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Compression of cold atoms to very high densities in a rotating-beam blue-detuned optical trap
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We propose and demonstrate a scheme for a blue-detuned optical dipole trap for cold atoms which consists
of a single, rapidly rotating laser beam. We characterize a parameter range in which the optical potential can
be accurately described by a quasistatic time-averaged potential. The trap is loadedl@itRb atoms, and
is then compressed adiabatically by a factor of 350 to a final density<df(5® cm™3. A~4 times adiabatic
increase in the peak phase-space density of the trapped atoms is obtained due to the change in the shape of the
trap potential. The two-body elastic and inelastic collision rates of atoms in the compressed trap are
determined.

PACS numbgs): 32.80.Pj, 42.50.Vk, 39.96.d

Obtaining high atomic phase-space densities in optical diaveraged quasistatic potential. In the beam propagation di-
pole traps has attained much interest lately, and has led tection, the atoms are trapped by the divergence of the fo-
demonstrations of new laser-cooling schemes at high denstused laser beam. The two lowest points in ffiene-
ties in red-detuned tragé—3]. Since a large detuning of the averaged potential barrier of the trap are located on the
trapping light from an atomic resonance is required to suoptical axis[the center of the cross section in Fidcjl. In
press spontaneous emission, the depth of the optical potenti@r trap, with a laser power of 200 mW, a detuning &f
and hence the density and number of atoms in these traps afel.5 nm above th®, line (\=780.2 nm of ¥Rb, andr
limited. Blue-detuned dipole traps, where repulsive light=2100 xm, this minimal potential height is 22K, and
forces confine atoms mostly in the dark, provide weak perscales approximately as 2. These values for the laser
turbations of atomic coherences combined with a steep pdeower and detuning are assumed throughout this paper un-
tential [4]. This enables observation of much longer coher-less stated otherwise. Stable trapping of atoms in the RO-
ence times, and may lead to higher densities than iBOT was obtained for a detuning range-0.1-10 nm, and
comparable red-detuned traps. Unfortunately, the complexit§or a rotation-radius range=24—105um (r/wy=1.5-6.5.
of forming blue-detuned traps limits their wide use. Hence The ROBOT was loaded from a compresséeRb
single-beam blue-detuned traps are of a great interest thanksagneto-optical trap(MOT), described elsewher¢10Q].
to their possible flexibility in manipulating the trapping po- Briefly, 700 ms of loading, 47 ms of compression, and 3 ms
tential size and shag®]. of polarization gradient cooling produced a cloud ef3

In this Rapid Communication we present a configurationx 10° atoms, with a temperature of/9K and a peak density
of a single-beam blue-detuned optical trap, based on a rapf 1.5x 10" cm™3 . After all the laser beams were shut off
idly rotating laser beam that traps atoms in a dark volumeexcept for the rotating trapping beam which was overlap-
completely surrounded by light. Since the trap is realizedping the center of the MOJT a few million atoms were typi-
with a single laser beam, large dynamical changes of theally loaded into the trap, with temperatures and densities
potential size and shape were readily obtained. A large initiatomparable to those of the MOT. The number of trapped
volume provided an efficient loading into the trap, and anatoms and the size of the trap were measured using fluores-
adiabatic decrease of the trap size yielded a dramatic incence and absorption imaging. The fluorescence imaging
crease in the potential depth and in the atomic density. Thigzas induced by a 10@s strong laser pulse, resonant with
resulted in a very dense atomic cloud with a relatively largethe 5S;,,F4=3—5P3,,F,=4 transition. For the absorp-
number of atoms. Recently, a similar dynamic compressiottion imaging, a 20us pulse of a weak laser beam was ap-
was reported in a microscopic magnetic trap, though with glied from the transverse direction, and the trap shadow was
moderate number of atonj§]. imaged on a charge-coupled-device camera, with a resolu-

Rotating laser beams were used as optical tweezers to trdjon of o,.s=3 wm. Temperature was measured using im-
reflective particles[7], and also to trap atoms in a two- ages obtained after ballistic expansion.
dimensional trag8]. However, the very low rotation fre-
guencies €1kHz) in those configurations made them un-
suitable for trapping high-density atomic samples.

Our rotating beam optical trafROBOT) is composed of
a Iir;early polarized, tightly focused Gaussian laser beam
(1/e“ radius ofwy=16 xm), which is rapidly(up to 400
kHz) rotating usiong two perpendicular acousto-optic scan- @ ®) © @ ®) ©
ners (AOS’s) [9]. When the radius of rotatiom, is larger FIG. 1. Measured cross sections of the time-averaged intensity
thenw,, a dark volume surrounded by light is obtained, asin three positions along the ROBOT, for a radius of rotation
seen in Fig. 1. If the rotation frequency is high enough, the=100 um, together with a schematic drawing of the rotating laser
optical dipole potential can be approximated as a timebeam.
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atoms after 500 ms of 4% modulation of the potential depth, as a
FIG. 2. Lifetime of the trapped atoms as a function of the rota-fynction of the modulation frequencgb) Axial: size of the atomic
tion frequency of the trapping beam, for two trap radii. cloud as a function of time after a sudden decrease in the rotation
radius. The solid line is an exponentially decaying sine wave fit to
We studied the stability of the trap by measuring the life-the data.
time of the trapped atoms as a function of the rotation fre-
quency,f,,, of the trapping beam. For low atomic densities
the trap lifetime was always well fitted by an exponential ~To increase the density of the atomic sample adiabati-
decay. The measuredellifetimes are shown in Fig. 2, for cally, the trap was slowly compressed fromyiaj t0 I finas in
two rotation radii. For =67 um, the trap became stable for 150 ms. The number of trapped atoms Was 1.2x 1¢°, and
f0t=20 kHz, where the lifetime is~600ms, limited by no atoms were lost from the trap due to the compression. We
collisions with hot background atoms. For32 um, stable  verified that the compression is indeed adiabatic by observ-
trapping was achieved only fdf,,;=60 kHz. This is ex- ing that the cloud size after the compression did not oscillate
pected, since the oscillation frequency of the trapped atomBy >5%. The compressed atomic cloud had a nearly Gauss-
is higher in the smaller trap. The rest of the experiment wa$an density distribution with a measured rms axial size of
performed withf,,;=100 kHz, where the trap was stable o,=300 um, and temperatures df,=48 uK in the axial
over the whole radius range. direction andT,=124 uK in the radial direction. Since the
Next we characterized the time-averaged trapping potercompression time is much longer than the radial oscillation
tial by precisely measuring the oscillation frequencies of theime, the radial sizer, can be deduced from the measured
trapped atoms in both the radial and axial directions. Thestemperature and oscillation frequeney,=v,/wy=6.6 um,
measurements were done fofw,<2, where the time- wherev, is the measured rms transverse velocity of the at-
averaged potential is approximately harmonic at its bottomoms. This size is in agreement with the size measured using
For r=27 um a radial oscillation frequency ob,=2m the absorption imaging systena(=8.8 um), considering
X 2680 Hz was measured using a parametric excitatioffs resolution.
techniqug 11], as seen in Fig.(®). This value is in excellent A further increase in the density was achieved by opti-
agreement with values calculated either for the time-<ally cooling the atomic sample. To prevent loss of atoms
averaged potential or using a Monte CafMC) simulation ~ due to light assisted collisiorj42] a short(1.5 mg cooling
that included the full time dependence of the potential, whichpulse was applied. The lowest final temperaturesl sf 28
both gavew,=2mXx2690 Hz. This measurement was re- uK and T,=41 uK, were obtained when the cooling pulse
peated for different trap radii, and a similar agreement withwas applied at =44 um with a detuning of-75 MHz from
the calculations was obtained. theF,=3—F.=4 line[13]. An optimal timing for the cool-
The axial oscillation frequency was measured by observing pulse is expected. When the cooling was applied in the
ing the oscillations in the size of the trapped atomic cloudearly part of the compressiom %44 um), the atoms were
after a sudden compression of the potential. The trap radiusooled back to their initial temperature but were heated dur-
was decreased fromitio =100 um to rjp=27 umin 1 ing the remaining part of the compression. On the other
ms, and the size of the atomic cloud along the trap axis waband, when the pulse was applied toward the end of the
measured at different times after the compression. The resompression (<44 um), the density was already too high
sults, which are presented in Fig(b® show a breathing and optical cooling failed14].
mode oscillation of the atoms in the final potential at twice From the measured temperatures and oscillation frequen-
the axial oscillation frequency,= 27X 32 Hz. Again, this cies we calculate the peak atomic density aga
value is in good agreement with our calculations, which both=Naw2w,/(2m)*?2v,=2x 10*3 cm™ 2 in the compressed trap
give w,=2m7X29 Hz. The precise characterization of the with the cooling pulse applied, with an estimated uncertainty
trapping potential served two purposes. First, it confirmedbf a factor of 2. This represents a compression by a factor of
the validity of the time-averaged potential approximation in130 and a 16-fold increase in the peak phase-space density
the limit of high rotation frequency. Second, it was used tocompared to the initial conditions.
verify the density of the trapped atoms when their radial size Measurements of the decay of the number of trapped at-
was comparable to the resolution of our imaging system. oms indicate that two-body collision losses are becoming
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FIG. 4. Decay of the number of trapped atoms after the adia- FIG. 5. Evolution of the radial and axial temperatures of the
batic compression, for the two hyperfine ground states. The solidrapped atoms after the adiabatic compression.
lines are fits according to Eq1).

. . . , ) sis described in Ref5], the total photon scattering rate in
important at the high densities obtained in the compressefl.c ~o<e is found to be.=7 s L. For the compressed trap
s :

trap. As seen in Fig. 4, the measured decay curves for atoms_~ . . - 1 i . .
in eitherF =3 or F,=2 [15] are well fitted by the solution We similarly measuregs=156 s =. The 22-fold increase in

of the rate equation the s_cattering rate is partly due t010-fold increase in the
' kinetic energy of the trapped atoms, and partly due to the

BN2 change in the shape of the trap potential from nearly boxlike
dN/dt=— aN—,Bf n?dV=—aN—- ————, (1) to harmonic.

Finally, to obtain even stronger compression and to fur-
) ) ) S . ther increase the final atomic density, we decreased the de-
where a three-dimensional (33%u55|an densﬂy distribution Wltliluning of the trapping laser to 0.5 nm, and decreased the final
a constant volumeV=(2m)"“oy0y0,, is assumed. The a5 radius tor=24 um. The resulting potential is<25
two-body CO”'SPH loss coefficients found frorplihat fit are pigher than the initial, uncompressed potential. The calcu-
Br,=3=2.0x10 cm’/s and Br,=2=1.2x10 /S |ated oscillation frequencies in this trap asg= 2 x 5800
[16]. We believe that the loss frofy=2 is caused by light- Hz and w,=27X 60 Hz. This trap could be loaded with a
assisted collisions, where two colliding atoms come to resolarger number of atomd\=3.5x 1%, thanks to its larger
nance with the trap laser which excites them to a repulsivelepth. The final temperatures after the compression were
molecular potential curve, previously seen only for muchT,=108 uK and T,=207 uK, and the final size of the
smaller laser detuningsl7]. The larger two-body collision  atomic cloud along the trap axis was= 250 um. Using the
loss fromFy=3 is due to hyperfine exchange collisions, measured temperatures and size and the calculatedhe
given by Bni=Be -3~ Br =2=0.8-0.6X 10 " cm®/s (as-  peak density is determined as-5x 103 cm~3, which rep-
suming identical light-assisted loss f6y=2 and 3. This  resents an adiabatic compression-0350.
value is consistent with previous measurementg3ef~ 1 The peak phase-space density of this compressed state
x 10 ecm’/s [18]. was 4.4 times higher than that of the initial, uncompressed

Another consequence of the high density in the comirap. We attribute this increase to the change in the shape of
pressed trap is high elastic collision rate. Immediately aftethe potential, from boxlike to harmonj@0]. Specifically, the
the compression, the temperatures in the radial and axial dinitial (time-averagedtrapping potential of the ROBOT is
rections are different due to the much larger compression iwvell approximated as)(x,y,z) =ax™+ayy"v+a,z", with
the radial direction. The temperature difference between the,=n,=28 andn,=6 (for the initial temperature of the at-
two axes then decays with a rate f30 s %, as seen from oms, whereas the final, compressed potential is nearly har-
Fig. 5. Note that the initial elastic collision rate is even monic in all dimensionsr,=n,=n,=2). The expected in-
higher, since the temperature equalization rate is comparabtgease in peak phase-space density [2)] exp(¥sinal
to the density decay rate just after the compression. Of yiiial) =3.5, Whereyz(n;lJr n;1+ nz’l), and is in good
course, temperature equalization begins already at the finalgreement with our measurement.
stage of the compression, when densities are sufficiently To conclude, we demonstrated a dark optical trap for cold
high. This is seen by the fact that the measured temperatuatoms, based on a single rapidly rotating laser beam. We
at the end of the compression is lower in the radial directiorverified experimentally that for a high rotation frequency of
and higher in the axial direction as compared to our MCthe trapping beam, the trapped atoms accurately respond to a
simulations, which do not include elastic collisiof22]. time-averaged effective optical potential. By changing the

We measured the spin relaxation timeg of the trapped trap size in real time, the trapping potential was increased by
atoms by investigating spontaneous Raman scattering be- factor of 25 without changing the trapping laser power,
tween the two ground-state hyperfine levels caused by thehich resulted in a compression of the trapped atomic
trapping lasef19,5]. For the largest trap we studied, with  sample by a factor of 350, to a very high density. With a
=100 um, we measuredsg=380*= 20 ms. Using the analy- fivefold increase in the laser power, a trap withwy= 20,
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and changing from 0.5 to 10 nm during the compression, trapping light and the precise control of the laser polarization

we estimate that- 10° atoms can be trapped, with a density which is possible in a single-beam sefi@i]. Another pos-

of 10t cm™3 and a total photon scattering rate of 3's sible application may be the investigation of chaotic atomic
Due to the high elastic collision rate and the excellentmotion in a ROBOT with a noncircular cross section. Fi-

control over the trapping potential, this scheme can be @ally, the ROBOT can also be used to trap atoms with a

promising starting point for evaporative cooling inside anred-detuned laser, where the laser will rotate the trapped at-

optical trap, to achieve quantum degeneracy. The excelleidms such that cold atomic samples with very large and con-

control over the trapping potential can be used to inducggjied angular momentum can be created.

evaporation without decreasing the spring constant, by low-

ering the potential only in a specific region of the trap. A The authors would like to thank D. J. Heinzen for helpful
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