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One additional correction that cannot be
added as a � in quadrature is the LMC rotation.
Several young and intermediate-age kinematic
tracers have been measured in the LMC, includ-
ing HII regions, PN, CH stars, Miras, and car-
bon stars. In the inner regions of the LMC bar,
these populations are rotating as a solid body,
with 25 km/s per kpc. For a scale of 1 kpc �
1.2°, our fields should not show a rotation
component larger than 10 km/s.

In addition, a correction for rotation may
not be necessary for the RR Lyrae population,
because there is no evidence that this old
population follows the LMC rotation. On the
basis of the Milky Way RR Lyrae, one might
suspect that the LMC RR Lyrae do not rotate
like the rest of the stars. However, a compos-
ite RR Lyrae population may be present. For
example, earlier interpretation of the RR
Lyrae number counts indicated an exponen-
tial disk distribution (31). Multiple compo-
nents (halo plus thick disk) cannot be ruled
out without rotation measurements. Our
fields are not spread out enough to measure
the rotation. In order to measure the systemic
rotation of the RR Lyrae population, one
would need to observe N � 50 stars per field
in fields located �3° away on opposite sides
of the bar. We estimate the correction in two
ways: with the use of the velocities from HI
maps (32) and with the use of the mean
rotation fits of the disk (22, 24 ). This correc-
tion does not change at all the LMC RR
Lyrae velocity dispersion.

The large RR Lyrae velocity dispersion
�true � 53 km/s implies that metal-poor old
stars are distributed in a halo population. The
velocity dispersion for the old RR Lyrae stars
is higher than that for the old LMC clusters,
although there are too few old clusters to
measure the kinematics in the LMC. The
presence of a kinematically hot, old, and
metal-poor halo in the LMC suggests that
galaxies like the Milky Way and small gal-
axies like the LMC have similar early forma-
tion histories (33).

The stellar halo traced by the RR Lyrae
amounts only to 2% of the mass of the LMC,
which is akin to the Milky Way halo (1, 22).
Consequently, its contribution to the micro-
lensing optical depth should not be important
(26, 34 ). The ongoing Supermacho experi-
ment will discover an order of magnitude
more microlensing events toward the LMC
(35), allowing us to test this prediction.
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Preparation of a Pure Molecular
Quantum Gas

Jens Herbig, Tobias Kraemer, Michael Mark, Tino Weber, Cheng Chin,
Hanns-Christoph Nägerl, Rudolf Grimm*

An ultracoldmolecular quantumgas is created by application of amagnetic field
sweep across a Feshbach resonance to a Bose-Einstein condensate of cesium
atoms. The ability to separate the molecules from the atoms permits direct
imaging of the pure molecular sample. Magnetic levitation enables study of the
dynamics of the ensemble on extended time scales. We measured ultralow
expansion energies in the range of a few nanokelvin for a sample of 3000
molecules. Our observations are consistent with the presence of a macroscopic
molecular matter wave.

Rapid progress in controlling ultracold atom-
ic gases, culminating in the creation of atomic
Bose-Einstein condensates (BECs) and open-
ing the door to the realm of coherent matter-
wave physics (1–3), has raised the question of
whether a similar level of control is possible
with molecular samples. Molecules, in con-
trast to atoms, have a much richer internal
structure and can possess permanent vector or
tensor properties, such as electric dipole mo-
ments, rotational angular momentum, and

even chirality. Molecule-atom and molecule-
molecule interactions are at least three- and
four-body processes in nature, posing new
challenges to our theoretical understanding.
Exquisite control over the internal and exter-
nal degrees of freedom of molecules could
allow the experimental study of a new coher-
ent chemistry (4 ), where matter-wave inter-
ference, quantum tunneling, and bosonic
stimulation dominate the dynamics and
where the interaction properties can be exter-
nally controlled and engineered with electro-
magnetic fields. Quantum degenerate molec-
ular gases with permanent dipole moments
are also prime candidates for the precise in-
vestigation of strongly correlated quantum
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systems and for the study of novel quantum
phase transitions (5).

Several avenues have been investigated to
cool and trap molecules. Slowing of a super-
sonic jet of polar molecules in time-varying
electric fields (6 ) and buffer gas loading and
trapping (7 ) in either electrostatic or magnet-
ic traps both permit large molecular popula-
tions with temperatures in the mK range.
Alternatively, creation of molecules by pho-
toassociation of precooled atoms has led to
molecular samples with temperatures in the
�K range (8). For all these techniques, how-
ever, the resulting molecular phase-space
density is still many orders of magnitude
away from quantum degeneracy.

Starting with a sample of ultracold atoms,
controlled production of molecules can be
realized by the coherent coupling of an atom
pair state to a molecular state. For example, a
two-photon Raman transition has successful-
ly been applied to produce molecules within
an atomic BEC (9). Similarly, the coherent
nature of atomic scattering can be exploited
on a Feshbach resonance to transfer colliding
atoms into molecules, which has been pre-
dicted to convert an atomic BEC into a mo-
lecular BEC (10–12). A Feshbach resonance
occurs when the energy of the atomic scat-
tering state is tuned into degeneracy with that
of a bound molecular state (13). Experimen-
tally, Feshbach resonances can be induced by
an external magnetic field when both states
feature different Zeeman shifts. Consequent-
ly, the atom-molecule coupling can be reso-
nantly enhanced at a particular magnetic field
value, and a sweep of the field near or across
the resonance can convert the atoms into
molecules in a single molecular quantum
state. Existence of molecules created through
atomic Feshbach resonances has been report-
ed previously in a BEC of 85Rb atoms (14 ),
in thermal samples of 133Cs (15), and in
degenerate Fermi gases of 40K (16 ) and 6Li
(17 ). These studies demonstrate the quantum
coherence of the Feshbach coupling (14 ) and
the ability to detect molecules within the
atomic sample by means of laser-induced
(15) or radiofrequency-induced (16 ) dissoci-
ation. However, the resulting molecular sam-
ples could not be spatially distinguished from
the atoms, nor could the molecular clouds be
directly imaged and analyzed. Here, we re-
port the observation of pure molecular quan-
tum matter, achieved by applying a Feshbach
sweep to an atomic Cs BEC (18) with imme-
diate spatial Stern-Gerlach separation of the
two species. By monitoring the evolution of
the coupled-out molecular cloud, we measure
ultralow kinetic expansion energies that are
consistent with the presence of a coherent
molecular matter wave.

The starting point of our experiment was a
pure BEC of up to 6 � 104 Cs atoms in an
optical trap (19) with a radial Thomas-Fermi

radius of 8.6 �m and an axial Thomas-Fermi
radius of 26.5 �m. The atoms were in the
hyperfine ground state with total angular mo-
mentum F � 3 and magnetic quantum num-
ber mF � 3. As the optical trap was by far too
weak to support the atoms against gravity
during the evaporative cooling process, a
magnetic field gradient of 30.9 G/cm was
applied to levitate the atoms (20). This levi-
tation is very sensitive to the magnetic mo-
ment of the trapped particles, and a small
change of 1% in either the gradient or in the
magnetic moment of the trapped particles is
sufficient to render the trap unstable. The
state F � 3, mF � 3 features a narrow
Feshbach resonance near 20 G (21) with an
estimated resonance width of 5 mG (22).
According to an analysis of the Cs scattering
properties (23, 24 ), the corresponding molec-
ular state (25) has a predicted magnetic mo-
ment of � � 0.93 �B, where �B is Bohr’s
magneton, with a small magnetic field depen-
dence (22). We produced molecules from the
atomic BEC by sweeping the magnetic field
across the resonance from a higher field value
with a constant rate of typically 50 G/s (Fig.
1). The duration of the sweep was 3 ms. To
turn off the Feshbach coupling, the field was
then quickly lowered to a hold field at 17 G
for a variable hold time while the optical trap
was shut off (20). Because of the large mag-
netic field gradient along the vertical direc-
tion and the narrow resonance width of 5 mG,
the Feshbach resonance occurred only within
a 2-�m-thin horizontal layer. The conversion

zone swept through the condensate from be-
low at a speed of 15 �m/ms, or equivalently,
in 1.3 ms. The newly created molecules im-
mediately started falling with an acceleration
of 0.38g due to their reduced magnetic mo-
ment. The molecular cloud was then com-
pletely separated from the atoms within 3 ms.
By raising the magnetic field gradient quickly
at the end of the sweep to about 50 G/cm, we
levitated the molecules. In this case, the atoms
accelerated upward at 0.61g. Rapid molecule-
atom separation and subsequent levitation per-
mit long observation times for studying the
dynamics of the molecular sample.

To image the molecular cloud, we applied
a reversed field sweep across the Feshbach
resonance. The reversed sweep brought the
molecules above the scattering continuum,
and they quickly dissociated into free atoms.
An immediate absorption image of the recon-
verted atoms thus reveals the spatial distribu-
tion of the molecules. A resolution limit of
about 10 �m was caused by an energy on the
order of kB � 1 �K released in the dissoci-
ation process (20), where kB is the Boltzmann
constant. We applied a fit to the image to
determine the center position, the size of the
spatial distribution, and the number of mole-
cules. The evolution of the molecular cloud
was recorded by variation of the hold time.

The complete atom-molecule separation is
clearly visible in absorption images (Fig. 2).
For reference, the image of a levitated BEC
after 12 ms of expansion time is given in Fig.
2A. In Fig. 2, B and C, a Feshbach sweep has
been applied to the BEC. In Fig. 2B, a cou-
pled-out molecular cloud with �3000 mole-
cules can be seen below the atomic BEC. The
number of atoms in the remaining BEC is
reduced by 50% from those shown in Fig.
2A, to �25,000. The molecular cloud is fall-
ing, because the magnetic field gradient
needed to levitate the atoms was maintained.
For Fig. 2C, the magnetic field gradient was

Fig. 1. Energy diagram for the atomic scattering
state and the molecular bound state. The Fesh-
bach resonance condition occurs near 20 G,
where the Zeeman energy of the atomic scat-
tering state becomes equal to that of a molec-
ular bound state because of the difference in
magnetic moments. Molecules at (2) are creat-
ed from the BEC at (1) by a downward sweep of
the magnetic field across the resonance. For
detection, a reversed sweep brings the mole-
cules above the dissociation limit. The inset
schematically shows the molecular potential
that corresponds to the open channel (lower
curve) and the molecular potential that sup-
ports the bound state (upper curve). U, poten-
tial energy; r, interatomic distance.

Fig. 2. Absorption images of (A) the levitated
BEC without the Feshbach sweep, (B) the levi-
tated BEC after the Feshbach sweep with a
falling molecular cloud below, and (C) the lev-
itated molecular cloud with an upward-rising
BEC above. In (B) and (C), 3000 molecules are
produced at a sweep rate of 50 G/s. The sepa-
ration between the atoms and the molecules is
150 �m in (B) and 240 �m in (C).
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raised after the Feshbach sweep in order to
levitate the molecules. Hence, the atomic
BEC accelerates upward and can be seen at
the top of the image above the molecules.
Careful adjustment of the magnetic field gra-
dient to null the molecular acceleration al-
lowed a precise determination of the molec-
ular magnetic moment. We find that � �
0.930(5) �B (20), which is in good agreement
with the theoretical calculation (22).

We investigated the atom-molecule con-
version as a function of the end value Bf of
the creation ramp. The ramp speed was kept
constant at 50 G/s by variation of Bf together
with the duration of the ramp. We have
checked that for final values of Bf well above
the resonance, the rapid jump over the reso-
nance to the hold field after the end of the
creation ramp did not produce any molecules.
As Fig. 3 shows, molecules were created in a
steplike manner. Simultaneously, the atomic
population in the BEC is reduced. The tran-
sition value agrees well with the resonance
position of 19.83(2) G as determined from
three-body recombination loss measurements
(26 ). From the plot of the atom number, it
can be seen that up to 50% of the atoms were
lost from the condensate, corresponding to
�25,000 atoms for this experiment. Hence,
for a detected number of 3000 molecules,
only about 24% of the lost atoms reappeared
as partners in molecule formation. Also, we
varied the speed of the downward magnetic
field ramp across the Feshbach resonance and
found that for decreasing ramp speed, the
number of detected molecules saturated at a
value of �3000 molecules for speeds less
than 50 G/s. The missing atoms and the sat-
uration suggest that collisional relaxation into
other molecular states occurs during the cre-
ation phase (27 ). After separation from the
atoms, however, we did not detect any sub-
stantial loss.

We observed ultralow expansion energies
for the molecular cloud in both the vertical and
the horizontal directions. This was done in
time-of-flight expansion measurements by vari-
ation of the hold time and hence the total ex-

pansion time. We plotted the vertical and hori-
zontal root-mean-square (rms) widths of the
reconverted atomic cloud as a function of total
expansion time (Fig. 4, A and B). An apparent
anisotropy of the expansion can be seen. The
faster vertical expansion corresponds to a mean
kinetic energy of Ez � 1⁄2 kB � (40 � 3 � 2)
nK (20), where the first one-standard-deviation
error is statistical and the second one is system-
atic. The origin of this vertical energy was
identified as the velocity dispersion of the mol-
ecules during the creation phase. The dispersion
was caused by the fact that the conversion zone
passes through the condensate at a finite speed
from below. Hence, molecules created earlier
acquire a larger velocity, and those created later
acquire a smaller velocity, as a result of the
gravity pulling. When the size of the BEC was
taken into account, the vertical expansion ener-
gy as a result of the velocity dispersion was
calculated to be about 1⁄2 kB � 30 nK for the
molecular cloud, largely explaining the ob-
served energy. In fact, vertical compression of
the BEC did lead to a smaller vertical energy
spread. By increasing the dipole trap depth to
decrease the vertical extent of the BEC by a
factor of 1.3, we found that the measured mo-
lecular kinetic energy was reduced in the ex-
pected way to a value of Ez � 1⁄2 kB � (19 �
2 � 1) nK.

The horizontal expansion shown in Fig.
4B was unaffected by the velocity dispersion
effect. However, a repulsive force due to the
curvature of the levitation field acted on the
molecules. This force resulted in an expan-
sion of the cloud that follows a cosine hyper-
bolicus function and has been characterized
previously (18). When the resolution limit
due to the dissociation and the cosine hyper-
bolicus expansion dynamics (20) is incorpo-
rated, the fit in Fig. 4B yields an extremely

low kinetic energy of Ex � 1⁄2 kB � (2 � 2 �
3) nK in the horizontal direction.

The slow expansion of the molecules is
consistent with the behavior of a macroscopic
matter wave, as the horizontal expansion
showed vanishing release energy and the ver-
tical expansion was dominated by the disper-
sive gravity pulling effect, which is coherent
in its nature. In view of a possible quantum
degeneracy of the molecular ensemble, we
first estimated the peak molecular density
right after creation to 1 � 1012 cm	3, assum-
ing 3000 molecules with a spatial density
profile that reflects that of the atomic BEC
(28). Given the free-space degeneracy condi-
tion, the critical temperature is 6 nK. Com-
paring this value to the observed horizontal
energy spread that corresponds to (2 � 2 �
3) nK, we raise the question whether a mo-
lecular cloud with macroscopic coherence
has been created. Our capability to monitor
the spatial distribution of the molecules
should allow us to detect interference patterns
(29) and thus to investigate the macroscopic
coherence of the molecular matter wave.

To create molecules coherently with high
efficiency, it will be advantageous to load the
atomic BEC into an optical lattice (30),
which allows the preparation of a Mott insu-
lator phase (31) with exactly two atoms per
lattice site. Molecules created by a subse-
quent Feshbach sweep will therefore be indi-
vidually isolated and immune to collisional
losses. After the creation of a pure molecular
matter wave, one might be able to coherently
transfer the molecules to low-lying molecular
states by two-photon Raman transitions.
Hence, a complete and coherent control over
the dynamics of molecular quantum matter
can be envisaged.
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Cooling Bose-Einstein
Condensates Below 500 Picokelvin
A. E. Leanhardt,* T. A. Pasquini, M. Saba, A. Schirotzek, Y. Shin,

D. Kielpinski, D. E. Pritchard, W. Ketterle

Spin-polarized gaseous Bose-Einstein condensates were confined by a combi-
nation of gravitational and magnetic forces. The partially condensed atomic
vapors were adiabatically decompressed by weakening the gravito-magnetic
trap to a mean frequency of 1 hertz, then evaporatively reduced in size to 2500
atoms. This lowered the peak condensate density to 5 � 1010 atoms per cubic
centimeter and cooled the entire cloud in all three dimensions to a kinetic
temperature of 450 � 80 picokelvin. Such spin-polarized, dilute, and ultracold
gases are important for spectroscopy, metrology, and atom optics.

The pursuit of lower temperatures is motivat-
ed by the quest to observe phenomena that
occur on very low energy scales, in particu-
lar, phase transitions to new forms of matter.
The achievement of temperatures near 1 K in
solids and in liquids led to the discoveries of
superconductivity (1) and superfluidity (2),
respectively. The advent of laser cooling re-
sulted in microkelvin temperature atomic va-
pors (3–5), subsequently cooled to nano-
kelvin temperatures by evaporative cooling to
form dilute Bose-Einstein condensates (6, 7 )
and quantum degenerate Fermi gases (8).
Collectively, these low-temperature systems
have a host of applications, including super-
conducting quantum interference devices
(SQUIDs) (9), superfluid gyroscopes (10,
11), and atomic clocks (12).

Temperature is a quantity that parameter-
izes how energy is distributed across the
available states of a system, and effective
temperatures can be defined for decoupled
degrees of freedom or subsets of particles.
For example, nuclear spins isolated from the

kinetic motion of their respective atoms have
been cooled by adiabatic demagnetization to
an effective temperature of 280 pK (13). Spin
ensembles have a finite number of available
states, such that a spin-polarized sample, as in
our work, would be characterized by zero
effective temperature. In contrast, the motion
of free particles is subject to a continuum of
states, and the kinetic temperature of an en-
semble can only asymptotically approach ab-
solute zero.

Effective temperatures in atomic vapors
are defined by the widths of velocity distri-
butions, which can be much smaller than the
mean velocity of the sample. Raman cooling
(14, 15) and velocity-selective coherent pop-
ulation trapping (VSCPT) (16 ) have generat-
ed velocity distributions with very narrow
peaks, corresponding to nanokelvin and pi-
cokelvin effective temperatures. However,
these temperatures were associated with the
motion of only a subset of the atoms in the
cloud and/or with atomic motion in only one
dimension.

For trapped, partially condensed atomic
vapors, the condensate fraction has zero en-
tropy and the kinetic temperature of the sam-
ple is determined by the velocity distribution
of the thermal (noncondensed) component.
When released, the condensate fraction ex-
pands more slowly than the thermal compo-

nent and has been characterized by pi-
cokelvin effective temperatures for anisotro-
pic (17 ) and noninteracting (18) gases.

Cooling the atomic motion of entire ensem-
bles in all three dimensions has proven difficult.
To date, kinetic temperatures of a few hundred
nanokelvin have been achieved with adiabatic
and optical cooling (19, 20), and evaporative
cooling techniques have produced condensates
with temperatures of 3 nK (21). By adiabatic
expansion and subsequent evaporation, we
have cooled partially condensed atomic va-
pors to picokelvin kinetic temperatures.

Our thermometry is calibrated by the
Bose-Einstein condensation (BEC) phase
transition temperature, Tc, which in the ther-
modynamic limit for a harmonically trapped
ideal Bose gas is (22)

kBTe � 
��� N

� (3)�
1/3

 0.94
�̄N 1/3 (1)

where kB is Boltzmann’s constant, 
 is Planck’s
constant h divided by 2�, �(n) is the Riemann
Zeta function, �� � (�x�y�z)

1/3 is the geometric
mean of the harmonic trap frequencies, and N is
the total number of atoms, both condensed and
noncondensed. Thus, the atom number and the
trap frequencies set an upper limit for the tem-
perature of a confined Bose-Einstein conden-
sate. In our work, adiabatically weakening the
trapping potential to a mean frequency of
�� � 2� � (1.12 � 0.08) Hz guaranteed
that partially condensed atomic vapors with
N � 8000 atoms had picokelvin tempera-
tures (Tc � 1 nK).

Bose-Einstein condensates containing more
than 107 23Na atoms were created in the weak
field seeking �F � 1, mF � 	1� state in a
magnetic trap, captured in the focus of an op-
tical tweezers laser beam, and transferred into
an auxiliary “science” chamber as described in
(23). In the science chamber, condensates con-
taining 2 � 106 to 3 � 106 atoms were trans-
ferred from the optical tweezers into a gravito-
magnetic trap (Fig. 1A). A small coil carrying
current IS generated a vertical bias field Bz and
supported the condensates against gravity with
a vertical magnetic field gradient, Bz

� � 2 mg/
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