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Bose-Einstein condensation in a quadrupole-Ioffe-configuration trap
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We demonstrate Bose-Einstein condensation of rubidium atoms in a simple low-power magnetic trap. This
trap combines the quadrupole with the Ioffe configuration~QUIC trap! and consists of just three coils.
Magneto-optically trapped87Rb atoms are first loaded into the linear trapping potential of a magnetic quadru-
pole, which is then converted into the parabolic geometry of an Ioffe trap. During this process two spherical
quadrupole traps with perpendicular axes merge and the trapped atomic cloud moves close to the magnetic
field producing coils, resulting in tight confinement of the atoms while the power dissipation of the trap
remains low. The magnetically trapped atoms are cooled to below the phase transition of Bose-Einstein
condensation by rf-induced evaporation.@S1050-2947~98!51210-3#

PACS number~s!: 03.75.Fi, 32.80.Pj, 52.55.Lf
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Since the first experimental demonstrations of Bo
Einstein condensation~BEC! in alkali-metal gases@1–3#, the
subject has received remarkable attention in the phy
community. An increasingly detailed theoretical picture
BEC in dilute gases has emerged over the past years, bu
full scope of new experimental possibilities has yet to
revealed. Over the last year a gradually increasing numbe
experimental groups@4–9# have succeeded in demonstrati
BEC, but the exponential growth in the number of BEC e
periments that was predicted has not yet come true. La
cooled atoms trapped in magneto-optical traps provide
starting point for these BEC experiments. In more than
hundred laboratories all over the world alkali-metal gases
routinely trapped and cooled to temperatures of a few
crokelvin using simple vapor cell magneto-optical traps@10#.
However, the experimental complexity and difficulties
achieving BEC go much beyond the techniques of laser c
ing. Besides requiring an ultrahigh vacuum and a soph
cated timing system, the major challenge lies in designing
adequate and easy-to-use magnetic trap, which forms
core element of each BEC experiment.

The simplest way to magnetically trap atoms is to use
quadrupole field created by two coils with currents in opp
site directions. In this configuration the atoms can easily
loaded from a magneto-optical trap into the magnetic tr
since both traps have a common center and share the
symmetry. The magnetic trapping potentialmuB(r )u is given
by the spatially varying magnetic fieldB(r ) and the effective
magnetic momentm of the atom. For an atom in a weak
field-seeking state, the potential in a quadrupole trap gro
linearly with distance from the trap center, where the m
netic field is zero. The major shortcoming of quadrupo
traps is that cold atoms are removed from the trap due
nonadiabatic spin flips@11,12#. This problem has been
solved in time-averaged orbiting potential~TOP! traps @11#
and in Ioffe traps@2,13–15#, which are both successfull
used in current BEC experiments. However, the TOP tra
somewhat limited in its applications due to the low tr
depth and the peculiarities arising from the rotating field.
the other hand, Ioffe traps suffer from a difficulty in alignin
the center of the magneto-optical trap with the center of
PRA 581050-2947/98/58~4!/2664~4!/$15.00
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magnetic trap, and Ioffe traps typically dissipate several k
watts of power, which causes considerable cooling, stab
zation, and switching problems.

In this Rapid Communication we report on a type of ma
netic trap that incorporates the quadrupole and the Ioffe c
figuration~QUIC trap!. Magneto-optically trapped atoms ar
first loaded into a magnetic quadrupole trap, which is th
converted into a Ioffe-type trap. By spatially separating t
centers of the quadrupole and the Ioffe geometry we crea
magnetic trap of unprecedented simplicity and efficien
The QUIC trap consists of merely three coils and dissipa
no more than 600 W while operating at a current of on
25 A.

The central feature of the QUIC trap is the transfer of t
atoms from a quadrupole into a Ioffe-type trapping geo
etry. We experimentally study the evolution of the trapp
atomic cloud during the change of the potential by taki
absorption images at different stages of the transfer. Furt
more, we show that reversing this process leads to a sep
tion into two trapped atomic clouds. We routinely cool th
trapped atoms to below the critical temperature of the B
phase transition by rf-induced evaporation@11,12#, whereby
the experiment proves to be robust with respect to the pre
choice of parameters.

The QUIC trap is shown in Fig. 1. It consists of tw
identical quadrupole coils and one Ioffe coil. A currentI q
through the quadrupole coils produces a spherical qua
pole trap in the center of the two coils. The trap is conver
into the Ioffe configuration by turning on the currentI Ioffe
through the Ioffe coil. In the left column of Fig. 2 the abs
lute value of the magnetic field along the axis of the Io
coil (y axis! is plotted for different currentsI Ioffe and a fixed
currentI q525 A. With increasing currentI Ioffe the magnetic
zero of the quadrupole is shifted towards the Ioffe coil an
second zero appears in the magnetic field, resulting in a
ond quadrupole trap in the vicinity of the Ioffe coil. Whe
the currentI Ioffe approaches 25 A the two spherical quadr
pole traps, which have perpendicular axes, merge and
Ioffe trap is formed.

The magnetic field of the Ioffe coil increases the magne
field gradient produced by the quadrupole coils along
R2664 © 1998 The American Physical Society
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vertical axis (z axis! and decreases the field gradient alo
the symmetry axis (x axis! of the quadrupole coils. The con
finement of the atoms along the long axis (y axis! of the
Ioffe trap is given by the field curvature produced by t
Ioffe coil, which scales asI Ioffe /R3, with R being the radius
of the coil. Since the minimum of the trapping potential
close to the Ioffe coil, a small radiusR can be chosen so tha
the atoms are tightly confined even for a low currentI Ioffe .
At the minimum of the trapping potential the field of th
Ioffe coil and the field of the quadrupole coils almost can
each other, so that additional bias coils to compress the I
trap in the radial direction are not necessary.

FIG. 1. QUIC trap: The Ioffe coil converts the spherical qua
rupole trap into an Ioffe trap with its trap center close to the Io
coil. No additional coils are needed to produce a bias field. T
arrows indicate the direction of the current flowing through t
coils.

FIG. 2. Absolute values of the magnetic field along they axis
~left column! and in they-z plane~right column! are shown, calcu-
lated for a fixed current of 25 A in the quadrupole coils and~a! 0 A,
~b! 10 A, ~c! 20 A, and~d! 25 A in the Ioffe coil. Each contour in
the right column corresponds to an increase of 15 G in the magn
field.
l
fe

Our trap uses quadrupole coils with 180 windings and
conically shaped Ioffe coil with 150 windings@16#. In the
Ioffe configuration the trap has a radial gradient of 220 G/
and the axial curvature is 260 G/cm2, with a current of 25 A
running through all three coils. The offset field of 2 G results
in trapping frequencies of 2p3200 Hz in the radial and
2p320 Hz in the axial direction, for rubidium atoms in th
uF52,mF52& state. Contour plots of the absolute values
the magnetic fields in they-z plane are shown in the righ
column of Fig. 2.

Let us now consider a trapped atomic cloud during
conversion process. The atoms will follow the initial shiftin
and deformation of the trapping potential@Figs. 2~a! and
2~b!# in a reversible manner, as long as the process is car
out slowly enough to be adiabatic. Before the Ioffe config
ration is reached, the second quadrupole trap appears in
vicinity of the Ioffe coil @Fig. 2~c!# and the potential takes o
the form of a double well. As the trapped atoms start to s
over into the second minimum, the system can no longer
kept in equilibrium. At this point the conversion becomes
irreversible process. When the two quadrupole traps h
merged, the barrier between the two potential minima dis
pears and the atoms experience the harmonic potential o
Ioffe trap @Fig. 2~d!#.

Absorption images of the trapped atomic cloud at diffe
ent stages of the conversion are presented in Fig. 3. The
image @Fig. 3~a!# shows 107 atoms at a temperature of 6
610 mK trapped in the magnetic quadrupole, with an ax
field gradient of 150 G/cm. Then the current through t
Ioffe coil is gradually turned on within 1 s. The second im
age@Fig. 3~b!# is taken when the trap center has moved by
mm towards the Ioffe coil. The deformation of the potent
yields an elliptically shaped cloud. Figures 3~c! and 3~d!
show how the atoms spill over into the second quadrup
trap. The elongated distribution of the atoms in the Ioffe tr
is shown in Fig. 3~e!. The initial and final numbers o
trapped atoms are deduced from absorption images take
ter switching off the trapping potential. We find that
within an accuracy of 10% all the atoms are transferred.

To determine whether the atomic cloud is heated up d
ing the transfer into the Ioffe trap, we reverse the process
convert the Ioffe configuration back into the quadrupole co
figuration. The atoms are then released from the trap and
take absorption images of the expanding clouds. From th
images we deduce a temperature of 60610 mK, which is the
same as the temperature measured initially. We also find
half of the atoms are transferred back into the initial quad
pole trap. This is because the atomic cloud is split into t
parts when the Ioffe potential evolves into two quadrup
traps. This is shown in Fig. 3~f!. Distributed over both po-
tential minima the atoms now occupy a larger volume th
initially. This reflects the fact that the entropy of the syste
has increased during the conversion. However, the temp
ture of the atoms has not increased, as no work has b
done on the system. We have varied the duration of the c
version between 300 ms and 2 s, which did not significan
change the efficiency of the transfer.

Our experimental setup consists of two magneto-opt
traps mounted on top of each other with the trap centers
cm apart. The upper system is a standard vapor cell trap
is pumped by a 2l-s21 ion pump. A 5-cm-long tube with an
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FIG. 3. ~Color! Absorption images of the trapped rubidium atoms during the conversion of the quadrupole into the Ioffe config
~a!–~e!. The images are taken after~a! 0 ms,~b! 400 ms,~c! 600 ms,~d! 800 ms, and~e! 1700 ms. Between images~a! and~b! the camera
position has been moved by 6 mm to the right. Image~f! shows the atoms distributed over both quadrupole traps that emerge whe
current through the Ioffe coil is decreased again.
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inner diameter of 5 mm connects the vapor cell to the sec
magneto-optical trap~UHV-MOT!, which is located in an
ultra-high-vacuum glass cell. The glass cell is pumped t
pressure of less than 2310211 mbar using a turbomolecula
and a titanium sublimation pump. The glass cell is made
5-mm-thick optical quality windows and its outer dimensio
are 3 cm33 cm312 cm, with the long dimension oriente
vertically.

Both magneto-optical traps have the same laser-beam
ometry, which consists of three pairs of mutually count
propagating beams. One of the beam axes is oriented a
the horizontalx axis and the other two beam axes are o
d

a

f

e-
-
ng
-

ented along the diagonals in they-z plane. All laser beams
are derived from grating stabilized diode lasers. The la
beams are apertured to a diameter of 12 and 14 mm for
vapor cell and the UHV-MOT, respectively.

The coils of the QUIC trap are put on copper tubes. Ea
of these tubes is connected to a copper mount that can
cooled with low-pressure tap water. The tubes and
mounts are slit to avoid eddy currents when switching
trapping field on or off. Due to the conical shape of the Io
coil the diagonal laser beams are not obstructed. The m
netic quadrupole field for the UHV-MOT is produced by th
quadrupole coils of the QUIC trap. The whole trap is bu
ture
FIG. 4. ~Color! Absorption images of the atomic cloud after 17 ms of expansion.~a! Condensate and thermal component at a tempera
of 330 nK. ~b! Almost pure condensate with 53105 atoms.
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into a m-metal box, which shields it from the earth’s ma
netic field and reduces environmental magnetic noise.

We use a moving molasses to transfer the atoms from
vapor cell trap into the UHV-MOT@17,18#. By multiply re-
peating the transfer we typically collect 109 atoms within 60
s. Before transferring the magneto-optically trapped ato
into the magnetic quadrupole trap, we compress the trap
atoms by increasing the magnetic-field gradient@19#. Simul-
taneously the frequency of the trapping beams is detune
several linewidths. This is followed by 3 ms of polarizatio
gradient cooling to'40 mK, with the quadrupole field
switched off. Then a 1-G bias field is applied for 1 ms a
the atoms are optically pumped into the low-field-seek
uF52,mF52& spin state. The magnetic quadrupole field
rapidly (,1 ms) switched on to an axial gradient of 70 G/c
and the 1-G bias field is turned off 1 ms later. The axial fie
gradient is increased to 150 G/cm within 2 s before the cur-
rent through the Ioffe coil is switched on and the trap
converted into an Ioffe trap~see above!.

Evaporative cooling of the atoms is performed by
induced spin flips. Over a period of 23 s the rf frequency
swept from 30 MHz to a final value of around 1.4 MHz. Th
cooled cloud is probed by absorption imaging. The cloud
released from the magnetic trap and expands ballistically
fore it is illuminated for typically 100ms by a near-resonan
probe laser beam, which is directed along thex axis of the
trap and tuned to theF52→F53 transition of theD2 line.
Density, temperature, and total number of atoms are der
from the absorption images.

Figure 4 shows images of cooled atomic clouds after
ms of ballistic expansion. The data displayed are taken fr
a set of ten measurements during which we lowered the fi
value of the rf frequency in 5-kHz steps starting from
initial value of 1.35 MHz. The phase transition occurs a
temperature ofTc>500 nK. In another set of measuremen
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we have determined the anisotropy of almost pure cond
sates for different expansion times~between 5 and 21 ms!
and found good absolute agreement with theoretical pre
tions based on the Gross-Pitaevskii equation@20#.

A remarkable feature of the QUIC trap is the stability
the magnetic trapping field. Since all three coils are co
nected in series~without any resistor parallel to individua
coils!, the trapping field is completely controlled by the joi
current running through the coils. After a thermalizatio
phase of less than 30 min, we observe that the magnetic
at the minimum of the trap varies by less than 2 mG
different runs of the experiment. Due to them-metal shield-
ing, short-term fluctuations of the magnetic field are anot
order of magnitude lower. Long-term drifts in the magne
field, measured over weeks, are below 10 mG. The h
stability of the magnetic field allows precise control of th
trapping potential, which is a prerequisite for many conce
able experiments with Bose-Einstein condensates, suc
the realization of a Josephson junction for trapped atoms
cw output coupler for Bose-Einstein condensates.

A major advantage of the QUIC-trap concept is the spa
separation of the MOT and the final magnetic trap. This
only simplifies the coil geometry, but also makes it possi
to optimize the MOT and the magnetic trap independen
Much larger trapping beams could be used to collect ord
of magnitude more atoms in the MOT than at present, w
out sacrificing the tight confinement of the magnetic tra
This could be an avenue for future experiments aiming
substantially higher numbers of atoms in the condensate.
separation of the MOT and magnetic trapping region mi
also prove useful in attempts to produce continuously loa
condensates.

We would like to thank F. Sander and R. Brecha for e
perimental assistance in the early stages of the experime
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