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Double-well magnetic trap for Bose-Einstein condensates
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We present a magnetic trapping scheme for neutral atoms based on a hybrid of loffe-Pritchard and time-
averaged orbiting potential traps. The resulting double-well magnetic potential has readily controllable barrier
height and well separation. This offers a new tool for studying the behavior of Bose condensates in double-well
potentials, and in particular for atom optics and interferometry. We formulate a description for the potential of
this magnetic trap and discuss practical issues such as loading with atoms, evaporative cooling and manipu-
lating the potential.
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Bose-Einstein condensatéBECS of dilute alkali-metal I. IOFFE-PRITCHARD TRAPS
gases have been the subject of a great deal of attention since

they were first rgahze@l—S]. Egrly exper|ment$4,§] used tion of BEC in alkali gases. The basic configuration for an IP
traps that were single harmomc wells, but reFe”t mtergst haﬁap is illustrated in Fig. 1. Four long “bars” with currents in
been focused on more complicated geometries. The simplegfiernate directions run parallel to taexis. These generate
extension is the double-well trap, reported in Réf.where 5 gy adrupole field in the-y plane with gradienB’, which

a cigar-shaped condensate was split in half by a light sheefeaqs to radial confinement. Two “pinch” coils have currents
When the BECs were released from this configurationjy the same direction and are spaced to give a harmonic local
matter-wave interference was observed in an analog Ohinimum of the axial magnetic field with curvatur@’.
Young's double-slit experiment. In an extension of this ex-These coils provide axial confinement but also a large bias
periment, vortices in one of the condensates were detected igld B,. Finally there are the two “nulling” coilgusually in
observing a characteristic pattern in the interferefitk  the Helmholtz configurationthat provide a uniform axial
Double wells have been theoretically studied in the contexfield B,,. These allow the total bias field at the trap center,
of combining two condensatel,9], investigating phase

fluctuations[10], detection of weak forcegll], Josephson Bo,=B,— B, (1)
junctions [12-17, and splitting a condensatgl8-22.

Multiple-well traps have been created in a number of recenfg pe reduced. For BEC experiments this is important be-
experiments using optical lattices, where several hundredause it leads to tighter radial confinement and simplifies rf
wells may be occupied. There have been reports in the oneevaporatior35].

[23-29, two- [30,31] and three—dimensiondB2] cases. The magnetic field components for this geometry, to sec-
These lattices are well suited to tunneling studies because tlend order about the trap center, are given by the equations
well spacing is submicron.

In this paper we describe a trap in the simpler double-well
configuration. It relies on magnetic fields only, avoiding the
need to mechanically stabilize the magnetic field with re-
spect to an optical one. The trap has a well separation that
can be large, up to several centimeters, allowing good optical
access to each condensate. Our scheme is an extension of the
existing loffe-PritchardIP) and time-averaged orbiting po-
tential (TOP) traps used in many BEC experiments. We be-
gin by briefly summarizing the IP trap and review how a
double-quadrupole-like potential can be formed. Bose con-
densates cannot be confined in this potential, because of Ma- £ 1. The layout of coils and bars for a loffe-Pritchard mag-
jorana spin-flip loss, but we show how the addition of apetic trap with current direction indicated by arrows. The four bars
rotating bias field can resolve this problem. The focus of thigje on corners of a square. Current in each bar flows in the direction
work is on the development of a theoretical description ofppposite to that of its closest neighbors, and the magnitude of the
the resulting double-well magnetic potential. Practical issuegurrent is the same for each bar. The two pairs of coils with large
such as the effect of gravity, loading atoms, evaporativeand small radii are the nulling and pinch coils, respectively. The
cooling, and controlling the shape of the potential are coneurrents flow in the opposite sense so that they produce opposing
sidered in detail. magnetic fields.

IP traps[33,34] have been used extensively in the realiza-
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TABLE I. A summary of reported IP trap parameters. In many (a)
cases the traditional geometry of Fig. 1 is replaced by a variant witt 1.0}
some specific advantages.

Ref. Variant Species B, B’ B”

(G) (Glem) (Glen?)
[36] Cloverleaf 2Na 1 170 125
[37] Baseball Rb 1.6 300 85
[38]2P  Perm. Magnet ‘Li 1000 1250 855
[39]2 Four-Dee BNa 15 220 240
[40] Traditional 8Rb 15 275 365
[41] QuIC 8Rb 2 220 260
[42] Three-caoil 8Rb 1.3 140 85
[43] Superconductor ~ H 05 240 0.75 z (pm)

a 87

[44] Perm. Magnet 23Rb 190 1200 400 FIG. 2. A double-well potential with well spacing ofzg
[45]a Cloverleaf 87Na 1 330 200 =2 mm, generated by fields &,=—0.75 G, B’=200 G/cm,
[46] Baseball Rb 1 175 62 andB"=150 G/cri. (a) The behavior for the axis with the field
[47] Cloverleaf 8Rb 1 175 185 directions indicated by arrowgb) Field magnitude contours in the
[48]2 QuiIC 8Rb 1.6 170 110 x-z plane with 0.1 G spacing. The barrier height is equivalent to a
[49]2 Cloverleaf ‘He* 0.3 85 40 temperature € wAB/kg) of 50 wK for atoms in a magnetic sub-
[50] QuIC ‘Her 4.2 280 200 state withu= ug .

Ketterle et al. [5,51] have pointed out that a double-well
is formed if the nulling biasB,,) is allowed to overcome the
pinch bias B,), so thatB,<0 in Eq.(1). The axial field now
has zeros at the points. = +z,, where

1
=+ Iy _R"
By B’x 2B XZ, 2|Bo|
Zy= B . (4)

By=-B'y—-5B"yz, The trapping potential then has the form of two wells, as
shown in Fig. 2. The barrier heigitB is |B,|, which occurs
1 1 at (z,r)=(0,0).
B,=B,+ —B”(zz— _r2>, 2 The field components, from E¢2) evaluated about the
2 2 well minimaz.. , are given by

Field quantities calculated from trap oscillation frequencies.
PEquivalent radial gradient for traps that are harmonic.

wherer is the radial coordinaterf=x?+y?). The terms
with coefficientB’ are generated by the four bars. Atoms in
a weak-field seeking state are trapped at the minimum of the
field magnitude. For small thermal atomic clouds and Bose- B _( B EB"Z )
Einstein condensateskgT<uB,), the field magnitude is v 2= 2= Y
calculated by a binomial expansion to second order, to give

By=

1
+B’—§B”z:>x,

1
1 B,=B"z.7'+ EB”Z’Z, (5)
Bip=Bot 3

1
2 "2
B, 2 r<+ -B"z%, €]

BrZ B”
2

wherez' =z—z. . If we were to neglect the term izi 2, then

) i - these equations would be similar to those of a spherical
where B,>0. The radial curvature is large whes'“/B,  quadrupole field. This approximation is reasonable near the
>B"/2, which is achieved by reducing, with the nulling  pottom of each well, wheréz’/2z,|<1. However, in gen-
coils. A summary of reported parameters for various IP trapgra), the curvature distorts the potential from a quadrupole.
used in BEC expenments is shown in Table I. Typical valuesygte that the axial gradient scales with the well positign

for the popular coil-based IP traps af®,=1 G, B’  gq that confinement tightens and becomes more linear as the
=200 G/cm, andB”=150 Glenf. Note that the curvature el separation increases. The gradients alongxtkend y

is usually much larger radially than axially so that atomic axes are very similar because we will consider well separa-
clouds arecigar shaped with their long axis in thedirec-  tions small enough thaB’>B"z,. The x-y asymmetry is
tion. For the values above, the radial curvature BS  therefore small and can often be neglected, but we include it
~40000 G/cr and the anisotropy i&=w,/w,=+/B//B in subsequent calculations for completeness.

=16.3. In this calculationw, and w, are the axial and radial The usefulness of the potential in Fig. 2 for BECs is se-
oscillation frequencies in the harmonic trap. verely limited by Majorana spin flips at the two field zeros
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[52,53. Removing this means of trap loss from the double<(a) ————— T
well trap is the motivation behind this work. - \_
L5}

Il. DOUBLE-TOP TRAP -

To eliminate loss from the two quadrupolelike wells, we & 10

apply the TOP trap scheme developed by Cornell and cc i
workers for the simple quadrupole trEg2], that is, we add a 0.5
rotating bias field to the double-well IP trap. The rotating 5
field component, with magnitudg, , is chosen to be

o o _
-1000 0 1000
B, = B, coswt,
(b) 50 T I ‘\V/ N
B,=B;sinwt, \'g; ok |
b A
=0. 50 N I T X
B,=0 ©) -1000 0 1000
z (um)

The oscillating field has na component, which avoids the
introduction of further radial asymmetry and modulation of  F|G. 3. A double-TOP potential with the same parameters as
the well spacing, stiffness, and barrier height during the biagig. 2 (2z,=2 mm, B,=-0.75 G), andB,=1 G. (a) The be-

rotation. This choice also leads to a relatively simple descriphavior on thez axis with numericalsolid), Mexican-hatdash-do,
tion of the trap. As in the standard TOP trap, the frequency o&nd double-well IRdotted potentials shown(b) A contour plot in

rotation w must satisfy thex-z plane for the numerical integration with 0.1 G spacing start-
ing from the well bottomB,. The barrier height is equivalent to
0, 0,<O<o, (7) 17 wK for atoms withu=ug.
. . . 27w
where w| is the Lamor frequency in field@,. The lower Bo=o— B(t) dt, 9)
bound ensures a time-averaged potential, and the upper 2mJo

bound allows the atomic magnetic dipole to follow the OSC'I'whereB(t) is the instantaneous field magnitude. In Fig. 3 we

lating field so t_hat the. atqms remain trappeq. These IIm't%ave numerically evaluated E¢). The addition of the ro-
cause no practical difficulties as trap oscillation and Lamor,

. tating bias field to the double-well IP trap has displaced the
fsrsggﬂe\?eﬁ;es are normally of order 100 Hz and 1 MHz, re-e|q 7er0 as required, leaving a minimum of field magnitude

of B; occurring at ¢,r)=(z-,0). The field at the top of the

The key mechanism of the TOP trap is that the field zerq,qier separating the two wells is now the quadrature sum of
of a spherical quadrupole is displaced outside the atomigtatic and rotating bias fields, given by

cloud by the rotating bias field of Ed6). In the original
implementation[52] the field rotated about the symmetry B,= B2+ B?Z. (10)

is of herical d le givi ircular locusBof
axIs OF & Spnerical guacrupo’e giving & cireuar ‘octl The barrier heighAB is then given byAB=B,—B;. The

=0 at radiusr,=B,;/B’, whereB' is the radial gradient of .o . .
the quadrupole. The double-TOP trap described in this worlg/;! ?iigl);ratlon is not affected by the addition of the rotating

d‘;ﬁfh ?ﬁ; Ik?agerggishi\(/)etheeqllﬁ gr_asd;el{n';]sﬂ me|t|hei'c§|anTeh;n There is no straightforward analytical solution to K@)
which & : ’ us is sightly efliptical. that applies for a wide range of parameters. However, it is
axial displacements fax andy are given by

possible to find results for restricted conditions and we now
present two such cases. Along the central axis of the trap, the
:i ) field magnitude can be approximated by a one-dimensional
IB/|’ Mexican-hat functional form
1 2)%° 11
~ | (11

(0]

ri

wherei ={x,y} andB/ =dB;/di is the magnetic field gradi- B./(2)=B;+AB
ent on axis evaluated from Eq(5). Some other implemen-

tations of the TOP trap54,55 also have an elliptical locus and the error is less than 1.5% f@,|/B,<1 in the region
because the oscillating magnetic field does not rotate aboyi|/z < \J2. This description becomes more accurate as the

the symmetry axis of a spherical quadrupole. The doubleratio |B,|/B, becomes smaller. Figure 3 shows that the fit is
TOP will have a circular locus for the field zeros when thebest in the central region wheB<B_,(z)<B, . At larger

x-y asymmetry is negligible, corresponding to the limjt  values ofz the time-averaged field is dominated by the static
<1 cm for our typical parameters. axial component, so the potential becomes harmonic.
Following Cornell’s method for the standard TOP trap, the The second case is to consider the shape of each well near
field distribution for the double-TOP can be evaluated bythe minimum. This description applies to a cold atomic cloud
averaging the field magnitude, confined within either well. We proceed by performing an
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FIG. 4. Right-hand well of double-TOP potentials with common
field parameter®’ =200 G/cm,B"=150 G/cnf, andB,=1 G.
Both the numerical averagésolid) and evaluation of Eq(12)
(dashegl are shown.(a) The axial potential for widely separated
wells (z,=1000 pm) and relatively high barrierAB=250 mG).
Equation(12) is evaluated to second ord€h) The axial potential
for smaller well spacing 4,=400 xm) and a low barrier 4B
=7.2 mG). The analytical result is taken to fourth orderzin

analytical integration of Eq9), using the double-well fields
expanded about= *z, and the rotating bias. The resulting
field magnitude is given by

[Bol
+ —
By

2+ BHB!
SRRVT:)

"2
4
—7'".
8B,

BrZ

28,

1

2

|Bo|B”
4B,
"2

Br/ZrZ+ I
2B,

av— Zt(yz_xz)

t

.73+

Examining this result we find that the radial dependence i
harmonic and is dominated by the teBr?/(2B,), which is

identical to the standard TOP trap with field rotating in the

x-y plane. The term iny?—x?) is the result of the slight-y
asymmetry of the double well and is negligible fay
<1 cm. Compared to the single-well IP trap of E§) the
axial curvature has been modified by the fact2/B;, so
that axial confinement is tightened ftB,|~B;. The terms
in 2’3 and z'# describe the barrier, and for our typical pa-
rameters these terms are important wlzgns smaller than

PHYSICAL REVIEW &5 063406

(13

wheremandu are the atomic mass and magnetic momgnt,

is the acceleration due to gravity, aB{ is the curvature of
the field in thex direction. The displacement must be con-
siderably smaller than the radius of the quadrupole zero ro-
tation to prevent spin-flip los&he size of the atomic cloud
determines the required relative siz€he ratio of these two
quantities is approximated by

Xs

Fx uB’

in the limit B’>\/3/4/B,|B". This condition is weaker than
that introduced in Sec. | for the-y asymmetry, and is satis-
fied for the parameter values used in this paper. The ratio
evaluates to an acceptable 0.15 fSRb in the |[F=2,m¢

=2) state andB’ =200 G/cm.

Equation (13) is a useful approximation but in general
even a modesk-y asymmetry should be considered, as it
leads to a spatial variation B} . The resulting difference in
displacement and potential minima for the two wells is due
to the interaction of the loffe bar quadrupole field and the
curvature of the pinch field. This effect can be described by a
gradient along the axis, given by

|

wherex; is the mean sag of the two wells, and is given by
Eq. (13). For our example, the presence of gravity leads the
left well minimum to sag 7.1um and 360 nK, while the
right well sags 8.22um and 423 nK. These sags compare
favorably to the original barrier height of 14K, and for
many applications this effect of gravity is likely to be mini-
mal. However, in the extreme case, the relative shift in the

(14)

B”BI
Py —
4B, T

ZBHBt
B/3

mg)
7’

Z, (15

well minima will be larger than the original barrier height,

which corresponds to

2 4an

m 8B{B

LRV
" B/6| BO|3

In situations where symmetry is important, it can be restored

by applying an opposing magnetic field gradient. In the later

two sections of this paper we assume this correction.
In summary, the complete potential can be calculated nu-

(16)

approximately 500u.m. If the wells are more widely spaced, merically, while near the well minima can be described ana-
the third-order term adds only a slight tilt to the harmoniclytically. The Mexican-hat functional form is a useful ap-
confinement and the fourth-order term can be neglected, ggoximation for the axial field magnitude in the central
shown in Fig. 4. region. The effect of gravity can be an important consider-
We now consider the effect of gravity on the potential. Ination.
general, the center-of-mass position of an atomic cloud will
sag in the magnetic potential to the point that the magnetic
force is equal to the gravitational one. This has been consid-
ered in detail for an extremely weak TOP trdg6] and here The double-TOP trap may be loaded with a Bose conden-
we point out only the important features for the double-TOPsate by transfer from a IP trap. To do this without spin-flip
We take gravity in the-x direction (downwards in Fig. 1 loss, it is necessary to apply the rotating bias before reverse
In the limit of insignificantx-y asymmetry the sag is given biasing to form a double well. We model this loading scheme
simply by by adding the rotating bias of E¢6) to the IP field compo-

Ill. LOADING A CONDENSATE FROM A
IOFFE-PRITCHARD TRAP
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nents of Eq.(2), and on integrating for the magnitude find (a)
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that
12 ” 212 @
Bav:Bb-i‘E §(B__B_)_Bt8 2 m
2|B,\ B, 2/ 283
2 2 2pn2
1B BfB
b o] t
+B'B"———7(y2—x?) + = —B"z2+ pa
4B} vy 2 By 8B ®) F
1.8}
(17)

16}

g
m

Compared to the initial IP trap, both the axial and radial
curvatures are reduced by at least a factoBgfB,, due to

the time average. This effect can be minimized®j~=B,,

which occurs wherB; is small in comparison t®8,. Since

B,>0, there are no zeros of the field in this configurationc)
and therefore there is no restriction on the minimum size o
B;. This choice of parameters also minimizes the effect of
the third term in the radial curvature. A fourth-order term in
z is required because the axial curvature goes to zero wit
Bo

14}

We consider the loading process as an adiabatic evolutio
from IP to the time-averaged IP trap and finally to double-
TOP. We can use E17) to describe most of this process, as ( )
shown in Fig. 5. The first step is to incredBefrom 0to 1 G
while holding B,=1 G. The trap minimum becomeB, o
=\/2B,, and the axial and radial curvatures are reduced b' m
factors of 0.71 and 0.53, respectively. A typical condensate i
sufficiently small &150 um long for the axial confine-
ment to be harmonic. The second stage is to r&yplown
to —0.75 G which creates a double-TOP trap characterize(e)
by AB=250 mG, 2Z,=2000 um. During this ramp the
radial confinement is mostly unchanged because the rotatir
bias dominate8,. WhenB, passes through zer®; must
be sufficiently large to place the field zero outside the clouc
of atoms and prevent spin-flip loss. For the parameters use
the radial curvature of 20000 G/émtB,=0 means a typi-
cal alkali condensate of $@toms will be significantly inside
ro=50 um. The ramp oB, produces a dramatic change in ®
potential on the axis. WhileB,>0, the curvature is positive
but reducing, leading to a flattening as the quartic term be
comes more important. Some control of the rate of change ¢
the curvature is possible by the choiceByfrelative toB, .
In this case, where they are approximately equal at start ¢
the ramp, the curvature does not greatly deviate from a linee
reduction, and this is also true for the ca&3e>B,. In the X (um)
opposite extreme the curvature can collapse quite suddenly. _ ) _ :
WhenB, passes through zero, the sign of the curvature re; Ft'G' E; N“Te“‘;a'(so:'g)taréd aglal}/Ttgi(tt:iashk-)do)t rgOde“n'?hOf
verses and the barrier starts to rise. In Fif) Sve see that e transformation from 1 fo doulble rap by re ”.cmg N
although the analytical solutiofiEq. (17)] describes the behawlor. is shpwn for thea.X|s.(Ieft column andx direction at the
Lo . . ap minima(right column indicated by the marker on the corre-
gualitative shape of the potential, there is no longer a goo

o . . pondingz-axis plot. The plots showa) the initial IP trap withB,
quantitative agreement with the numerical result. The_ G, B'=200 Glcm, B"=150 G/cnf, B,=0 G;(b) the

Mexican-hat description is more appropriate for this situa-time_averaged IP formed wit,=1 G;(c)—(f) B, equal to 0.25 G,

tion. _ . 0 G, —0.19 G, and—0.75 G, respectivelyall other parameters
A second method for loading Bose condensates into @eld constant The well separations ine) and (f) are 2z,

double-TOP configuration is to evaporatively cool a thermal=1000 xm and 2000,xm. The radii of the locus traced by the two
cloud. In this case the evaporation process is much the sam@adrupole field zeros irfd)—(f) are constant and equal to,
as for a standard TOP trap, with the rf field oriented perpen=51.9 um and ry=48.2 um for the right-hand wellvice versa

dicular to the rotating bias field, except that rf resonanceor left well).

12}

1.0

z (pm)
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occurs at two points at the perimeter of the cloud rather thaka) 10°

one. Alternatively, an atomic cloud could be cooled first in a
IP trap and then in a double-TOP. However, in this case, th:
standard orientation for the rf antenna in a IP trap is not wel
matched for optimum evaporation in the double-TOP. §°101 @E‘ 4
Ca ;“2
IV. CONTROLLING THE BARRIER HEIGHT AND WELL DI:I
SPACING 0
=500 0 500
In this section we consider changing the shape of the 10° . e, . . s
double-TOP potential over a range of conditions suited tc -0.8 -0.6 —0.4 -02 0
experiments with Bose condensates. As above, we will kee B, ©

the IP gradient and curvature constant and adjust the two bi¢

2
' 10 . . . .
fields B, andB;. (b)
In the absence of external influences, the minimum spac

ing of the two wells is set by experimental noise on coil
currents. Large currentseveral hundred ampare common 2 .
for loffe-Pritchard traps, and the power supplies required of 4§ 10 f -

ten have modest stability. However, the compact quadrupol £ S~
loffe configuration(QUIC) [41], which uses an extremely [ T Te—— . _ . _.
stable current angi-metal shielding, has residual ac mag-

netic fields of less than 0.1 m[&7]. With comparable care 10° . . . .
in design one might expect similar stability from a double- 0 5 10 15 20 25
TOP trap. For our typical parameters, a bias fiBldof 10 B (@)

mG (100 times the residual field noise reported bynkizh ) ) ) )

and co-workersgives a well spacing of 23Qum. We regard F'Gb 6. (f?‘)léomr?:]oé tEi re(laatl've hba"'er he'aht by ‘"ﬂte“”g th?

this as a reasonable practical limit on the smallest possibl%tat'_C 1as fields, with B;=1 G. In the range shown, the ratio o
arrier height and chemical potential drops from 100 to 1. The

well ing. Th r nd on well ing will - - .
€ spacing € upper bound o €l spacing be de circle indicates the parameters used for the inset. Inset: the mag-

termined by vacuum system size and_ imaging con5|derat|on§]Etic potential forB,— —80 MG and the chemical potentidiori-
but may be as large as several centimeters.

" . . o zontal lineg for 10° Rb atoms in each well. The calculation af
As discussed in Sec. Il, the rotating bias fiedd, must be neglects any effect of the condensate in the other wallControl

large enough to place the locus of the quadrupole field zerg jhe parrier height by altering the rotating bias fi@dwith B,
outside the cloud. Further, it has been suggeEié{ithatB,  equal to—0.75 G(solid) and—0.20 G(dash-dor.

must be large enough that atoms in the bottom of the poten- _ o _

tial are not resonant with ac field noise, which will give rise Thomas-Fermi approximation. For each potential, we kept
to transitions to untrapped states. A rotating field magnitudéhe number of atoms constant at®lahd solved foru. . By

of 1 G is commonly used in TOP traps, but smaller valuesreducing the well separation the relative barrier height can be
are possible with greater attention to noise performance. Thggduced by two orders of magnitude, with the condensate
largest rotating bias field that has been reported for a Tophemical potential equaling the barrier height Bf=

trap is 50 G[58]. It is important to note that largB, relaxes —55 mG. The scaling with the rotating bias field is weaker

the radial confinement, so that the effects of the txap and therefore offers the possibility fine control for an appro-

asymmetry and gravity must be accounted for. Combining priate choice 0B, .

ranae 61 G to 50 G forB. with B between 10 mG and 1 G Given the range of options for controlling the potential,
I 3 to barrier heiaht ! AB/K N 67 DK 10 28 uK the double-TOP trap is ideally suited to storage and manipu-
eads to barrier heightsu B) O Pr 10 26 uik. . lation of Bose condensates. An atom interferometer in which

We now compare these heights to a condensate chemicgle ondensates remain trapped could be realized. Also, since
potential uc, see Ref[59]. For the trap parameters associ- |5rge well separations are readily achievable, a condensate in
ated with Fig. %) we have AB=0.25 G, or ugAB/Ks  one well can be perturbed independent of the other.
=16.8 uK. The chemical potential, for £0atoms of *'Rb Controlling the barrier height in a double-well trap raises
in the |[F=2,mg=2) state, confined in one of the wells is the possibility of investigating Josephson tunneling. How-
we/kg=180 nK, were we have approximated the well asever, due to the double-TOP geometry, we do not expect that
harmonic. In this case, the ratio of barrier height to chemicatunneling will be observable in this trap. It has been shown
potential is thenugAB/u.=93, so that the condensates are[17] that very small separations are required to overcome
essentially isolated from each other. The relative barriesuppression of tunneling by the condensate mean field.
height may be brought closer to unity by one or both of theSimple numerical calculations indicate that the tunneling rate
following methods:(a) lowering B, (also reducing the well in the double-TOP trap is immeasurably small.
spacing, or (b) increasingB; (also relaxing the radial con-
finement but leaving, unchangefd We plot both cases in
Fig. 6. A numerical calculation of the chemical potential was We have developed a theoretical description of a double-
used, where we integrated over the magnetic potential in thevell magnetic trap suitable for ultracold samples of neutral

V. CONCLUSIONS
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atoms, and Bose condensates in particular. Analytical expresvells is controlled by the static bias fieR},, while the bar-
sions describing the potential are derived and these are irier height also depends on the rotating bias fiB|d The
good agreement with numerical simulations of the time-double-TOP trap is a hybrid of existing magnetic trapping
averaged field. We have outlined procedures for loading theachnologies.

double-TOP trap. In one case a loffe-Pritchard trap is used to

form a condensate that is then transformed into a double-

TOP. We also considered direct rf evaporation in a double- ACKNOWLEDGMENTS
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