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Microscopic Magnetic Quadrupole Trap for Neutral Atoms
with Extreme Adiabatic Compression
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A microscopic magnetic quadrupole trap for neutral atoms has been realized with a combinatio
permanent magnets, coils, and ferromagnetic pole pieces. The attainable magnetic field gradien
3 3 105 Gycm infer a spatial extension of the ground state much smaller than the wavelength of opt
transitions. The field gradient can be varied over a wide range which allows for efficient load
of 4 3 105 lithium atoms from a shallow potential by adiabatic transport and compression. Duri
compression the observed 275-fold density increase implies a collision rate increase by a factor of 1
[S0031-9007(98)05383-6]

PACS numbers: 39.90.+d, 03.75.Fi, 32.80.Pj
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The introduction of optical cooling methods as a mean
of loading magnetic traps with ultracold alkali atoms ha
opened a fascinating new field for experimental studie
of which the recent realization of Bose-Einstein conden
sation is a most spectacular example [1]. Among th
various trap designs those with steep potentials and cor
spondingly high atomic oscillation frequencies appear e
pecially interesting. Steep traps allow for high collision
rates in the magnetically compressed atomic gas whi
facilitates experiments that aim at atomic two- and thre
body collisions in the regime above quantum degene
acy. The efficiency of evaporative cooling, for example
may be significantly improved in steep traps due to th
enhanced elastic two-body collision rate [2]. This i
particularly interesting for lithium which is a promising
candidate for the preparation of a degenerate Fermi gas.
small elastic scattering cross section, however, aggrava
evaporative cooling of bosonic lithium [1] and potentia
cooling of fermionic lithium via collisions with a bosonic
lithium buffer gas. In steep traps even samples with
small number of atoms will rapidly thermalize. Evapo
rative cooling of artificial or radioactive particles may thu
become feasible. Fast thermalization will also reduce th
preparation time for a conventional Bose-Einstein conde
sate which is desirable for experiments in which the co
densate is used as a coherent atom source.

For very steep traps a qualitatively new regime i
reached if the extension of the ground state wave functi
becomes smaller than the wavelength of an optical atom
resonance line. In such a microtrap an optical photo
can be scattered by a trapped atom without changing t
atomic momentum provided that only the low-lying
vibrational states of the trap are occupied (Lamb-Dick
regime). This may open new possibilities to approac
quantum degeneracy with optical cooling technique
alone. In particular, the problem of photon reabsorptio
by already condensed atoms may be circumvented [
Up to now, only single atoms have been loaded into thre
dimensional and so far purely optical microtraps [4]
0031-9007y98y80(8)y1634(4)$15.00
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A two dimensional confinement into the Lamb-Dicke
regime has been reported for atomic hydrogen [5]. Mag
netic microtraps based on microfabricated current loop
have been proposed but not yet demonstrated [6]. Su
traps made from miniaturized elements usually suffe
from a small trapping volume that cannot be enlarge
without substantially reducing the trap depth. Thus, it i
difficult to compress the atoms into the tiny volume of
the trap.

In this Letter we report on the realization of a magnetic
quadrupole microtrap with a novel design that allows fo
efficient loading by adiabatic transport and compressio
of an optically precooled ensemble of lithium atoms
The trap is based on the implementation of miniaturize
structures into the recently reported “tip trap” setup [7
and exploits the fact that for a given magnetic fieldB0
the maximum possible field gradient scales likeB0yR,
where R is the geometric size of the smallest relevan
magnetic element. WithR  10 mm andB0  1000 G
the magnetic field gradientb of our “m tip trap” exceeds
105 Gycm. At these extraordinary large field gradients
the ground state oscillation frequency of the atoms or th
corresponding trap energy unit [8]́0  smbh̄d2y3yM1y3

reaches values of up tó0yh  1 MHz (for lithium). M
and m denote the atomic mass and magnetic momen
respectively. As compared to conventional magnetic trap
the density in them tip trap can be adiabatically increased
by 3 orders of magnitude at constant phase space dens
resulting in an expected enhancement of the collision ra
by a factor of104.

The central element of them tip trap is a sharp steel
pin that is magnetized by a small permanent magnet (e
panded view in Fig. 1). An additional strong cylindrical
electromagnet generates an opposite homogeneous off
field which at a certain distance from the tip exactly can
cels the rapidly decreasing field of the pin. An expansio
of the magnetic field around this point [9] is dominated by
the spherical quadrupole term which establishes a ma
netic quadrupole trap with itsz axis along the symmetry
© 1998 The American Physical Society
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FIG. 1. Setup of them tip trap. A sharp steel pin is
magnetized by a permanent magnet and exposed to a vari
magnetic field that is generated by two electromagnets.

axis of the setup. The trap gradient is determined by t
gradient of the pin field and becomes very large in th
close proximity of the pin tip. Changing the offset field
both shifts the minimum of the trap potential along th
symmetry axis and changes the trap gradient. The ma
mum gradient is limited by the magnetization of the pi
and the radius of curvature of its tip. If the current in th
electromagnet is reduced the field minimum moves aw
from the pin and changes continuously into a compar
bly shallow quadrupole field. This transformation is sup
ported by a second cylindrical electromagnet introduc
along the symmetry axis of the setup and separated fr
the first magnet by several centimeters (Fig. 1). Its ma
netization is opposite to that of the permanent magn
which preserves the quadrupole character of the field ev
if the first electromagnet is turned off. By inverting th
current in the first electromagnet the field minimum ca
be shifted to the center between the two electromagn
where the small permanent magnet and the pin have n
ligible influence and the magnetic field is determined b
the currents in the electromagnets alone.

To load the atoms into the steep potential we proce
as follows. By adjusting the currents in the coils to sma
values we achieve efficient operation of a magneto-optic
trap (MOT) at the center between the electromagnets wh
a macroscopic numbers,107d of 7Li atoms is cooled and
collected [7]. Then a fraction of the atoms is transferre
to a volume-matched but still relatively shallow magnet
potential by increasing the currents in both electromagn
and turning off the MOT light. When the current in the
first electromagnet is subsequently ramped through z
to an appropriate value determined by the trap design
atoms are adiabatically transported by more than a c
timeter towards the tip and then compressed into the ste
potential of the trap. Adiabaticity during transport require
the acceleration of the trap center to be small compar
to the acceleration produced by the trapping forces a
ing on the atoms. Adiabatic compression is guarante
if the atomic oscillation frequencyv inside the trap obeys
dvydt ø v2. If both conditions are fulfilled, the occupa-
tions of the vibronic states remain unchanged and the lo
ing procedure is fully reversible. Temperature, densit
and collision rate increase strongly during the compre
sion while phase space density is preserved. This sche
able
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takes advantage of permanent magnets as simple sou
of strong magnetic fields without sacrificing the option fo
time dependent experiments. The free expansion prop
ties of the gas, for example, can still be studied by adiaba
ically transporting the atoms back to the shallow field tha
can be switched off rapidly [7] since the field of the sma
permanent magnet is negligible at this position. The d
scribed loading method is possibly also applicable to oth
recently discussed microtrap designs based on magnetic
optical forces [6] and may help to solve the general pro
lem of loading miniaturized traps with a substantial numbe
of atoms.

For our experiment we use a 0.65 mm long steel p
that is sharpened on a lathe to a radius of curvatu
of 10 mm. With its polished base surface (0.29 mm
diameter) the pin is attached to the permanent magn
(Sm2Co17, remanence 1.0 T, 1.5 mm diameter, 3 mm
long) and held in place by vacuum compatible cemen
The permanent magnet is located inside a bore drilled in
the pole piece of the “tip coil” (first electromagnet), which
is made from magnetic steel and consists of a 60 m
long cylindrical part with a diameter of 12 mm and a
conical part of 35 mm length with a final diameter o
4 mm. 443 turns of capton-isolated copper wire (0.6 m
diameter) are wrapped directly around the steel core
eight layers. The length of the pin in combination with
the amount to which the permanent magnet is countersu
into the pole piece (0.27 mm) is a critical paramete
since it determines the effective magnetization of th
pin. A pin which exceeds the optimum length will be
strongly demagnetized by the homogeneous offset fie
while a short pin which is too strongly magnetized b
the permanent magnet would require a very large offs
field for the field minimum to be shifted sufficiently
close to the tip to make use of the highest gradient
For the present trap, the magnetization of the tip ha
been geometrically adjusted such that the trap center
positioned at 23mm from the tip at an offset field of
1800 G that can be generated with a convenient curre
of 2.8 A inside the tip coil. The “counter coil” (second
electromagnet) is separated from the tip coil by 33 m
and consists of a cylindrical pole piece (magnetic stee
95 mm long, 12 mm diameter) that carries 405 turns o
the same copper wire in nine layers. It is designe
for a fixed current of 2.6 A which is reduced only
during operation of the MOT. The entire magnetic
field geometry is calculated numerically with a persona
computer and commercial software.

As described elsewhere [6], the initial magnetic tra
with an axial gradient of165 Gycm is filled with about
106 atoms from a magneto-optical trap at a temperatu
of approximately150 mK. By loading only a moderate
number of atoms collisions can be avoided which allow
us to study the trap without rapidly loosing the sampl
by Majorana spin flips. Only a minor fraction of atoms
on trajectories with small angular momentum is los
within the first few milliseconds; however, these orbit
1635
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are not repopulated by collisions such that the samp
is stable for several seconds. The lifetime is eventua
limited by collisions with the background gas which
leads to an exponential decay with a measured tim
constant of 7.2 s. The atoms are then compressed i
the microtrap by linearly ramping the current in the
tip coil from 22 A to the final value of up to 3 A
within 100 ms. We determine the number of remainin
atoms by adiabatically returning to the initial shallow
field and monitoring the fluorescence in a restored MO
Among the four possible trapped hyperfine subleve
sF  2, mf  0, 1, 2, andF  1, mf  21d only two
sF  2, mf  1, 2d are suitable for being loaded into
the steep potential. For the only weakly confined sta
with mf  0 the transport is not adiabatic while for the
state with mf  21 the maximum trap depth is only
2.5 mK such that most of these atoms are heated o
of the quadrupole potential at high compression. W
thus keep only 30% of the magnetically trapped atom
when they are transported and compressed for the fi
time. However, if the same atoms are transported ba
and forth twice no further losses are observed. Th
suggests that 30% of the total number of atoms initial
transferred from the MOT into the magnetic trap occup
the useful states withF  2, mf  1, 2. In the following
we consider only this fraction.

To monitor the shape and the position of the mag
netically trapped atomic cloud conventional imagin
techniques is not convenient since the large Zeem
broadening inside the microtrap distorts the image a
reduces the signal. Instead we apply a thin light she
perpendicular to the symmetry axis of the trap for a perio
(50 ms) much longer than the average oscillation perio
of the atoms (20 to200 ms). The sheet with a thickness
of 50 mm and an intensity of20 mWycm2 passes the
trapped cloud at a variable position along the symmet
axis. The light is resonant with theD2 line (670.96 nm)
and removes the exposed atoms from the trap by opti
pumping into untrapped substrates of the ground sta
hyperfine multiplet. The number of atoms remainin
in the magnetic trap is determined by monitoring th
fluorescence of a restored MOT. Figure 2 shows th
observed number of remaining atoms for various positio
of the light sheet in the case of the initial shallow tra
potential (a) and after compression (b). At the minimum
of the data curve the light sheet intersects the center
the cloud. Then, all atoms oscillate through the ligh
sheet and are removed from the trap. The compress
factor is obtained by comparing the width of the observe
curves before and after compression. By varying th
current in the tip coil from22 to 11.2 A the linear
dimensions of the cloud are reduced by a factor of 6
from 1.3 to 0.21 mm resulting in a 275 times smalle
cloud volume. For ideal adiabatic compression in a line
potential the occupied volume is inversely proportional t
the magnetic field gradient. Hence the observed volum
compression factor implies a lower limit of45 000 Gycm
1636
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FIG. 2. Observed shape of the atomic cloud (a) in the shallow
field after loading from a magneto-optical trap and (b) after
compression in the steep potential of them tip trap at a current
in the tip coil of 1.2 A.

for the trap’s actual field gradient if all the atoms are in
the statemf  2 and a lower limit of 28 000 Gycm if
all the atoms are in themf  1 state. Note that upon
passing from the Zeeman to the Paschen-Back regim
during compression the effective magnetic moment of th
statemf  1 increases. For the actual mixture of atoms
in both states the observed gradient is consistent with th
calculated value of34 000 Gycm which indicates that the
numerical calculation is reliable and that the magnetic
transport is adiabatic. In the presence of an unwante
nonadiabatic heating during transport and compressio
the measured cloud size could be explained only by
magnetic field gradient significantly larger than predicted
by the calculation.

To our knowledge the above values represent alread
the highest gradient reported for a magnetic trap, yet, eve
higher gradients are achieved by increasing the tip coil cu
rent above 1.2 A. Then, the atomic cloud shrinks to a siz
which approaches the spatial resolution of the observatio
method. However, the position of the potential minimum
can still be monitored reliably which allows us to test the
validity of the magnetic field calculation by comparing the
observed and the calculated position of the trap center fo
currents up to 2.3 A (Fig. 3). Since the error for the ex-
perimental data is below 1% we interpret the small differ-
ence between experiment and simulation as an estimate f
the uncertainty of the numerical calculation. It amounts to
an average value of 12% for the predicted trap positio
which translates into an error of 9% for the magnetic field
gradient at currents near 3 A. The reproducibility is lim-
ited by the temperature sensitivity of the remanence of th
permanent magnets20.04%y±Cd. Because of heat dissi-
pation in the electromagnets the temperature may vary u
to 50±C which translates into a reproducibility of 2% for
the trap position and 6% for the magnetic field gradient.

The numerical result of them tip trap’s axial field
gradient is plotted in Fig. 4 for various currents in the tip
coil. Between22.2 and20.1 A the trap moves towards
the pin while the gradient remains almost unchanged
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FIG. 3. Observed position (solid dots) of the trap center fo
various currents in the tip coil as compared to the results of t
numerical calculation (white dots). The current in the count
coil is set to a fixed value of 2.6 A. The experimental error
are smaller than the size of the dots.

Above 0.1 A the cloud is mainly compressed and on
little shifted. The “microtrap regime” (dotted line) where
the optical wavelength exceeds the extension of t
ground state wave function is entered at 60 mA and
maximum gradient of3 3 105 Gycm is reached at the
nominal design current of 3 A. In our experiment w
achieve compression for gradients up to1 3 105 Gycm.
For larger currents the gas is adiabatically heated
temperatures on the order of several mK and is no long
exclusively trapped in the linear part of the potential.
is useful to define a “compression radius”rc at which
the radial field gradient does not change with curren
i.e., d2Bsrcdydr dI  0. Outside this radius the gradien
decreases with increasing current and the atoms, althou
still trapped, are expanded rather than compressed. T
compression radius at the various currents is determin
only by the geometry of the setup and reaches a const
value of 100mm in the vicinity of the tip. The full
potential of the m tip trap can thus be exploited by
slightly cooling the atoms by either optical or evaporatio
techniques. This will reduce the cloud size below th
compression radius and allow subsequent submission
the trapped gas to the full gradient of3 3 105 Gycm. At

FIG. 4. Calculated magnetic field gradient of the trap fo
various currents of the tip coil. The current in the counte
coil is set to a fixed value of 2.6 A.
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these gradients the volume of the gas will be compresse
by about a factor of 1000 as compared to the initia
density in the shallow potential.

The collision rateg scales asny, with n and y de-
noting, respectively, the number density and the ave
age thermal velocity of the atoms. Assuming a constan
phase space densitynl3  const, and with the thermal
de Broglie wavelengthl being proportional to1yy, g

scales asn4y3 independent of the specific trap geometry
Consequently, an adiabatic density increase by a factor
1000 results in 10 000-fold enhanced collision rate. As
suming initial collision rates on the order of10 s21 as re-
ported for conventional traps and a required number o
1000 collisions for cooling the gas into the degenerat
regime it seems possible to generate a Bose condens
within 100 ms.

The above estimation neglects the influence of Majoran
spin flips as a major loss mechanism in a quadrupol
trap. For future experiments it will thus be a promising
challenge to adapt this trapping scheme to other tra
geometries which do not suffer from spin flip losses. The
extension of well known methods is conceivable as, fo
instance, adding a rotating offset field [10] or introducing
an optical plug [1], but also recently proposed new trap
designs based on microfabricated conductors [6] appe
feasible. This may lead to novel and intriguing scenario
for trapping and guiding atoms in miniaturized structure
where the atomic motion is dominated by its quantum
aspects.
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