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Trapping cold neutral atoms with an iron-core electromagnet
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Abstract. We have developed an iron-core electromagnet and used it to trap neutral atoms. The magnetic
field can be switched from a spherical quadrupole configuration to a Ioffe configuration within 2 ms. We load
2x107 8"Rb atoms from a vapor into a Magneto-Optical Trap (MOT) and transfer them into the purely
magnetic trap with an efficiency of 95%. A strong radial compression is possible since we can generate
quadrupole gradients up to 0.1 T/cm with an excitation current of 10 A (400 W of power consumption).

PACS. 32.80.Pj Optical cooling of atoms; trapping

The ability to magnetically trap neutral atoms has proven
to be an essential step towards Bose-Einstein Condensa-
tion [1-4]. Magnetic trapping allows the use of evaporative
cooling to reach quantum degeneracy, provided that the
initial elastic collision rate is sufficiently high. For this pur-
pose, tightly confining potentials are required to achieve
high atomic densities. In addition, it is desirable to trap
the atoms at a nonzero field minimum to avoid losses due
to Majorana transitions [5].

To fulfill these requirements, many experiments have
used variations of the Ioffe configuration [6]. For example,
experiments with trapped Lithium atoms have been car-
ried out in a static Ioffe trap using permanent magnets
[2]. They produce a very steep potential but the magnetic
field cannot be varied with time. Other setups use coils
to generate similar magnetic field profiles [10,11]. In this
case, the trapping potential can be varied but a signifi-
cant electrical power and a sophisticated cooling system
are required. The use of coils with ferromagnetic cores
offers the possibility of combining the advantages of the
above approaches. For example, reference [7] reports trap-
ping of Lithium in a spherical quadrupole field created by
two u-Metal needles. In this paper, we describe a novel
electromagnet inspired by that used in [2], but with the
permanent magnets replaced by iron pole pieces.

As shown in Figure 1, the electromagnet consists of
three pairs of 2 cm diameter cylindrical poles positioned
along the X, Y and Z axes. A ferromagnetic yoke sup-
ports the poles and guides the magnetic flux by providing
a low reluctance return path for the magnetic fields. Both
poles and yoke are made with pure iron (Bgyt = 2 T,
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Fig. 1. Diagram showing the position of the poles and the
vapor cell. The tip to tip spacing is 4 cm and the diameter of
the cell 2.5 cm.

pmax = 7 x 10%). The pole pieces are 20 cm long, with a
5 mm diameter hole along the symetry axis. The tip to
tip spacing is 4 cm. Each pole is excited by a 440 turn coil
of copper wire. The opposing poles in the XY plane are
excited with equal and opposite currents. Near the center,
these 4 coils generate a linear quadrupole field, given by:
B = G(ze, — ye,) to first order in the coordinates. The
quadrupole gradient G can be controlled with the cur-
rent in the 4 quadrupole coils. The two poles along the Z
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Fig. 2. Measured field along the X and Z axes for an exci-
tation current I = 3.5 A in the quadrupole and dipole coils.
The experimental data are fitted with second order polyno-
mials. The bias field is 440 Gauss, the dipole field curvature
170 Gauss/cm® and the X axis curvature 270 Gauss/cm?. We
estimate a 5% accuracy of the measurements due to sampling
noise of the data acquisistion system and to the fact that the
3 Hall probes are not perfectly orthogonal and are separated
by 1 mm.

axis are excited with equal currents, making a dipole field
whose Z component varies as B, = By + C(22 — #)
The bias field By and the dipole field curvature C' are de-
termined by the current in the dipole coils. The magnitude

of the total magnetic field can be approximated by:

2
G C)(m2+y2)+0z2.

B|=B~By+(— — =
B 0+ G~ 5

(1)

We have mapped the magnetic field using a 3D Hall probe.
Figure 2 shows the variation of the magnetic field magni-
tude along different axes for excitation currents I = 3.5 A
in the 6 coils. Near the center, the field magnitude is found
to be well described by equation (1) with a 440 Gauss
bias field and curvatures of d?B/dz?> = d?B/dy? =
270 Gauss/cm?, d?B/dz? = 170 Gauss/cm?. From these
curvatures, we calculate oscillation frequencies v, =
30 Hz, v, = 24 Hz for 8"Rb trapped in the F = 2, mp =
2 state.

When the current is turned off, the field drops by 30%
within 1 ms and then falls off with a 8 ms time con-
stant limited by eddy currents in the iron structure. Be-
cause of hysteresis in the iron, a remanent bias field of
about 20 Gauss and a remanent quadrupole gradient of
15 Gauss/cm remain after eddy currents are dissipated.
Small compensation coils provide the coercive excitation
necessary to reach zero magnetic field when the excitation
current is turned off.

In order to trap the atoms, the electromagnet is placed
around a 2.5 cm diameter cylindrical glass vacuum cell.
The axis of the cylinder is aligned with the 111 direc-
tion of the electromagnet. The cell is pumped with a
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30 1/s ion pump and contains about 10~ hPa pressure of
Rb. We first load atoms from the vapor into a Magneto-
Optical Trap (MOT) by supplying current to the 2 coils
of the electromagnet along the X axis only. A current of
200 mA generates a spherical quadrupole field with
dB,/dz = 20 Gauss/cm. A 100 mW laser diode produces
6 independent circularly polarized trapping beams, each
with a power of 6 mW and a diameter of 15 mm. They are
detuned by 2I" to the red of the 5S; /5, F' = 2 — 5P3/,,
F = 3 optical transition at 780 nm. Because of the pole
pieces, the beams cannot propagate along the symetry
axes of the magnetic field but the MOT works satisfacto-
rily with the beams tilted by 15 to 40 degrees. A repump-
ing beam, on resonance with the 5S; /5, F' = 1 — 5Py,
F = 2 transition at 794.7 nm, overlaps the trapping
beams. The density and number of trapped atoms were
measured with a CCD camera by absorption imaging of a
weak resonant probe beam. After 5 s of loading, the MOT
contains about 2.0x107 atoms. We measure the temper-
ature in the MOT by a ballistic expansion method: we
switch off the beams and the magnetic field, and let the
cloud expand for a variable delay time before taking an
absorption image. We find a temperature of about 100 uK.

In order to optimize the phase-space density before
turning on the Ioffe trap, we reduce the temperature by
increasing the detuning and decreasing the intensity of the
laser beams, after switching off the magnetic field. After
12 ms, the atoms are cooled to 20 pK (vyrms = 7.50rec =
4.5 cm s71) with a density at the center of the trap of
3 x 10'% cm™3. We then block the trapping beams and
optically pump the atoms into the 5S; /5, F' = 2, mp = 2
state. We do this by creating a small bias field along the
Z axis and applying a 250 us pulse of laser light which
propagates along the Z axis through the 5 mm hole in the
pole tips. This beam is on resonance with the 5S; 5, F' =
2 — 5P3/o, F' = 2 transition and o™ polarized (this choice
minimizes heating because the trapped state is dark). The
repumping beam on the 5S;/5, F = 1 — 5Py, F' = 2
transition remains on during this procedure and is turned
off after the optical pumping pulse.

We switch to the Ioffe trap by applying an equal cur-
rent to all the coils. The field reaches the final value in
2 ms. This rise time is obtained by putting a 50 puF capac-
itor charged to 700 V in parallel to the power supply in
order to deliver a strong pulse of current when switching
on. The trapped atoms are monitored through their inter-
action with a probe beam. This beam propagates along the
axis of the cell and has a well controlled o™ component
with respect to the direction of the bias field. Because of
the strong bias field By, the optical transitions experience
large Zeeman shifts. We thus can monitor selectively the
atoms trapped in the 5S; /5, F' = 2, mp = 2 ground state
by detuning the probe beam 600 MHz above the zero field
resonance. This laser beam selectively couples the trapped
ground state to the 5P3 /9, mr = 3/2,m; = 3/2 level of the
excited manifold. Since this excited state is a pure mp = 3
state, this forms a two-level cycling transition. From the
analysis of absorption images, we can infer the number of
trapped atoms. We have measured 1.9x 107 atoms trapped
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in the mp = 2 state which corresponds to a transfer ef-
ficiency of 95% from the MOT to the Ioffe trap (without
any optical pumping, the measured transfer efficiency is
about 20%). After loading, we observe an exponential de-
cay of the number of atoms remaining in the trap with
a time constant of 2.5 s. This value is consistent with
the Rb vapor pressure and the background gas pressure
which is measured with an ion gauge near the trap (P =
7x1079 hPa).

If the equilibrium position of the atoms in the MOT
and in the Ioffe trap do not overlap, for example due to
the effect of gravity or imprecise positioning of the poles,
the atoms acquire extra energy during the transfer. Op-
timum transfer is achieved by carefully positioning the
MOT with the help of three additional pairs of coils along
the X, Y, Z axes. These coils generate a small bias field
which translates the center (B = 0) of the MOT. Even
for our best overlap, a residual mismatch of order a few
hundred microns remains. This leads to oscillations of the
atomic cloud. If the atoms were permitted to thermalize
(which they do not in our experiment because of the short
lifetime), the final temperature would be of order 100 p K.

By modulating the current in the coils we are able to
excite various modes of motion in the trap and measure
their frequency [8,9]. When we modulate the quadrupole
field for example, we change the curvature of the trap
and excite parametric resonances (breathing modes) at
2v, along the X and Y axes. Because the minimum of the
potential is determined by the magnetic field and grav-
ity, a modulation of the quadrupole field also results in
a modulation of the position of the potential minimum
at the same frequency. This excites a sloshing motion of
the atoms at v,. Using the latter type of excitation, we
modulate the current in the quadrupole coils for 500 ms,
and monitor the oscillating position of the atomic cloud in
the Y—Z plane. The observation is made by imaging the
fluorescence induced by a saturating probe beam, onto a
CCD camera. In Figure 3 we show a resonance curve of
the amplitude of oscillation along Y. Instead of scanning
the excitation frequency, we scan the curvature of the trap
while keeping the modulation frequency constant at 27.5
Hz. We observe a resonance for a current in the quadrupole
coils of 3.2 A. From this measurement, we calculate a reso-
nance frequency of 29 Hz for a current of 3.5 A, consistent
with the 30 Hz value calculated from the Hall probe mea-
surement. The width of the resonance is determined by the
duration of the modulation period: because we are in the
transient regime of forced oscillation, we observe a beat-
ing between the excitation frequency and the resonance
frequency of the system. As shown in Figure 3, the am-
plitude of oscillation almost vanishes for v — vy, = £2 Hz,
which is consistent with the 500 ms modulation length.

It is useful to evaluate our trap performance with a
view towards Bose-Einstein condensation. Once the atoms
have thermalized in the trap, they undergo one elastic
collision every few seconds. This collision rate can be in-
creased by adiabatic compression [10,11] of the atomic
cloud. First, we are able to achieve continuous quadrupole
fields with a gradient G of 1 kGauss/cm. This compresses

257
Calculated resonance frequency (Hz)
25 26 27 28 29 30 31
1 " 1 " 1 " 1 " 1 " ]

5 -
- =]
=} =]
8
2 4 =
o
s
T 3 -
© -}
k]
(0]
R
I =
< 4 A -

-} -}
0 T T T T T T T
31 3.2 3.3 34 35 3.6 3.7

Current in the quad. coils (A)

Fig. 3. Amplitude of oscillation of the atoms versus the current
in the quadrupole coils with the modulation frequency kept
constant at a value of 27.5 Hz. The upper scale shows the
calculated resonance frequency at each value of the current.
The width of the resonance is determined by the length of the
modulation period (500 ms).

the cloud in the radial directions and increases the collision
rate by a factor of 3. Additional compression can also be
achieved by decreasing the value of the bias field. Since all
the excitations are coupled into the ferromagnetic struc-
ture, this also reduces the longitudinal curvature (along
Z), limiting the maximum increase of the collision rate
to 6:1 with the present geometry. This would allow us to
reach the runaway evaporation regime for a trap lifetime
of a few 100 s [12] (P < 1071! hPa).

In conclusion, we have demonstrated the transfer of
95% of 87Rb atoms from a MOT to a magnetic poten-
tial generated by an iron-core electromagnet. This design
should already allow Bose-Einstein condensation with an
improved MOT source (ten times more atoms initially
could lead to a 2 s~! collision rate) and straightforward
improvements of the vaccuum system. In addition, the
electromagnet can be improved for both shorter switch-
ing time and better compression. For instance, employ-
ing laminated materials will allow us to eliminate eddy
currents. Preliminary tests show that a 1 ms switching
time is possible. In addition, better compression can be
achieved with a shorter gap between the tips. Calcula-
tions show that initial collision rate higher than 30 s—!
can be achieved with our new design, allowing faster Bose-
Einstein condensation with high atom number. We there-
fore think that magnetic traps of this type can be useful
tools for the production, study and application of Bose-
Einstein condensates.
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