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Optical-dipole trapping of Sr atoms at a high phase-space density
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Employing a far-off resonance optical-dipole trap~FORT!, we attained a phase-space density exceeding 0.1,
or an order to quantum degeneracy. Strontium atoms were magneto-optically cooled and trapped using the
spin-forbidden1S0- 3P1 transition and then compressed into a FORT that was designed to allow simultaneous
Doppler cooling. We discussed that the phase-space density was finally limited by the light-assisted collisions
occurring in the optical cooling.

PACS number~s!: 32.80.Pj
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The attainment of quantum degenerate atomic gases@1#
has been one of the driving forces promoting laser-coo
techniques. Toward this goal, various kinds of cooling te
niques have been developed, allowing us to reach dow
subrecoil temperatures. Even for ultracold atoms that
laser-cooled down to the photon recoil momentumh/l, an
atom density ofnR;l23 is necessary to reach a quantu
degenerate regime. For atom densities such asnR , since the
average atom spacing is on the order ofl, strong atom-atom
interactions via the near resonant photon, i.e., the radia
trapping @2# and the light-assisted collisions@3#, manifest
themselves and drastically disturb the cooling dynamics.

To overcome the difficulties inherent in optical-coolin
schemes at such high atom densities, evaporative coolin
magnetic traps has been successfully employed to cr
Bose-Einstein condensation~BEC! in alkali-metal atomic
gases@1#. Optical cooling and the trapping schemes, ho
ever, still attract strong interest because they are expecte
realize rapid creation of degenerate atoms as well as t
better handling. Moreover, optical schemes will give uniq
access to some different atom species not condensed thu
polarized fermions, some kinds of bosons with unfavora
scattering length, or spinless particles@4#, to which thermal-
ization due to elastic collisions or magnetic trapping can
be applied. Among them, alkaline-earth atoms@5# can be
important for future applications. Using narrow-line coolin
@4#, fermionic isotopes such as87Sr can be Doppler-cooled
down to a submicrokelvin regime, where degenerate ferm
gases show its distinctive features. Spinless bosonic isoto
on the other hand, have potential importance as an a
interferometer because of their insensitivity to magne
fields, and as candidates for optical standards based on i
combination lines@5#.

This Rapid Communication demonstrates the Dopp
cooling of 88Sr atoms in a far-off resonance optical-dipo
trap~FORT! @6# to achieve a phase-space density higher t
0.1, which is, to our knowledge, the highest ever achieved
purely optical means. This alternative FORT design, wh
allows simultaneous Doppler cooling, enables high load
efficiency of magneto-optically trapped atoms. We ha
shown that the maximum phase-space density is finally l
ited by light-assisted inelastic collisions occurring in optic
cooling. The developed scheme can be widely applied
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alkaline earth and other species such as Yb@7#, in which an
intercombination transition is used for cooling.

The light-induced interactions between atoms have b
the main obstacle to the creation of cold and dense ato
gas in optical cooling. The radiation-trapping effect@2#,
which limits the density and temperature of laser-cooled
oms, has been moderated by applying Raman~sideband!
cooling @8–10#, gray molasses@11#, or narrow-line@4# cool-
ing, which minimize the photon scattering or reabsorption
the course of laser cooling. Now, the last obstacle that lim
the attainable atom density is light-assisted collisions@3#, in
which the excitations of the attractive quasimolecular pot
tial by the red-detuned cooling photon cause inelastic tw
body collisions. These light-assisted collisions with a lo
rateb determine the steady-state atom density asAf/(bV),
assuming an atom fluxf into a trap volumeV. This formula
infers a simple guiding principle for high-density trappin
for the givenb, the atom flux per volumef/V needs to be
increased.

In order to realize the idea, we have developed an opti
dipole trap that can be combined with Doppler cooling, a
thus enhancedf/V by efficiently transferring the atoms int
a small conservative trap with the help of optical cooling.
laser cooling that employs an intercombination transitio
since the cooling ground state and the excited state
mainly coupled to the respective spin states by an app
laser field, arbitrary light shift potentials for these states c
be generated by tuning the laser parameters. Especially
adjusting the light shifts of both cooling states so that th
are equal, simultaneous Doppler cooling is expected.

We employed magneto-optically cooled and trapped88Sr
atoms using the spin-forbidden1S0- 3P1 transition at l
5689 nm. The narrow linewidth of the transitiong/2p
57.6 kHz, which is less than the photon recoil shift
\k2/m59.5 kHz, cooled atoms down to the photon rec
temperature of 440 nK and enabled high-density trapping
efficiently suppressing the radiation-trapping effects, lead
to a phase-space density ofr;0.01 @4#. To further increase
the phase-space density, we applied the FORT descr
above. Figure 1 shows the energy levels of88Sr. The FORT
laser couples the cooling ground state 5s2 1S0 to the upper
singlet series of 5snp1P1, while the cooling upper state
5s5p 3P1 is coupled to the triplet series of 5sns3S1 ,
©2000 The American Physical Society03-1
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5p2 3P0,1,2, and 5snd3D1,2. Our calculation and preliminary
experiment@12# showed that the same negative light shi
for both states can be realized by tuning the laser wavele
to lF5800 nm, at which the Stark shift coefficient for bo
1S0 and 3P1 is U/h5I F31.45 mHz/(W/m2), where I F is
the laser power density. This same amount of negative l
shift guaranteed that the FORT is compatible with the D
pler cooling or the magneto-optical trapping because
atomic resonance frequency is virtually unchanged in sp
In addition, as the FORT laser atlF is 340-nm far-off reso-
nant from the1S0- 1P1 transition, the photon-scattering ra
is below 1021 s for a typical laser power ofI F
518 kW/cm2; thus, recoil heating is negligible.

A crossed dipole trap formed by two horizontal bea
propagating along thex and y axes was applied to provid
three-dimensional tight confinement of atoms. The act
shape of the trap potential, determined by the combinatio
the Stark shift potentials and the gravitational potentialmgz
along the vertical direction, is written as

U~x,y,z!52U0$e
2(x21z2)/a2

1e2(y21z2)/a2
%1mgz, ~1!

wherea is the e21 radius of the laser beam andU0 is the
depth of the Stark shift potential given by a single beam. T
effective depth of the trap is set by the lowest potential b
rier in either direction.U(x,y,0) provides the potential dept
of uxy5U0 on thex-y plane, andU(0,0,z) gives the depth of
uz along thez axis, which varies 0,uz,2U0 depending on
the competition between gravity and the optical dipole for
For high laser intensity, where the Stark shift potential dom
nates the gravitational one and thusuxy5U0,uz,2U0
holds, energetic atoms leak along each beam axis in the h
zontal plane. On the other hand, for lower intensity, sin
uz,uxy5U0, the atoms leak along thez direction. When

FIG. 1. The energy levels of88Sr. A FORT laser atlF

5800 nm couples the cooling ground state1S0 and the excited state
3P1 to the upper singlet and triplet states, respectively, genera
the same amount of Stark shifts. Spatial light shifts for these
states are schematically depicted by the dotted lines assumin
FORT laser with gaussian profile. Because the atomic reson
frequency is unchanged in space, the optical confinement in1S0 can
be compatible with Doppler cooling on the intercombination lin
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decreasing the laser intensity further, the local minimum
the potential disappears atU05mgaAe/2, below which at-
oms cannot be trapped.

Ultracold strontium atoms with a few photon-recoil ene
gies were prepared by two-stage magneto-optical coo
and trapping@4#. First, strontium atoms were decelerated in
Zeeman slower and loaded into a magneto-optical trap u
the 1S0- 1P1 transition to precool atoms. Second, w
switched the laser to excite the spin-forbidden1S0- 3P1 tran-
sition for further cooling and magneto-optical trappin
~MOT!. In order to cover the whole Doppler width~a few
MHz! of the precooled atoms, the second-stage cooling la
was frequency modulated for a duration of 70 ms at
beginning, by which 30% of the precooled atoms were
captured. The modulation of the cooling laser was th
turned off, and the detuningdL and the total intensityI L were
set to 2200 kHz and 160mW/cm2, respectively. Simulta-
neously, two laser beams, generated by the titanium-sapp
laser and passed through optical fibers, were introduce
start the loading of atoms. In order to form the FORT, the
laser beams perpendicularly crossed one another at
waists almost in the center of the MOT. The laser beams
orthogonal linear polarization to avoid causing interferen
at the intersection. The atom transfer into the FORT con
ued for 35 ms in the presence of the MOT laser. After th
the MOT laser was turned off to operate the FORT alone
10 ms, in which period the atoms not transferred into
FORT were separated.

Typically, 20% of the atoms recaptured in the MOT we
transferred into the FORT, while the atom temperature
mained constant. The various loading conditions were
perimentally adjusted to optimize the final phase-space d
sity. The laser detuningdL and the magnetic field gradient o
the MOT ~typically ;5 G/cm) set the size of the MOT
while the intensityI L set the atom temperature, as indicat
in Ref. @4#. The optimum parameters were determined by
competition among the loading efficiency, the loss of ato
due to inelastic collisions, and the temperature of the ato
For example, reducing the trap volume improved the load
efficiency but enhanced the collision losses. Furthermore,
FORT loading time with the MOT laser present was op
mized by considering the balance between the atom load
and the collision losses. The loading atom fluxf decreased
continuously because the available atom number in the M
was limited, while the collision lossbn2 increased quadrati
cally as the FORT densityn increased.

The trapped atoms were observed using an absorption
aging technique. To image the atoms in the FORT, a pr
laser with an intensity of 120mW/cm2 tuned to 17 MHz
above the1S0- 1P1 resonance was sent through the atoms
20 ms after 10 ms of FORT operation. The shadow of t
atoms was imaged on a charge-coupled device~CCD!
through a microscope objective lens. The magnification
the imaging system was 2.3, corresponding to the resc
CCD-pixel size of 5.2mm. The resolution was measured
be 6.6mm. The image is shown in Fig. 2~a!. Since the axis
of the probe beam was directed toex1ey in the notation of
Eq. ~1!, the trapped atoms were observed as a faint line
a dense ellipsoid on it, corresponding to the atoms confi
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in each FORT laser axis and in the intersection, respectiv
The typicale21 radius of the ellipsoid wassv56 mm ver-
tically and sh512 mm horizontally. The atom-number dis
tribution corresponding to Fig. 2~a! horizontally is shown in
Fig. 2~b!, which indicates that over half of the atoms ca
tured by the FORT are confined in the crossed region.

The temperatureTF and the number of atoms in th
FORT were determined by time-of-flight~TOF! measure-
ments. At 6 ms after turning off the FORT laser, i.e., 16
after turning off the MOT laser, the probe laser was flash
for 50 ms to image the two expanded atom clouds, cor
sponding to the atoms transferred into the FORT and th
not transferred. These two atom clouds indicated the t
perature of the atoms in the FORT and the MOT, resp

FIG. 2. ~a! Absorption image of strontium atoms trapped in
crossed dipole trap.~b! Corresponding atom distribution along th
horizontal direction. Over half of the atoms were trapped in
crossed region.

FIG. 3. Temperature of the atomsTF in the crossed FORT (d)
and the MOT (s) as a function of the single FORT laser intensit
The dashed linesuz and uxy are the calculated FORT potentia
along the vertical direction and in the horizontal plane, respectiv
These barriers truncated the kinetic energy of atoms in the FO
forcing theTF to decrease proportionately to these barrier height
the expense of trapped atoms.
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tively. Both temperatures are summarized in Fig. 3 as a fu
tion of the FORT laser intensity. While the temperature
atoms in the MOT was constant,TF linearly depended on the
laser intensity because the effective depth of the FORT
tential uxy or uz , as shown by the dashed lines in Fig.
truncated the kinetic energy of trapped atoms. In the ca
lation of the trap depth, we assumed a beam waist oa
520 mm that reasonably agreed with the measured be
radius.

We carefully determined the number of atoms in t
crossed FORT by combining the FORT image and the T
image, because the high atom density (n.1012 cm23) in the
crossed region modified the absorption rate of the probe l
due to radiation-trapping effects. We made the TOF m
surement when the atoms not transferred into the FORT
been spatially separated. The total number of atomsNt fi-
nally detected by the TOF was that of atoms trapped a
where in the FORT laser beams, i.e., outside and inside
the beam intersection. With the help of the FORT image,
could precisely determine the number of atoms outside of
beam intersectionNout because of its low density. Hence th
atom number inside the intersectionNin was inferred from
both numbers, i.e.,Nin5Nt2Nout, which ranged from 4
3104 to 33105 depending on the FORT laser intensity.

We estimated the size of the atom cloud in the cros
region by a FORT image assuming a gaussian distributio
atoms. It should be noted that these fits could overestim
the actual trap size because the radiation-trapping eff
could distort the atom density profiles by reducing the pro
absorption, especially in the trap center. In order to estim
the lower bound of the atom density or the phase-space
sity, we took the volume asV5p3/2svsh

2 , wheresv andsh

are the vertical and horizontale21 radii obtained by the fit-
ting. The phase-space density is thus estimated byr
5(N/V)ldB

3 with ldB5h/A2pmkBTF, wherem is the mass
of an atom. Results are summarized in Fig. 4 as a functio
FORT laser intensity. The asymmetric error bars shown

e

y.
T,
at

FIG. 4. Phase-space density of the atoms trapped in the cro
FORT as a function of the single FORT laser intensity. Differe
symbols correspond to different runs. Although the uncertaintie
the estimation of the atom cloud size introduced relatively la
error bars, as shown, a phase-space density exceeding 0.1 wa
tained.
3-3
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the figure are mainly due to the uncertainties in the volu
measurements: The radiation-trapping effects descr
above may result in the reduction of volume by 60% or
increase inr by 150%, while the other statistical uncertai
ties were on the 20% level. In spite of these relatively la
error bars, it is clear that the phase-space density well
ceeds 0.1, with slightly increasing tendency as the FO
depth decreases@13#.

The obtained phase-space density was mainly limited
the achievable atom density in the presence of light-assi
collisions occurring during atom transfer into the FORT.
examine the influence, we measured the fluorescence d
of the MOT and thus obtained the binary loss rateb with the
help of atom-density measurements. The light-assisted c
sion loss rate was found to be 5310212,b,1.5
310211 (cm3/s), rather insensitive to the MOT laser param
eters that were used in the FORT loading experiment@14#.
With the loading flux f into the FORT volumeV, the
change of atom densityn obeys the rate equationdn/dt
5f/V2bn2. We define the rising time constant ast
51.5(bf/V)21/251.5(bnf)

21, in which the density reache
90% of the equilibrium densitynf @15#. The measured rising
time t515 ms and loss rateb510211 cm3/s yielded the at-
v.

ki,

e

v
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tainable densitynf51013 cm23, which moderately agreed
with the atom density we experimentally attained in t
FORT. Since the densitynf is proportional toAf/(bV), two
orders of enhancement inf/(bV) are necessary to reac
quantum degeneracy.

In summary, we have demonstrated a rapid creation
nearly degenerate strontium atoms by employing an alte
tive FORT scheme, which is based on the successful com
nation of properly designed dipole force trapping a
Doppler-cooling on a narrow intercombination line. We o
served that the phase-space density was finally limited by
light-assisted inelastic collisions occurring in laser coolin
Therefore the reduction of these inelastic collisions is cruc
to increase the density by another order. A laser suppres
of light-assisted collisions or evaporative cooling@1# in an
optical trap may overcome these difficulties. Even in the l
ter case, evaporative cooling time, which is reported ty
cally tens of seconds for alkali-metal atoms@1#, can be sig-
nificantly reduced because of the high phase-space de
we start with.

We would like to thank M. Gonokami for helpful discus
sion and M. Daimon for his advice on focusing optics.
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