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Novel Optical Trap of Atoms with a Doughnut Beam
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We have constructed a novel optical trap for neutral atoms by using a Laguerre-Gaussian (doughnut)
beam whose frequency is blue detuned to the atomic transition. Laser-cooled rubidium atoms are
trapped in the dark core of the doughnut beam with the help of two additional laser beams which limit
the atomic motion along the optical axis. Abol® atoms are initially loaded into the trap, and the
lifetime is 150 ms. Because the atoms are confined at a point in a weak radiation field in the absence of
any external field, ideal circumstances are provided for precision measurements. The trap opens the way
to a simple technique for atom manipulation, including Bose-Einstein condensation of gaseous atoms.
[S0031-9007(97)03456-X]

PACS numbers: 32.80.Pj, 39.90.+d

Since the first successful laser cooling of neutral atomgxtrema along the optical axis. The potential has already
in 1985 [1], various techniques have been proposed anideen utilized in a trap for a macroscopic dielectric particle
demonstrated to slow the atomic motion and to increasthat has a lower refractive index than surrounding materi-
the atomic density. A magneto-optical trap (MOT) pro- als at the radiation wavelength [14].
vides an easy way to prepare a cotldniK) and dense In this Letter, we report on a novel trap using the LG
(~10'" cm™3) atomic cloud [2], and polarization gradi- laser beam. The trap is able to staf rubidium atoms,
ent cooling (PGC) achieves the sub-Doppler temperaturehich is the largest number ever obtained by optical dipole
[3]. Subsequently, Raman cooling and velocity-selectivaraps. Furthermore, it requires no magnetic field and con-
coherent population trapping further cool the atoms befines the atoms at the point of the minimum optical field
low the photon-recoil limit [4,5]. Subsequent evaporativestrength. Therefore, it has great advantages over most of
cooling of the atoms in a magnetic trap finally realizesthe conventional traps with Gaussian beams, especially for
Bose-Einstein condensation (BEC) of a dilute atomic sysprecision measurement applications which require mini-
tem [6]. Considerable efforts have also been made to tramum internal level shifts induced by external fields.
atoms and to increase their phase space density in an all-We evaluated the dipole force of the novel optical trap
optical method [7—-9]. An inverted pyramid trap confinedfor a rubidium atom in the Lg doughnut beam blue
4.5 x 10° sodium atoms with the aid of gravity, and sub- detuned to the D2 transition. The potential energy of the
sequent Raman cooling increased the phase space densitduced dipole force is written by [15]
by a factor of 320, which was still 400 times smaller than e 1(7/1
that required for BEC [9]. U(r) = TC In[l m} 1)

In experimental research on laser cooling, Gaussian laser ¢
beams have been exclusively employed so far. Recentlyyhere 8. = w; — w, is the detuning between the laser
Laguerre-Gaussian (LG) optical beams have attracted atrequency »; and the atomic transitionwy, /o is the
tention for two reasons. First, the LGbeams possess saturation intensity, andl is the natural linewidth of the
orbital angular momentum along the optical axis wiien atomic transition. The intensity distribution of the dough-
is not zero, wherep and! are the radial and azimuthal nut beam is given by
indices of the LG modes [10]. It has been demonstrated pl+1,.21
that a macroscopic absorptive particle is rotated by angu- 1(r) = P ——57y; exd—2r*/rg]. (2)
lar momentum transfer from the LG beams [11], and laser milr
cooling of trapped ions with the LG beams has been theoHere,P andr, are the power and radius of the jG®eam.
retically discussed [12]. Second, the |G, beams have a Figure 1 shows the calculated trapping potential in the
spiral phase structure, hence the phase is undefined on thkane perpendicular to the optical axis of the s®eam.
optical axis, where radiation intensity must be zero [13].The parameters in Egs. (1) and (2) take the valudg &f
A certain class of LG beams, L&, is called a doughnut 2 mW/cn?, I' = 6 MHz, §. = 60 GHz, P = 600 mW,
beam because in cross section a dark spot is enclosed bpd o = 600 um. From this, we obtain the potential
a bright ring. This intensity distribution, in conjunction barrier of aboutt0 wK, which is high enough to trap the
with the optical dipole force, provides a line of potential rubidium atoms cooled to abot® K by PGC.
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We constructed a standard vapor-cell MOT [16] to trap  FIG. 2. Schematic illustration of the novel optical trap.
8Rb atoms. A cell was pumped by a turbo pump and an
ion pump, and the pressure was typically 7 Pa. Two
external-cavity diode lasers were used for cooling and refurther cooled tol0 uK by PGC, which was achieved by
pumping the atoms. The cooling laser was tuned 17 MHZi) switching off the magnetic field for MOT quickly (less
below the5S;,2(F = 3) — 5P3,»(F' = 4) transition, and  than 1 ms), (ii) gradually increasing the cooling laser de-
the repumping laser was resonant with th »(F =  tuning from—17 to —80 MHz in 15 ms, (iii) reducing the
2) — 5P;5(F' = 3) transition. The diameter and inten- cooling laser intensity to one-tenth of the initial intensity,
sity of the cooling laser were 10 mm ah@l mW/cn?, and  and (iv) waiting about 3 ms. Subsequently, the PGC laser
those of the repumping beam were 15 mm amdW/cn?.  beams were turned off, and the doughnut beam was imme-
The diameter of the MOT was 1.5 mm, and the numbediately introduced into the atomic cloud by opening a me-
and temperature of the trapped atoms were determined thanical shutter within 1 ms. The atoms were then stored
be3 X 10% and150 uK by a time-of-flight (TOF) method in the novel trap.
[3]. The TOF signal was provided by a probe laser beam We used the TOF technique to examine performance
with a diameter of 0.4 mm propagating 7 mm below theof the novel trap. After a certain period of trapping, the
MOT. The distance between the probe beam and MOT waatoms were released by shutting off the doughnut beam,
far enough that the initial spatial distribution of the trappedand the falling atoms were detected as absorption of the
atoms did not significantly influence the TOF signal. probe laser beam. We obtained the largest TOF peak

An LG beam was generated from a Hermite-Gaussiamvhen the doughnut beam detuning was7 GHz to the
(HG) beam [17], which was produced by a Ti:sapphire®Rb 55;,,(F = 3) — 5P5,(F' = 4) transition with the
(TS) laser pumped by an all-line Ar-ion laser. The TS lasemaximum available power of 600 mW. Figure 3 shows
consisted of a four-mirror bow-tie cavity, a birefringent the TOF signals of the 2D and 3D traps under this con-
filter, an optical diode, and a thin etalon, and oscillateddition. Individual signals were obtained by varying the
at a single frequency of a few-tens-megahertz linewidthtrapping time, and the origin of the time axis corresponds to
A tungsten wire o0 um diameter was inserted into the the instant when the trapping beams were turned on. The
laser cavity, and the position was adjusted to generate tHest TOF peak is due to the atoms not trapped by the novel
HGy; laser beam. It was converted to thed;@ode by an  trap; the second, to trapped atoms. An asymmetric shape
astigmatic mode converter, which was composed of a paif the first peak is presumably due to heating and pushing
of cylindrical lenses (focal lengtl. = 25 mm) separated of the untrapped atoms by the trapping beams. The single
by a distance ofl = /2 f. TOF peak of zero trapping time corresponds to the atoms

A schematic illustration of the novel optical trap is initially trapped in the MOT.
shown in Fig. 2. Precooled atoms are trapped in the dark We can deduce the number and temperature of the
core of the doughnut beam (2D trap). Because there is nivapped atoms from the peak height and width of the TOF
restoring force along the axis, we add two “plugging” signal. Figure 4 shows the decay of the number of the
laser beams to make the three-dimensional optical trapapped atoms as a function of the trapping time. The life-
(3D trap). To generate the plugging beams, we recycléime of the 3D trap was determined to be 150 ms. The
the doughnut beam which is divided into two beams andiecay of the 2D trap was faster than that of the 3D trap and
redirected to the trap with a separation of 2 mm. Thedid not fit a simple exponential function. By extrapolating
doughnut beam is 1.5 mm in diameter, and the plugginghe decay line to zero trapping time, we can estimate that
beam 0.7 mm. Thus the plugging beam provides a highesne-third of the atoms in the MOT is initially loaded in
potential barrier than the doughnut beam. the novel trap. Hence the absolute number is a6t

The procedure for constructing the novel trap was a3 he temperature of the trapped atoms was approximately
follows. Rubidium atoms were first trapped by MOT and 18 K and almost independent of the trapping time.
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of the upper stream of the doughnut beam does not have
any significant effects. In contrast, when the other hole
was opened, the observed TOF signals changed remark-
ably and became the same as those of the 2D trap. These
results suggested that the lifetime of the 2D trap was de-
termined mainly by radiation pressure. From the decay
curve of the 2D trap, we estimated that the photon scatter-
ing rate was~100 s™!'. The rate determined the lifetime
, of the 3D trap: the trapped atoms were heated by stochastic
Fh00 S scattering events, and those having kinetic energy exceed-
N ing the potential barrier eventually escape from the novel
trap. This consideration agrees with the fact that the ob-
served temperature of the trapped atoms is close to the es-
timated potential height and independent of the trapping
04 time (Fig. 3).

In the first stage of the present study, we used thg LG
beam for trapping. The lifetime, however, was only a few
tens of milliseconds, which is shorter than that with the
LGy; beam. The reason was that a lowateughnut beam
possesses a smaller dark spot where the photon scattering
rate is small. Therefore, we expect that the lifetime of
' the novel trap will be considerably extended by using

& a doughnut beam which is not only intense with large
detuning but also high id. Such a beam is efficiently
produced from the Gaussian laser beam by a blazed phase
hologram [14]. Experimental study is now in progress.

We have trapped laser-cooled rubidium atoms in a
novel optical trap which is composed of the doughnut and
plugging beams. The initial number and the temperature of

We considered four factors limiting the lifetime of the the trapped atoms are abd@® and18 xK. The lifetime
novel trap: (i) radiation pressure which accelerates th@f the trap is 150 ms, which is limited by random photon
atoms towards ther-z direction, (i) heating by random scattering. To extend the lifetime of the trap we can use
photon scattering, (iii) drift along theaxis due to the ini- the PGC, because the atoms are trapped in a dark region
tial distribution of the atomic velocity, and (iv) collisions where the atomic energy level shiftinduced by the trapping
with the background gas. The effects of (iii) and (iv) arebeams is smaller than that induced by the PGC beam.
not important in the present case because the atoms cool&xperimental results will appear in a separate paper.
down to 10 uK drift only a few millimeters in 200 ms ~ The novel trap has great flexibility and potential for
and the collision rate at the present pressure is on the ovarious applications: ideal circumstances are provided for
der of 0.1 s'!. To evaluate the contributions of (i) and precision measurements because the atoms are confined in
(i), we removed one of the plugging laser beams froma region of low optical field strength in absence of any
the 3D trap. Removing the laser beam plugging the hol@xternal field. Besides, the 2D trap can be directly applied

as a guide for atoms. Furthermore, the atomic density

of the 3D trap can be increased easily just by reducing
. . . the diameter of the doughnut beam close to the diffrac-
10° « aDwap| A tion limit using a system of zooming lenses. Although
o 2Dtrap this compression results in adiabatic heating, a cooling
mechanism such as a PGC works even in the novel optical
trap and removes the heat. We expect the novel trap to
increase the atomic phase space density and hopefully to
] realize BEC.
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FIG. 3. TOF signal for the 2D (a) and 3D (b) optical traps.
Individual traces are obtained by varying the trapping time.
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