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We show an all-optical method of making 7Li condensates using the tunability of the scattering length in the
proximity of a Feshbach resonance. We report the observation of two Feshbach resonances on the 兩F = 1 , mF
+4
= 0典 state. A narrow 共broad兲 resonance of 7 G 共34 G兲 width is detected at 831⫾ 4 G 共884−13
G兲. The position
of the scattering length zero crossing between the resonances is found at 836⫾ 4 G. The broad resonance is
shown to be favorable for runaway evaporation which we perform in a crossed-beam optical-dipole trap.
Starting directly from the phase-space density of a magneto-optical trap we observe a Bose-Einstein condensation threshold in less than 3 s of forced evaporation.
DOI: 10.1103/PhysRevA.77.023604

PACS number共s兲: 67.85.Hj, 34.50.Cx, 37.10.De

I. INTRODUCTION

Achieving quantum degeneracy in ultracold atomic gases
by all-optical means has become a well-accepted experimental technique because of several inherent advantages 关1–7兴.
Optical traps allow strong confinement, resulting in high collision rates and rapid evaporative cooling. Confinement of
arbitrary spin states and spin state mixtures is readily obtained. The possibility to tune interactions via Feshbach resonances usually requires optical trapping as they frequently
occur in states that cannot be trapped magnetically 关8,9兴.
Finally, large current coils needed for magnetic-field trapping
that restrict optical access are avoided.
The first successful demonstration of an all-optically
achieved 87Rb Bose-Einstein condensation 共BEC兲 allowed a
significant increase in the rate of BEC production and the
resulting condensates were F = 1 spinors 关1兴. However, the
main driving force behind the search for all-optical techniques was the need to condense specific atoms where “conventional” evaporation in the magnetic trap was not possible.
Two prominent examples are spinless, and thus magnetically
untrappable, BECs of Yb atoms achieved in a doubled YAG
crossed dipole trap 关2兴 and a BEC of 133Cs atoms 关3兴 for
which the strongly enhanced two-body losses from the magnetically trappable states prevent condensate formation in the
“standard” way 关10兴.
Although 7Li atoms can be evaporatively cooled in a
magnetic trap 关11兴, the task remains challenging due to several reasons. First, 7Li atoms posses a relatively small scattering length 共a = −27a0, where a0 is the Bohr radius兲 and a
high two-body loss rate 关12兴. Second, the initial phase-space
density is unfavorably limited by the absence of a
polarization-gradient cooling mechanism. Third, since the
scattering length drops with increased temperature and
crosses zero at T = 8 mK 关13兴, the use of adiabatic compression to increase the elastic collisional rate is ineffective.
Therefore, the strong magnetic confinement needed to keep
the evaporation time comparable with heavier alkali metals,
such as Rb and Na, requires the design of a miniaturized
trap. This is done by either a small-volume vacuum chamber
and high currents 关14兴 or a vacuum-compatible minitrap 关15兴
which both increase the experimental complexity. Finally,
even if the strong confinement is achieved, the scattering
1050-2947/2008/77共2兲/023604共5兲

length is still negative which prevents the formation of a
stable BEC.
In this paper we show an all-optical way to condense 7Li
atoms using tunable interatomic interactions. We use a
100-W ytterbium fiber laser to produce a ⬃2-mK potential
well which traps ⬃106 atoms from a magneto-optical trap
共MOT兲. We explore two Feshbach resonances on the
兩F = 1 , mF = 0典 state and find that one of them is favorable for
efficient forced evaporation starting directly from a phasespace density achieved in the MOT. We obtain a BEC on the
兩F = 1 , mF = 0典 internal state in less than 3 s of evaporation
time.
II. EXPERIMENTAL DETAILS

The 7Li atoms’ route to quantum degeneracy starts in an
oven where they are heated up to 450 ° C to increase their
vapor pressure. An atomic beam is collimated by two distant
apertures and slowed down in an increased magnetic field
Zeeman-slower. The capture velocity of the slower is set to
⬃800 m / s.
Our MOT design and parameters are similar to that described in Ref. 关16兴. After a loading time of 3 s, the trap
contains ⬃109 atoms at a temperature of 1.2 mK. Trap lifetime, limited by a vacuum, is measured to be 10 s. The MOT
parameters, such as pump and repump detunings and magnetic field gradient, are optimized to maximize the number of
atoms. To improve the initial phase-space density we implement a so-called compressed MOT 共CMOT兲 stage 关16,17兴.
For 50 ms the laser intensities are attenuated, detunings are
decreased, and the magnetic field gradient is increased. As a
result the temperature is reduced to 300 K and nearly
half of the atoms are lost. By the end of this phase
⬃5 ⫻ 108 atoms are left in the trap with a density of
n = 4 ⫻ 1011 atoms/ cm3 and a phase-space density of
 = 2 ⫻ 10−5.
The realization of the optical-dipole trap is shown in Fig.
1. A cw ytterbium fiber laser 共IPG Fibertech兲 generates 100
W of linearly polarized light at 1.07 m with a bandwidth
of 2.83 nm. The first-order diffraction beam of an acoustooptic modulator 共AOM兲, with 80% diffraction efficiency, is
focused at the center of the MOT to a waist of 31 m. The
zeroth-order diffraction beam is only weakly focused to
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FIG. 1. A schematic representation of the optical-dipole trap
experimental setup. The first-order diffraction beam is focused to a
waist of 31 m and aligned to the MOT center. The zeroth-order
beam is weakly focused to 300 m. It crosses the first-order beam
at an angle of 19.5° and it only becomes important at the final
stages of evaporation. AOM: acousto-optic modulator. PD:
photodetector.

300 m, and it crosses the first-order beam at an angle of
19.5°. When maximum rf power is applied to the AOM this
beam is very weak and it has no effect on the atoms. At full
laser power 共65 W in the trap region兲 the trap depth, produced by the first-order diffraction beam, is estimated to be
⬃2 mK. Oscillation frequencies in the trap are predicted to
be r = 2 ⫻ 16 kHz and z = 2 ⫻ 120 Hz for the radial and
longitudinal directions, respectively. The radial oscillation
frequency was measured by the parametric driving technique
and found to be in excellent agreement with the predicted
one. We keep the first-order diffraction beam at its full power
throughout the MOT loading time, and atoms are loaded into
the dipole trap mainly during the CMOT phase. Mechanical
shutters are then used to block all resonant light from reaching the trapped atoms. The MOT pump beam, associated
with the 兩F = 2典 ground state, is blocked only a few milliseconds later to allow a 1-ms optical pumping pulse, effectively
transferring all atoms into the 兩F = 1典 ground state. Eventually, we are left with ⬃106 trapped atoms. Phase-space density conditions are similar to those resulted from the CMOT
phase.
We note that the loading efficiency of the optical trap
from the CMOT is rather poor due to the small spatial overlap between the two traps. Even for 100 W laser power the
high initial temperature of the 7Li atoms oblige a tight focusing of the beam in order to create a deep enough potential. This makes the use of a compressible crossed dipole trap
to improve the loading conditions impractical 关5兴.
III. DETECTION OF FESHBACH RESONANCES
ON THE 円F = 1 , mF = 0‹ STATE

The scattering length of 7Li atoms on all sublevels and
sublevel mixtures of the 兩F = 1典 ground state at zero magnetic
field is positive but very small 共⬃10a0兲, impeding efficient
evaporation cooling. However, each sublevel and their mixtures possess at least one Feshbach resonance 关18兴. The resonance on the absolute ground state 兩F = 1 , mF = 1典 has been
previously used for the final stage of forced evaporation in

FIG. 2. 共Color online兲 Energy-level splitting of the 兩F = 1典 hyperfine state of 7Li atoms. With the presence of high magnetic
fields, spin-flip collisions between 兩mF = −1典 and 兩mF = 1典 states result in their transfer into 兩mF = 0典 with an excess of kinetic energy
equal to h ⫻ 29 MHz 共⬃KB ⫻ 1.4 mK兲.

an optical trap after precooling in a magnetic trap 关19,20兴.
The resonances on other sublevels or their mixtures were
neither reported nor used before.
The search for Feshbach resonances requires high offset
magnetic fields. We use two pairs of Helmholtz coils that
allow variable-bias fields of up to 1200 G. When the magnetic field is ramped up to high values we observe a ⬃50%
reduction in atom number. Our state-selective measurement
shows that the remaining atoms are all on the 兩F = 1 , mF = 0典
state. We attribute this loss to spin-flip collisions between
atoms on 兩F = 1 , mF = −1典 and 兩F = 1 , mF = 1典 states. The
energy-level splitting diagram of the 兩F = 1典 state is shown in
Fig. 2. A spin-flip collision that takes place at high magnetic
fields flips the colliding atoms to the 兩F = 1 , mF = 0典 state and
leaves them with an excess of kinetic energy equal to
KB ⫻ 1.4 mK, which is comparable to the trap depth. Most
of the atoms escape, but we observe some increase in the
兩mF = 0典 population. Detection of losses and spontaneous spin
polarization are the first manifestations of the increase in
collisional cross section. As the 兩mF = 0典 state is stable against
spin-exchange collisions at high magnetic fields, we search
for signatures of Feshbach resonances on this state.
Figure 3共a兲 shows a theoretical prediction of the scattering
length as a function of bias magnetic field. Two Feshbach
resonances between 800 G and 900 G are indicated by the
divergence of the scattering length. Experimentally, the resonances are usually observed by the detection of atom loss as
in their proximity the inelastic collisional rate is strongly
enhanced 关21,22兴. For this measurement we ramp up the
magnetic field to different values in 40 ms and wait 0.5 s
before decreasing it to 386 G in 40 ms where in situ stateselective absorption imaging is performed. In Fig. 3共b兲 the
atom number as a function of bias magnetic field is shown.
The atoms are initially prepared at a temperature of 300 K.
Strong losses are observed around 830 G and 880 G featuring a narrow and a broad structure. By fitting them with
simple Gaussian functions, a coarse estimation of the resonances locations and widths can be determined. According to
the fit, the narrow resonance is 7 G wide 共1 / e2 radius兲 and it
is located at 831⫾ 4 G. The uncertainty in its position is due
to an uncertainty in the magnetic field calibration which is
obtained by the detection of optical resonances and thus lim-
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FIG. 4. The gain in atom number and increase in temperature,
which indicate the lack of free evaporation cooling, reveal the zero
crossing of the scattering length at 836⫾ 4 G.

FIG. 3. 共a兲 Theoretical predictions for the scattering length as a
function of bias magnetic field in the 兩F = 1 , mF = 0典 state 关18兴. Divergence of the scattering length signify the presence of two Feshbach resonances. 共b兲 The resonances are detected by measuring
atom loss due to inelastic collisions. The solid lines are Gaussian
fits to define the resonance positions. Note that the maximal loss
does not coincide with the minimum of the Gaussian fit for the
broad resonance. 共c兲 Temperature of the atomic cloud in the optical
trap as a function of bias magnetic field. Decrease in temperature
indicates cooling by free evaporation.

ited by the linewidth of the excited states and the laser lock+4
G is 34 G
ing quality. The broad resonance located at 884−13
wide and features a notable asymmetric profile which tends
to shift the center of a simple Gaussian fit to a higher magnetic field value as compared to the maximal loss position
共detected at 875 G兲. Such an asymmetry in losses in the
vicinity of broad Feshbach resonances has been recently reported for 39K atoms 关23兴 and was attributed to a larger
three-body loss coefficient from the negative-scatteringlength side of the resonance and mean-field effects. The
study followed of molecule association showed that the position of a broad Feshbach resonance is indeed shifted to a
lower value 关23兴. Comparison between the experimental
measurements 关Fig. 3共b兲兴 and the theoretical calculations
关Fig. 3共a兲兴 shows that the maximal loss position suits better
the predicted distance between the two resonances. We there-

fore believe that the actual location of the broad resonance is
at a somewhat lower value than that given by the Gaussian fit
and this systematic error increases the error bars of the experimentally detected resonance position.
Most excitingly, we observe an onset of free evaporation
cooling together with the enhanced inelastic losses 关Fig.
3共b兲兴. In Fig. 3共c兲 we show the temperature change as a
function of the bias magnetic field. A decrease in the temperature indicates cooling which we attribute to the establishment of free evaporation when the collision rate becomes
high enough. The observed cooling allows us to decrease the
temperature by forced evaporation and then scan for Feshbach resonances, again to improve sensitivity.
We execute a short forced evaporation of 1.5 s, reducing
the trap depth to 0.3 mK, 15% of its initial value. Evaporation is performed with a bias field of 850 G which is chosen
to optimize the number-to-temperature ratio based on our
scans for Feshbach resonances at high temperature 关Figs.
3共b兲 and 3共c兲兴. By the end of this evaporation the atoms are
cooled down to a temperature of ⬃50 K. Our scan for
inelastic losses in proximity to Feshbach resonances reveals
the same positions of the resonances observed before including asymmetry in the profile of the broad resonance. However, an additional feature has been identified which we were
unable to detect at high temperature. In Fig. 4, zero crossing
of the scattering length manifests itself in terms of an increased temperature and number of atoms 关24兴. The hold
time at high bias field for this experiment is 0.5 s. During
this time efficient free evaporation reduces the temperature to
40 K if the collisional cross section is high enough. At
zero crossing the scattering length vanishes and so does the
cross section, impeding efficient free evaporation. The asymmetry in this measurement is caused by the proximity of the
zero-crossing point to the narrow resonance at 831 G. The
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zero-crossing point is detected at 836⫾ 4 G where the maximum temperature is observed.
IV. EVAPORATION COOLING TO THE BEC THRESHOLD

Forced evaporation cooling of the optically trapped atoms
down to the BEC threshold is performed by attenuating the
laser power, thus reducing the trap depth which scales linearly with the power reduction factor ␣. A photodiode detector, located behind one of the mirrors, collects a fraction of
the trap beam’s power 共see Fig. 1兲. It generates a voltage
readout that is compared to a set-point signal by a PID controller. An error signal is fed back to the rf-power supplier of
the AOM. With this scheme we are able to control trap depth
reduction up to a factor of ␣ = 3 ⫻ 10−3. As is well known,
trap oscillation frequencies also decrease with the attenuation
of laser power 共⬀冑␣兲, affecting the rethermalization efficiency throughout the evaporation process. In addition to
that, the strong bias magnetic field, employed during evaporation, creates a weak antitrapping potential in the longitudinal direction. This decreases further the optical confinement
toward the end of the evaporation. Indeed, in a single-beam
trap we were unable to cool atoms below a temperature of
10 K. The addition of a zeroth-order diffraction beam
solves this problem. At the beginning of the evaporation it
has no effect on the atoms as its potential depth is negligible.
However, with the reduction of the first-order diffraction intensity, it strengthens to create a confinement potential to the
atoms in the longitudinal direction of the trap. The longitudinal oscillation frequency, determined by the confining
beam, is 2 ⫻ 60 Hz. The zeroth-order beam can be effectively considered as a two-dimensional confining potential
because it produces a very weak 共0.14 Hz兲 oscillation frequency in its propagation direction which is easily overcome
by the magnetic antitrapping potential. We note also that the
crossed trap is slightly shifted from the location of the
zeroth-order beam waist which reduces somewhat the potential at the end of the evaporation.
Forced evaporation is found to work most effectively
when the bias field is set to 866 G. Based on the theoretical
curve 关Fig. 3共a兲兴 we estimate the scattering length to be
共300⫾ 100兲a0. The large uncertainty in the scattering length
is due to the uncertainty in the position of the broad resonance. The trap depth is reduced exponentially in 3 s with a
time constant of 330 ms to less than 0.5% of its initial value.
In Fig. 5, in situ absorption imaging of the trapped atoms at
866 G reveals the onset of a BEC threshold by a familiar
bimodal density distribution. The trace represents the atom
longitudinal density after integrating the radial direction of
the picture above it. Optical resolution is 4 m, less than the
size of the BEC. The thermal atomic cloud is fitted with a
Bose-Einstein distribution function which reveals a temperature of T = 380⫾ 40 nK. The total number of atoms is
6 ⫻ 103 which sets the critical temperature to Tc = 350 nK.
The fitting of the BEC with an inverted parabola reveals

FIG. 5. Onset of BEC. In situ absorption imaging of atoms at
the BEC threshold. The thermal atomic cloud is fitted with a BoseEinstein distribution function which yields a temperature of
380⫾ 40 nK. The number of atoms in the BEC is ⬃700.

⬃700 atoms in the condensate with a Thomas-Fermi radius
of 11 m.

V. CONCLUSIONS

To conclude, we developed a method to all-optically condense 7Li atoms. This way facilitates the BEC production
which is extremely demanding in magnetic traps. We
observed a BEC with repulsive interactions on the
兩F = 1 , mF = 0典 state in less than 3 s of forced evaporation in a
crossed-beam optical-dipole trap. We use the tunability of the
interatomic interactions in the proximity of Feshbach resonances which we observed and characterized for this internal
state.
We note that the condensate lifetime was very short 共a
few tenths of ms兲, presumably because of the extremely large
scattering length. Moreover, our weak optical trap at the end
of the evaporation was not stable enough due to the use of a
single linear photodiode detector. A number of improvements
can be implemented to optimize the performance of the described method. Better laser beam stability, which can be
achieved by using either two detectors 关7兴 or a logarithmic
detector, and a decrease of the scattering length toward the
end of evaporation will improve the condensate lifetime. An
improved vacuum would allow an increase in the number of
atoms in the condensate.
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