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Loading an optical dipole trap
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We present a detailed experimental study of the physics involved in transferring atoms from a magneto-
optical trap(MOT) to an optical dipole trap. The loading is a dynamical process determined by a loading rate
and a density dependent loss rate. The loading rate depends on cooling and the flux of atoms into the trapping
volume, and the loss rate is due to excited state collisions induced by the MOT light fields. From this study we
found ways to optimize the loading of the optical dipole trap. Key ingredients for maximum loading are found
to be a reduction of the hyperfine repump intensity, increased detuning of the MOT light, and a displacement
of the optical dipole trap center with respect to the MOT. A factor of 2 increase in the number of loaded atoms
is demonstrated by using a hyperfine repump beam with a shadow in it. In this way wexd#li #Rb atoms
into a 1 mKdeep optical dipole trap with a waist of 58m, which is 40% of the atoms initially trapped in the
MOT.

PACS numbe(s): 32.80.Pj

I. INTRODUCTION into the trap[1,3], about 500 to 1300 atoms were loaded. In
later work [4—6], the FORT was loaded by overlapping it
In the last decade, many different schemes for preparingiith a MOT continuously, which improved the number of
and trapping ultracold and dense samples of atoms have begfpms that was transferred t0°10
demonstrated. Of these, the optical dipole tfaprequires A key step in the loading of a FORT from a MOT is a
no magnetic fields and relatively few optical excitations tostrong reduction of the hyperfine repump power in the last
provide a conservative and tightly confining trapping poten-10—30 ms of the overlap between the traps. It has been con-
tial. These characteristics make it an appealing option folectured(4] that this reduction helps because it reduces three
various metrology applications such as parity nonconservadensity limiting processes, namely, radiative repulsion
tion and B-decay asymmetry measurements. It may also b&°'C€S: phqtoasso_u_aﬂve collisions, and ground state hyper-
an option for reaching Bose-Einstein condensation in ine changing collisions. Hoyvever, to our knowle_dge, there
purely optical trap. For these applications, large samples as not yet been an extensive study of the loading process.

atoms must be transferred into the dipole trap. This is almo herefore, in this paper we present a detailed and compre-

i ensive investigation of the many mechanisms that govern
always done from a magneto-optical trefMdOT) [2]. How- the loading process.

ever, the processes determining the transfer between the \y. find that loading a FORT from a MOT is an interest-
MOT and the optical dipole trap are poorly understood. Herg,y qynamical process rich in physics. As illustrated in Fig.
we give a detailed description and explanation of the loading “the number of atoms in the FORT first increases rapidly
process and suggest ways in which to improve the loadingand nearly linearly in time until loss mechanisms set a limit

The simplest optical dipole trap consists of a focusedg the maximum number. The loading rate and loss processes
single Gaussian laser beam. Typically, the light is detunegoth depend in complex ways on the laser fields involved.
below the atomic resonance, from a few tenths of a nanomene factor that determines the loading rate is the flux of
eter to several tens of nanometers. The latter are called fagtoms into the trapping volume. This flux depends on the
off-resonance trap~ORTS [3]. We will use the abbrevia- MOT density and temperature, i.e., average velocity, of the
tion FORT in discussing optical dipole traps. Conceptually, a
FORT works as follows: The ac Stark shift induced by the - - T - -
trapping light lowers the ground state energy of the atoms
proportionally to the local intensity. The spatial dependence
of the atomic potential energy is therefore equivalent to a
spatial dependence of the light intensity. The atom has the
lowest energy in the focus of the trapping beam and can
therefore be trapped there. For very large detuning, typically
several nanometers, the photon scattering rate becomes so
low that the potential is truly conservative.

The first FORTs were running-wave Gaussian laser
beams focused to a waist of about 10n [1,3]. By alternat-
ing the FORT with an optical molasses that cooled atoms 00 ol 02 03 0.4 05

N (106 atoms)

time (s)

*Permanent address: Department of Physics, University of Michi- FIG. 1. Number of atomal in the FORT during loading, for a
gan, Ann Arbor, Ml 48109. trap depth of 1 mK and a waist of 2Gm.
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atoms in the MOT. Cooling mechanisms must also be active a¢ ___ repump beam

in the region where the MOT and FORT overlap for the @t&@ ) MOT laser

atoms to be trapped in the FORT. Both the flux and the §° 4.4 beams TSL
probability for trapping depend on the trap depth and light %ﬂ ar o et

~1W
<4

shifts inherent to the FORT.
Losses from the trap can be caused by heating mecha-
nisms and collisional processes. Contributions to heating

arise from spontaneously scattered FORT light photons, cloud Ly ) i ®
background gas collisiong?,8], intensity fluctuations, and aperture Intensity

the pointing stability of the FORT beaf®]. However, for servo . @ *y
large numbers of atoms, the losses are dominated by colli-  ccp gy
sional processeq10], including photoassociation, spin )

exchange/ground state hyperfine changing collisions, and ra- FIG. 2. Experimental setup.

diative escape. Photoassociative collisions can be induced by

the FORT light itself and lead to untrapped molecules. Dur- exf — 2r3/w(z)?]

ing a ground state hyperfine changing collision the atoms U(r,z)=Uy R ()
gain as much as the hyperfine energy splitting in kinetic 1+(2zg)

energy(0.14 K for ®Rb), which is enough to eject them out _ o _

of the FORT. In radiative escape, an atom is optically exWith r and z the radial and longitudinal coordinates(2)
cited and reemits during a collision, and the attractive dipole=WqV1+(z/zg)~ the beam radius as a function of longitu-
induced interaction between the excited and nonexcited atlinal position, andzs the beam Rayleigh rangé?2]. For an
oms leads to an increase of kinetic energy that is enough talkali-metal atom, the depth of the potentidj is calculated

eject an atom from the trap. from [13]
The loading and loss rates depend on the shape and depth
of the optical potential, as well as the intensity and detuning Ayl 1 2 1 1
of the MOT light fields. By studying the loading rate and Uo= 2 (5— 5—) —OrMeVl-—e€ (5—— 5—”
loss rate separately as a function of these parameters we have stifz T vz s )

obtained a detailed understanding of the FORT loading pro-

cess. This understanding has allowed us to optimize paramyherey is the natural linewidthmg is the Zeeman sublevel
eters in order to improve our loading efficiency to high val-of the atoms, ge=[F(F+1)+S(S+1)—1(1+1)]/[F(F
ues. Although we studied the loading &Rb into a di.pole +1)], Is is the saturation intensity, defined aks
trap with a detuning of a few nanometers, the physical pro—22f.¢/(3\3), andl, is the peak intensity B/(7w?) in
cesses and optimization should be generally applicable t@ms of the laser powe? [12]. The detuningss;, and 8
other alkali-metal species and FORTS, when the FORT trap, ynits of ) represent the difference between the laser
depth exceeds the MOT atom temperature. In the oppositgequency and th®, andD, transition frequencies, respec-
regime, O’Hareet al.[11] have shown that a static equilibra- tively. For Rb,y=2mx6.1 MHz.
tion model applies in CPlaser traps. The second term on the right hand side of E2). de-
This paper is organized as follows. In Sec. Il, @ MOrégcripes the optical Zeeman splittifig4] in terms of the el-
detailed expression for the depth and shape of the FOR{iyicity ¢ of the light polarization[15]. In this paper we
potential is given. In Sec. Ill, our experimental setup is d's'mainly focus on linearly polarized trapping light, i.e=1.
cussed, including the loading of the FORT and the diagnostig;,\vever in Sec. IVG we discuss how the loading of the
tools for measuring the number of atoms and size of thgoRT is affected when optical Zeeman splittings are present

trapped sample. In Sec. IV, we present measurements of the - 1, elliptical polarization of the FORT light.
loading rate and loss rate as a function of different MOT and

FORT parameters. In Sec. V, the temperature of the atoms in
the FORT is given. In Sec. VI, the loss rates of the FORT in lll. EXPERIMENT

the absence of MOT light are discussed. In Sec. VII, we The experimental setup is schematically shown in Fig. 2.
present a physical model of the loading process that explainne starting point of all the experiments described here is a
the data presented in Sec. IV. In Sec. VIII, we discuss hOV\MOT, which collects®Rb atoms from a % 10~ ° Torr va-
our model explains the interdependencies of the MOT a”(ﬂ)or and contains a maximum of about<2C® atoms in
FORT parametgrs. In Sec. IX, we demonstrate how, based Weady state with a filling time constant ef12 s. Two
our understanding of the FORT loading process, the numbetyended-cavity diode lasers, both stabilized to atomic lines
of trapped atoms can be improved using a shadowed repump 85Rp 4t 780 nm with a dichroic atomic vapor laser lock
beam. Finally, Sec. X contains summarizing remarks an(ﬁlﬁ] are used for the MOT. One laser provides 6 mW for
discusses the general applicability of our results to othefapning and coolingdivided between three retro-reflected
traps. beams and is tuned red of the %, ,F=3—52Py,F' =4
transition by an amount denoted As,. We refer to this
light as the “primary” MOT light, and denote its total six-
The trapping potential is given by the Gaussian shape opeam intensity byl,,. The beams have a Gaussian beam
the laser beam, radius of 9.3 mm. The other MOT laser is used for hyperfine

Il. FORT POTENTIAL
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repumping and is tuned near the?S,,F=2—52P5,F’ : :
=3 transition. We refer to this light as the “repump” light,
and denote its detuning asz (Ag=0 unless otherwise in-
dicated. We use one single retroreflected beam of intensity 10°

Ir=3 mWi/cn? for repumping the MOT. Both laser beams @
have acousto-optic modulato&OMs) in them for temporal é
control of the light intensity. The magnetic field gradient of 8
the quadrupole field along the strong axis is 5 G/cm, and can & 10° .

be switched off within 3 ms.

The FORT light is generated with a home-built titanium-
sapphire laser, with a nominal output power of 1.2 W. After
passing through an AOM, the first order is intensity stabi- time (s)
lized, collimated, and expanded. The beam is focused into
the vacuum chamber with a 20 cm focal length doublet lens FIG. 3. Number of atoms remaining in the FORT as a function
to a focus of radiusvy=26 um (1/? intensity, unless ©Of time, for trap parameterswo=26 um, P=290 mW, A
stated otherwise. The detuning from theIDe is typically 2~ = 782:5 nm. The trap depth {4, /kg=—2.3 mK. The solid curve
to 4 nm to the red. FOP=300 mW, wy=26 um, and\ is a fit of Eq.(3) to the data.
=784 nm the well deptlyy/kg=—1.4 mK. Approximat- dN
ing the center region of the FORT potential as harmonic, the —=-TN-8'N?, (3
trap oscillation frequencies are 4.6 kHz and 34 Hz in the dt

transverse and longitudinal directions, respectively. Note th"’\}vith I' an exponential loss rate angl a collisional loss
the trap as a whole_ls highly anharmonic at the e_dges. Thgoefficient. We use the analytical solution of E§) as a fit
peak photon scattering rate for these parameters is 1.3 kHﬁJnction to the data to find the numbh, initially trapped,

as well as values df andg’ (see Sec. \Jl The prime ong’
is used to refer to atom number loss instead of density loss.
We use absorption imaging to measure the size and tem-
The sequence for loading the FORT from the MOT andperature of the MOT cloud as well as the cloud of atoms in
measuring the number of atoms is as follows. The MOT fillsthe FORT. Our imaging system consists of a two-lens tele-
for typically 3 s at an optimum detuning dfy,~—27y, and  Scope making a one-to-one image onto a charge-coupled-
at maximum repump intensity. This results in typically 3 device(CCD) array. The lenses are 18 cm focal length ce-
%10’ atoms in the MOT. We then switch on the FORT mented doublets. The line of view is perpendicular to the
while simultaneously increasing the detuning of the primarymORT beam. This allows us to observe the transverse as well
MOT light and reducing the repump light intensity. We will @S longitudinal shape of the cloud of atoms trapped in the
refer to this stage in the timing cycle as the “FORT IoadingF
stage,” which is typically 20—-200 ms long, depending on
FORT parameters. The primary MOT light, MOT repump IV. DYNAMICS OF THE LOADING PROCESS
light, and magnetic fields are switched off, and the atoms are | Fig. 1 we showed that the transfer of atoms from the
held in the FORT for a variable length of time, but at leastMOT to the FORT is a dynamical process, in which the
100 ms, before the detection light comes on, so that the MOhumber of atoms loaded into the FORT increases rapidly
cloud can fall out of the detection region. The atoms are themntil a competing process causes the number to reach a
released from the FORT and detected by turning on thenaximum and then decrease at later times. Here we investi-
MOT light (primary and repumypbut no magnetic field, with gate the precise shape of the loading curve in more detail.
the primary MOT light frequency now closer to resonanceThe number of atoms in the FORT for longer loading times
Ap=~— /2. The number of atomN is determined from the is shown in Fig. 4.
amount of fluorescendd 7] collected with a low noise pho- The shape of the loading curve is explained as follows.
todiode. Under some circumstances, the cloud of atomnitially, the number of atoms in the FORT increases as
trapped in the FORT is so large that it extends beyond th&l(t) =Rqt. But at larger times the number starts to roll over.
field of view of our photodetector. In this case the number isThis occurs for two reasons. First, the MOT loses atoms due
measured by recapturing them into a MOT. For this case théo the reduced repump intensity and different detuning of the
detection must be delayed for at least 250 ms to give th@rimary MOT light. This reduces the loading rate. Second,
MOT cloud time to fall out of the MOT beams. the trap loss rates become large enough to counteract the
The number of atoms in the FORT is measured as a fundoading.
tion of storage time. We call this a lifetime curve. A typical ~ Similarly to Eq.(3) we find that the shape of the FORT
example of a lifetime curve is shown in Fig. 3. Note that theloading curve is well described by
number of atoms does not have a simple exponential depen-

dence on time. We find that the loss of atoms is well de- d_N_ _ _ IPYINY
scribed by gr ~ Ro &A= ymort) ~I' N—BLN7, (4

Loading and diagnostics
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FIG. 4. Number of atoms loaded in the FORT as a function of
FORT loading stage duration, for trap parameterg,
=26 um, P=305 mW, and\=784.5 nm. Primary MOT inten-
sity 1y=8.2 mW/cnt and MOT repump intensity I
=4.7 uWicn?. The solid curve is a fit of Eq4) to the data. The
loss coefficientd] = (1.56+0.22)x 10 3(atoms s ) ; see text.

FIG. 5. Number of atoms in the FORT vs time, without any
MOT light (@) and with MOT light on @&); primary MOT inten-
sity 1y=8.2 mWicnf, and MOT repump intensity I
=4.7 uWicn?, for trap parametersvo=26 um, P=305 mW,
and\=784.5 nm. The curves are fits of E() to the data. The
number dependent loss rates areB’=(1.42+0.05)
x 10 8(atoms sy! and ] =(1.4=0.1)x10 5(atoms s)?, for
whereyyor is the rate at which the MOT loses atoms due tOthe atoms stored in the FORT without any MOT and with MOT
the change of MOT light detuning and repump intensity, andight, respectively.
'L and B/ characterize density independent and density de-
pendent losses. The subscript “L"” expresses the fact that theeym in Eq.(4). With the MOT lasers on, the loss rate is
loss rates during loading are generally different from thosenuch larger than in the absence of any MOT light and com-
during storage in the FORT without any MOT light present. pletely dominated by density dependent losggs The re-

Four parameters determine the loadifg, ymor, I'L,  sult of such a measurement is shown in Fig.45)( which
andg; . To understand the physics of the loading process wgjso contains the lifetime curve®) recorded in the absence
must therefore determine these four parameters under a Vaf MOT ||ght Comparing Corresponding |oading and loss
riety of conditions. The initial loading rat®, can be deter- cyryes we find the same valuesgf from the different types
mined directly from the initial slope of the loading curve. of gata sets to within a 30% spread. The advantage of mea-
Then yyor can be determined by measuring the rate akyring a loss curve is that we can independently change all
which the MOT fluorescence decreases during the FORhe MOT light field parameters without altering the number
loading stage. We confirmed this explicitly by allowing the of atoms initially loaded into the FORT.
MOT to dissipate for a variable length of timg; before The nice agreement between the valuggfdetermined
the start of the FORT loading stage. The initial slope 0Oftqm the loading curve in Fig. 4 and the loss curve in Fig. 5,
the loading curve R(q-d)_ was _observed to beR(7y) taken for identical MOT and FORT parameters, gives good
=RoeXp(—mor7a), consistent with the MOT fluorescence configence that Eq(4) describes the physics involved in
measurement. The rate constafifsandT’, can then be de- loading the FORT.
termined by fitting the numerical solution of E(f) to the The fact that collisional losseg, , dominate the tail of
data. The so_lid curve in _Fig. 4 i§ such a fit, in_dicating howihe loading curve can also be seen in another way. If one
well the loading process is described by E4). With Ry and  peglects the-T' N term in Eq.(4) and sets the loading rate
YmoT constrained to the directly measured values, as meny, pe constant aR,, i.e., assuming that the MOT does not
tioned above, the extracted values @ff andI', show that  |ose atoms during the loading of the FORT, the steady state
the —,8|’_N2 loss term clearly dominates over thel’|N solution of Eq.(4) is
term. This is most apparent in the slope of the tail of the load
curve. Thus, collisional processes dominate the losses from _ b A
the FORT during its loading. Ns= VRo/ AL ®)

The losses during the loading of the FORT can be studied
independently from the loading rate. This is done as followsSubstituting the values d®, and B obtained as discussed
The FORT is first loaded under optimum conditions, and theabove, the calculatety; agrees to within 10% with the
atoms are stored for 100 ms, after which the MOT lasers arg'axima of the loading curve.
switched back on, with no magnetic field, for the remainder We did some extra checks on the accuracy of fitting Eq.
of the FORT storage time. At the end of this cycle, we detect4) to the data. One test was to set all four parameters in Eq.
the number of atoms remaining in the FORT. We refer to(4) free. This reproduced the independently determined val-
such a measurement as a loss curve measurement. In thigs ofRy andyyor, as well as those df, andg| , with I'_
way we can study the effect of the MOT light field param- the least well determined. Bothyor and I'| give rise to
eters on the loss rate; i.e., we have eliminated the loadingxponential decay and are therefore strongly coupled in the
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pump transition.
FIG. 6. FORT loading rat&, (a) and loss coefficiens| (b) as

a function of hyperfine repump light intensity, for trap parameters? higher than that of our MOT. The loss rg§ increases
Wo=26 um, P=300 mW, and\=784.5 nm. The loss rate was rapidly with repump intensity and starts to saturate at high
measured foty=8 mwi/cnt (@), reduced MOT intensity ofy  repump intensity. For lowek,,, saturation sets in at lower
=1 mW/cn? (OJ), and complete absence of primary MOT light repump intensities ang@, is smaller.
(A). The solid curves are fits to the data based on the model de- 11,4 optimum repump intensity is intimately linked to the
scribed in Sec. VII A. Error bars are statistical and do not rEfleCtrepump detuning. This interdependence is shown in Fig. 7
systematic uncertainties Iry . where the maximum number of atoms loaded into the FORT

i ) , . is plotted versug\ for different values of . Increasing g
least squares fit. Most often, we find that the fit determines &, 1 4 puWicm? to 4 wWicm?, we see that the number in
I, within error of zero and &yor within 20% of the value  {he trap increases, but the optimum repump detuning stays
determined directly from the MOT fluorescence. Assumingy, resonance. Increasing the intensity to 28W/cr?

that the value of", should at least be as big as that of the o4 ;5es the optimum repump detuning to redshift. Interest-
trap in the absence of the MOT light, we set it to that valuemg|y the optimum number of atoms is loaded when the

and see no significant change in the valuggpf Fitting the repump scattering rate is the same for bt 4 wW/cn?
loading curves with these constraints and different combinagq k=280 pwW/cn? due to the different detuning, indicat-
tions of free parameters, we find a spread infiievalues of  ing that an optimum repump scattering rate exists for loading
up to 30% for a given data set, which is more than adequatghe FORT. However, the number of atoms drops and the
for the analysis given below. We are now in a position toresonance broadens, which shows that the number of atoms
investigate the loading of the FORT in termsR§ and 8| in the FORT is not determined by the repump scattering rate
separately, by measuring either load curves or loss curves.alone. This will be explained in more detail in Sec. VIII.
In summary, the loading rat, is optimal for a very low
A. Hyperfine repump intensity and detuning repump intensity of about SuW/cn? and zero detuning.

A commonly used technique to improve the loading of aThe loss rateB| increases with repump intensity and is
. . - ) larger for higher intensity of the primary MOT light.
FORT is to reduce the hyperfine repump intensity. Here we g '9 I i primary 'g

show how the intensity and detuning of the repump light
affect the loading rat&k, as well as the loss ratg, . We
concentrate first on the dependence of the loading rate and Both Ry and B; depend on the primary MOT intensity
loss rate on the hyperfine repump intensity at resonaRce (1. The data in Fig. 8 show tha, rises rapidly and then
=2—F’'=3). The data in Fig. 6 show that for the maximum saturates with increasing,. The MOT intensity at which

I v there is a critical repump intensity below which the MOT saturation sets in is higher for higher repump intensities.
is not sustained during the FORT loading stage and the loadombined with the dependence 8f on repump intensity,

ing rate goes to zero. Fdi above that critical value, the this suggests that excited state collisions leading to radiative
loading rate decreases slightly because the density in thescape are responsible for the losses during loading, as is
MOT decreases due to radiative repulsion. The optimuntonfirmed by the model that we develop in Sec. VII. The

level is aboutl xz=5 wW/cn?. Note that the loading rate of solid curves in Figs. @) and 8b) are based on this model
the FORT is as high as»10’ atoms s!, whichis afactor and agree very well with our data.

B. Primary MOT light intensity
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. ) ) FIG. 9. FORT loading rat®&, (a) and loss coefficieng/ (b) as

5 F\IX/S/ r?? FOR'dF Iloadlngﬁra.teRol f%r a re;:)umtp |nt(?ns!ty of a function of the primary MOT light detunind, during loading.

pnic _(a) ana loss coe’|C|en)3L( ) as a function o primary — 1pe repump intensity is SuW/crm?. For trap parametersv,
MOT light intensity, whereB, was measured for zero repump in- —26 um. P=300 mW. and\=784.5 nm
tensity (J) and Iz=5 uW/cn? (@). The solid curve in(a) is i ' ' '

derived from the model described in Sec. VII B. The solid curves in ) ) o ) )
(b) are fits to the data of the model described in Sec. VIl A. FORTbecause it shortens the effective loading time. At intermedi-

parameters as in Fig. 6. ate gradients, in the range from 3.5 to 12.0 G/cm, the losses
from the MOT are small, with the maximum number loaded
As shown in Fig. 8, the loading rafg, increases nearly near 5.0 G/cm.
linearly with 1,,. As will be argued in Sec. VII, this implies
that the loading rate strongly depends on the cooling mecha- E. Alignment with respect to the MOT

nisms in the MOT. Another factor affecting the FORT loading is the relative
. alignment of the FORT with respect to the MOT. We find
C. Role of MOT detuning that the loading rate is optimum with a longitudinal displace-

Both Ry and 8/ depend also on MOT detuning, as shownment between the center of the FORT and the MOT. The
in Fig. 9. For these datég, is reduced to the value that gives optimum displacement depends on the FORT depth. Absorp-
optimum loading into the FORT. A maximum R, is ob-  tion imaging is used to determine the separation between the
served at abouAM;\,v —30 MHz. At S||ght|y |arger detuning FORT and the MOT. We observe that the displacement for
the loss rate8] has a minimum. The maximum number of which the loading rate is optimized increases with trap depth.
atoms is loaded into the FORT at a detuning close to thd YPically the displacement between the focus of the FORT
maximum in the loading rate and simultaneous minimum in@nd the MOT is about one-half a MOT diameter.
the loss rate.

We also observe that the optimum detuning of the pri- T : :
mary MOT light during the loading stage depends on the
depth of the FORT. This is illustrated in Fig. 10. For deeper
traps, the optimum detuning is smaller. The FORT depth was
varied by changing the wavelength and power of the FORT
light.

—
(%]
T
1

D. Role of the magnetic field gradient

In order to determine the influence of the MOT magnetic .
field gradient, we measurdg, andN, for different currents
in the MOT coils during the FORT loading stage. We fRgl 30 o4 08 3
to be nearly independent of the magnetic field gradient in the trap depth ( mK )

range from 1.5 to 17.5 G/cm. At very small or very large

gradients, however, atoms are rapidly lost from the MOT FIG. 10. MOT detuning for maximum number of atoms loaded

during the FORT loading stage, which strongly redublgs into the FORT versus trap deptivg=26 um.

MOT detuning ( MHz )
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FIG. 11. Number of atoms loaded into the FORT as a function FIG. 13. Number of atoms in the FORT as a function of loading
of trap depth fowy=26 um (@) andwy=22 um (A). For the time for three different ellipticities of the FORT light. In descend-
latter data set, the steady state numisee Eq.(5)] is calculated "9 ord?r of the Euzr;/ese=0l.39?2bé).91\\;3v, an(zv\o_'%SSi 5The FORT
from Ry and B/ (taken from Fig. 12 beloyvand plotted a$>. parameters aréo=cc um, F= MYV, andh = 764.5 nm.

. . depth is varied by changing both the detuning and power of
In shalloyvgr traps t_he displaced Ioac_hng of the. aloM§y 5 FORT beam. The dependenceéNgfon trap depth can be
causes an initial sloshing of the atoms in the Iongltudmale&(plalined as an increase Ry and a reduction o8/ as the

direction. The sample of atoms can be seen to make one an A -
N . : trap gets deeper. This is illustrated by the data shown in Fig.
one-half oscillations before it thermalizes at the center of the12

FORT; this takes about 100 ms. For comparison to the data in Fig. 11, we calculaiég

using Eq.(5) by inserting the measureR, and 8| . The
calculated valuedNg (O in Fig. 1) agree well with the
We measured how the loading rate, loss rate, and totaheasured number and depend linearly on trap depth up to 3
number of atoms trapped in the FORT depends on the tramK. At 6 mK, N, lies below the extrapolated straight line
depth. This is shown in Figs. 11 and 12. For each data poinbecausg3, cannot decrease below the value obtained in the
the MOT detuning, repump intensity, and alignment of theahsence of MOT light.
FORT with respect to the MOT were Optimized to give the For a waist of 26 um, we have observed transfer effi-
highest number of atoms in the FORT. The primary MOT cjencies from the MOT to the FORT of 20%. For traps with
|Ight intensity was fixed at the hlghest available value Ofa |arger WaiStWO:40 um, transfer efficiencies of 40% and
8 mWi/cnt, which optimizes the loading ratésee Sec. higher have been observed. If we compare FORTs with
IVB). The waist of the trapping beam is fixed, and the trapahout the same depth bf,~—1 mK but different waists,
we observe that more atoms are loaded when the waist is
— T T T T T bigger. This is mainly due to an increase of the loading rate
(@) [N (see Sec. VIIB. Changing the waist from 2G.m to
75 um, we observed a strong reduction of the lifetime of the
trapped sample. We could attribute this reduction to the fact
] that the scattering force became stronger than the trapping
s force[1].

F. Dependence on FORT depth

—_
o] [\
1 1
1

&~
1
1

7 -1
R, (10 atomss )

G. Effect of elliptically polarized FORT light

As the data in Fig. 13 show, the polarization of the FORT
: light has a profound effect on the number of atoms loaded
. into the FORT. A change of the ellipticityl5] from linear
polarization, e=0.999, to slightly elliptical polarizatione
=0.915, causes the number of atoms to drop by a factor of 7.
] At €=0.852 the number dropped by more than an order of
| magnitude. The drop in number is caused by a combination
of effects. Analysis of the shape of the load curves in Fig. 13
shows that the loading rate is reduced by an order of magni-
5 3 4 5 6 tude and the exponential loss rdtg is increased by a factor
trap depth ( mK ) of 4. The increase df | we ascribe to the ground state dipole
force fluctuations related to the optical Zeeman splittings
FIG. 12. FORT Loading rat®, (a) and loss rate3; (b) as a [second term on the right hand side of EB)] induced by
function of trap deptt, for wo=26 um. the ellipticity of the light[18]. The optical Zeeman splittings
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os[” ' ' ' ] level that presumably is due to ground state hyperfine chang-
ing collisions. This background level depends on the FORT

—~ light polarization. In a circularly polarized FOR[LS8], the
% 061 i atoms are spin polarized in one of the stretched states of the
e F =3 ground state, from which hyperfine changing collisions
2 04t . are suppressed. In our trap, we see a factor of 2 reduction of
g B’ in between the photoassociation lines when the polariza-
% ozl ' | tion is changed from linear to circular.

ol * . . . . VII. ANALYSIS

00 03 trap dé;?th (mlés) 20 A. Analysis of density dependent losses

. . The main features that we have observed in our data are
FIG. 14. Temperature of the atoms in the FORT as a function o girong increasex(100) of the collisional loss coefficient
trap depth, fowy=26 wm. Solid line is a linear regression giving B[ when the MOT light is present and the strong dependence
a slopeT/|Uo| =0.4. of this loss rate on the MOT parameters. As we will show in

can also be expected to interfere with the functioning of thetEiS section, densi_tyl dzpendentéps_ses during the”I_o_ading of
MOT and thus reduce the loading rate. In the center of thé"€ FORT are mainly due to radiative escape collisions in-

FORT, the splitting corresponds to that of a magnetic field Opuced by th.e MOT Iight. In t.h? unperturbed FQRT' ground
13 G. Although our MOT operates in the sub-Doppler re.State hyperfine changing collisions are the dominant loss pro-

gime, these large splittings disrupt even the Doppler coolind €SS
and trapping mechanisms of the MOT, which we believe are 1. Conversion to density dependent loss
mainly responsible for loading of the FORT. '
The typical mechanism driving the collisional loss pro-
V. TEMPERATURE cess in the FORT is more easily identified when the mea-
sured rate coefficientg’ and 8| are converted to density

We measured the temperature of the atoms in the FORJg|ated, volume independent rate coefficigBtand 8, . The
for different trap depth_s. The temperaturef the_atoms I relation between these = 'V, with V the volume of the
the FORT was determined from the rate at whlch_the .C|°_Udsample of atoms. The volume is found by approximating the
of trapped atoms expands after release. The density d'St”bWapped sample of atoms as a cylinder with radius and length
tion is well described by a Gaussian of widttthat increases getermined by the size of the FORT beam focus and the
upon expansion agog+ (kgT/m)t®. For the data shown in  temperature of the atoms. The volume is then given by
Fig. 14 we used the expansion in the transverse direction to
obtain T. The initial aspect ratio of the cloud is 33 to 5 1 7
3000 um. We confirmed that within experimental uncer- V=mwozgIn 1-5/ N1—y ©®)
tainties the temperatures in the transverse and longitudinal
directions are the same. Note that for the deeper traps thehere p=kgT/|U,| is shown in Sec. V to be a constant 0.4,
temperature is much higher than that of the atoms in theegardless of the FORT parameters. Thus the volume
MOT, which is about 30K to 120 uK, depending on the changes only whew, changes.
MOT detuning. Over the range of trap depths that we inves-
tigated the temperature is a fixed fraction 0.4 of the FORT 2. Density dependent loss from the FORT
depth. without the MOT present

Density dependent losses from the FORT when there is
VI. TRAP LIFETIME no MOT light present are due to both photoassociation and

The number of atoms in the trap decreases after the trap ound state hyperfine changing co!lisions, as men:[ioned in
loaded, as shown in Fig. 3. In the absence of any MOT light>€¢- V- Between photoassociation lines, the values’ofio
the loss of the trapped sample has a number depeficeint not depend strongly on the FORT laser power or wavelength,

lisional) portion and a purely exponential part, as describecpUt changezstrongI)‘/l with the trap volume_ Note t,hat, be-
by Eq. (3). causaRvKS, Vocv_v?. Howev_er, the rgsultln@=,8 V=(4

Typically, the exponential lifetime 17is betwea 1 s and ~ =2)X10 2 cm’s™%, for waists ranging from 25um to
10 s, depending on the trap parameters. The lifetime in®8 pm. This Yf"“e of 3 agrees well with the value of 4
creases with decreasing FORT scattering rate, until a limit<10 cm’s™* reported by Miller[19].

(=10 s) is reached that we believe is set by the background
vapor pressure.

The collisional loss, characterized I8/, depends on the In the case of loading the FORT, the density dependent
wavelength and waist size of the FORT beam. We observibsses are due to light-assisted collisions. To demonstrate
clear resonances iB’, consistent with photoassociation this, we compare them with measured rates in MOTs, where
lines. Between these lines, we see a nonzero backgrouright-assisted collisions have been extensively studied. This

3. Density dependent loss from the FORT during loading
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comparison is complicated by the difference in trap depth
between the MOT and the FORT K vs 1 mK) and also the
difference in fractional occupation of the upper hyperfine
component of the ground state. In the case of the MOT, the
fractional population of the lower hyperfine component is
negligible, and the loss term is written 82, wheren is the
total density of atoms in the MOT. In genera, depends
linearly on the intensity of the assisting light.

These light-assisted collisions, as described by Gallagher -150+
and Pritchard20], are due to two mechanisms: fine structure t,
changing collisions and radiative escape. It has been shown
that these two mechanisms contribute with the same order of 0 200 400 600 200 1000
magnitude to the trap lo421,22 in 1 K deep MOTs. Ra-
diative escape is predicted to scale almost inversely with trap
depth (8~U, %% [22,23 for trap depths~ 1 K, but the FIG. 15. Approximate intramolecular potential for Rb, with
fractional contribution of fine structure changing collisions =71 A®eV. The large graph shows the critical radiugs for
should decrease with decreasing trap depth. Therefore, wéo/ks=—1 K, while the inset depicts the same parameters for
can neglect the contribution from fine structure changing colYo/ks=—1 mK.

lisions to 8 in describing the losses that occur during loadingyitferent days. We see that E€) gives a good description
of the 1 mK deep FORT. _ of the measured MOT and repump intensity dependences of
~ The fractional ground state population affects the loss ratgne |oss rate during loading of the FORT.
in the fO”OWIng way. For radiative escape to occur, at least For a Comparison of our numbers with those norma”y
one of the two colliding atoms must be in the upper hyperfound in MOTs we seh;/n=1, assuming all atoms are in
fine ground stateK=3). The MOT light is too far detuned the F=3 ground state as they would be in a MOT. Thus
to excite an atom from the lower ground stae<(2) toa B, =Kl,,. For |y,=10 mW/cnt we find B, =1
higher lying molecular state during a collision. Therefore,x 10 °® cm®/s. In contrast, a MOT with comparable powers
the loss term takes the form @hs(n,+ n3), wherengisthe  and detunings has a loss rate of (140 ** cm’/s [24—
density of atoms in th& =3 state, is the density of atoms 26,23, which is a factor of 250 to 1000 smaller than our
in the F=2 state, andh,+n3;=n. measured value. As shown below, this difference is due to
The fraction of atoms in th& =3 state depends on the the smaller depth of the FORT.
relative optical pumping rates of the primary MOT lasEr ( In order to explain the increased loss rate observed during
=3—F'=3—F=2) as compared with the repump laser loading of the FORT as compared to a MOT, we will discuss
(F=2—F'=3—F=3). We derive the fraction of atoms in in more detail how the FORT depth affects the radiative
the F=3 state from a simple two-level rate equation model,escape loss rate. In the case of a MOT, the dependenge of
which results ims/n=1x/(Ig+aly), wherea is a constant  due to radiative escape, on the trap depth is predicted to vary
that reflects the relative optical pumping rates. These rateasuay6 in the limit of large trap depthg22,23. However,
depend on the ac Stark shifts induced by the FORT, in addisome of the assumptions used to derive this dependence
tion to Clebsch-Gordan coefficients and the frequency obreak down at smaller trap depths. Therefore, to calcdate
each laser. The average shift in the transition frequency fofor the FORT, we perform a numerical calculation of the
atoms in the FORT 4,J) was extracted from Fig. 7 and radiative escape process, using the semiclassical Gallagher-
found to beA ,.=2.3y. This results ina=0.02. The experi- Pritchard (GP) model [20]. Given the uncertainties in our

energy (peV)

1 ( angstroms )

mentally determined loss rate coefficient is then measuredB,, a more detailed calculation is unwarranted.
Therefore, we do not include angular momentum consider-
,_Klw Tr ations or enhanced survival probability as described by Juli-

@)

enne and Vigug?22] or any corrections for the hyperfine
splittings as introduced by Lett al. [21]. Instead, we ap-
whereK is a constant related to the density dependent losproximate all of the involved intramolecular potentials as a
rate, independent of optical pumping effects. We again useingle —C;/r® in the GP model, as formulated by Peters
the volumeV given by Eq.(6) to make the translation from et al. [27], and integrate numerically.
the typical density dependent loss rate to the loss coefficient Figure 15 shows an approximate intramolecular potential
that we measure in our experiments. Fey=26 um, we  for Rb. For initial excitation at radius,, atoms are acceler-
find V=1.3x10"° cn?. ated toward one another for some time before spontaneous
The behavior described by E(i) is clearly seen in the emission leaves two ground state atoms with more kinetic
measured dependence @f on bothl, andlg as shown in  energy than they had initially. If the kinetic energy picked up
Figs. &b) and 8b). The solid curves in these plots are fits of in the collision exceeds the depth of the trap, both atoms will
Eqg.(7) to the data, wittK the only free parameter. The fits to be lost. The radius at which the pair acquires exactly enough
the different  data  sets give K=(1.1+0.5) energy to be ejected from the trap is therefore called the
x 1071 cnP mw1s 1, where the spread is due to the dif- critical radiusr., and the time required for the atoms to
ferent values we find by fitting different data sets taken orreach this is called,.

L™V Igtaly’
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FIG. 16. Radiative escape loss rate coeffici@rdalculated as a
function of trap depth. When the atoms have zero initial kinetic ~FIG. 17. Equipotential contours of the FORT f&t,/kg=
energy,A correspond tg8 values forA e+ Ay=27y and® to 8. —100 uK, Ug/kg=—1, —2, —3, and—4 mK depth,(a)—(d),
O depict 8y, but with an initial relative velocity =kgT/m, corre-  andwp=26 um.
sponding toT=800 wK. The dashed line represenis<U, *® as
mentioned in the text. B. A model for the FORT loading rate

The initial loading rate is the flux of atoms into the vol-

Once the atoms reach, acceleration is very fast, and the ume of the FORT times the probability for an atom in this
atom pair spends a short tintg accelerating tor=0. If ~ volume to become trapped:
spontaneous emission does not occur during this second time . —
interval, the intramolecular separation will oscillate between Ro=2NMvotv APuap, ©)
0 andr gy, making multiple orbits until spontaneous emission . o —
occurs.OThe pro%abilitypofa lossy radiaFt)ive escape event thu‘.é,’he—re Mot 1S the density in the center. of the MOT, :
depends on the excitation probabilityrgtand the probabil- =vkgT/m is the root mean square velocity of the atoms in

ity of decay occurring when<r . Following Refs[27] and the MOT, A is the effective surface area of the FORT, and
[%/8] we fin)él ’ ¢ g Pirapis the trapping probability. For the discussion below, we

will assume that the MOT density is constant, iRyot iS
the density at the start of the loading stage.
As was shown in Fig. 9R, has a maximum at\y=
B“J 471 2dryG(r o) Pre(fo), (8) —30 MHz. At the same detunln_g, the measurec_j product
OTOm T RETO NuotVTmor has a maximum. This supports the idea that

Ro*Nyotv -

where the photon scattering rate of atoms infhe3 state, Ir:j ad?}iot\ian tonyor ar_u:l]v, thg Ioafdizng ratdr?o SISOI c.ie;]
G(rp), is a function of the effective detuning\(rg)= pends orm. oratrap V‘.”t awa|st.o fum, the ayleigh
—C3/(r8ﬁ)+AM with respect to the unperturbed atomic range is 2.7 mm. This is about 5 times larger than the diam-

I - - eter Dot Of the cloud of atoms trapped in the MOT. This
transition frequency. The probability of a radiative €SCaP&yeans that the FORT radius hardly changes over a distance
event resulting in trap loss Brg= sinh(yty)/sini y(ty+11)],

; . ) X . Dot - Therefore we approximaté by the surface area of a
which reflects the important contribution of multiple orbits cylinder with lengthD o7 and an effective radius,; that
[27].

o ) ] depends on the relative longitudinal position of the MOT
The result of the numerical integration of E@) for dif-  \jth respect to the FORT. The radius is set by the position
ferent trap depths is shown in Flg 16. The dashed line indi'on the FORT potentia| where it becomes Signiﬁcant com-
cates a dependence U, > as predicted by Ref§22]  pared to the temperature of the atoms in the MOT,
and [23]. This clearly tracks our numerical integration at U(rqs,z)=U.~—kgT. The effective radiug.(z) of the
large trap depths, where it is expected to be valid. ExaminaFORT, depending oz andU,, is then
tion of the change B with U, shows that for a change in
Upfrom—1 Kto—1 mK, Bincreases by a factor of 50
(for ng/n=1). This ratio is at least a factor of 5 smaller than Fer(2) =
the experimentally observed ratio of 250. However, given
the large uncertainties in the experimental determinatiam of
and n3/n, as well as the approximations that go into theln Fig. 17 this equipotential contour is plotted for different
calculations and the steep dependence of the results, the maalues ofU, andU(r¢,2z)= —100 wK. The bow tie shape
sured and calculated numbers are not inconsistent. Thereforef these contours explains why the best loading is achieved
we believe that the enhanced loss rates we observe durighen the FORT and MOT are displaced; the radius has a
loading are consistent with light-assisted collisions. maximum away from the focus. Moreover, for deeper traps,

2

W U 1/2
0 0
—[1+(z/zp)?]In| — ————— .
2 TN g, 1+(z/zR>2H
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the z at which the maximum radius occurs shifts to larger We obtain a value ofr from the formula given in Ref.
values, just as in the loading data. [23], based on Doppler cooling. The damping rate calculated
A typical initial MOT density during the FORT loading from this formula increases linearly with MOT intensity for
stage is 210" cm 3, and the temperature ranges from the velocities we are interested in. The valuesaoénd o
30 uK to 100 uK, depending on detuning of the primary also depend on MOT detuning. There is a strong spatial de-
MOT light. A reasonable value for the average speed in on@endence of the effective MOT detuning due to the light
dimension is thusv=5 cm/s. The MOT diameter is shift induced by the FORT. We make the crude approxima-
500 um (full width at half maximum. For Ugy/kg  tion that the MOT is shifted out of resonance by one-half the
=-1 mK and Uc/kg=—100 uK the area A=1  pORT Jight shift. This results inv/o=2 and a/m
x10°° Clm_z' Using these numbers, the loading rate is 2.5_500 51 The result of this model is plotted as a solid
X10° s if the trapping prOba.b'“tyE”aEzll.' The loading  ¢,1ve in Fig. 8 and shows good agreement with the data.
rate measured for such a trap iX30" s %, implying Puay s is a very approximate treatment, but it clearly supports

~0.1. . . X
The data in Fig. 8 show that the loading rate increa:segur general interpretation of the loading process.

nearly linearly with MOT intensity. However, it is known
that the MOT temperature and density in the sub-Doppler
regime scale as intensity and the inverse square root of in-

tensity, respectively17,29. The productyorv is thus ex- From our understanding of the loss process and the load-
pected to show no strong dependence on MOT intensity. Wihg rate, we are now in a position to explain the dependen-
have experimentally confirmed this by measuring the densitgjes presented in Sec. IV. We saw that more atoms are
and temperature of the cloud of MOT atoms as a function ofpaded into deeper FORTS because the loading rate increases
MOT intensity. Over the range of MOT intensities as in Fig. ang the loss rate decreases. The loading rate increases be-
8, we find thatnyorvA is nearly constant. Therefore, we cause the effective FORT radius increases with trap depth,
conclude that the observed increase of the loading rate witiyhich enhances the flux of atoms into the trap. The loss rate
increasing MOT intensity arises from an intensity depen-decreases because the probability of light-assisted collisional
dence of the trapping probabilif,,. loss decreases when the trap is deeper. In addition, the light
We estimateP,, by using the following simple model.  ghift of the trap increases the effective detuning of the MOT
The atoms come into the trapping volume with a narrowjight and repump light for the atoms in the trap, which re-
distribution of velocities around an average velocityTo be  duces their excitation rate, and therefore reduces radiative
trapped, an atom's energy has to be reduced to below thgscape.
edge of the trapping potential. The time scale for this 10 The data in Fig. 10 show that the MOT detuning at which
happen must be about one-half the oscillation per(@lof  |5ading is optimized is smaller for deeper FORTSs. A deeper
the FORT in the strong direction, which is 130s for the a5 means larger light shifts of the atoms. The MOT detun-
above mentioned trap. The scattering of MOT laser photong, 4 anq the repump detuning are both blueshifted, so that the
affects the atomic velocity in two ways. First, the atom scat; etuning of both lasers from the atoms becomes more nega-
ters pho.tons., W.h'ch leads to heatmg, that IS, a broadening Fve (red) in both cases. Due to the increased effective detun-
its velocity distribution. The spread in velocity due to photonmgS, the MOT cooling rate decreases, and the trapping prob-
scattering iso= /3 (ik/m)2T /2. Second, the frictional ability thus decreases. By choosing a smaller MOT detuning
component of the scattering leads to a reduction of the afe |oading rate is increased.
om’s average kinetic energy. The rate at which the atom tpg dependence on MOT detuning of {Bthat we mea-
loses energy i€=—av?, with « the friction coefficient. syred for a given trap depttsee Fig. 9 is also well de-
This damping leads to a change in average velocithof  scribed by Eq(7). The detuning dependence enters through

VIIl. SUMMARY

=vp+ar/min the characteristic time/2. the parametea. At small MOT detunings, the MOT excita-
The probability of being captured is the integral of thetion rate is highest, ang, is therefore large. By increasing
shifted and broadened distribution, the MOT detuning furthera becomes smaller. Therefore,
aly becomes negligible compared tq, and 8 becomes
5 :foc 1 exp( _v_z) d 11 independent of detuning.
" s \2mo 202 In Sec. IV A, it was shown that loading is optimized for
repump light of very low intensity that is tuned on resonance.
The integral leads to We saw that the number of atoms in the FORT dropped

when the repump intensity was increased, but the repump
1 o wr sca_ttering rate was maintained py cha_ngi_ng the repump de-
ptrap:_|1_en{_(1_ 2\ /_) (12) tuning. Increasing the repump intensity increases the loss
2 V20 m rate. Although the detuning is increased for the atoms in the
MOT such that the scattering rate is the same for the MOT
For Ay=30 MHz andl,,=6 mWi/cnt the MOT scattering atoms, the increased intensity still causes an increased scat-
rate'g.,= 9.5} 10° s~ 1, which makesr=6 cm/s. tering rate for the atoms trapped in the FORT.
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' ' ' ' ' weak repump laser. Thus, placing additional shadows in the
84 T main MOT light may improve the loading even more, but
this requires a more complicated optical setup. By reducing
6 _ B\ to the limit of no MOT light, while maintaining the same
loading rate, the steady state number of atoms will be 2
X 107, nearly all of the MOT atoms.

X. CONCLUSIONS

N, ( 10° atoms )
i

Our study can be summarized as follows. Deeper traps
ol 8 : . load more atoms and the temperature is a fixed fraction of
0 1 2 3 4 the trap depth. Optimum loading is achieved for very low
time (s ) repump scattering ratd gp=5 uW/cn?), and a MOT de-
tuning that depends on the FORT depth. Controlling the ge-
FIG. 18. Number of atoms loaded into the FORT as a fUﬂCtiOﬂometry of the overlap of the MOT and FORT beams gives
of loading time, using normal loadingX) and enhanced loading - sypstantial improvement. To maximize the number of atoms
with a shadowed repump bean®]. The FORT parameters are trapped in the FORT, these are the parameters to adjust.
Wo=58 um, P=580 mW, and\=783.2 nm. The solid curves However, underneath this recipe lies a lot of interesting
are fits of Eq.(4) to the data. physics. Loading the FORT from a MOT is a dynamical
IX. ENHANCED AND QUASICONTINUOUS LOADING process, governed by a loading r&g and density depen-
dent losses characterized i8{ . During the loading, the
The previous data and analysis show {Aats very small  MOT light fields increase the FORT loss rate considerably.
when the repump power is zero, and reducing the primaryrhe main loss mechanism during loading of the FORT is
MOT intensity also helps to reduce the loss rate. Howeveradiative escape collision induced by the MOT light fields.
reducing these light intensities also reduces the loading raterhe loss rate is higher than in a MOT because the FORT is
It is possible to improve the ratio of loss to loading rate byon the order of only a millikelvin deep, whereas a typical
changing the beam geometry. The loss rate only has to b@IOT is a kelvin deep. In addition, the light shift due to the
eliminated in the volume occupied by the FORT, which canFORT changes the hyperfine repump rate and the optical
be accomplished by inserting obstructions to block portiongxcitation by the MOT trapping and cooling light, which is
of the MOT and repump beams. responsible for the radiative escape. Taking these effects into
To demonstrate this concept, we make a shadow in thgccount, we were able to model how the loss rate depends on
repump beam. For this purpose an additional repump beam {fe intensities and detunings of the primary MOT and re-
used that copropagates with the FORT beam. A 0.6 mnpump lasers, as well as the FORT depth. This model explains
opaque disk in this beam is imaged into the MOT and FORTthe experimentally observed dependencies of the loss rate on
region, such that the shadow covers the length of the FORthese parameters quite well. The loading rate can be de-
The peak intensity in this repump beam is increased fromycribed in two parts: a flux of atoms into the volume of the
5 pWicn? to 460 uWi/cn?, which is sufficient to prevent FORT times a probability of being trapped. Both parts de-
the MOT from being lost while loading the FORT. The MOT pend on the MOT and FORT parameters, including the size
is still loaded as before using a repump beam without &f the FORT.
shadow. During the loading of the FORT, this repump beam Here we studied the loading of a FORT with a radius
is switched off, and the shadowed beam switched on. In Fig<60 um, which is much smaller than the radius of the
18 we show two measured loading curves. One shows l0ad/OT. Even with this mismatch of size between the MOT
ing using the conventional method without the shadow anghnd the FORT, we were able to transfer more than 40% of
with reduced repump power, and the second curve shows thfle atoms initially trapped in the MOT to the FORT. For
new method with the shadowed beam and increased repunFDRTs with a radius comparable to that of the MOT, the
power. The maximum number of loaded atoms doubles frongjescription of the loading rate changes, and the loss rate may
3.9x10° to 7.7x 10°. The transfer efficiency from MOT to also behave differently; however, we believe that radiative
FORT increased from 21% to 42%. escape processes may still be enhanced as compared to a
The increase in the number is caused by a decrease of thgOT. Working with a small waist enables one to make
loss rate from /=(3.5£0.5)x107% s"* to B/=(1.7 deeper traps and achieve tighter confinement. Such condi-
+0.3)x10 ® s ! and a simultaneous increase of the load-tions may make it possible to reach, for instance, Bose-
ing rate, fromRy=5.8x10" s ! to Ry=10.2x10" s 1. Einstein condensation at high temperatures of tens of mi-
The loading rate is increased, due to the fact that the MOTrokelvins.
density increases, by reducing the repump intensity in the
center of the MOT.
The loss rateB| is still larger during loading with the
shadow than in the absence of all MOT light, where the loss This work is supported by NSF and ONR. We thank
rate B’=2.3x10" " s 1. This is due to the fact that the Stephan Dur for his comments during prepration of the final
MOT light is not shadowed and the FORT acts as a verynanuscript.
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