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Employing a far-off resonance optical-dipole tidDRT), 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-forbidden'S,- 3P, 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 numbd(s): 32.80.Pj

The attainment of quantum degenerate atomic ghkes alkaline earth and other species such ag ¥pin which an
has been one of the driving forces promoting laser-coolingntercombination transition is used for cooling.
techniques. Toward this goal, various kinds of cooling tech- The light-induced interactions between atoms have been
niques have been developed, allowing us to reach down t#he main obstacle to the creation of cold and dense atomic
subrecoil temperatures. Even for ultracold atoms that ar@as in optical cooling. The radiation-trapping effdc],
laser-cooled down to the photon recoil momenthfa, an ~ Which limits the density and temperature of laser-cooled at-
atom density ofng~\ "2 is necessary to reach a quantumOms, has been moderated by applying Rantsideband
degenerate regime. For atom densities suchmassince the  cooling[8-10], gray molassegl1], or narrow-line[4] cool-
average atom spacing is on the ordehofstrong atom-atom  ing, which minimize the photon scattering or reabsorption in
interactions via the near resonant photon, i.e., the radiatiofhe course of laser cooling. Now, the last obstacle that limits
trapping [2] and the |ight-assisted CO”iSiOf[§], manifest the attainable atom density is Iight-assisted CO”iSi[ﬁ]Sin
themselves and drastically disturb the cooling dynamics. Which the excitations of the attractive quasimolecular poten-

To overcome the difficulties inherent in optical-cooling tial by the red-detuned cooling photon cause inelastic two-
schemes at such high atom densities, evaporative cooling #0dy collisions. These light-assisted collisions with a loss
magnetic traps has been successfully employed to creatéte8 determine the steady-state atom density/@s(8V),
Bose-Einstein condensatiofBEC) in alkali-metal atomic assuming an atom flug into a trap volumev. This formula
gases1]. Optical cooling and the trapping schemes, how-infers a simple guiding principle for high-density trapping:
ever, still attract strong interest because they are expected for the giveng, the atom flux per volume/V needs to be
realize rapid creation of degenerate atoms as well as theincreased.
better handling. Moreover, optical schemes will give unique In order to realize the idea, we have developed an optical-
access to some different atom species not condensed thus féipole trap that can be combined with Doppler cooling, and
polarized fermions, some kinds of bosons with unfavorablghus enhance@/V by efficiently transferring the atoms into
scattering length, or spinless partic[@g, to which thermal- a small conservative trap with the help of optical cooling. In
ization due to elastic collisions or magnetic trapping cannotaser cooling that employs an intercombination transition,
be applied. Among them, alkaline-earth atof can be since the cooling ground state and the excited state are
important for future applications. Using narrow-line cooling mainly coupled to the respective spin states by an applied
[4], fermionic isotopes such &'Sr can be Doppler-cooled laser field, arbitrary light shift potentials for these states can
down to a submicrokelvin regime, where degenerate fermiope generated by tuning the laser parameters. Especially, by
gases show its distinctive features. Spinless bosonic isotopegdjusting the light shifts of both cooling states so that they
on the other hand, have potential importance as an atorare equal, simultaneous Doppler cooling is expected.
interferometer because of their insensitivity to magnetic We employed magneto-optically cooled and trapfSesr
fields, and as candidates for optical standards based on intextoms using the spin-forbiddenSy-*P; transition at\
combination lineg5]. =689 nm. The narrow linewidth of the transitiop/27

This Rapid Communication demonstrates the Doppler=7.6 kHz, which is less than the photon recoil shift of
cooling of %8Sr atoms in a far-off resonance optical-dipole #k?/m=9.5 kHz, cooled atoms down to the photon recoil
trap (FORT) [6] to achieve a phase-space density higher thattemperature of 440 nK and enabled high-density trapping by
0.1, which is, to our knowledge, the highest ever achieved byfficiently suppressing the radiation-trapping effects, leading
purely optical means. This alternative FORT design, whichto a phase-space density @f-0.01[4]. To further increase
allows simultaneous Doppler cooling, enables high loadinghe phase-space density, we applied the FORT described
efficiency of magneto-optically trapped atoms. We haveabove. Figure 1 shows the energy level$t8r. The FORT
shown that the maximum phase-space density is finally limiaser couples the cooling ground state® &S, to the upper
ited by light-assisted inelastic collisions occurring in opticalsinglet series of §np*P;, while the cooling upper state
cooling. The developed scheme can be widely applied t&s5p3P; is coupled to the triplet series of shs®S,,
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. TP M decreasing the laser intensity further, the local minimum of
—p— the potential disappears Bt,=mgaye/2, below which at-
556535, § oms cannot be trapped.
e - Ultracold strontium atoms with a few photon-recoil ener-
5s5p 1P, 5s502D, , gies were prepared by two-stage magneto-optical cooling
688nM", —— and trappind4]. First, strontium atoms were decelerated in a
5s5pP, ,/"'é.’eum Zeeman slower ano_l lloaded into a magneto-optical trap using
-, o the 1S,-1P, transition to precool atoms. Second, we
Ag=461nm R switched the laser to excite the spin-forbiddy- 3P, tran-
PRECOOLING 7&&‘;&;‘3‘ spatial light shifts for sition for further cooling and magneto-optical trapping
. _ Gaussian laser beam (MOT). In order to cover the whole Doppler widtla few
58218, “".‘ ,"' MHz) of the precooled atoms, the second-stage cooling laser
o was frequency modulated for a duration of 70 ms at the
spatial coordinate beginning, by which 30% of the precooled atoms were re-

FG. 1 The ey vl oS A FORT ssr s, COPUISS, The otialon o 8 cooing s vas e
=800 les th l d sta d th ited stat ' . L
nm couples the cooling ground sta and the excited state C%et to —200 kHz and 16QuW/cn?, respectively. Simulta-

3P, to the upper singlet and triplet states, respectively, generatin | | b d by the titani hi
the same amount of Stark shifts. Spatial light shifts for these twd'€OUS!Y, tWo laser beams, generated by the titanium-sapphire

states are schematically depicted by the dotted lines assuming th{@S€r and passed through optical fibers, were introduced to
FORT laser with gaussian profile. Because the atomic resonancart the loading of atoms. In order to form the FORT, these
frequency is unchanged in space, the optical confinemelgjwan  laser beams perpendicularly crossed one another at their
be compatible with Doppler cooling on the intercombination line. Waists almost in the center of the MOT. The laser beams had
orthogonal linear polarization to avoid causing interference
at the intersection. The atom transfer into the FORT contin-
ued for 35 ms in the presence of the MOT laser. After that,
he MOT laser was turned off to operate the FORT alone for
0 ms, in which period the atoms not transferred into the

5p?3Py 1. and nd3D; ,. Our calculation and preliminary

experiment{12] showed that the same negative light shifts
for both states can be realized by tuning the laser waveleng
to Ag=800 nm, at which the Stark shift coefficient for both

1 3 _ . FORT were separated.
So and °Py is U/h=1gx1.45 mHz/(W/nf), wherelg is Typically, 20% of the atoms recaptured in the MOT were
the laser power density. This same amount of negative light

shift guaranteed that the FORT is compatible with the Dop_trar)sferred into the FORT.’ while th_e atom t.e.m perature re-
) . . mained constant. The various loading conditions were ex-
pler cooling or the magneto-optical trapping because the

atomic resonance frequency is virtually unchanged in spacg erimentally adjusted to optimize the final phase-space den-
In addition, as the FORT laser &t is 340-nm far-off reso- Sity. The laser detuning, and the magnetic field gradient of

nant from thelS,- 1P, transition, the photon-scattering rate the MOT (typically ~5 G/cm) set the size of the MOT,
) 1 : while the intensityl, set the atom temperature, as indicated
is below 10*s for a typical laser power oflg

- } . e . in Ref.[4]. The optimum parameters were determined by the
=18 kwierf, thus, recoil heating is negl|g|blg. competition among the loading efficiency, the loss of atoms
A crossed dipole trap formed by two horizontal beams

ropacating alona the andv axes was applied to provide due to inelastic collisions, and the temperature of the atoms.
Fhrepe-gimegsiona? tight cor}wlfinement of I?ﬂl‘i')oms Tﬁe actua or example, reducing the trap volume improved the loading
gnt i L fficiency but enhanced the collision losses. Furthermore, the

shape of the trap potential, determined by the combination

. . L ) ORT loading time with the MOT laser present was opti-
the Stark Sh'ﬁ. F’Otef‘“a'? anc_j the_grawtatlonal potentiglz mized by considering the balance between the atom loading
along the vertical direction, is written as

and the collision losses. The loading atom fléixdecreased
continuously because the available atom number in the MOT
U(x,y,z)=— Uo{ef(x2+zz)/a2+ef(y2+zz)/a2}+ mgz (1) Was limited, while the Co_llis_ion losgn? increased quadrati-
cally as the FORT density increased.

The trapped atoms were observed using an absorption im-
wherea is thee™ ! radius of the laser beam andl, is the  aging technique. To image the atoms in the FORT, a probe
depth of the Stark shift potential given by a single beam. Thdaser with an intensity of 12@W/cn? tuned to 17 MHz
effective depth of the trap is set by the lowest potential barabove the'S,- 1P, resonance was sent through the atoms for
rier in either directionU(x,y,0) provides the potential depth 20 us after 10 ms of FORT operation. The shadow of the
of u,,=Ug on thex-y plane, andJ(0,02) gives the depth of atoms was imaged on a charge-coupled dewC&D)

u, along thez axis, which varies €.u,<2U, depending on through a microscope objective lens. The magnification of
the competition between gravity and the optical dipole forcethe imaging system was 2.3, corresponding to the rescaled
For high laser intensity, where the Stark shift potential domi-CCD-pixel size of 5.2um. The resolution was measured to
nates the gravitational one and thug,=U,<u,<2U, be 6.6um. The image is shown in Fig.(@. Since the axis
holds, energetic atoms leak along each beam axis in the horof the probe beam was directed épt g, in the notation of
zontal plane. On the other hand, for lower intensity, sinceEq. (1), the trapped atoms were observed as a faint line and
u,<uy,=U,, the atoms leak along the direction. When a dense ellipsoid on it, corresponding to the atoms confined
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FIG. 2. (a) Absorption image of strontium atoms trapped in a
crossed dipole tragb) Corresponding atom distribution along the
horizontal direction. Over half of the atoms were trapped in the

crossed region.

in each FORT laser axis and in the intersection, respectivel
The typicale™ ! radius of the ellipsoid was,=6 um ver-
tically and o,=12 um horizontally. The atom-number dis-
tribution corresponding to Fig.(d) horizontally is shown in
Fig. 2(b), which indicates that over half of the atoms cap-
tured by the FORT are confined in the crossed region.
The temperaturel and the number of atoms in the
FORT were determined by time-of-flighifftOF) measure-
ments. At 6 ms after turning off the FORT laser, i.e., 16 ms
after turning off the MOT laser, the probe laser was flashe
for 50 us to image the two expanded atom clouds, corre-
sponding to the atoms transferred into the FORT and thos
not transferred. These two atom clouds indicated the tem
perature of the atoms in the FORT and the MOT, respec
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FIG. 4. Phase-space density of the atoms trapped in the crossed
FORT as a function of the single FORT laser intensity. Different
symbols correspond to different runs. Although the uncertainties in
the estimation of the atom cloud size introduced relatively large
error bars, as shown, a phase-space density exceeding 0.1 was ob-
tained.

%ively. Both temperatures are summarized in Fig. 3 as a func-
tion of the FORT laser intensity. While the temperature of
atoms in the MOT was constarit; linearly depended on the
laser intensity because the effective depth of the FORT po-
tential u,, or u,, as shown by the dashed lines in Fig. 3,
truncated the kinetic energy of trapped atoms. In the calcu-
lation of the trap depth, we assumed a beam waish of
=20 um that reasonably agreed with the measured beam
adius.

We carefully determined the number of atoms in the
crossed FORT by combining the FORT image and the TOF
fmage, because the high atom density(10"2 cm™3) in the
crossed region modified the absorption rate of the probe laser
due to radiation-trapping effects. We made the TOF mea-
surement when the atoms not transferred into the FORT had
been spatially separated. The total number of atdmdi-
nally detected by the TOF was that of atoms trapped any-
where in the FORT laser beams, i.e., outside and inside of
the beam intersection. With the help of the FORT image, we
could precisely determine the number of atoms outside of the
beam intersectiol,,; because of its low density. Hence the
atom number inside the intersectidf), was inferred from
both numbers, i.e.Nj;=N;— Ny, which ranged from 4
X 10* to 3X 10° depending on the FORT laser intensity.

We estimated the size of the atom cloud in the crossed
region by a FORT image assuming a gaussian distribution of

0 50
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FIG. 3. Temperature of the atoriig in the crossed FORT@®)
and the MOT () as a function of the single FORT laser intensity.

atoms. It should be noted that these fits could overestimate
the actual trap size because the radiation-trapping effects
could distort the atom density profiles by reducing the probe

absorption, especially in the trap center. In order to estimate
the lower bound of the atom density or the phase-space den-
sity, we took the volume ag= 7?0, 02, wherecs, ando,

the vertical and horizontal ! radii obtained by the fit-

The dashed lines, and u,, are the calculated FORT potential &€ S ra _
along the vertical direction and in the horizontal plane, respectivelyting. The phase-space density is thus estimated pby
These barriers truncated the kinetic energy of atoms in the FORT= (N/V)\3g with Agg=h/\27mks T, wherem is the mass
forcing theT to decrease proportionately to these barrier heights abf an atom. Results are summarized in Fig. 4 as a function of
the expense of trapped atoms. FORT laser intensity. The asymmetric error bars shown in
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the figure are mainly due to the uncertainties in the volumeainable densityn;=10" cm 3, which moderately agreed
measurements: The radiation-trapping effects describeglith the atom density we experimentally attained in the
above may result in the reduction of volume by 60% or thecoRrT. Since the density; is proportional toy/¢/(8V), two

increase inp by 150%, while the other statistical uncertain- .qers of enhancement ih/(BV) are necessary to reach
ties were on the 20% level. In spite of these relatively Iargequantum degeneracy

error bars, it is clear that the phase-space density well ex- In summary, we have demonstrated a rapid creation of

ceeds 0.1, with slightly increasing tendency as the FORT . . )
depth decreasdd 3], nearly degenerate strontium atoms by employing an alterna

The obtained phase-space density was mainly limited b%\;e FORT scheme, which is based on the successful combi-

the achievable atom density in the presence of light-assiste t|or|1 of plr_operly deS|gneq dipole bforge tjfipp“\}g art;d
collisions occurring during atom transfer into the FORT. To DOPPIer-cooling on a narrow intercombination line. We ob-

examine the influence, we measured the fluorescence decﬁg : ; ) -~ A :
of the MOT and thus obtained the binary loss rataith the Ight-assisted inelastic collisions occurring in laser cooling.
Therefore the reduction of these inelastic collisions is crucial

help of atom-density measurements. The light-assisted colht ) the densitv b h der. Al )
sion loss rate was found to be X80 <B<15 o increase the density by another order. A laser suppression

x 10~ 11 (cm¥/s), rather insensitive to the MOT laser param- of light-assisted collisions or evaporative coolifly in an
eters that were,used in the FORT loading experinjént optical trap may overcome these difficulties. Even in the lat-
With the loading flux ¢ into the FORT volumeV, the ter case, evaporative cooling .time, which is reported' typi-
change of atom density obeys the rate equatiodn/dt cally tens of seconds for alkali-metal atoirid, can be sig-
—$IV—pn®. We define the rising time constant as nificantly reduced because of the high phase-space density

=1.5(8¢/V) " Y2=1.5(8n,) "%, in which the density reaches "'© start with.
90% of the equilibrium densitp; [15]. The measured rising We would like to thank M. Gonokami for helpful discus-
time 7=15 ms and loss rat8=10 1! cm®/s yielded the at- sion and M. Daimon for his advice on focusing optics.

rved that the phase-space density was finally limited by the
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