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Chapter 1

Introduction

Planar micro structures have recently emerged as a very powerful and attractive
tool for handling neutral ultracold atoms. These so-called ′atom chips′ have been
used to construct miniature atom optical elements including traps, waveguides,
and beam splitters [1, 2, 3, 4, 5]. Atom chips are now in development to minia-
turize atom optics and to make it more robust. They have great potential for
application in quantum information processing and in atom interferometry. Large
magnetic field gradients and thus large trapping forces can be achieved on-chip,
removing the necessity of large, high power external coils. Miniature current car-
rying wires can produce tight magnetic trapping potentials that have successfully
been used to create Bose-Einstein condensates of rubidium atoms [6, 7].

Currently atom chip based experiments are going on in many groups through-
out the world. In the majority of cases, these atom chips are based on patterns
of current carrying wires [5, 3, 4]. This thesis pursues a promising alternative
approach using permanent magnetic micro structures. In the past, atom optical
elements based on permanent magnets have been used to reflect atoms from pe-
riodically magnetized structures. The first of these atomic mirrors were based on
audio-tape and floppy-disk [8, 9]. Subsequently video-tape and hard-disk materi-
als were used as they allow for smaller periods and more homogeneous magnetic
patterns. In this thesis we investigate a promising alternative based on patterned
hard magnetic films to provide the microscopic magnetic potentials [10]. Waveg-
uide designs using out-of-plane magnetized film have been reported before using
CoCr films [11, 12], videotape [9] and magneto-optically patterned Co/Pt thin
films [13]. This thesis gives a description over designs of self-biased Ioffe-Pritchard
magnetic traps using in-plane magnetized FePt film as well as a description on
how to handle this type of traps and the related experiments.

Patterned permanent magnetic materials provide greater design freedom, pro-
ducing more complex magnetic potentials such as ring-shaped waveguides or large
two-dimensional lattices of microtraps [14, 15]. The last geometry is particularly
interesting for the realization of shift registers or quantum memory, explained

1



2 Chapter 1. Introduction

also in Chapter 3. The magnetic films used for making these atom chips can be
as thin as ∼ 100 nm, making it possible to create intricate trapping geometries.
These magnetic films can have both magnetizations: in and out-of-plane, reaching
magnetizations of 100 to 700 kA/m.

Patterned permanent magnetic materials can also provide intricate and stable
trapping potentials for ultracold atoms with significant technical and scientific
advantages. The advantages of permanent magnetic films are:

• No resistive power dissipation which for microfabricated wires operated at
high current density causes excessive heating, broken circuits and current
leakage.

• The absence of technical noise which minimizes in-trap heating and loss of
atoms, ultimately extending the lifetime of trapped atoms.

• Possibility to reach large field gradients for tight confinement, allowing atom
clouds to be compressed to one dimension and opening up possibilities for
new physics.

• Thin and relatively high in specific resistance, two properties known to sup-
press thermally driven spin-flip transitions, a fundamental loss mechanism
for atom chips.

• Unique magnetic field configurations, as compared with current-carrying
wires, made possible because no lead wires are needed.

• Possibility to perform precise experiments involving atom-surface interac-
tions near (magnetic) materials.

The thesis is organized in the following way. In Chapter 2 we compile some
basic theoretical aspects relevant to the magnetic trapping. We begin with an
introduction of the principle of magnetic trapping and a description of different
Ioffe-Pritchard traps. We also introduce few types of different trap designs with
a comparison between wire based and permanent magnetic traps.

In Chapter 3 various aspects of the experimental setup are described. Spe-
cial attention is given to the construction of the apparatus as this was a new
experimental set up (being now operational with a BEC). An overview of the
vacuum system is followed by the outline of the laser setup. A section is dedi-
cated to the magnetic field coils. Emphasis is put on the imaging of cold atomic
clouds, including the selection of the optical elements and absorption detection
with limitations of the method.

Chapter 4 gives a detailed description of the atom chip, the design and the
building up. Here is also presented the fabrication of two different atom chips -
the bulk atom chip and the thin film atom chip.
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In Chapter 5 we present the experimental investigation of the magneto optical
trap and all the steps toward the loading of the magnetic trapping. A simple
characterization of different ways of trapping the atoms in a magneto-optical trap
is as well presented. This is an important step for improving the atom number
and the cloud temperature.

The final chapter studies the transfer of the permanent magnetic trap. A brief
section deals with the calculated loading trajectory and the actual measurement
results. Next we present the analyzing of the trap parameters like temperature,
atom number and frequencies.





Chapter 2

Opportunities and limitations of
permanent magnetic atom chips

Confinement of cold atoms with magnetic field gradients is routinely used in mag-
netostatic traps. A new concept is to minimize confining magnetic structures on
atom chips, using lithographically patterned current-carrying wires or magnetic
materials, or a combination of them.

Here we present new atom-optical designs based on microstructured magnetic
thin films for trapping the atoms. We describe the design principles and give
examples of atom optical elements. These include waveguides, beam splitters,
arrays of magnetic traps, and shift registers for manipulating atomic de Broglie
waves under the surface of a substrate. Local dynamic control can be obtained
by employing switchable external magnetic fields.

2.1 Permanent magnet field sources

The basic principle of magnetic atom optics is to confine spin-polarized cold
atoms in a magnetic field using the magnetic dipole interaction −µ ·B. The spin
precession frequency of the total atomic dipole µ is usually sufficiently high to
conserve the spin component in the direction of B. As the atom moves through the
spatially varying field, the direction of its spin adiabatically follows the direction
of the magnetic field. The potential energy is then proportional to the magnitude
of the field, B. For the atom species that we use, 87Rb in the |F = mF = 2〉
magnetic sublevel of the ground state, the potential is U(r) ≈ µBB(r), with µB

the Bohr magneton. These atoms therefore seek the minimum of the magnetic
field B. Designing an atom chip is therefore essentially designing magnetic field
minima.

In most atom chip experiments to date, the source of magnetic field is defined
by a pattern of current carrying wires. The basic laws relating the magnetic
induction B to currents were initially established by Biot and Savart (1820) and
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6 Chapter 2. Opportunities and limitations of permanent magnetic atom chips

by Ampère (1820-1825) through experiments. The magnetic induction B of a line
element dl, carrying a current I is given by [16]

dB =
µ0I

4π

dl× r̂

r2
(2.1)

where r is the distance from the line element to the observation point and µ0 is
the permeability of free space.

The experiments described in this thesis are based on permanent magnetic
structures. In principle it is always possible to use the Biot-Savart law also for
permanent magnets, by inserting the magnetization current. This works partic-
ularly well for films that are magnetized out of plane. For magnetic films that
are in-plane magnetized the Biot-Savart approach is less intuitive. It is then
conceptually easier to view the film as a collection of magnetic dipoles.

The current density due to a magnetization M is given by J = ∇ ×M. We
restrict ourselves to the case where the material is uniformly magnetized. With
this assumption, J is nonzero only at the edges of the material. If the film has
a uniform thickness d, with magnetization M perpendicular to the film (“out
of plane”), the magnetization current has a value of Md and runs along the
perimeter of the film. For example, using typical values of M = 500 kA/m, and d
= 0.2 µm, we have an effective current Md = 0.1 A, running along the perimeter
of the film.

For an in-plane magnetized film the magnetization currents are given by cur-
rent sheets, along the top and bottom surface of the film. In this case a more
intuitive approach is to consider the field produced by the film as a superposition
of dipole fields. Magnetization is the volume density of a magnetic moment, i.e.
a volume element dV with magnetization M has a magnetic moment of dm =
MdV . An infinitesimal volume element dV can be considered as a point dipole
with magnetic dipole moment dm. The field of a point dipole m is given by

B(r) =
µ0

4πr3
(3(m · r̂)r̂−m) (2.2)

where r is the vector to the position where the field is being measured. The total
field is obtained by the volume integral over the structure. For a rectangular block
of material this volume integral can be performed analytically. The resulting
expression is too lengthy to reproduce here, but can be handled well using a
symbolic computation program such as Mathematica [17]. The calculations in
this chapter have been performed using two methods. Most numerical results were
obtained using the Radia package [18] with Mathematica. Trapping frequencies
were in most cases calculated using the mentioned analytical expressions.

2.2 Integrated magnetic atom optics

As a first class of integrated structures for magnetic atom optics we start by
describing several methods to create waveguides for atoms. Waveguides are obvi-
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ously a basic building block for creating propagating structures, including beam
splitters and atom interferometers. At the same time a (short) waveguide struc-
ture can also be recognized in the prototypical design of a Ioffe-Pritchard trap.

Atom-optical structures can be divided into two categories: propagating (wave-
guide-based) and trapping structures, where the latter seems most useful for
quantum computing devices.

2.2.1 Waveguides and derived structures

Waveguides

Guiding of atoms has attracted much attention in recent years and various guides
have been realized using magnetic potentials [19, 20, 1].

The simplest method to create a magnetic waveguide is based on a single
strip of magnetized material, in combination with a uniform external field. In
Figure 2.1 (a) we show a vertically (out of plane) magnetized strip with a vertical
bias field. Straight above, the strip produces a vertical field. This is canceled
by the vertical bias at some height above the strip, yielding a line of zero field
parallel to the strip. In the immediate vicinity of this line the field is a cylindrical
quadrupole, with a field that increases linearly with the distance to the line of
zero field. This is shown by the contour lines of equal B. When the bias field
is increased the waveguide will move closer to the chip and consequently the
gradient will increase at the same time. This single strip waveguide is equivalent
to a two-wire waveguide, using two wires carrying equal but opposite currents, as
shown in Figure 2.1 [3].

In principle one could make a similar straight waveguide using in-plane magne-
tization and an opposing uniform bias field. However, there is a crucial difference:
the out-of-plane guide can make turns in the plane while keeping the bias field in
the right direction. For the in-plane magnetized guide this is not possible. Thus,
in-plane magnetization will be unpractical for most propagating applications, ex-
cept straight guiding.

For example a single 1×0.2 µm2 strip yields a gradient of ∼ 5×103 T/m at
about 1 µm above the structure, for M = 500 kA/m. When scaling down the
wire dimensions, a regime is reached where the current density must be held
constant. As soon as this happens, further reduction of the wire width does
not lead to stronger gradients, because the maximum field gradient scales as the
current density. The highest reported current densities are 1011 A/m2, leading to
maximum gradients in the 104 T/m region [4, 21, 22].

One can also make the bias field on-chip, i.e. make the waveguide ′self-biasing′.
For example, two separated magnetic strips produce a line of zero without the
need of a bias field. Figure 2.1 (b) shows the magnetic field distribution for two
perpendicularly magnetized strips. When a vertical bias magnetic field is added,
the guide can be moved down or up, and made to merge with or separate from a
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M

Bbias

M M

w w

s

cba

Figure 2.1: Cross sections of magnetic waveguides for atoms created by strips
of magnetized material with a magnetization M = 500 kA/m. Contour lines
have been drown at 40 G intervals. a) one strip of magnetized material plus a
uniform bias field Bbias = 50 G. b) A waveguide created by two magnetic strips,
magnetized out of plane, with zero bias field. c) A waveguide created by two
in plane magnetized strips, with zero bias field. No scales are given because the
structures are scale invariant. The lower part of the figure shows the wire patterns
that would produce the same fields.
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second quadrupole trap. Such a device can act as a beam splitter or recombiner
for cold atoms, as is illustrated in Figure 2.2. This waveguide is equivalent to a
four-wire waveguide, with wires carrying equal but alternating currents, as shown
in Figure 2.1 [3].

Again, we can also create this waveguide with in-plane magnetized materials,
as is illustrated in Figure 2.1 (c). Decreasing the distance between the strips
lowers the center of the trap above the surface and increases the magnetic field
gradient. This has the same effect as an increase of the bias field.

The maximum possible gradient formed above two strips can be optimized
with the distance between them. For two infinite strips with width w, thickness
d, and separation s (slit width), a waveguide is formed at z0 = 1

2

√
d2 + s2 + 2sw.

The field gradient of the cylindrical quadrupole field is

B′ =
µ0M

4π

16dw
√

d2 + s(s + 2w)

s(s + 2w)(d2 + (s + w)2)
(2.3)

In the thin film approximation: d ¿ w, s, z0, we get z0 ∼ 1
2

√
s(s + 2w).

If we make a choice for the desired distance to the surface z0, then the corre-
sponding choice for the slit width is given by

s = −w +
√

w2 + 4z2
0 (2.4)

With this condition fulfilled, the maximum gradient in z0 is reached for

s = 2(−1 +
√

2)z0, w = 2z0 (2.5)

With these choices, the value of the gradient is approximately

B′ =
µoM

4π

2d

z2
0

(2.6)

Beam splitters and interferometers

Beam splitters are key elements in interferometry and its applications. By com-
bining two guides, it is possible to design potentials where at some point two
different paths are available for the atom. This can be realized using various
configurations. Two geometries have been demonstrated, one which distributes
a trapped cloud in a Y-shaped pattern [23], and one which splits a guided beam
using an X-shaped pattern [24]. In these configurations an additional potential
minimum appears between the geometric splitting point of the wires and the
splitting point of the potential, forming a fourth port, which induces a loss rate
since atoms taking that route will hit the surface. This inconvenience could be
overcome with permanent magnetic film guides.

A possible realization of a splitter with permanent magnetic materials is using
two tracks that approach each other, as shown in Figure 2.2. A more detailed
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Figure 2.2: A beam splitter, tunable via a bias field. The region between the
merging positions x = ±2.5 µm can be considered as a miniature interferome-
ter. The bias field of 5 mT is perpendicular to the drawing. The contour plots
have been drawn in the yz-planes (perpendicular to the track direction). Darker
shading indicates lower potential, with contours at 1 mT intervals.

inspection of the contour plots at different points along the tracks reveals that the
wave-guides merge at two positions, x = ±2.5 µm. Between these positions, two
vertically separated wave-guides exist. Thus the structure essentially contains
two beamsplitters, which together form an interferometer. The merging points
can be moved closer together or further apart by changing the bias field. Thus
the beam splitters are tunable and can also form an interferometer. These devices
could find applications in atom interferometry and in the study of decoherence
processes close to a surface.

Circular guides

Another great opportunity offered by permanent magnet chips is the possibility
to create circular guides with the absence of lead wires that would perturb the
symmetry of the trap. A single ring of magnetized material with out-of-plane
magnetization plus a bias field can create a circular guide for atoms, as shown
in Figure 2.3 (a). Two or more concentric rings form (a set of) ring-shaped
magnetic quadrupole fields with no need for a bias field, see Figure 2.3 (b). Ring
structures are interesting for interferometry, for inertial sensing and for studies
of low-dimensional gases. More about the usability of these type of traps can be
found in [25].

2.2.2 Traps, lattices and shift registers

The simplest method to create magnetic traps is to create a point of zero magnetic
field. In general such traps suffer from high loss rates due to Majorana spin flips.
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Figure 2.3: Circular guides, tunable via the bias field. a) One ring of magnetized
material forming a circular guide by adding a perpendicular bias field, at z =
0.12 mm. b) More concentric rings forming waveguides, with zero bias field, at z
= 0.08 mm. The contour plots have been drawn in the xy-planes (parallel to the
track direction). Darker shading indicates lower potential.

Preferably the minimum field is nonzero in order to suppress spin flips. Ioffe-
Pritchard (IP) traps are well known examples of magnetic traps with a non-zero
minimum. The basic macroscopic configuration for an IP trap consists of four
long bars with currents in alternating directions, two pinch coils and two nulling
coils, both in Helmholtz configuration. Alternatively, microscopic wire patterns
can be used to create IP traps. In conventional atom chips Z-shape wires are
used for creating IP microtraps [2]. The Z-trap is shown in Figure 2.4 (a). In
this configuration, the central part of the wire combined with the external field,
produce a two dimensional quadrupole trap. The bent parts of the wire produce
a field which is perpendicular to the external field. The x component of this
additional field closes the trap along the x axis, while the y component merely
causes a small displacement of the minimum. The two contributions add up so
that the field in the trap center is nonzero.

A permanent magnetic version of a IP trap configuration can be made of two
displaced magnetic strips, as shown in Figure 2.4 (b). Two in-plane magnetized
strips produce a line of zero field above the gap between them. The additional
field from the extra pieces added at the end has a component in the x-direction.
Its purpose is to offset this minimum in order to avoid Majorana spin flips and
to pinch off the ends.

In Figure 2.4 (c) we show a IP trap designed from an out-of-plane magnetized
film. In this ′horseshoe′ configuration the two long strips produce a line of zero
field above the structure. The edge currents at the end of the strips, represented
by the dark arrows around the material in Figure 2.4 (c), produce the axial and
the pinching field. In both examples, in-plane as well as out-of-plane, the IP trap
is self biasing.
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I
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a b c

y
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Figure 2.4: Layout of a prototypical Ioffe-Pritchard magnetic trap - a) Classical
Z-trap with a bias field made with current carrying wires, and two permanently
magnetized traps that can form IP traps - b) two in-plane magnetized strips, and
c)a horseshoe type trap, with the magnetization out of plane.

An important property of IP traps is their harmonic trapping frequency. Near
the bottom of the trap the atoms see a three-dimensional harmonic trap. The
oscillation frequency along the i-th eigen axis, (i = 1, 2, 3), of a harmonic potential
U is given by

ωi =

√
1

m

∂2U

∂x2
i

=

√
µBgF mF

m

∂2B

∂x2
i

(2.7)

With permanent magnetic chips we can reach very high frequencies by going
down in dimensions, even greater then 2 MHz in the radial direction. With a
video tape atom chip [26] frequencies of 320 Hz in the radial direction and 15 Hz
in the axial direction have been achieved. For current based chips, frequencies
of over 1 MHz have been achieved using wire cross sections of 1 × 1µm2 [27].
Such extremely tight traps enable very fast thermalization, which may be used
for rapid condensation on site aboard the chip. The trap depth is given by the
bias field.

Magnetic microtrap lattices

It is straightforward now to extend the above designs to arrays of microscopic
IP traps, as shown in Figure 2.5 and 2.6. The individual traps are anisotropic
and cigar shaped. All have a nonzero minimum field. A possible application of
such arrays is a shift register, an important application for quantum information
processing. This allows controlled transport of trapped atoms along the array by
manipulating an external magnetic field. Calculations for the geometry of Figure
2.5 show that if the bias field is rotated in the xz-plane, the entire array of traps,
i.e. the magnetic field minima, moves along the x-direction. Reversing the sense
of the rotation shifts the array backward. Rotating the bias field can be done
using two orthogonal pairs of coils outside the vacuum.
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Figure 2.5: An array of microtraps - an atomic shift register, made of out-of-plane
magnetized material. The bias field is 2 mT and vertical (‖z). The contours were
drawn at a height z = 6.4 µm above the surface. A bias field rotating in the
xz-plane moves the traps along the x-axis by one period per turn.

The geometry of Figure 2.6 has been produced in FePt film, see Chapter 4.

Lattices of cold atoms have so far only been created using optical fields [28],
trapping atoms in the nodes or antinodes of an optical interference pattern, and
using microlens arrays [29]. Whereas the period of optical lattices is on the order
of the wavelength of the light used, the period of a magnetic lattice can be chosen
at will while fabricating the structure. The period can be anywhere between a
few 100 nm and ∼100 µm. In addition one can fabricate quasiperiodic structures,
superlattices, etc. Using lithographic techniques a vast number of microtraps can
be integrated on a single chip. With further miniaturization it is possible to
obtain ∼105 traps/mm2.

Arrays of traps can be designed in many different geometries. We now describe
a design for an in-plane magnetized film. The arrays consist of displaced strips,
as one can see in Figure 2.7 and 4.7. In this design each array is characterized by
roughly the same geometry. We vary the length and width (w) of the magnetic
strips, the slit(s) between them, and the longitudinal displacement (d) of neigh-
boring strips. All calculations are done with the same film thickness. By keeping
the thickness constant and varying the other parameters we can achieve different
trapping potentials at different heights above the surface with the possibility to
reach trapping frequencies in the range of 10−100 kHz. For example an array of
strips with w = 0.01 mm, slits of s = 0.4 w, lengths 40 w, displacements d = 4
w, and 250 nm film thickness, produces traps with a radial frequency of 110 kHz.
Higher frequencies could be achieved by a further reduction of the dimensions.
For example for w = 0.008 mm and s = 0.004 mm the radial frequency is 230
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Figure 2.8: Double wells appearing in a lattice above the surface, formed by
varying the longitudinal displacement.

kHz. If we also decrease the film thickness we can reach 2 MHz for the radial
frequency. For example an array made from a film of 100 nm thick, w = 0.001
mm, s = 0.0004 mm can form traps with a radial frequency of 2.5 MHz and an
axial frequency of 3 kHz.

If the distance between the strips is larger, the traps will form higher above
the surface and will be shallower. By making longer strips we can form longer
traps. For larger aspect ratios of all parameters the traps are shallower.

An interesting possibility emerges when the longitudinal displacement is in-
creased. This allows the formation of a lattice of double-well potentials. Figure
2.8 shows a cut through the magnetic field forming the double-well in the xy
plane taken along the axis of the double-well trap. In this example w is 0.01 mm,
s = 0.004 mm, d = 6 w, l = 20 w and the radial frequency is 96 kHz. Preliminary
calculations show that by changing the strength of the bias field one can change
the height of the barrier between the two wells. A gradual lowering of the bias
field should also give rise to adiabatic cooling of the trapped atoms.

Such a device can be used for atom interferometry [30]. An atom chip-based
interferometer may be formed with this device by coherently splitting and recom-
bining the traps using the bias field to manipulate the barrier height [30]. Several
other groups are also pursuing atom interferometry with BECs using microwire
traps [31, 32, 33] and a few have demonstrated BEC splitting and the detection
of interference fringes upon trap release [34, 35, 36].

Toward quantum computing

Arrays of traps have great potential as data registers for a quantum computer [37].
The vision is that each trap would contain an atom in a quantum superposition
of two internal states, α|0〉 + β|1〉, i.e. a qubit. In our case of 87Rb, we can use
the two hyperfine ground states |F = 2,mF = 1〉 and |F = 1,mF = −1〉 as the
qubit states. Transitions between these two states can be driven by a two-laser
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Raman pulse, which would implement a one-qubit gate operation. Alternatively,
microwave plus rf two photon transitions can also be used.

In this context we envision an important application for a qubit shift register
as described above. By shifting the array one could bring one particular qubit
or pair of qubits in position for a quantum gate operation. One could also shift
qubits to a detection region where their bit values are read out sequentially.

It is obvious that many technical problems have to be solved to built a practical
quantum computer. Nevertheless, we think that arrays of magnetic microtraps
should be considered as a promising candidate to implement and to test these
ideas.

2.3 ‘Cold’ atoms near ‘hot’ surfaces

A source of concern about atom chip miniaturization is the presence of the ul-
tracold atoms close to the room temperature substrate. For traps or guides in
which the atoms are confined close to the surface of an atom chip, atoms ex-
perience magnetic field fluctuations which produce harmful effects such as spin-
flip induced trap loss, heating and decoherence [38, 39]. Theoretical approaches
[40, 41] predict dependence of the magnetic field noise on the temperature and
resistivity of the metal chip elements in the limit of a large skin depth (low tran-
sition frequencies) [42]. Recent experiments measuring spin flip relaxation rates
trapped near surfaces have demonstrated the importance of thermal field fluctua-
tions [39, 43, 44]. This has promoted great interest in thin surfaces because they
should generate less Johnson noise [45]. In [43] experimental values for the loss
rate of 87Rb atoms, magnetically trapped near a thin surface (2 µm) are given. At
distances greater than 7 µm from the surface, the loss rate is essentially constant
and is due to collisions with the background gas. At shorter distances, the life-
time is reduced by thermally-induced spin relaxation. A comparison with theory
[40] shows that the scaling laws are in good agreement for distances down to 3.4
µm. Below that, there seems to be a discrepancy, with observed lifetimes being
substantially shorter than expected. This could be due to patch potentials on the
surface.

The spin flip lifetime depends on three independent length scales [45, 46]:
the substrate thickness h, the atom-surface distance d, and the skin depth δ of
the substrate material, defined via the Drude relation [16]. For certain regimes
of these parameters it is possible to approximate the lifetime. For thick films
the lifetime exhibits a minimum at δmin ' d, whereas for thin films it is at
δmin '

√
hd. For example, with the atom placed at 50 µm above a thick slab, a

skin depth of 100 µm leads to 10 s lifetime [45]. For the film thicknesses we use,
with an estimated skin depth δ = 100 µm at 2.1 MHz it should be possible to
create long lived traps at ≥ 2µm distance from the surface.

Another source of inhomogeneity and decoherence peculiar to microfabricated
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atom chips is the fragmentation of the atom clouds [47, 48, 49, 8]. It was origi-
nally observed for ultracold atoms in magnetic microtraps located less than 100
µm from electroplated wires [50, 39]. This effect is due to small imperfections on
the surface and edges of structures resulting in small modulation of the magnetic
field. These modulations can break up the atom cloud. The same effect was
recently observed with permanent magnetic materials [26, 51]. While the mech-
anisms that cause the fragmentation near current-carrying wires are currently
well understood, it is unclear what mechanisms may cause fragmentation near
permanent magnetic materials. An analysis of the requirements is in progress.
The film we use has 50 nm roughness which is on the order of the nanocrystalline
grain size. The edge roughness is slightly larger than the state of the art in
current-conducting chips and can probably still be improved.

Recent research on multilayer thin films [13, 52] appears to offer a solution
to the problem of the homogeneity of the magnetic layer. Films of few tens of
angstroms could be made using this multilayer deposition with high magnetic
anisotropy.

Significant reduction of the magnetic field noise can also be achieved by re-
placing the pure noble metal structures with dilute alloys. The alloy composition
provides an additional degree of freedom which enables a controlled reduction
of both magnetic noise and resistivity if the atom chip is cooled [42]. A non-
monotonic behavior with either the skin depth or conductivity has also been
pointed out by Rekdal and co-workers [46]. They demonstrate that conductors
show only weak current fluctuations, while good conductors effectively screen the
magnetic field. In this project we are using an FePt alloy which is not a good
conductor.

2.4 Conclusions

In this chapter we have discussed few opportunities and limitations of the per-
manent magnetic atom chips. We have also shown some interesting designs for
micro traps using permanent magnetic materials, such as waveguides, traps and
lattices. These permanent magnetic chips have great potential because of the high
gradients and intriguing geometries. Moreover, their naturally compact size is an
advantage to system miniaturization and integration. The achievable gradients
and curvatures, 107 G/cm and 1010 G/cm2, are comparable to those achievable in
the tightest microwire traps, but without any power dissipation. Our magnetic
material is suited to handle both in-plane and out-of-plane magnetization. The
applicability of the first is better used for creating traps while the latter is more
universal, e.g. curved guides and traps.

Atom chips are promising tools not just for quantum computation, but more
in general for atom interferometry, as well as for miniaturized BEC production.

One obvious drawback of permanent magnets however is the relatively limited
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degree of dynamic control available over the trapping potentials. As a result, the
permanent magnet atom chips rely on externally controlled bias magnetic fields.



Chapter 3

Experimental setup

Experiments on atom chips involve a wide range of techniques and methods. They
include laser cooling, magnetic trapping, optical detection, vacuum technology
and many others. In designing our apparatus, we wanted a system that could
deliver a large sample of cold atoms on the atom chip. In this chapter we will give
a detailed description of the experimental components. The chapter is structured
in six sections. We present the atomic species and the source, the vacuum setup,
the laser setup and the magnetic coils followed by a discussion on the detection
setup, the experimental control and the radio-frequency source.

19
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3.1 The laser system

3.1.1 Atomic species - rubidium

The choice of the atomic species depends on physical properties like appropriate
optical transition frequencies, the availability of laser sources on these frequencies,
collisional properties and the ease of handling in an UHV system.

Optical cooling requires well separated optical transitions of linewidth among
the cycling (′closed′) transitions. The hyperfine-split D1 and D2 fine structure
lines of alkali-metal atoms and the optical transitions of metastable noble gas
atoms allow the use of lasers with wavelength from the visible to the near-infrared
spectrum. For an overview on common elements for laser cooling see e.g.[53].
Low-cost, high-power laser diodes in the near infrared make rubidium an attrac-
tive choice, due to optical resonances at 780 nm and 795 nm wavelength. More
specifically 87Rb is attractive due to its positive scattering length (a ≈ 109 a0).
The diagram of energy levels of 87Rb isotope is shown in Figure 3.1. An extensive
overview of the Rubidium properties can be found in [54].

Cooling and trapping is performed with laser light that is red detuned with
respect to the |5S1/2, F = 2〉 → |5P3/2, F = 3〉 cycling transition of the D2 line.
Light of another frequency originating from the same cooling laser is employed
to optically pump the atoms into the |5S1/2, F = 2, mF = 2〉 Zeeman state.
The cooling laser also induces non-resonant excitation of the |5P3/2, F = 2〉 state,
followed by decay to both the F = 1 and F = 2 hyperfine ground states. To prevent
atoms from accumulating in the F = 1 state, another laser - the repumper - is
used, tuned to |5S1/2, F = 1〉 → |5P1/2, F = 2〉 transition.

3.1.2 The laser setup

Developing the lasers with optical subsystems constitutes one of the most im-
portant parts in building an atom chip system. From the magneto-optical trap
(MOT) to the final trap detection, precise and rapid control of laser frequencies
and powers is required.

For the operation of a magneto optical trap (MOT) for 87Rb one of the ele-
mentary ingredients is a well controlled laser. The 87Rb D2 line (5 S1/2 → 5 P3/2)
is the atomic transition that we use for this experiment. We need a laser system
which has a small linewidth (< 1 MHz) compared to the natural linewidth Γ =
2π×6.07 MHz, stability to an atomic transition, high laser power, robust imple-
mentation and which is easy to handle. A free running laser will suffer from a
changing frequency due to environmental effects. We have to employ a feedback
loop to keep the laser at the desired atomic transition.

Nowadays there are three approaches to satisfy the above requirements. There
are Ti:sapphire lasers, tapered amplifier systems and grating stabilized laser
diodes. For the present experiment we have used a grating stabilized diode laser
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Figure 3.1: 87Rb energy level diagram
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Rb dispenser

screening wire

chip holder

Figure 3.2: Antireflection coated quartz cell with two rubidium dispensers and
the atom chip facing downward.
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(DL 100, Toptica) and a high power tunable diode laser (TEC-300-780-500 High
Power External Cavity Diode Laser, Sacher).

In the following sections we will discuss the various requirements and the
experimental implementation.

3.1.3 Frequency locked diode lasers

A free running laser diode has a typical linewidth of ∼ 50 MHz, which is in-
adequate for laser cooling. However, there are several schemes to reduce the
line-width. All approaches use frequency selective feedback elements. This can
be an external cavity [55] or a grating [56]. The lasers we use have a grating as
frequency selective element.

The diode laser is tuned by applying a voltage to the piezo element, onto which
the grating is mounted. For the laser diodes itself, as their wavelength changes
with temperature and current, we need to temperature stabilize the setup. For
this we use a temperature controller, which controls a Peltier element. A PID
(proportional integral derivative) feedback circuit in the temperature controller
allows us to achieve the necessary temperature stability. In addition the current
needs to be stable. Finally, the current controller allows us to add an external
modulation to the current.

3.1.4 Laser stabilization and spectroscopy

A free running laser, without stabilization, will never stay at the specific atomic
transition frequency. In order to stabilize the laser, we determine the frequency
by means of Doppler free saturation spectroscopy. We used the D2 line of 87Rb at
780.24 nm for this purpose. In order to stabilize the laser to the specific frequency,
we have to provide a frequency dependent feedback to the laser. This error signal
can be fed back to the current of the laser diode (the laser frequency changes
with the current) and/or to the piezo (a change of the external cavity length also
changes the frequency).

Figure 3.3 shows the basic setup for Doppler free saturation spectroscopy.
The error signal is fed back to the piezo via locking electronics containing a PID
circuit. When the laser is right on the atomic transition, the error signal is zero
and the cavity length remains unchanged.

The described locking method allows us to stabilize our laser diodes exactly
on the atomic transition. For trapping atoms in a magneto-optical trap (MOT),
or for MOT compression it is necessary to be detuned by an adjustable amount
δ. This can be done with a double-pass acousto-optical modulator, at the cost of
light power.
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.
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laser beams line atomic transition purpose detuning power
(1) D2 F=2→F=3 MOT, CMOT (-10 - 0) Γ 20 mW
(2) D2 F=2→F=2 optical pumping 0 - (± 8 Γ) 0-500µW
(3) D2 F=2→F=3 imaging 0 - (± 8 Γ) 0-500 µW
(4) D1 F=1→F=2 repumping resonant 6 mW

Table 3.1: Laser frequencies used in experiments with 87Rb

3.1.5 Experimental implementation

Table 3.1 gives an overview of the needed light frequencies and the atomic transi-
tions we stabilize the appropriate lasers to. The labels (1)-(4), correspond to the
lasers beams as shown in Figure 3.4.

The cooling, pumping and probing laser

The light for cooling, optical pumping and probing is all provided by the same
laser - the Tiger, which is commercially available at Sacher-Lasertechnik. Fig-
ure 3.4 shows the beam path used in the experiment. The frequency of this laser
is stabilized by feedback by means of frequency modulation (FM) spectroscopy
in a rubidium vapor cell. The optical output power of the Tiger is about 400
mW after the optical isolator of 60 dB. A small fraction (∼ 1.5 mW) is diverted
for Doppler absorption spectroscopy. The spectroscopy setup is also shown in
Figure 3.4.

Fast and continuous frequency control of the beams (1) and (2) is achieved
using acousto-optic modulators (AOM) in double-path. The double-path AOM
configuration with a mirror at one of the focal planes of the lens L1 (f=150
mm, Thorlabs achromatic doublet) compensates for the change of beam direction
when changing the AOM RF frequency. So after the first passage of the AOM,
the Bragg-deflected beam is retro-reflected and collimated again before passing
the AOM a second time. All light but the selected diffraction order is blocked
by a diaphragm (D). The double passed λ/4 wave plate changes the polarization
of the master laser from horizontal to vertical so that the master laser beam
can be totally reflected by the polarizing beam splitter (PBS). In addition to
frequency shifting, the AOMs are also used for fast switching of the optical power.
When using an AOM as a power switch, ”leakage” into the selected diffraction
order limits the extinction to typically 1:1000. Therefore we use also mechanical
shutters (Uniblitz LS2T2, 2 mm aperture) to switch the cooling laser on or off.
Power modulation with an extinction of 1:200 is obtained for beam (3) by an
electro-optic modulator (Gsänger, type LM 0202 5W IR, aperture 3×3 mm2).

As mentioned before, the frequencies of the lasers are shifted using acousto-
optic modulators, one in double-pass for the cooling beams (AOM1) and one
in single pass for the optical pumping beam (AOM2). The typical double-pass
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Figure 3.4: Schematic overview of the laser setup. PBS: polarizing beam split-
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efficiency is 50% in first diffraction order. Our modulators have PbMoO4 crystals
(Isomet, type 1205C, 80±15 MHz and AA Opto-Electronique, type AA.MP.25-IR,
110±30 MHz).

The repumper laser

The repumping laser is a commercial laser, DL100 from Toptica, with a low
power laser diode, 795 nm wavelength, and delivers about 40 mW. It is locked
on-resonance to the transition from Fg=1 to Fe=2, as shown in Figure 3.4. An
EOM provides rapid control of the laser power. After the EOM the repumping
laser is coupled into a single mode PM fiber that directs the light to the atom-chip
system. The power of the repumping laser at the fiber output is about 6 mW.

3.2 Ultra-high vacuum system

The vacuum system, like the laser system, has to fulfill a couple of demands, like
a good pressure (< 10−11 mbar) and a good optical access to the trapped atoms.

Figure 3.5 shows the complete setup. In the following we will discuss the most
important parts of the vacuum system. As experimental chamber we have chosen
a quartz cell, 40 x 40 x 70 mm3 (outer sizes), with a wall thickness of 4 mm. The
windows are antireflection coated on the outside. The cell is connected through
a glass graded seal, 100 mm long, to a stainless steel CF 40 flange (Hellma, UK).

Besides the optical access, an attractive feature of such a cell is that the
magnetic field coils can be mounted close to the region of interest. Since a quartz
cell is not magnetic and not conducting, experiments are not perturbed by eddy
currents caused by switching field coils.

The main chamber is mounted at a 45◦ angle with respect to the optical table.
It consists of a 6-way cross custom made chamber, 2 X CF63 inline and 4 X CF40.
An all-metal sealed valve (Granville-Phillips, gold-seal type 204) leads via bellows
to a roughing turbo-molecular pump that has been used while baking the setup.
When the valve is closed, the system is self-sustaining with an ion pump of 75 l/s
pumping speed (Varian, VacIon Plus 75 StarCell). The achieved pressure can be
monitored by an ionization gauge in a range between 10−12-10−3 mbar (Varian
type UHV-24p NBA). A pressure of 4× 10−11 mbar is reached by adding to the
system a titanium sublimation pump (Varian, TSP filament cartridge CF 40).

The experimental chamber is separated from the rest of the vacuum setup
by a UHV gate valve with a Viton seal bonnet, (manually operated, VAT, series
108). This gate valve is used when there is a replacement in the experimental
chamber. The ion pump is placed at ∼ 45 cm from the main chamber so that the
stray magnetic field created by its magnets is almost zero (0.01 G).

One port of the 6-cross chamber houses the chip mount, the baking lamp and
the rubidium source, which are alkali metal dispensers (SAES Getters), described
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Figure 3.5: Vacuum setup - the 6-way cross chamber, ion pump (IP), ion gauge
(IG), quartz cell, titanium sublimation pump (TSP), electrical feedthrough, gate
valve, vacuum compatible windows, all-metal sealed valve.
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component temperature limit (◦C)
Gold valve

open 450
closed 250

gate valve 200
ion pump

without magnets 550
with magnets 250

ion gauge 450
electric feedthroughs

feedthrough 450
connector 125

glass-to-metal seals 300

Table 3.2: Temperature limit of vacuum components

in more detail in section 2.2.2. By running a current through the dispensers,
Rb vapor is released. For baking the vacuum we use halogen lamps inside the
vacuum. We have two of these lamps in two places of the vacuum which are
enough to bake these parts up to 180 ◦C.

3.2.1 Construction, pump-down and bake-out

Before the construction of the vacuum system, all components except the ion
pump and the cell, are degreased and cleaned in an ultrasonic bath and rinsed
with methanol. Once built, we pump down and bake out the system using a grease
and oil-free turbo pump. The permanently attached ion pump is off during the
entire bake-out.

In Table 3.2 we list some of the temperature limits of the components. We
also outgas the dispensers and the TSP filaments during the bake since these
contain large amounts of embedded impurity gases that would outgas during use
and compromise the operating pressure. After the initial rough pump-down we
outgas the TSP filaments by slowly increasing current through each: 30 A for
10 minutes, 40 A for 15 min and finally a ramp up to 55 A over 1 min, followed
by a quick ramp down of the current. Next, we outgas each of the alkali metal
dispenser. We slowly ramp up the current, and at the end we keep it on at 4.5 A
for 5 minutes. During this process the dispenser glows visibly.

Now we describe the full system bake-out. We heat the system with halogen
lamps placed inside the vacuum, and at some places with heater tapes. We are
careful not to overlap tapes because the generated heat can burn the tapes. At
all temperature-sensitive joints and components (e.g. magnets, glass-metal seals)
we place thermocouples to monitor bake temperatures. The entire system is then
wrapped in layers of aluminium foil to isolate the heat and spread it equal on the
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vacuum surface.

We begin the bake by ramping up the current in the lamps and the heater
tapes over 8 - 12 hours to minimize the thermal shock of the vacuum components
and moderate the initial outgassing that could overwhelm the roughing pumps.
We also run 20 A through one TSP filament to heat the vacuum in that part. The
system is baked near the maximum allowable temperature for 48 hours. We then
cool the ion pump over 6 hours, after which we close the system from the roughing
pump and then turn on the main ion pump. Finally, we cool the entire system
down over 8 hours, observing steadily decreasing pump currents (pressure). The
entire bake out takes 90 hours to complete. Afterwards the pump registers zero
current, and the ion gauge indicates a pressure of ∼4 × 10−11 mbar.

3.2.2 Rubidium dispenser

Rubidium dispensers are widely used as compact atom sources in atomic research
[57, 7, 58]. In the dispenser, rubidium atoms are released from a metal reservoir
when heated by an electric current. After the current is switched off and the
dispenser cools down, it stops dispensing. The rubidium dispenser is a commercial
product from Saes Getters, RB/NF/ 3.4/12 FT10+10. It is a metal strip in which
rubidium is present in a small container that contains a mixture of rubidium
chromates (Rb2CrO4) and a reducing agent. The dispensers are 1.2 cm long and
contain roughly 2.8 mg/cm of rubidium. A more detailed description on how to
handle these dispensers in atomic physics experiments is presented in [59].

The equilibrium Rb vapor pressure is determined by the amount of current
passing through the dispenser. We placed two dispenser strips in the glass cell.
The dispensers are shaded by the return wires so that hot atoms emerging from it
do not collide with atoms trapped in the MOT, as can be seen in Figure 3.2. The
dispenser is connected to an electric feedthrough using kapton isolated copper
wires. The lead wires are mounted close together to minimize the stray magnetic
field. During the loading of the MOT, a current of 7 A runs through the dispenser
for 8 seconds. After loading we switch off the current so that the vacuum pressure
stabilizes to the original value (5 × 10−11 mbar), and wait 10 s before we go to
the next step, the compressed MOT, described in Chapter 5.

3.3 Magnetic field coils

For cooling and trapping of atoms, coherent light and a magnetic field gradient
are needed. The magnetic quadrupole field gradient is provided by a pair of coils,
placed in an anti-Helmholtz configuration. This results in a magnetic field that
increases approximately linearly with the distance from the center. Along the
symmetry axis, r = (x,0,0), and close to the center, the field is given by:
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Figure 3.6: Magnetic field coils. The coils are wound on water cooled square
tubes.

B(x) = b× x̂ (3.1)

b = µ0NI
3R2d

(R2 + d2)
5
2

(3.2)

where N is the number of turns per coil, R the radius of the coil, d the distance
between the two coils, and µ0 the permeability of free space.

This external magnetic field is also used to manipulate the cold atoms. There-
fore, the coils play an important role in the entire atom-chip system. The mag-
netic field coils configuration used in this setup is shown in Figures 3.6 and 3.7.
It consists of six individual coils which can be controlled independently. The
current through all of these coils can be reversed, so that we can create uniform
magnetic fields as well as quadrupoles. All the coils are water cooled and isolated
from each other. They are mounted all together as a compact block, around the
UHV quartz cell, as shown in figure 3.7.

The coils have 70 windings, made from 0.8 mm diameter high-temperature-
resistent copper wire, which is stacked in a square grid pattern that has a water
cooled tube under it for good thermal contact. A thermal compound (Stycast
2850FT) is placed between the windings for better cooling. This also gives a very
rigid and solid coil, with a high mechanical strength. The coils are so designed
that they are placed at a minimum distance to the cell. Their specifications are
given in Table 3.3 and Figure 3.8. The coils that are the smallest and the closest
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Figure 3.7: Magnetic field coils as mounted around the UHV quartz cell.

to the center of the trap are used for magnetic trapping (MT coils), the coils
that are second in size are used for trapping the atoms in a MOT (MOT coils),
and the biggest are used to compensate other stray fields at the location of the
MOT (Big coils). All the coils are rigidly mounted on the optical table, where
the optical setups and the vacuum are mounted.

The gradient as a function of the current for all three pairs of coils was mea-
sured with a magnetometer (Fluxmaster Magnetometer - Stefan Mayer Instru-
ments). The results are listed in Table 3.3.

The current is delivered by commercial power supplies (Kepco INC.), which
meet our criteria: fast on/off switching and low noise. We use five bipolar Kepco
power supplies, two 36-12M and three 20-20M. Because of the large inductance
of the coils (∼ 1mH per coil) the current modulation speed is limited. The
inductance also induces current oscillations. To compensate for the phase shift
and switching noise we connect to each Kepco capacitors of 1µF in series with a
resistor of 55 Ω.

The current in the coils is controlled by analog outputs of the computerized
automation system (see section 3.5).

3.4 Imaging

3.4.1 The optics

The detection setup must be versatile enough to enable the detection of clouds
ranging in size from several millimeters to several microns. The schematic outline
of the detection optics is presented in Figure 3.9 and the probing light path can
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Figure 3.8: Dimensions of the coil pair. a: average width; b: average height; ∆:
coil thickness in the coil plane; d: separation of the two coils; t: thickness of a
single coil.

Table 3.3: Specifications of the coils.

MT coil MOT coil Big coil
a×b (mm) 66×86 102×106 120×142

∆(mm) 16 16 16
t (mm) 11 11 11
d (mm) 50 24 68

N (turns per coil) 70 70 70
R (resistance)(Ω, per coil),20◦C 0.76 1.04 1.3
L (inductance)(mH, per coil) 0.7 1.04 1.4

Field at the center (G/A)per pair 12 11.1 9.5
Gradients (G/cm/A)per pair 3 1.8 1.3



34 Chapter 3. Experimental setup

be seen in Fig. 3.4.

CCD camera

cloud

f = 75 mm
f = 150 mm

chip

Figure 3.9: Schematic outline of the detection system.

The shadow of the sample in the resonant laser beam is magnified by a tele-
scope and imaged onto a CCD array. The telescope is made out of two achromatic
lenses of 75 mm and 150 mm focal length (Melles Griot). The image device is
a cooled CCD camera (Princeton Instruments, model MicroMAX:512BFT). The
controller of the camera gives a 16-bit analogue-to-digital conversion. The camera
pixel size is 13× 13 µm2. A feature of this camera is the ability to operate in a so
called ‘frame transfer’ mode, so there is no need for a shutter. In this mode only
a part of the chip is exposed to the light, while the rest of the chip is used as a
storage area. One can thus take a burst of images at high speed (limited only by
the array shift time) and read them out later.

During the alignment of the magneto-optical trap (MOT) two additional video
cameras are used: a 1/3′′ interline CCD (Sony) ‘finger’ camera which looks di-
rectly at the chip surface from the optical table upwards and a CCD machine
vision camera (CM-50 EHD imaging GmbH, Costar). These two cameras are
used to optimize the mirror MOT (MMOT) position. After the MMOT is lo-
cated at the center of the chip, we adjust the laser beams to optimize the number
of trapped atoms by looking at the images of the CCD MicroMAX camera.

3.4.2 Imaging techniques

Generally speaking imaging techniques can be divided into three classes. The first
class is the imaging of light sources, for example the fluorescence of atoms in a
MOT. The second class is absorption imaging, which is a standard way of imaging
atoms in situations where fluorescence imaging is not applicable. The third and
most complex class are phase-contrast imaging techniques. These techniques
make use of spatial variations in the refractive index that are caused by the
sample. For our measurements we use the first two techniques.

Imaging in non-uniform magnetic fields

The use of permanent magnets require us to image the atoms in a non-uniform
magnetic field. The obstacle to overcome is the magnetic field gradient, which
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Table 3.4: Possible transitions with different probe beam polarizations.

Propagation direction Polarization Transitions
Parallel Right circular σ+
Parallel Left circular σ−
Parallel Linear σ+, σ−

Perpendicular Circular σ+, σ−, π
Perpendicular Linear along quantization axes π
Perpendicular Linear ⊥ to quantization field σ+, σ−

causes a spatially varying energy shift due to the Zeeman effect. Therefore, we
cannot apply light which is resonant with the entire cloud and so we detune the
probe laser. Due to this we also change the probe polarization to linear and
perpendicular to the magnetic field. Table 3.4 lists the possible transitions for
the various probe beam propagation directions and polarizations.

Naively, one might expect that at maximum only half of the light could be
absorbed, because one thinks of linear light as an equal amount of σ+ and σ−
light. However in the atoms frame these two polarizations are not the correct
basis and are actually coupled. Absorption of this type is known as the Voigt
effect. In fact all of the light can be absorbed by the atoms, and the only effect
of the direction of the polarization is to reduce the line strength by a factor of 2
[57]. It is possible for a magnetic field with a component transverse to the light
propagation direction to cause a differential absorption along the axes parallel
and perpendicular to the direction of the field. The optical rotation effect is
dependent on the angle between the electric field vector of the light and the
transverse magnetic field component [60].

Focusing the image

We focus the image onto the CCD by imaging a small cloud (few times our
image resolution) with low density. We first make sure that the probe light is
on resonance. Above and below the optical resonance frequency the real part of
the index of refraction of a gas is nonzero, so that light will not only be absorb
but also refracted (′lensed′). With the probe laser on resonance, we adjust the
position of the last lens along the imaging axis. The focus of the image is at the
minimum cloud width. We focus the image by looking at the axial cloud width.

Pixel calibration

The pixel size was experimentally calibrated to be 7.00 ± 0.01 µm by comparing
the known size of the chip structures with the size we observe with the camera.
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3.4.3 Imaging sequence and analysis

To take an absorption image at the end of an experimental cycle, a sequence
of events is defined. The main method of detection of the atomic clouds in our
experiment is imaging the absorption profile produced by the cloud in a resonant
laser beam. The used light is resonant with the F = 2 → F = 3 transition and
is spatially filtered by an optical single mode fiber. A pulse of 10 ms gives an
adequate signal-to-noise ratio. We found that switching on the repumper light
before imaging is sufficient to bring all the atoms into the resonant state.

After collimation, the probe beam passes horizontally along the radial direc-
tion of the magnetic Ioffe trap (y-direction), through the UHV quartz cell, which
contains the atomic cloud. To avoid saturation effects the maximum intensity
of the absorption beam is 50 µW/cm2. The optical setup used for absorption
imaging of the atomic cloud is shown in Figure 3.9.

In order to avoid blurring of the images, the exposure time is 150 µs. To ex-
tract density profiles from the CCD images three images are taken in the following
way: first an absorption image Iabs(x, z) of the cloud is taken, then a second, so
called ′flat field′, Iff (x, z) image is taken with the same probe beam but without
atoms. Afterwards, a third image is taken to record the background field Ibg(x, z)
without atomic cloud and without detection beam. The correct intensity ratio is
then obtained by first subtracting the background image before normalizing the
absorption image to the flat field image as

I(x, z)

I0(x, z)
=

Iabs(x, z)− Ibg(x, z)

Iff (x, z)− Ibg(x, z)
(3.3)

The images are immediately transferred to a computer and analyzed by a
LabVIEW application which processes and displays the resulting absorption im-
age. The convenient realtime visualization of the data is very valuable to quickly
detect failures when they occur during operation of the experiment.

3.5 Real-time experimental control

An atom-optical experiment constitutes a series of processes in quick succession,
demanding real − time application of analogue and digital control signals. Data
acquisition (DAQ) also requires precise triggering with µs-resolution. A typical
experimental sequence consists of loading the MOT, cooling the atoms in CMOT,
trapping them magnetically and, finally, imaging them with a CCD camera. Laser
beams must be switched on time scales of typically 0.1 ms. We employ a com-
mon personal computer (PC), that operates LabVIEW under Windows XP, to do
both real-time control and data acquisition. This provides a flexible system with
various software-controlled input and output channels. It can be configured for
arbitrary time sequences. These tasks are performed by several hardware exten-
sion cards. A self-sustaining digital signal processor (DSP) performs the real-time
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control of digital output (trigger) channels, thus circumventing perturbing inter-
rupts of the PC processor.

3.5.1 Digital signal processor and LabVIEW user inter-
face

The main task of the DSP (Digital signal processor) is to provide precise timing
during the experiment. In a screen interface, the user fills in the time schedule
of the experimental events. This record contains the possibly altered status of
digital and analogue output ports for a given event, including the time of the
event with 1 µs resolution of the DSP timer. Using a LabVIEW driver, the DSP
loads the time table and the digital output record into its on-board memory.
The analogue output record is buffered in the PC’s memory and handed over on
request to the FIFO-buffered analogue output board by the DMA (′direct memory
access′) controller. All input and output channels are experimentally accessible
through a front-end connector panel. One digital output of the DSP supplies
a hardware event-update trigger to the analogue output board. Other digital
outputs provide modulation signals for the AOM/EOM drivers, the magnetic
field coil current supplies and the mechanical shutter drivers. The CCD image
capture and the input of the photodetector signals are triggered similarly. The
DSP works independently from the PC. Thus, other LabVIEW routines can be
used on the PC to acquire and process measurement data.

We use a commercially available program that has been developed by H.
Alberda (FOM − InstituteAMOLF , Amsterdam) and adapted to our purposes.

3.6 The radio frequency source

The rf-signal needed for evaporative cooling is generated by a frequency syn-
thesizer (Agilent, model 33120A). The frequency ramp is performed using the
internal linear sweep of the generator. The signal amplitude is set under (analog)
computer control using a 60 dB variable attenuator. At the output of the at-
tenuator the signal can be switched by a mechanical relay with a switching time
faster than one millisecond. The signal is then amplified by 43 dB to yield a max-
imum power of 20W into 50 Ω. For this we use an rf-power amplifier (Amplifier
Research, model 25A250A).

The amplifier is connected to an rf-antenna located next to the quartz cell at
a distance of 3 cm from the trap center. The direction of the oscillatory magnetic
field in the central region of the trap is perpendicular to the stationary bias
magnetic field.

The rf-antenna is a coil with two separate loops, with a diameter of 4.5 cm,
and is made of copper wire with a thickness of 1 mm. The diameter of the coil
preserves good optical access. The number of windings (n = 4) was chosen to
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achieve the largest magnetic field at the upper edge of the frequency band. An
identical coil, used as a pick-up coil, is mounted directly onto the antenna. The
signal received from this coil is connected to a 50Ω input of a spectrum analyzer.
In this way the power delivered to the antenna can be monitored.
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The atom chip

We describe our atom chip which has been designed for the production and ma-
nipulation of a BEC near the surface of the magnetic material [14]. It is the
first ever applied atom chip based on in-plane magnetized permanent magnetic
materials [10, 61, 62]. These magnetic films are well suited for making tight and
stable trapping potentials up to a few 100 µm from the surface. To date, most
atom chips use lithographically-patterned current carrying wires to manipulate
atoms with a magnetic field. Large, macroscopic guides have been created with
both permanent magnets [1, 4] and current-carrying wires [19, 63, 64, 65], but
guiding atoms with smaller magnetic structures seems to be very promising.

Atom-chip experiments seek to exploit the close proximity of the atoms to
the field-producing elements to explore new regimes created by these potentials.
With the atoms close to the magnetic structures, the magnetic-field gradients and
curvatures the atoms experience can be extremely high. Hard magnetic films have
great potential [66, 11] as atom chips and have several advantages over current
carrying wires.

In this chapter we present the magnetic material used for our structures and
films. Then we discuss how a self biased Ioffe Pritchard trap is created on an
atom chip made out of permanent magnetic material. Finally we describe a new
atom chip containing arrays of traps using thin films.

4.1 Atom chip holder

The atom chip assembly can be seen in Figure 4.1 (a). The assembly supports
the chip, two Rb dispensers, a halogen lamp used for baking the UHV chamber
and a thermocouple used to monitor the temperature close to the chip during
the bake out. Temperature monitoring is essential because the magnetic material
has a baking limit of 170 ◦C and exceeding this temperature would cause demag-
netization of the magnetic structures. Remagnetizing them in situ is practically
impossible because they have to be placed in a very high magnetic field which we

39
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can not produce close to our setup. The whole assembly is inserted from above
into the science chamber and is mounted on a single CF40 flange which contains
ten 7 A electrical feedthroughs which supply current to the dispensers and the
halogen lamp. The atom chip is fixed with two small non-magnetic clamps on a
plate. This atom-chip holder is fixed with four rods on a ring (′bridge′), placed in
the 6-way cross chamber. Four more rods connect the bridge to the feedthroughs.
The rods are important for the height and angle positioning of the holder. The
whole assembly is then fixed with four rods into a pair of groove grabbers (Kim-
ball physics, multi-CF Groove Grabbers, MCF-275-GG-CAO-1 A), mounted on
the flange.

In constructing the atom chip assembly, care is taken to make sure the com-
ponents are non-magnetic and precisely aligned and to use materials compatible
to a UHV environment. The atom chip holder is aligned with threaded rods and
held together with screws. All the rods and screws used in the vacuum are made
of a non-magnetic stainless steel and are vented down their centers to allow air
to escape from the bottom of their holes. For the Rb dispensers we use copper
wires, 1 mm diameter. The wires are kapton isolated so that the current does not
flow through the atom chip holder. Kapton, also known as polyimide or vespel,
withstands temperatures to 250 ◦C and is good at 10−11 mbar.

The chip has a very simple configuration. This is one of the advantages over
current carrying wires atom chips. It consists of two small (mm scale) magnetic
structures. The two microstructures are attached to the mirror with a UHV
compatible glue (Caburn UHV Glue-H27D Electrically Conductive Silver Epoxy).
This glue is good to 10−11 mbar and is bakeable to 370 ◦C. These structures
provide the magnetic field for trapping the cold rubidium atoms. Their design is
discussed below.

4.2 Selection of the magnetic material

In permanent magnetic atom chips the cold atoms are trapped in the magneto-
static ′stray field′ generated by the permanent magnets, which, when properly
designed, do not require external fields. The stray field determines the depth of
the traps which should be on the order of 0.1 - 1 mT.

The application of hard magnetic film poses specific material requirements.
The first requirement is obviously a high magnetization in order to effectively
generate the strong field gradients. However, magnetic materials tend to break
up in domains exactly as a means to reduce the stray field that it produces.
This demagnetization problem can also be caused by the external fields used for
loading the atoms into the traps. A second requirement is therefore that the
material has a high coercivity.

Since the most exciting project for atom chips is the possibility to integrate
many microscopic atomic devices on a single chip, the material should be suitable
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Figure 4.1: The atom chip holder: (a) The complete setup. The bridge and
the Rb dispensers are visible. (b) The head of the atom chip holder and the
aluminium mirror. (c) The arrow indicates the direction of the magnetization M
of the magnetic structures glued on the mirror.
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for preparation as a film. The magnetic fields produced by such a thin film
structure scale with its thickness. In order to produce a large enough stray field
at a distance of a few µm from the surface with a line width of few micron, the
material thickness should be in the range of 100 nm to 1 µm.

In addition, the material should be corrosion resistant to allow micromachining
or lithographic patterning. In order to avoid uncontrolled spatial variations of
the stray field, the material must also be highly homogeneous, which puts severe
constraints on these manufacturing processes. Finally, the material is used in
ultrahigh vacuum, which means that the magnetization should survive a 24 hours
bake out at 150◦C.

The combination of high magnetization and high anisotropy limits the range
of materials naturally to the strongest room temperature permanent magnets
which are Nd2Fe14B, Co5Sm and FePt alloys (see e.g. [67]). Among these, the
hard magnets Co5Sm and Nd2Fe14B have excellent magnetic properties, but are
difficult to grow as thin films. Moreover, Nd2Fe14B is unstable at bake out tem-
peratures. The other candidates are the CoPt and FePt systems, where the latter
has a higher magnetization and was therefore selected as the best material to meet
our requirements. This alloy has been studied extensively, both in bulk [68, 69]
and in thin film [70, 71, 72, 73, 74] structures since it combines high magneto-
crystalline anisotropy with a high saturation magnetization Ms [67] and corrosion
resistance. FePt has a disordered face-centered cubic (fcc) structure at high tem-
peratures (1300 oC) [75], and has a very high saturation magnetization but it is
magnetically soft. The low temperature equilibrium structure on the other hand
is face-centered tetragonal (fct or L10), in which the Fe and Pt order in an atomic
multilayered structure with stacking in the [111] direction. This phase has a lower
saturation magnetization but very high magneto-crystalline anisotropy and coer-
civity. It has been shown that annealing of either the fcc phase obtained from the
melt [76] or as-deposited thin films produces noncrystalline composites of the two
phases in which the nanocrystallites of the hard fct phase orient the surrounding
soft phase by exchange coupling. This results in a material which combines high
magnetization with isotropic hard magnetic behavior.

4.3 Design of the foil atom chip

4.3.1 Ioffe Pritchard trap design

The basic layout for an Ioffe-Pritchard (IP) trap (as described in Chapter 2)
can be implemented with permanent magnets to create a micron sized trap for
cold atoms. Two parallel magnetic strips produce a cylindrical quadrupole field
in a similar way to the four current carrying bars in the IP trap. The axial
field including the pinch fields are added by placing extra pieces of material at
appropriate places, typically at the end of the strips. All dimensions can be scaled
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Figure 4.2: y − z and x− z plots of the calculated magnetic stray field for both
magnetic structures (see Figure 4.2 (b)). a) and b) graphs show the trapping
field of the the upper structure, respectively c) and d) for the lower structure.
Shown are contours of equal magnitude of magnetic field B, with a spacing of 5
G between the contours.

down (< 100 nm), resulting in large gradients and large curvatures.

The designs described here achieve trap depths higher than 0.5 mT, trap
frequencies greater than 1 kHz and a non-zero minimum field so as to avoid spin
flipping. The stray field of the patterns has been calculated using Mathematica
[17] in combination with the Radia package [18].

Two in-plane magnetized strips produce a line of zero field above the gap
between them, as explained in Chapter 2. A small modification of this design
allows a self biased Ioffe Pritchard trap to be produced as a single piece of mag-
netic material. This leads to an F like shape, as one can see in Figure 4.1. The
bias field needed to lift the magnetic field minimum is given in this case by the
stem of the ′F′ and the extension of the upper long strip. These two extra parts
also determine the trap depth. Thus the structure can create a self-biased IP
trap. Plots of the calculated magnetic fields above the two structures are shown
in Figure 4.2.
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4.3.2 Fabrication of the ‘F’ structure

The F structures were made out of FePt foil produced by bulk metallurgic tech-
niques [76]. This method is suitable for structures with sub-millimeter dimen-
sions. The Fe0.6Pt0.4 alloy is made by arc melting in a purified Ar atmosphere.
The melt is then cast into a water-cooled copper mould to get cylindrical sam-
ples with a diameter of 1.5 mm. These are sealed into evacuated quartz tubes
and homogenized at 1300 oC for 3 hours after which they are quenched into ice
water without breaking the quartz tube in order to produce fct grains in an fcc
matrix. Subsequently the samples are annealed for 16 minutes at 580 ◦C in order
to obtain the nano-composite FePt. A bar of this material was rolled into a 100
µm thick foil and then mechanically polished to 40 µm thickness. The in-plane
magnetization loops of this compound, measured with a SQUID, are shown in
Figure 4.3.

From this figure one can see that the ratio of remanent to saturation mag-
netization Mr/Ms is about 0.8. The coercivity is about 0.2 T; much larger than
the external field that we apply to manipulate the atoms (10 mT). Since satura-
tion requires at least 3 T it is impossible to magnetize the sample in situ. It is
therefore crucial that the material maintains its magnetization during the 150 ◦C
vacuum bake-out. As Figure 4.3 (b) shows, the magnetization of the saturated
sample that was baked at 170 ◦C for 24 hours decreased less than 5%.

Two slightly different, elongated, F-like samples (see Figure 4.1 (b)) were cut
out of the 40 µm foil using CNC controlled spark erosion. The diameter of the
wire used for cutting is 50 µm. After cutting, the damaged surface layer of the
outer edges of the F-shaped sample was removed by mechanical polishing. Two
such samples were mounted on the aluminium mirror as shown in Figure 4.1
(b). The structure was designed as one single piece to avoid positioning problems
while gluing the structure onto the mirror. The smallest size of the gap between
the two hands of the big F shape is determined by the diameter of the wire that
we used to cut the sample. In the optimization we only used one gap size and
tuned the shape and the dimensions of the pattern according to the thickness of
the foil.

The calculated trap frequencies for the lower structure (see Figure 4.1(b)) are
51 Hz in the axial direction and 6.8 kHz in the radial direction with a trap depth
of 1.1 mT (760 µK). Finding the trap depth was not trivial. It is determined
by the lowest saddle point in B that can be reached from the trap minimum
on an ascending path. In general, this saddle point is not located in one of the
cartesian coordinate planes through the minimum. Thus, one must search for
this saddle point in three dimensions with sufficient spatial resolution, for risk of
undersampling. A more detailed description on how to search for it can be found
in [77]. For the experiments we used the upper structure, which has a higher trap
depth, 3.3 mT (2.3 mK). For this structure the calculated frequencies are 34 Hz
axially and 11 kHz radially.
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Figure 4.3: Magnetization loops of a 40 µm foil of nanocrystalline FePt with
in-plane magnetization, before (a) and after (b) baking, at 170 ◦C for 24 hours.



46 Chapter 4. The atom chip

Finally, the samples where magnetized in a 3 T field oriented along the y-
direction (see Figure 4.1 c) before they were mounted on the atom chip holder
and inserted into the vacuum chamber.

4.4 Arrays of Ioffe-Pritchard traps

In this section we describe the design of another interesting application of perma-
nent magnetic materials and atom chips: the possibility to create a large array
of traps on one chip. Such arrays should enable one to move atoms from one
trap to another as in a shift register which is useful for quantum information pro-
cessing. This requires traps on the micrometer scale, implying films with (sub-)
micrometer thickness. According to our calculations a film thickness of 250 nm
is satisfactory for making sufficiently tight magnetic trapping potentials.

4.4.1 Design of the arrays

As described in Chapter 2, each array consists of a series of magnetic strips,
magnetized in plane, all with the same geometry but with different parameters,
w, s, d and l. Examples can be seen in Figs 4.7 and 4.8.

The working principle of this design can be explained as follows: (n-1) cylin-
drical quadrupoles are formed between n equally long strips. As one can see
neighboring strips are shifted with respect to each other by a constant step, like
a staircase (see Figure 4.7). As a result, for every pair of neighboring strips the
upper strip extends a little to the right of the pair, while the lower strip extends
to the left. These extended pieces of magnetic material pinch off the ends of
each trap and produce the axial field. This results in a trap formed between each
pair of neighboring strips with a nonzero field minimum. We calculate that the
trap depth increases with the increase in the size of these ′end caps′. A plot of
the magnetic field contours reveals a periodic array of magnetic field minima as
shown in Figure 2.6. The trap frequencies calculated for the central trap are 110
kHz in the radial direction and 1.5 kHz in the axial direction. The traps are 1.4
mT (980 µK) deep and their minima are formed 4 µm away from the surface.

4.4.2 Fabrication of the arrays

The second generation chip is based on FePt film deposited on silicon. A thick film
can be grown with vacuum deposition and can be structured using lithographic
techniques in the micron range. A thin film can be grown in multi layers (up to
several 10 nm). Here we used 250 nm Fe50Pt50 films, coevaporated by Molecular
Beam Epitaxy (MBE) from Fe and Pt targets on a rotating Si substrate at 350
◦C.
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Figure 4.4: XRD patterns of Fe50Pt50 deposited at 350 ◦C before and after an-
nealing.

Figure 4.4 shows the X-Ray diffraction (XRD) patterns of the sample de-
posited at 350 ◦C, before and after annealing. It can be seen that the peaks of
the as-deposited film are broadened compared with the film after annealing. This
indicates that some intermediate cubic structure, L12-type cubic crystal struc-
ture, was formed [68]. This structure can be also called the ordered fcc phase, in
which there is some atomic ordering but not strong enough to form the tetrago-
nal phase. After annealing the ordered fct phase was formed. SEM and optical
microscopy show that the surface of these films is free of micro-cracks.

The samples are post-annealed in vacuum at various temperatures in order to
get hard magnetic properties. Figure 4.5 shows the magnetic properties of the
film as a function of annealing temperature. From this figure one can see that
the best magnetic properties (optimum Mr/Ms) are: Ms = 750 kA/m, Mr/Ms =
0.93, Hc = 0.83 T for out-of-plane magnetization (Tanneal = 450 ◦C) and Mr/Ms

= 0.90, Hc = 1 T for in-plane magnetization (Tanneal = 500 oC). These loops show
that the magnetic properties of the films are comparable to the bulk material.
A very desirable aspect of these results is that these films can be used for both
in-plane and out-of-plane chip designs.

The films were patterned using e-beam lithography, with a hard negative
photoresist (SU-8), to save the writing time. The patterning process consists of
a few steps. First the surface is roughened using Ar plasma pre-etching in order
to increase the adhesion of the SU-8 on the FePt surface. After spin-coating
and pre-baking a 340 nm thick SU-8 photoresist layer was obtained. The desired
pattern was written in this resist using a JEOL 6460 SEM equipped with a Raith
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Figure 4.5: Mr/Ms and Hc of the FePt film as a function of annealing temperature
(350 ◦C) of the as-deposited sample, (a) and (b). (c) shows the hysteresis loop of
FePt film annealed at 450 ◦C for 3 minutes.
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Figure 4.6: AFM picture of the FePt film: grain size:∼50 nm; roughness of the
surface: < 50 nm.

Quantum pattern generator. After writing, the resist is post-baked, developed to
remove the non-exposed resist and hard-baked in order to harden the remaining
resist layer.

The resist structure is subsequently transferred to the FePt layer by Ar plasma
etching with an Oxford Plasmalab 80 Plus reactive ion etching system. The sam-
ples were etched for 7 minutes in order to slightly over-etch the FePt layer to get
very clear patterns. Figure 4.7 (b) shows a typical FePt pattern and the cross
section of one strip revealing a slope of the FePt edge of about 45◦, with a rough-
ness of about 50 nm, which is of the order of the nanocrystalline grain size. The
etching rates of the SU-8 and FePt are almost the same (40 nm/min) but the
photoresist layer is thicker than the FePt, and the inset shows that there is still a
photoresist layer left on top of the FePt layer. It is straight forward to adjust the
initial resist thickness in order to reduce this layer. Furthermore, since we will
coat the final chip with a thin gold film to obtain a highly reflecting surface, the
thin photoresist layer has little effect. Figure 4.7(a) shows an array of identical
patterns on one chip, one of the advantages of the miniaturized permanent mag-
netic atom chips. As a final design of the chip we have chosen to pattern more
arrays on one chip, as shown in Figure 4.8. This chip is a demonstration of the
possibility to create many micro traps on one chip. It has not yet been used in
the actual experiment, as the setup is still running with the bulk chip.

4.5 Conclusions

In this chapter we described how the magnetic properties of the material are
changed to make it suitable for permanent magnetic structures on an atom chip.
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a

b

Figure 4.7: Patterned 250 nm FePt film on Si substrate. (a) One array of strips.
(b) The cross section of one strip of the pattern, as well as the edge roughness.
SU-8 photoresist.

Figure 4.8: Patterned arrays of FePt film on Si substrate.
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We also presented how permanent magnetic materials can be used to create mi-
crotraps for atoms, as well as the design and fabrication of the structures. High
frequency traps can be created. By decreasing the sizes even stiffer traps can be
formed. Single traps, or even arrays of them are easy to be made with permanent
magnets.





Chapter 5

Preparation and optimization of the
cold cloud

The preparation of ultracold atomic samples for experiments in magnetic traps
is a task involving multi-step cooling and trapping procedures. This chapter
describes the techniques used to prepare the atom cloud before loading it in the
chip magnetic trap. A crucial point of this transfer process is to match the size
and position of the atomic cloud in the magneto optical trap (MOT) and in the
magnetic trap (MT), so called ′mode matching′, to obtain maximum transfer
efficiency and to avoid heating. The experimental cycle starts with a mirror
magneto optical trap (MMOT) where we collect and precool 87Rb atoms. We
then compress the atoms in a compressed mirror MOT (CMMOT). This phase
is followed by an optical pumping stage: pumping all trapped atoms into the
|F = 2,mF = 2〉 state. Then we trap the atoms magnetically using the external
coils.

5.1 External coil mirror magneto-optical trap

The principal features of a MOT are its ability to simultaneously cool and trap
atoms. It combines a fairly large trap depth, a relatively large capture velocity,
and a weak sensitivity to disturbances concerning the directions of the laser beams
and their polarization imperfections. A MOT is based on the spontaneous light
force [78], i.e. the transfer of photon recoil momenta, h̄k0, to atoms, where
k0 = 2π/λ0 is the wave vector of near-resonance laser light in vacuum. The
configuration of the light fields is chosen such that this momentum transfer occurs
in a preferential direction and in a succession of many absorption and spontaneous
emission cycles. A central trapping force, based on a position-dependent Zeeman
effect, is established in combination with a friction force that cools the atoms to
a temperature close to the Doppler limit, TD = h̄Γ/2kB. For rubidium, with a
transition linewidth Γ/2π = 6.1 MHz, this limit is TD = 146 µK. A schematic
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Figure 5.1: Configuration of the mirror magneto optical trap. An additional pair
of counterpropagating laser beams, perpendicular to the drawing plane, is not
shown.
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representation of our realization of a MMOT is shown in Figure 5.1. We are using
this scheme, with the chip used as a mirror. In this scheme the atoms do not
experience any difference in the magneto-optical field if two laser beams from the
standard six-beam MOT are replaced by a mirror [2].

The optical components of the MMOT are arranged in a way to maintain
access to the vapor cell for other optics. Figure 5.2 shows the experimental
MMOT setup built around the quartz cell. All four laser beams are derived
from the 50 mW output of a polarization maintaining fiber. The fiber output is
collimated with a snap-on fiber collimator (OFR, CFC-8-780) and a lens (Melles
Griot, f = 300 mm, d = 50.8 mm). The lens diameter is chosen large enough
to avoid diffraction fringes in the beam. The linear polarization of the light
is adjusted with a half wave plate (λ/2) and a polarizing beam splitter (PBS)
placed directly after the fiber output. Three polarizing beam splitters (PBS
2,3,4) in combination with half-wave plates (λ/2) divide the power equally over
four beams. Two counter-propagating horizontal beams, coming from PBS 2 and
6, are steered upwards with two telescopes. The beams are then horizontally
directed into the cell. The other two beams, split by PBS 4, are projected into
the cuvette under a 45◦ angle of incidence (see Figs. 5.1 and 5.2). Before passing
the cell, all beams are circularly polarized by quarter-wave plates (λ/4). The
diaphragm before the first beam splitter facilitates the alignment of the beams
with respect to the mirror surface, by means of observing the fluorescence of the
narrowed beams in the rubidium vapor cell.

The repumping beam enters the system via the backside of a polarizing cube
(PBS 5) and is superposed with one of the horizontal cooling beams. Its polar-
ization is then changed by the half-wave plate and polarizing cube (PBS 6). The
beams are as wide as possible, given by the one inch diameter of the optics used,
so that a large capture region is covered. For the realization of the magnetic fields
we use two MOT coils (see Figs. 3.6, 3.7) in the anti-Helmholtz configuration.
These coils generate a gradient per unit current of 1.8 G cm−1 A−1. The trapping
light of the MMOT is tuned 1.5 Γ to the red of the Fg = 2 → Fe = 3 cycling
transition of the 87Rb D2-line (see Figure 3.1). The atoms are trapped in Fg =
2. Atoms that have decayed into Fg = 1, are transferred back by the repumping
laser, which is in resonance with the D1-line (Fg = 1 → Fe = 2).

While loading the MMOT, the Rb dispenser is turned on for 5 seconds up to
a current of 7 A. Using the high rubidium vapor pressure and loading times of
∼ 10 s, allows us to trap ∼ 8×107 atoms in the MMOT. A fluorescence image
of the MMOT is shown in Figure 5.3. After the rubidium vapor pressure in the
cell reaches a steady state, we start to optimize the MMOT fluorescence power
by aligning the laser beams, adjusting the bias magnetic fields, the magnetic field
gradient and the cooling laser frequency. The optimized MMOT magnetic field
gradient was found to be 16 G/cm. Since the MMOT fluorescence power is a
function of both the atom number and the laser frequency detuning, optimiz-
ing the cooling laser frequency to maximize the MMOT fluorescence power does
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Figure 5.2: Schematic representation of the magneto-optical trap optical layout
(top view). Some of the mirrors of the vertical beams are not shown.

not necessarily mean maximizing the atom number. Further optimization of the
cooling laser frequency detuning is done by measuring the atom number with
absorption imaging.

5.1.1 The chip-mirror MOT

The chip can not only be used as the mirror in the MMOT configuration, but also
as the magnetic field source for creating the MOT. In the MMOT configuration,
the 45◦ external coils can be replaced by a wire under the chip or in our case by
magnetic structures. The magnetic field of the structures and a y-uniform bias
magnetic field create a two-dimensional quadrupole magnetic field below the chip,
as one can see in Figure 5.4. We can load the chip-mirror MOT in two ways: a)
directly from the vacuum background and b) loading it from the normal MMOT
configuration.

a) In the first approach, we adjust the bias field, in the y−direction, until we
get a visible chip-mirror MOT. As soon as the chip-mirror MOT is observed and
the bias field optimized, we optimize the cooling laser beams to make the cloud
as bright as possible. The chip-mirror MOT is formed at ∼ 1.8 mm below the
chip surface. In this way we could trap ∼ 106 atoms. This number is probably
limited by the spatial extent of the quadrupole field, which limits the capture
velocity as well as the incoming flux of atoms. The result of direct loading of the
chip-mirror MOT from the background gas is shown in Figure 5.5.
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magnetic F structures

Rb atom cloud

 ~1 mm

Figure 5.3: External coil MMOT - fluorescence image. The image was taken from
straight below, looking vertically upwards. The two magnetic structures can also
be seen.
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Figure 5.4: Field of the chip using only a uniform bias field B = -2 G//y and
an additional field along z (field of the building) of 0.7 G. We see a quadrupole
appear between the F structures.
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15 mmchip
cold Rb atoms

Figure 5.5: Chip-mirror MOT loaded directly from the background gas. Fluores-
cence image taken with the Costar vision camera.

b) In the second approach, we load the chip-mirror MOT from the normal
MMOT, by moving the cloud closer to the surface. This is done by ramping
up an external bias and ramping down the current in the quadrupole coils. The
final effect is that the quadrupole field is replaced with the field of the magnetic
structures plus an external bias field. In order to see where the atoms move when
we switch the external magnetic fields, we use fluorescence imaging. With this
method we could trap ∼ 5 × 106 atoms in the chip-mirror MOT, which means
that only ∼ 6 % of the atoms are transferred. As the loading efficiency is very
low with both approaches we decided not to use the chip-mirror MOT to proceed
further.

5.1.2 The compressed mirror-MOT

The next step after the MMOT is the compressed mirror MOT (CMMOT) [79,
80]. This consists of a MMOT with increased red detuning of the cooling laser and
greatly reduced repumper laser power. The CMMOT has the effect of reducing
radiation pressure in the trap and thus creating a denser cloud of atoms [81].
Reducing the repump power reduces the time the atoms spend in the state (F =
2) resonant with the trapping light. Increasing the detuning of the cooling light
decreases the scattering rate and thus the absorption of re-radiated photons. The
repump power is reduced from several mW to 130 µW. Simultaneously we detune
the cooling laser to δ = 6 Γ (red to resonance). The magnetic field gradient is
kept constant. We compress the atoms for about 5 ms. We adjust the alignment
and the half-wave plates to control the power in the beams in order to overlap the
CMMOT position with the MMOT as well as possible. The atoms are observed
with a CCD camera, by absorption imaging, as described in Chapter 3 and section
5.1.3.

The CMMOT efficiently cools the atoms from 150 - 300 µK down to 70 µK
by suppressing the light scattering with a further detuning of the cooling laser
and a reduction of the repumping laser power. After the compression we are left
with ∼ 50 × 106 atoms and a density of ∼ 5× 1016 m−3. Therefore we encounter
imaging problems of very dense clouds. This leads to a flattening of the intensity
in the center of the gaussian profile.
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Figure 5.6: The absorption image of the CMMOT, truncated above a certain op-
tical density. The center of the cloud has a flat top where the OD is saturated.The
lower graph is a horizontal cut through the middle of the image. Image dimensions
are 768×512 pixels, where one pixel corresponds to 13× 13 µm2.

5.1.3 Image analysis of dense clouds

For optically dense clouds the apparent atom number, as measured by absorption
imaging, is easily underestimated. A major issue is probe light that cannot be
absorbed by the atoms. In particular the probe light may contain spectrally broad
frequency components [82] or modulation side bands. If the object is very dense
and the absorption image is very dark, this nonresonant probe light yields spurious
transmission so that the optical density appears truncated above a certain value,
as one can see in Figure 5.6.

An additional source of error can be due to inhomogeneous broadening of
the sample, or broadening due to a finite linewidth of the (resonant part of)
probe laser. Inhomogeneous broadening is particularly important for imaging in
magnetic fields (Zeeman broadening).

We can separate the probe light intensity into an off resonant “offset” part Ioff

and a resonant part Ir, and modify Lambert-Beer’s absorption law accordingly.
If the resonant part of the light is monochromatic, the absorption by an atomic
sample, with a density distribution n3D(x, y, z) can then be written:

I(x, z) = Ioff(x, z) + Ir(x, z)e−σ
∫

n3Ddy = Ioff(x, z) + Ir(x, z)e−σ n2D (5.1)

with σ = σ(ω) the absorption cross section, and n2D the column density. For
unpolarized atoms in the F = 2 ground hyperfine state, and a linearly polarized
probe beam, the cross section is given by

σ(ω) =
7

15
× 3λ2

2π
· 1

1 + 4∆2/Γ2
(5.2)
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where ∆ = ω − ω0 is the detuning from resonance. The factor 7/15 comes from
averaging the square Clebsch-Gordan coefficients of the ∆mF = 0 components
for the F = 2 → F ′ = 3 hyperfine transition of the D2-line of 87Rb, see also
appendix A, Figure A.1.

In the presence of broadening effects the frequency dependent cross-section
will change in such a way that its spectrally integrated value remains invariant.
Defining this value as the line strength,

S =
∫

σ(ω)dω =
7

15
· 3λ2

2π
· πΓ

2
=

7

20
λ2 Γ (5.3)

the line broadening can then be expressed by a normalized line shape function,
σ(ω) → S g(ω), with

∫
g dω = 1.

The column density can thus be obtained by integrating over the full line
shape, resulting in a value that is insensitive to the broadening mechanism:

∫ ∞

−∞
σ(ω)n2Ddω = S n2D (5.4)

Finally, the atom number is obtained by a summation over all pixels of the
camera image:

N = −d2

S

∑

i

∫ ∞

−∞
ln

[
I(i)− Ioff(i)

I0(i)− Ioff(i)

]
dω (5.5)

where d2 is the area in the object plane that is imaged onto one camera pixel.
In the case of a naturally broadened absorption spectrum, which we assume for

atoms in the MOT, the normalized line shape function is given by a Lorentzian:

g(ω) =
Γ/2

π

1

(ω − ω0)2 + (Γ/2)2
=

2Γ

π

1

4∆2 + Γ2
(5.6)

with detuning ∆ = ω − ω0.
In practice we have the problem of a high optical density in the CMOT. Due

to a limited signal to noise ratio and the background signal, non-resonant parts
of the spectrum, especially the modulation sidebands, are not absorbed and the
true optical density becomes rather undefined. Instead of measuring the resonant
optical density, we measure the full spectrum (scan the probe and take images at
different detunings) and fit the following model function to the spectrum at each
pixel:

I = Ioff + I0 exp

[
− 7

15
× 3λ2

2π
· n2D

1 + 4∆2/Γ2

]
(5.7)

where Ioff is the unabsorbed offset intensity. In order to account for some broad-
ening by the laser line width, we still use a Lorentzian profile but leave the width
Γ as a free parameter. However, to reduce the error in the parameter estimation,
we require the fit parameter Γ and the Ioff to be constant over the whole image.
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To manage the computational task of fitting the huge data set, we first use a
small subset of pixels (representing both strong and weak absorption) to perform
a single multi-dimensional fit. This allows us to fix the Γ and Ioff . We find Γ =
8 MHz, which accounts for the natural line width (∼ 6 MHz) and the laser line
width. In addition we obtain a non-absorbed fraction Ioff/I0 = 0.14. In a second
run, we fit the model function to every pixel with only n2D as a free parameter.
The total atom number is found with Eq.(5.5).

5.1.4 Optical pumping

After the CMMOT phase, the gas is not spin polarized. Due to this only a part
of the atoms would be trapped in the magnetic trap when the coils are switched
on at this stage. In order to spin polarize the atoms, they are optically pumped
into the state |F = 2,mF = 2〉 with respect to the symmetry axis of the trap (x-
direction). During optical pumping the quantization axis is defined by applying
a magnetic guiding field of 1.8 G along the x-direction. For this purpose the MT
coils are used. For the optical pumping one laser beam is applied also along the
symmetry axis of the trap. The laser beam has σ+ polarization with respect to
the axis of quantization and is tuned to F = 2 → F′ = 2 transition. The atoms
are excited to the |5P3/2, F = 2〉 state by ∆mF = +1 transitions. From this state
they decay spontaneously into both hyperfine ground states, from where they
are re-excited by the lasers. After a few cycles, the atoms are pumped into the
|5S1/2, F = 2,mF = 2〉 state. They stay in this state, as they do not interact.
Since the polarized atoms become transparent to the pumping light, it is possible
to optically pump the complete cloud, even if it is originally optically dense.

A long optical pumping time will not further increase the efficiency, but the
cloud will be heated due to continuous scattering of light. In the experiment the
optimum optical pumping time was found to be 200 µs. In order to produce this
short light pulse the optical pumping beam is switched by means of an AOM.
One laser beam is coupled in one of the horizontal beams through PBS 5 (see
Figure 5.2) also along the symmetry axis of the trap. Atoms, which remain in
the |F = 2,mF = 1〉 state due to inefficient optical pumping, are not trapped
in the magnetic potential. These atoms fall out of the magnetic trap within the
first 150 ms of magnetic trapping, as the gradient in the magnetic potential is
not strong enough to support them against the gravitational force.

The achieved efficiency of the optical pumping is about 60%, as 30×106 atoms
are trapped in the magnetic trap, starting with 50× 106 atoms in the CMMOT.

In Table 5.1 we list the used laser power, the magnetic field gradient and the
time scales of the different stages: mirror-MOT, CMMOT, optical pumping and
magnetic trapping. The atoms are now ready to be caught in the magnetic trap.
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Table 5.1: Overview of the purposes and properties of the laser beams and mag-
netic fields used during the atom cloud optimisation and preparation.

Stage Trapping/repump Magnetic gradient Time
MOT on/10mW 15 G/cm 10 sec

CMOT on/50µW 30 G/cm 5 ms
Optical pumping off/10mW 15 G/cm 200 µs
Magnetic trap off/off 60 G/cm 500 ms

5.2 The Magnetic Trap

For loading the chip magnetic trap, we can follow two approaches. The first is
directly from the chip-MMOT. With this method we could trap very few atoms
in the chip magnetic trap because the optical pumping does not work very close
to the chip, due to the presence of high magnetic field gradients. Due to this
inconvenience we do not use this sequence to load the micro-trap.

The better way of loading is from the normal MMOT to an external coil
magnetic trap followed by transport down to the chip micro-trap. After optical
pumping the magnetic trap is switched on to capture the atoms. The current
through the MT coils rises within 1 ms to its set value, 19.8 A, respectively -19.2
A. When ramping up the magnetic field, the center offset induces sloshing in the
trap, which turns into thermal energy. We have to optimize the magnetic fields
of the trap so that the cloud settles down in as short time as possible. This is
achieved by shifting the symmetry axis of the magnetic quadrupole field in the
vertical direction, which can be realized with the Big Coils and the MOT coils. We
observe that even after adjusting the external magnetic fields, it takes about 100
to 150 ms for the cloud to settle down. We trap 30×106 atoms in the trap with a
temperature of ∼90 µK. The rise in temperature during the transfer is attributed
to momentum diffusion due to photon scattering during optical pumping or to
imperfections of the compensation of the gravitational shift. Due to gravity the
minimum of the magnetic trapping potential is not at the same position as the
minimum of the magnetic field.

5.2.1 Lifetime of the magnetically trapped atoms

The dominant loss of atoms from the magnetic trap is due to collisions with room
temperature particles from the vacuum background. The total loss rate Ṅ due
to the background collisions is independent of the density and proportional to
the number of atoms in the trap. Thus, the number of trapped atoms decays
exponentially as N(t) = N(0)e−t/τ0 , where τ0 ∝ 1/p is the trap life time and p
the background pressure. The life time was measured by repeatedly performing
loading as described above, and measuring the atom number after a variable
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Figure 5.7: Decay of the number of atoms in the magnetic trap, which can be
attributed to background collisions. From the fit, based on an exponentially
decaying background pressure (see text), we obtain an asymptotic trap lifetime
of τ0 ≈ 15 s, and a vacuum recovery time of τ1 ≈ 2 s. The vacuum recovery takes
place after switching off the rubidium dispenser.

trapping time. The atom number was measured by absorption imaging after
switching off the trap. The resulting decay curve of the cloud is shown in Figure
5.7. We see relatively fast decay at early times changing into an exponential tail
at later times. The enhanced decay at early times can be understood as a result
of a recovering vacuum pressure after switching off the rubidium dispenser.

Assuming that the background pressure exponentially approaches its asymp-
totic value, p(t) − p(∞) ∝ e−t/τ1 , the number of trapped atoms is expected to
decay according to Ṅ/N = − 1

τ0
(1 + a e−t/τ1), where a = p(0)/p(∞) − 1 is the

normalized excess pressure at t = 0. The expected decay curve is the solution to
this differential equation,

N(t) = N(0) exp
[
− t

τ0

− a τ1

τ0

(
1− e−t/τ1

)]
(5.8)

Using this as a fitting function for the decay curve we obtain τ0 = 15 s for the
asymptotic life time, and τ1 = 2 s for the pressure recovery time. The lifetime
of the magnetic trap is long enough to allow for the transfer of the magnetically
trapped atoms to the chip magnetic trap.

Apart from the collisions with the background gas, another loss mechanism
that can reduce the lifetime in the quadrupole magnetic trap is scattering of
resonant light impinging on the atoms. An atom absorbing a single photon has a
large probability of falling back to an untrapped spin state and thus being ejected
from the trap. In order to minimize this we place boxes made from opaque black
cardboard panels on an aluminium frame around all the laser systems.

Majorana spin flips can also cause losses from magnetic quadrupole traps.
This happens typically at low enough temperature when approaching Bose-Einstein
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condensation. The solution is to load the atoms into a Ioffe-Pritchard trap as de-
scribed in the next chapter.

5.3 Conclusions

In this chapter we present and compare three loading methods of the MOT: 1)
directly from the background gas using the magnetic field of the external coils; 2)
from the background gas using the magnetic field of the chip; and 3) a combination
of the previous two methods, trapping the atoms first with the external coils and
then transfer them to the magnetic field of the chip. The first method has been
chosen to proceed further as the maximum atom number is achieved.

We optimized the loading of the magnetic trap by first compressing the MMOT
for 5 ms and then optically pumping it for about 200 µs. By compressing the
MMOT we reach a density ∼ 5 × 1016 m−3. After this we turn on the magnetic
coils in order to magnetically trap the atoms. It takes about 100 to 150 ms for
the cloud to settle down. We trap 30 × 106 atoms in the magnetic trap with a
temperature of 90 µK.

The optimization steps for the MOT and the MT do not need to be repeated
for future generations of atom-chips, as soon as the control timing has been
determined. After a new chip is mounted inside the vacuum, we only need to
redo the procedures from section 5.1 to find the right operating parameters. It
is important that only a slight fine-tuning will be required, as the optimization
steps can be very time consuming.
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Atom chip loading and diagnostics

In the previous chapters we have shown how one can use millimeter-scale per-
manent magnetic structures to create high-gradient traps for neutral atoms, and
described how to fabricate such devices.

In this chapter we describe the loading and in-trap analysis of ultracold atom
clouds confined using such a self-biased fully permanent magnet atom chip. Effi-
ciently transferring atoms to the self-biased trap turned out to be nontrivial. In
addition traditional analysis techniques, such as ballistic expansion, are compli-
cated due to the presence of large magnetic field gradients. A major part of this
work is in overcoming these difficulties.

6.1 Loading the Ioffe-Pritchard magnetic trap

To load the permanent magnet trap we adiabatically transfer the atoms from
the spherical quadrupole trap by applying a combination of bias fields to the
field of the permanent magnetic structure, the chip gradients being dominant.
By applying a uniform bias field the magnetically trapped atoms change their
position in space by shifting several millimeters toward the atom chip. Once the
cloud is close enough to the chip, so that it feels its gradient, the atoms will be
trapped in the magnetic field of the chip.

During the loading it is important to avoid regions of zero field. It is also
important to avoid unwanted splitting of the trap during the transport of the
cloud to the final trap. More about possible constraints can be found in [77].
The B-field trajectory that we used to load the atoms has been calculated with
Mathematica, see Figure 6.1.

The loading can be explained as follows: We start with the initial coil based
quadrupole trap, explained in the previous chapter, located 8 mm below the chip
surface. At this moment we have two magnetic field minima: one weak trap
created by the external coils, filled with atoms, and a tighter empty trap close
to the chip surface, created by the permanent magnetic structure. There are
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Figure 6.1: Calculated B-field trajectory used during the loading process. We
start with the initial coil based quadrupole trap - position I. The magnetic
quadrupole is then moved closer to the chip and turned off at position II. At
this moment the trap turns into a Ioffe trap. This trap is then moved towards
the final location, replacing the empty self-biased trap. At position VI all fields
are switched off.

two ways of transferring the atoms between these two traps. One is to apply a
uniform field in the y-direction reducing the separation between the two minima,
merging them into a single hexapole trap. By the time the y field is switched off,
the hexapole trap splits in two, leaving some atoms in the self-biased trap. The
efficiency of this method is very low, therefore we choose the method described
below.

The better way to transfer the atoms to the permanent magnetic trap is to
exchange the two traps. This is done by applying uniform magnetic fields in
the y and z-directions, as shown in Table 6.1, as well as Figure 6.1 (quoted in
currents for convenience. Conversions from Amps to G, see Table 3.3). Also three-
dimensional calculations of the magnetic field iso-surfaces during the loading are
shown in Figure 6.2 II–VI. During the transfer the magnetic field gradient of the
trap increases from 60 G/cm to 6800 G/cm which leads to significant heating of
the cloud. At a certain point, the two field minima pass each other separated by
a finite potential barrier of ∼ 15 G and hot atoms spill over to the decompressed
trap. This loss mechanism takes away up to 80% of the atoms. In spite of
this loss it is possible to load 2×106 atoms into the permanent magnet trap. A
series of absorption images at various detunings are taken during the loading
of the trapped cloud and are shown in Figure 6.2 a–e. The measured atom
distributions compare very well with the calculated field distributions in Figure
6.2 II–VI. The cloud temperature inferred from the spectra in the self-biased trap
is approximately 1 mK.
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a

b

c

d

e

Figure 6.2: Atom chip loading - comparison of calculations and measurements.
Figures (II - VI) show calculated contours of magnetic field strength together with
their y and z - projections during the loading process. The figures correspond to
positions (II - VI) in figure 6.1. Figures (a-e) represent absorption images taken
during the loading process. Each image is composed of several absorption images
taken at 22 different probe detunings, ranging from 0 to 60 MHz.
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loading steps time(ms) magnetic coils coils current ramping time(ms)
1st step 200 Big coils 0 A 250

MOT coil 1 -6.37 A 250
MOT coil 2 6.37 A 250

2nd step 250 Big coils 5.95 A 60
MOT coil 1 -5.1 A 60
MOT coil 2 5.1 A 60
MT coil 1 0.3 A 60
MT coil 2 0.3 A 60

3rd step 60 Big coils 5.21 A 50
MOT coil 1 -0.64 A 50
MOT coil 2 0.64 A 50

4th step 50 Big coils 3.72 A 10
MOT coil 1 0 A 10
MOT coil 2 0 A 10

5th step 10 Big coils 1.41 A 2
MOT coil 1 0.32 A 2
MOT coil 2 0.32 A 2

6th step 2 Big coils 0 A 2
MOT coil 1 0 A 2
MOT coil 2 0 A 2

Table 6.1: The external coils currents schedule required to load the permanent
magnetic structure. Note: bias fields are not quoted in Gauss, but in A required
to produce the field. Quoting in amps is more convenient since we can measure
the computer controlled currents more accurately. Conversion factors can be
found in Table 3.3
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Figure 6.3: (a) Temperature (open square, T) and atom number (full square,
N) inferred from the axial density distribution and (b) phase space density as
a function of atom number. The dashed line marks the quantum degeneracy
transition.

6.2 Measuring the atom number and tempera-

ture

Because we measure in − situ and therefore in the presence of magnetic field,
the atoms experience a position dependent Zeeman shift. Furthermore, we had
to take into consideration the polarization of the probe light (see Chapter 5, sec-
tion 5.1.3). For this we measured the full spectra by taking absorption images
at different probe detunings. The probe was tuned over the range 0−60 MHz
above resonance. Two dimensional atomic column density distribution from the
absorption images is integrated radially to get a linear axial column density dis-
tribution. For cloud temperatures well above the critical temperature, the axial
linear density distribution (atoms/m) is given by:

ρ(x) = Nω

√
m

2πkT
e−

mω2x2

2kT (6.1)

where ω is the axial trap frequency and N the total atom number. Since the axial
trap frequency is known, this fit can give both the temperature and the number
of atoms in the cloud. When cooling down the cloud we observed that the radial
cloud size is smaller than the pixel size. This effect would cause an underestimate
of the observed optical density. Therefore, to measure the number of atoms we
lift the magnetic field at the trap bottom by applying a 50 G magnetic field in the
y-direction to relax the confinement. In addition, we blue detune the probe laser
by 12 MHz. Lifting the trap would move the cloud out of focus, causing lensing
[83] effects that can affect the observed cloud width. The cloud appears to have
bright or dark halos around it, depending on the sign of the detuning. These
effects are eliminated by taking absorption images over a range of 20 MHz above
and below resonance and changing the position of the second lens of the imaging
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telescope. The optimal lens position is found when these halo effects vanish.
In Figure 6.3 (a) we show the temperature inferred from the axial density

distribution for various final frequencies above the trap bottom [84]. We have ac-
tually reached the transition temperature. At this temperature the fitting model
breaks down and bimodal fitting will be required. During the final cooling process
the phase-space density increased to PSD > 1, [85] reaching the degeneracy, as
one can see in Figure (6.3 (b)). The observation of a BEC was done using differ-
ent techniques like rf spectra and ejection of the clouds. An extensive description
on how this has been done can be found in [14, 86].

6.2.1 Lifetime of the Ioffe trap - Majorana losses

The lifetime of the trap depends on the value of the magnetic field B0 in the trap
center. This field was measured by repetitively applying a radio frequency pulse
for a duration of 0.5 ms, chosen to be short compared to the cloud thermalization
time, and lowering the frequency until all atoms are removed from the trap.

The pressure in the science chamber is ∼ 4.5× 10−11 mbar, therefore long life
times can be expected. However, when the adiabaticity condition is not fulfilled,
which means that the magnetic moment of the atoms can not follow the magnetic
field, spin flips into untrapped states can occur. We observed that increasing B0

to a value of 2 G leads to an increase of the observed lifetime from 200 ms to about
12 s. The short lifetime (200 ms) can be due to the fact that the potential exhibits
a pair of field zeroes rather than being a Ioffe trap. This can be attributed to
the coarseness of the magnetic structure or inhomogeneity of the magnetization.
The field zeroes were lifted by placing a permanent magnet on the optical table.

6.2.2 Measurement of the trap frequencies

A preliminary evaporative cooling stage is done before measuring the trap fre-
quencies. This consists of a 10 s linear rf ramp from 35 MHz to 2 MHz. After the
cloud is cooled to ∼ 1µK we switch off the rf-cooling. The axial and radial oscil-
lations of the cloud are driven by displacing the center of the trapping potential
by means of the external coils. Before an image is taken we raise the bottom of
the trap so the cloud gets bigger and easier to detect.

Axial frequency

To measure the axial frequency we excite the oscillation by applying a magnetic
field in the x-direction. This leads to a center-of-mass oscillation of the cloud
around its equilibrium position. The cloud is then let to oscillate in the trap for
a variable holding time. In Figure 6.4 (a) we plot the cloud position versus time.
We also analyzed the data using a fast Fourier transform (see Figure 6.4 (b)),
which yielded a clear peak at a frequency of ωa = 2π×128 Hz. This is not in
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Figure 6.4: Axial trap frequency: a) shows the position of the cloud which changes
due to the center of mass motion; b) is the fast Fourier transformation of the data
point, yielding a peak at a frequency ω = 2π× 128 Hz.

agreement with the calculated trap frequency of 2π×35 Hz. We attribute this
to the coarseness of the magnetic structure, due to the fabrication process. We
found, after cooling the cloud, that the potential exhibits a strong field corru-
gation leading to two separate minima with a magnetic field zero in the lower
minimum. This can also be seen in Figure 6.5. Because the applied rf knife lasts
longer than its life time, this zero minimum disappears and we are left only with
one of the traps.

Atomic column density [µm-2
] Atomic column density [µm-2

]

rf cooling

Figure 6.5: Atom column density of the cold cloud close to the surface, before
cooling (a) and after cooling (b).

Radial frequency

To measure the radial frequency the trap is shaken at an appropriate frequency
and due to parametric heating (when the modulation frequency matches the trap
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Figure 6.6: Radial frequency measured by modulating the trap at an appropriate
frequency. Frequency peak at 5.8 kHz.
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Figure 6.7: Direct observation of the radial frequency by shaking the trap center
and for different values of applied axial fields, given here as the currents (5, 4, 3,
and 2 A) sent through the MT coils (see Sec. 3.3).

frequency) atom loss can be observed [87]. The heating is typically accompanied
by a loss of atoms due to plain evaporation.

We measured the trap loss as a function of modulation frequency. The best
fit gives us a frequency of ωr = 2π×5.8 kHz, as plotted in Figure 6.6. This
value is not in agreement to our simulated results (ωr = 2π×11 kHz) as the
radial frequency depends on the minimum field B0. Therefore we also performed
frequency measurements for different trap bottoms. For this we measured the
trap loss as a function of the shaking frequency for different B0. The results are
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data.

shown in Figure 6.7.

The expected dependence is 1/f 2 = 4π2mB0/mF gF µBB′2, and it is used to
calculate the offset magnetic field in the center of the trap, B = 2.7 G (see Figure
6.8). Knowing the trap frequencies and the measured B we can then calculate
the trap gradient ∼ 85 T/m. It is close to the simulated value (∼ 90 T/m). The
small difference may be caused by the geometry that can be slightly different than
designed and the surface coarseness.

6.3 Conclusions

We have demonstrated that a Ioffe-Pritchard trap can be created on a fully per-
manent magnetic atom chip, where we could trap ∼ 2 × 106 atoms. We have
described the non trivial loading procedure of a purely magnetic chip. This relies
on the adiabatic movement of Ioffe trap using uniform external fields and making
use of the forced evaporative cooling during loading. The in-trap analysis of an
ultracold atom cloud, confined using a purely permanent magnetic atom chip,
and its difficulties are as well presented here. The temperature of the cloud is
inferred from the axial size of the cloud by observing the in-situ atomic density
distribution. We have reached the critical temperature and observed degeneracy
(phase-space density > 1).

The measurement of the trap gradient shows us that the simulated magneti-
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zation it is not far from what we actually measured.
We also observed that the potential exhibits a strong field corrugation leading

to two separate minima with a magnetic field zero in the lower minimum. This
leads to short lifetimes ∼ 200 ms. This can happen due to the coarseness of
the magnetic structure produced during the fabrication process. Therefore, the
measured frequencies - ωa = 2π× 128 Hz, ωr = 2π× 5.8 kHz - are different then
the calculated ones. These field zeroes were lifted by placing a permanent magnet
on the optical table.



Appendix A

Rubidium properties

Property Symbol Value
Cooling transition 5S1/2, F = 2 → 5P3/2, F = 3

Nuclear spin 3/2
Wavelength in vacuum λ 780.23 nm

Mass m 1.44 × 10−25 kg
Lifetime of upper state τn 27 ns

Natural linewidth Γ 5.9 MHz
Saturation intensity Is 1.6 mW/cm2

Recoil temperature Trec 180 nK
Recoil velocity vrec 0.59 cm/s

Ground hyperfine splitting ωhf 6834.68261090434(3) MHz
|1,−1〉 s-wave scattering length a11 100.44 a0

|1,−1〉/|2, 1〉 s-wave scattering length a12 98.09 a0

|2, 1〉 s-wave scattering length a22 95.47 a0

Table A.1: Properties of 87Rb. [88]
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Summary

This thesis describes the research that was performed for the development of
permanent magnetic chips. The goal of magnetic chips is to trap cold atoms and
to allow their manipulations (transport, storage, coherent splitting and coherent
combining of cold atoms).

An atom in a well-defined angular momentum state has no electric monopole
or dipole moment. However, atoms in general have a magnetic dipole moment ei-
ther due to this angular momentum or the electron spin. Therefore the dominant
interaction of an atom with its surrounding is magnetically. This is a relativistic
and so a weak effect. As a consequence only for cold atoms the magnetic inter-
action energy can be larger than the kinetic energy. This leads to the conclusion
that in technologically achievable magnetic fields only cold atoms can be trapped
and not room-temperature atoms. Note, however, that the low temperature is
not only a technical limitation for trapping, but it also an area that leads to new
physics, notably due to the coherence properties of cold atoms.

We compare large-scale traps, based on coils, with small-scale traps based on
atom chips. In addition, we compare atom chips, based on current-carrying wires
with atom chips, based on permanent magnetic material. In this thesis all efforts
are focused on atom chips based on permanent magnetic material. The approach
we followed has both strong and weak points compared to other approaches.
Before we can harvest the benefits (a low price of increasing complexity) we have
to learn how to deal with the disadvantages (no combination of position resolution
and time dependence), which mostly play a role during the initial loading phase
and the final detection phase. We therefore treat the conversion of the atoms
from the MOT-phase to the magnetically trapped phase in detail. It turns out
that the time-dependence of a global (so position independent) field is sufficient
to load a stationary atom chip.

Some preliminary diagnostics of the trapped atoms have been performed. Af-
ter this thesis work was finished, the research of the group on this subjected is
continued. This led to Bose-Einstein condensation of 87Rb atoms on the chip that
is described in this thesis. It also led to the development of a next generation
chip, on which several hundred traps are realized and loaded. Although these
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successes are not part of this thesis, they show the correctness of the choices and
the engineering developed and described in this thesis.



Samenvatting

Dit proefschrift beschrijft onderzoek aan de ontwikkeling van zogenaamde atoom-
chips op basis van permanent magnetisch materiaal. Het vernieuwende aspect
hierbij is dat de meeste atoomchips tot dusverre werkten op basis van micro-
scopische stroomvoerende draadjes. Atoomchips worden gebruikt om ultrakoude
neutrale atomen vast te houden en te manipuleren. De atomen zweven hierbij
vlak boven het oppervlak van de chip, in een ultrahoogvacuum. Op een atoom-
chip kunnen we koude atomen niet alleen vasthouden, maar ook transporteren
langs vooraf bepaalde paden, of zelfs langs paden die zich splitsen en later weer
bij elkaar komen. Mogelijke toepassingen zijn bijvoorbeeld atoominterferome-
trie en quantum informatieverwerking. Een voorbeeld van interferometrie zijn
atoomklokken, maar we kunnen ook denken aan toepassingen waarbij de atomen
als sensor voor bijvoorbeeld zwaartekrachts- of magnetische velden fungeren. In
het geval van de quantuminformatica worden de atomen als informatiedragers
gebruikt, waarmee in theorie superefficient zou kunnen worden gerekend in een
toekomstige quantumcomputer.

Een neutraal atoom in een toestand met welgedefinieerd impulsmoment heeft
geen elektrische lading en geen elektrisch dipoolmoment. In het algemeen heeft
zo’n atoom echter wel een magnetisch dipoolmoment, ten gevolge van (hoofdza-
kelijk) de spin en de beweging rond de kern van het elektron. We kunnen het
atoom bëınvloeden door te wisselwerken met zijn magnetische moment, dus door
het aanleggen van magnetische velden. Daar deze wisselwerking nogal zwak is, is
het nodig om de atomen eerst af te koelen zodat de kinetische energie voldoende
klein is. Technieken om atomen af te koelen tot extreem lage temperaturen (µK,
nK) zijn in de jaren 1980 en 1990 ontwikkeld en hebben de paden geëffend voor
experimenten waarbij de quantummechanische eigenschappen van de atomen op
de voorgrond treden. Het meest dramatische voorbeeld daarvan is wellicht de
waarneming van Bose-Einstein condensatie in 1995.

In dit proefschrift ontwikkelen we een nieuw type magnetische val gebaseerd
op permanent magnetische films die met lithografische technieken tot een vooraf
berekend patroon worden geëtst. Zo’n magneetval op een chip kan worden ver-
geleken met zowel de macroscopische vallen op basis van spoelen, als met micro-

85



86 Samenvatting

scopische vallen op basis van microscopische stroomdraadjes op een chip. Beide
chipvarianten hebben als voordeel dat de atoomval compacter en robuuster wordt
en gemakkelijker kan worden aangepast aan de experimentele behoefte.

De magnetische chip heeft als voordeel dat er geen (ruisende) stroombron-
nen nodig zijn en, nog veel belangrijker, dat deze aanpak bij uitstek geschikt is
om roosters van heel veel vallen op een chip te maken. Deze schaalbaarheids
maakt de permanent magnetische atoomchips een veelbelovend platform voor de
ontwikkeling van quantuminformatie-verwerkende systemen.

Een mogelijk nadeel van permanent magnetisch materiaal is dat het magnetis-
che veld niet kan worden aan- en uitgeschakeld zoals met een chip gebaseerd op
stroomdraadjes. In dit proefschrift laten we zien dat dit nadeel niet ernstig is.
Door uniforme externe magneetvelden aan te leggen wordt voldoende flexibiliteit
verkregen om de magneetvallen te verplaatsen langs een vooraf berekend pad,
bijvoorbeeld om de chip-val te laden met koude atomen.

Dit proefschrift beschrijft de opbouw van de opstelling, de eerste chip die is
gefabriceerd van een dunne folie van FePt materiaal, alsmede een chip die door
lithografie van een FePt film is gemaakt. We beschrijven het laadproces van de
magneetval en de eerste diagnostiek van de atomen gevangen in de eerste val.
Na de voltooiing van het hier beschreven werk is hierop voortgebouwd, onder
meer door Bose-Einstein condensatie van 87Rb atomen aan te tonen in de hier
beschreven val. Inmiddels is de chip opgevolgd door een tweede generatie waarop
door lithografie honderden microvallen zijn gedefinieerd die tegelijkertijd geladen
en geanalyseerd worden. Hoewel deze latere successen geen onderdeel uitmaken
van dit proefschrift, toont het de juistheid van de hier ingeslagen weg, de gemaakte
keuzes en technische ontwikkeling aan.
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