103/physreva.51.4704
https://doi.org/10.1103/physreva.57.3837
https://doi.org/10.1103/physreva.64.055602
https://doi.org/10.1088/0953-4075/40/15/012
https://doi.org/10.1016/j.physrep.2004.03.003
https://doi.org/10.1016/j.physrep.2004.03.003
https://doi.org/10.1103/physreva.57.r1497
https://doi.org/10.1103/physrevlett.89.273202
https://doi.org/10.1103/physrevlett.94.103201
https://doi.org/10.1103/physrevlett.110.135301
https://doi.org/10.1063/1.438090
https://doi.org/10.1016/0301-0104(85)85022-9
https://doi.org/10.1016/0301-0104(86)85133-3
https://doi.org/10.1103/physreva.50.399
https://doi.org/10.1103/physreva.54.2824
https://doi.org/10.1103/physreva.54.2824
https://doi.org/10.1006/jmsp.1999.7858
https://doi.org/10.1016/s0009-2614(01)00403-1
https://doi.org/10.1016/s0009-2614(01)00403-1
https://doi.org/10.1063/1.1555124
https://doi.org/10.1063/1.1149695
https://doi.org/10.1007/s10909-005-7322-5
https://doi.org/10.1007/s10909-005-7322-5
https://doi.org/10.1103/physreva.84.061406
https://doi.org/10.1063/1.4907401
https://doi.org/10.1103/physrevlett.65.559
https://doi.org/10.1143/jjap.30.l1324
https://doi.org/10.1364/ol.17.000349
https://doi.org/10.1063/1.1141424
https://doi.org/10.1103/physrevlett.69.1344
https://doi.org/10.1049/el:19921246
https://doi.org/10.1117/12.255336
https://doi.org/10.1063/1.2186809
https://doi.org/10.1364/ol.24.000151
https://doi.org/10.1088/0256-307x/32/5/053401
https://doi.org/10.1088/0256-307x/32/5/053401
https://doi.org/10.1103/physrevlett.48.596
https://doi.org/10.1103/physrevlett.48.596
https://doi.org/10.1103/physreva.54.r5
https://doi.org/10.1103/physrevlett.67.3483
https://doi.org/10.1103/physrevlett.64.1658
https://doi.org/10.1103/physrevlett.59.2631
https://doi.org/10.1103/physrevlett.55.48
https://doi.org/10.1103/physreva.61.011403
https://doi.org/10.1103/physrevlett.61.169
https://doi.org/10.1103/physrevlett.61.169
https://doi.org/10.1364/josab.6.002023

Review of

Scientific Instruments

675, Chu, “Nobel lecture: The manipulation of neutral particles,” Rev. Mod. Phys.
70, 685-706 (1998).

8C. N. Cohen-Tannoudji, “Nobel lecture: Manipulating atoms with photons,”
Rev. Mod. Phys. 70, 707-719 (1998).

%9W. D. Phillips, “Nobel lecture: Laser cooling and trapping of neutral atoms,”
Rev. Mod. Phys. 70, 721-741 (1998).

7OA.T. Grier, I. Ferrier-Barbut, B. S. Rem, M. Delehaye, L. Khaykovich, F. Chevy,
and C. Salomon, “A-enhanced sub-Doppler cooling of lithium atoms in D; gray
molasses,” Phys. Rev. A 87, 063411 (2013).

7'P. Hamilton, G. Kim, T. Joshi, B. Mukherjee, D. Tiarks, and H. Miiller,
“Sisyphus cooling of lithium,” Phys. Rev. A 89, 023409 (2014).

72 A. Aspect, E. Arimondo, R. Kaiser, N. Vansteenkiste, and C. Cohen-Tannoudji,
“Laser cooling below the one-photon recoil energy by velocity-selective coherent
population trapping,” Phys. Rev. Lett. 61, 826-829 (1988).

M. Weidemiiller, T. Esslinger, M. A. Ol'shanii, A. Hemmerich, and T. W. Hén-
sch, “A novel scheme for efficient cooling below the photon recoil limit,” Euro-
phys. Lett. 27, 109-114 (1994).

7%A. Burchianti, G. Valtolina, J. A. Seman, E. Pace, M. De Pas, M. Ingus-
cio, M. Zaccanti, and G. Roati, “Efficient all-optical production of large °Li
quantum gases using D; gray-molasses cooling,” Phys. Rev. A 90, 043408
(2014).

75C. L. Satter, S. Tan, and K. Dieckmann, “Comparison of an efficient implemen-
tation of gray molasses to narrow-line cooling for the all-optical production of a
lithium quantum gas,” Phys. Rev. A 98, 023422 (2018).

78Y. Long, F. Xiong, V. Gaire, C. Caligan, and C. V. Parker, “All-optical produc-
tion of °Li molecular Bose-Einstein condensates in excited hyperfine levels,” Phys.
Rev. A 98, 043626 (2018).

7D. C. McKay, D. Jervis, D. J. Fine, J. W. Simpson-Porco, G. J. A. Edge, and
J. H. Thywissen, “Low-temperature high-density magneto-optical trapping of
potassium using the open 4S-5P transition at 405 nm,” Phys. Rev. A 84, 063420
(2011).

78 A. Kramida, Yu. Ralchenko, J. Reader, and NIST ASD Team, NIST Atomic
Spectra Database (version 5.7.1) (online), see https://physics.nist.gov/asd (Jan. 14
2020).

79T, 1do, Y. Isoya, and H. Katori, “Optical-dipole trapping of Sr atoms at a high
phase-space density,” Phys. Rev. A 61, 061403 (2000).

89C, Grain, T. Nazarova, C. Degenhardt, F. Vogt, C. Lisdat, E. Tiemann, U. Sterr,
and F. Riehle, “Feasibility of narrow-line cooling in optical dipole traps,” Eur.
Phys. ]. D 42, 317-324 (2007).

81M. S. Safronova, U. 1. Safronova, and C. W. Clark, “Magic wavelengths for
optical cooling and trapping of lithium,” Phys. Rev. A 86, 042505 (2012).

REVIEW scitation.orgljournal/rsi

82H, F. Hess, “Evaporative cooling of magnetically trapped and compressed spin-
polarized hydrogen,” Phys. Rev. B 34, 3476-3479 (1986).

85W. Ketterle and N. J. van Druten, “Evaporative cooling of trapped atoms,” in
Advances in Atomic, Molecular, and Optical Physics, edited by B. Bederson and
H. Walther (Academic Press, San Diego, 1996), Vol. 37, pp. 181-234.

84C. A. Sackett, C. C. Bradley, and R. G. Hulet, “Optimization of evaporative
cooling,” Phys. Rev. A 55, 3797 (1997).

857 1. Tollett, C. C. Bradley, C. A. Sackett, and R. G. Hulet, “Permanent magnet
trap for cold atoms,” Phys. Rev. A 51, R22-R25 (1995).

88D, E. Pritchard, “Cooling neutral atoms in a magnetic trap for precision
spectroscopy,” Phys. Rev. Lett. 51, 1336-1339 (1983).

871, M. Gerton, C. A. Sackett, B. J. Frew, and R. G. Hulet, “Dipolar relaxation
collisions in magnetically trapped ’Li,” Phys. Rev. A 59, 1514-1516 (1999).

88, Schreck, G. Ferrari, K. L. Corwin, J. Cubizolles, L. Khaykovich, M.-O. Mewes,
and C. Salomon, “Sympathetic cooling of bosonic and fermionic lithium gases
towards quantum degeneracy,” Phys. Rev. A 64, 011402 (2001).

89]. Dalibard and C. Cohen-Tannoudji, “Dressed-atom approach to atomic
motion in laser light: The dipole force revisited,” ]. Opt. Soc. Am. B 2, 1707-1720
(1985).

0g, Chu, J. E. Bjorkholm, A. Ashkin, and A. Cable, “Experimental observation of
optically trapped atoms,” Phys. Rev. Lett. 57, 314-317 (1986).

9'K. M. O’Hara, S. R. Granade, M. E. Gehm, T. A. Savard, S. Bali, C. Freed, and
J. E. Thomas, “Ultrastable CO; laser trapping of lithium fermions,” Phys. Rev. Lett.
82, 4204-4207 (1999).

925 R. Granade, M. E. Gehm, K. M. O’Hara, and J. E. Thomas, “All-optical
production of a degenerate Fermi gas,” Phys. Rev. Lett. 88, 120405 (2002).

93M. R. Andrews, D. M. Kurn, H.-J. Miesner, D. S. Durfee, C. G. Townsend,
S. Inouye, and W. Ketterle, “Propagation of sound in a Bose-Einstein condensate,”
Phys. Rev. Lett. 79, 553-556 (1997).

94C. A. Sackett, C. C. Bradley, M. Welling, and R. G. Hulet, “Bose-Einstein
condensation of lithium,” Appl. Phys. B 65, 433-440 (1997).

95M. R. Andrews, M.-O. Mewes, N. J. van Druten, D. S. Durfee, D. M. Kurn, and
W. Ketterle, “Direct, nondestructive observation of a Bose condensate,” Science
273, 84-87 (1996).

%M. Gajdacz, P. L. Pedersen, T. Morch, A. J. Hilliard, J. Arlt, and J. F. Sherson,
“Non-destructive Faraday imaging of dynamically controlled ultracold atoms,”
Rev. Sci. Instrum. 84, 083105 (2013).

97F. Kaminski, N. S. Kampel, M. P. H. Steenstrup, A. Griesmaier, E. S. Polzik, and
J. H. Miiller, “In-situ dual-port polarization contrast imaging of Faraday rotation
in a high optical depth ultracold *Rb atomic ensemble,” Eur. Phys. ]. D 66, 227
(2012).

Rev. Sci. Instrum. 91, 011101 (2020); doi: 10.1063/1.5131023
Published under license by AIP Publishing

91, 011101-11


https://scitation.org/journal/rsi
https://doi.org/10.1103/revmodphys.70.685
https://doi.org/10.1103/revmodphys.70.707
https://doi.org/10.1103/revmodphys.70.721
https://doi.org/10.1103/physreva.87.063411
https://doi.org/10.1103/physreva.89.023409
https://doi.org/10.1103/physrevlett.61.826
https://doi.org/10.1209/0295-5075/27/2/006
https://doi.org/10.1209/0295-5075/27/2/006
https://doi.org/10.1103/physreva.90.043408
https://doi.org/10.1103/physreva.98.023422
https://doi.org/10.1103/physreva.98.043626
https://doi.org/10.1103/physreva.98.043626
https://doi.org/10.1103/physreva.84.063420
https://physics.nist.gov/asd
https://doi.org/10.1103/physreva.61.061403
https://doi.org/10.1140/epjd/e2007-00052-6
https://doi.org/10.1140/epjd/e2007-00052-6
https://doi.org/10.1103/physreva.86.042505
https://doi.org/10.1103/physrevb.34.3476
https://doi.org/10.1103/physreva.55.3797
https://doi.org/10.1103/physreva.51.r22
https://doi.org/10.1103/physrevlett.51.1336
https://doi.org/10.1103/physreva.59.1514
https://doi.org/10.1103/physreva.64.011402
https://doi.org/10.1364/josab.2.001707
https://doi.org/10.1103/physrevlett.57.314
https://doi.org/10.1103/physrevlett.82.4204
https://doi.org/10.1103/physrevlett.88.120405
https://doi.org/10.1103/physrevlett.79.553
https://doi.org/10.1007/s003400050293
https://doi.org/10.1126/science.273.5271.84
https://doi.org/10.1063/1.4818913
https://doi.org/10.1140/epjd/e2012-30038-0

