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Bose-Einstein Condensation

1.0 Introduction:

The first theoretical description of Bose-Einstein condensation (BEC) in an ideal
gas dates from 1924, when Einstein published his articles on the Quantum the-
ory of an ideal gas. This theory was extended to describe the interacting Bose
gas in 1947 by Bogoliubov, who introduced a mean field theory to account for
atom-atom interactions in the trapped gas. Although the atomic densities in
Bose-Einstein condensates are comparably low (1012 to 1014 atoms per cubic
centimeter), interactions significantly alter the properties of the macroscopic
wave function in many respects. The first experimental realization of Bose-
Einstein condensation was achieved simultaneously by E. Cornell, W. Ketterle
and C. Wieman in 1995 and was rewarded with the Nobel prize in 2001. These
experiments were performed in (weakly confining) 3D magnetic traps, making
BECs in 3D traps is well described by the theory section. However, as exper-
imental tools for the creation and manipulation of Bose-Einstein condensates
evolved, the quantum system could be studied in more unusual situations. Due
to the development of strongly confining trapping mechanisms and geometries,
it became possible to realize BECs in reduced dimensions (1D, 2D), periodic
traps or complex potential landscapes. Occasionally, the 3D Thomas-Fermi the-
ory breaks down in strongly confining directions and the (noninteracting) single
particle character may determine the properties of the wave packet in these di-
mensions.
We must remember that one of the greatest acivmements who donated to the
creation of BEC experiments was the Laser Colling, first proposed by Wineland
and Dehmelt and by Theodor W. Hansch and Arthur Leonard Schawlow in 1975
and became applicative by Steven Chu, Claude Cohen-Tannoudji and William
D. Phillips who were awarded the 1997 Nobel Prize in Physics for their work in
laser cooling.
In Ben-Gurion University we have two Atom Chip experiments one is fully func-
tional and the other is in construction stages. In addition we have a fabrication
facility who gives fabrication services to other labs world wide including includ-
ing our own, for example one of the Atom-Chip for Hidelberg university has
made in our fab. The Atom Chip Lab researchers and Dr. Ron Folman puts
Ben-Gurion University on the front line of atomic and photonic research.

1.1 Statistic Mechanic approach:

If we shall see the physical behavior of a class of systems in which, while the
intermolecular interaction are still negligible, the effects of quantum statistics
play an important roll.

The Phase Space, introduced by Willard Gibbs in 1901, is a space in which all
possible states of a system are represented, with each possible state of the sys-
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tem corresponding to one unique point in the phase space. The phase space can
refer to the space that is parametrized by the macroscopic states of the system,
such as pressure, temperature, etc. [Wik Phase Space]

In these systems the the temperature of the particle T and the particle density
n of the system no longer conform to the criterion:

nλ3 ≡ nh3

(2πmkT )3/2 � 1 (1.1)

where λ ≡ h/(2πmkT )1/2 (1.2) is the mean thermal wavelength of the particles.
when the values (nλ3) becomes on the order of unity, the behavior of the sys-
tem becomes significantly different from the classical one and is characterized
by typical quantum effects. Its an evident that a system is more likely to display
quantum behavior when it is relatively low temperature and/or has a relatively
high density particles.
More then that the system will obey the Bose-Einstein statistic or Fermi-Dirac
statistic. the properties of these two systems are quite different. in the present
paper we will dill with system belong to the first category, BEC.

1.2 Thermodynamic behavior of an ideal Bose gas:

While Einstein wrote the number of particles for an ideal Bose gas he got a
formula that quite resembles to Planck distribution (in case of photons µ = 0):

N(E) ≡
∑
ε 〈nε〉 ≡

∑
ε

1
e(E−µ)−1

(1.2.1),

where β ≡ 1/kBT (1.2.2), While z is the fugacity of the gas which is related to
the chemical potential µ through the formula:

z ≡ exp(µ/kT ) (1.2.2)

Due to the fact that ze−βε is less then a unity, for all ε. For large volume
(V), the spectrum for single-particle state is almost continuous though we can
replace the summation with integral:

N
V = 2π

h3 (2m)3/2
∫∞
0

ε1/2dε
z−1eβε−1

+ 1
V

z
1−z (1.2.3)

Due to the fact that the lower limit of the integral give no donation we have to
write sepretly the donation of ε = 0 state in the formula.
this accumulation of a macroscopic fraction particles into single state ε = 0 leads
to the phenomenon of Bose-Einstein condensation.
The number of particals in ε = 0 energy level is: z

1−z = N0 (1.2.4), from the
integral (1.2.3) we can calculate the tuber of particals in higher energy levels:

N −N0 = ζ(3)
(
kBT
~wh0

)3

(1.2.5)
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with ζ(x) the Riemann Zeta function. By imposing N0 → 0 we can find the
critical temperature for Bose-Einstein condensation:

Tc = ~wh0
kB

(
N
ζ(3)

)(1/3)

= 0.94~wh0
kB

N1/3 (1.2.6)

For this kind of system, the adequate thermodynamic limit is N →∞, wh0 → 0,
keeping Nw3

h0
constant, as it guarantees a constant local density in the thermal

gas. Hence, the critical temperature Tc is well defined in the thermodynamic
limit. With equation (1.2.3) and T < Tc we obtain the condensate fraction in
the thermodynamic limit:

N0
N = 1−

(
T
Tc

)3

(1.2.7)

Note that at T = Tc, n(0)λ3
dB = ζ(3/2) ≈ 2.61. While λdB =

[
2π~2/(mkBT )

]1/2
is the deBroglie wavelength and n(0) the density at the trap center.

2.1 The non-interacting Bose gas:

Bose-Einsein condensation describes quantum phase transition in bosonic gases,
which leads to a macroscopic population of the ground state of an external
trapping potential. This transition take place at non-zero temperatures.
Let us look on neutral atoms who trapped in an external 3D harmonic potential:

Vtrap = m
2 (w2

xx
2 + w2

yy
2 + w2

zz
2), (2.1)

where m is the atomic mass and wi is the trap oscillation frequencies in the
three spatial directions.
Assuming an ideal (non-interacting) gas, the Hamiltonian can be written as sum
of single particles with well known eigenenergies:

εnx,ny,nz =
∑
i=x,y,z

(
ni + 1

2

)
~wi, {nx, ny, nz ∈ IPositive} (2.2)

We can see that the N particles ground state of non-interacting bosons in har-
monic potential is product state

Φ0(r) =
(mwh0

π~
)

3/4exp
(
−m

2~

( ∑
i=x,y,z wii

2
))

(2.3)

where wh0 = (wxwywz)1/3 (2.4) is the geometric mean of the harmonic trap
oscillation frequencies.
The atomic density distribution is n(r) = N |Φ0(r)|2 (2.5), the spatial exten-
sion of the ground state wave function is independent of N and drive from width
of the gaussian distribution (2.3):

ah0 =
√

~
mwh0

(2.6)

The size of the ground state wave function aho fixes an important length scale
of the system; it is usually of the order of ah0 ≈ 0.1 − 1µm. At finite tem-
perature, only a certain fraction of the atoms populate the ground state, the
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others being thermally distributed among exited states. The size of the thermal
cloud is usually much larger than ah0 : assuming a harmonic trapping potential
like (2.3) and a classical Boltzmann distribution, we obtain a gaussian width of
Rtherm = ah0 (kBT/~wh0)1/2 for the thermal cloud, which largely exceeds the
ground state size, as kBT � ~wh0 . Therefore, the onset of Bose-Einstein con-
densation can be identified by a build up of a sharp peak in the central region
of the density distribution.

and Settings/avivd.AVIVCOMP/Desktop/Physics/Lasers/Pics Peter Kruger
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Figure 1: Bimodal distribution [GSU BEC Homepage]

2.2 The interacting Bose gas at zero temperature:
Atom-atom interactions significantly modify the properties of the Bose gas at
the critical temperature (e.g. the spatial shape of the wave function) and thus
have to be taken into account. The Hamiltonian for interacting particles in an
external trapping potential Vtrap in second quantization is:

Ĥ =
∫
drΨ̂†(r)

(
− ~2

2m∇
2 + Vtrap

)
Ψ̂(r) (2.2.1)

+ 1
2

∫
drdr′Ψ̂†(r)Ψ̂

†
(r′)V(r−r′)Ψ̂(r′)Ψ̂(r)

Here, Ψ̂(r) and Ψ̂†(r) are the bosonic creation and annihilation operators while
V(r−r′) is the interaction potential for two atoms located at position r and r′.

2.3 The Gross-Pittaevskii equation:

Weak interactions can be described by a mean field theory, when the atomic
density n is much smaller than the number of atoms in a cube of volume a3

(scattering length), or, equivalently, the so called gas parameter a3n � (in a
3D system). In 1D, this weakly interacting regime is characterized by g′ �
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~n/
√
m, g being the interaction coupling constant (equation 2.3.3).

In 1947, Bogoliubov formed the basis of a mean field theory for dilute gases by
decomposing the field operator Ψ̂ to a complex wave function Φ(r,t) describing
the condensate wave function and the so called depletion Ψ̂′, describing the
non-condensed fraction:

Ψ̂(r,t) = Φ(r,t) + Ψ̂′r,t (2.3.1)

Assuming a macroscopic population of the ground state, Φ(r,t) is now complex
number and condensates density distribution is given by n0(r,t) = |φr,t|2 (2.3.2).
Combining the ansatz (2.3.1) and the Hamiltonian (2.2.1) and using the Heisen-
berg equation, we obtain:

i~ ∂
∂t Ψ̂(r,t) =

[
Ψ̂, Ĥ

]
(2.3.2)

=
[
−~2∇2

2m + Vtrap(r) +
∫
dr′Ψ̂†(r′,t)V(r′−r)Ψ̂(r′,t)

]
Ψ̂(r,t).

To first approximation, we will set Φ for Ψ̂. This is is justified since in Bose-
Einstein condensates,the condensate fraction can easily be above 90% (in con-
trast to ≈ 10% in 4He superfluid).
For ultra cold atoms, scattering mostly occurs in the symmetric s-wave chan-
nel. Therefore, the atomic interaction can be described by a contact interaction
with a delta function pseudo potential gδ3(r−r′) where g is a coupling constant,
derived from the s-wave scattering length a:

g = 4π~2a
m (2.3.3)

Together with (2.3.2) we obtain the Gross-Pittaevskii equation for the conden-
sate wave function:

i~ ∂
∂tφ(r,t) =

(
−~2∇2

2m + Vtrap(r) + g
∣∣Φ(r,t)

∣∣2)Φ(r,t) (2.3.4)

For a static system, we write Φ(r,t) = φ(r)exp(−iµt/~), φ being real and nor-
malized to the total particle number

∫
φ2dr = N0 = N. By this the Gross-

Pittaevskii equation (2.3.4) becomes:(
−~2∇2

2m + Vtrap(r) + g
∣∣Φ(r,t)

∣∣2)φ(r) = µφ(r) (2.3.5)

a Schrodinger equation with a nonlinear interaction term, which is proportional
to the local density n(r) =

∣∣∣φ2
(r)

∣∣∣. In the absence of interactions (g = 0) (2.3.5),
reduces to the usual Schrodinger equation for a single particle.

2.4 The Thomas-Fermi approximation:

As mentioned above, the Gross-Pittaevskii equation (2.3.5) can be applied in
weakly interacting (or dilute) systems. These terms have to be used with pre-
caution: scaling equation (2.3.5) to natural units (lengths measured in aho,
densities in a−3

ho and energies in ~who), we obtain
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−∇̃2︸︷︷︸
Ekin

+r̃2 + 8π
Na

aho
φ̃2(r̃)︸ ︷︷ ︸

Eint

 φ̃(r̃) = 2µ̃φ̃(r̃) (2.4.1)

Written in this way, it becomes clear, that the atomic interactions and the
kinetic energy scale as:

Eint
Ekin

∝ Na
aho

(2.4.2)

For experiment to succeed we need to to keep the ratio between 50 and 5000,
showing that although we are in a dilute system

(
na3 � 1

)
, interactions deter-

mine the wave function properties. As the interaction energy dominates over the
kinetic energy in many configurations, one can simply neglect the (first) kinetic
term in equation (2.3.5) and this way obtain the Thomas-Fermi approximation
for φ(r):

n(r) =
∣∣∣φ2

(r)

∣∣∣ = µ−Vtrap(r)
g (2.4.3)

for µ > Vtrap(r) and n = 0 elsewhere. For a harmonic trap, this approximation
gives a density distribution of the shape of an inverted parabola with a maximal
density

n(0) = µ
g (2.4.4)

at the center of the trap. The size of the condensate is described by the Thomas-
Fermi radii:

R⊥ =
√

2µ
mw2
⊥

(2.4.6)

R‖ =
√

2µ
mw2
‖

(2.4.6)

For rather isotropic traps, one can use a single Thomas-Fermi radius R, based
on the geometric mean who of the trap frequencies. Together with the normal-
ization of the wave function to density, we can calculate the chemical potential
to

µ = ~wh0
2

(
15Na
aho

)2/5

(2.4.7)

Inserting expression (2.4.7) into the expression for the Thomas-Fermi radius
(2.4.6), we obtain:

R = ah0 (15N)1/5
(

a
ah0

)1/5

� ah0 (2.4.8)

which means, as (a/ah0)� N−1, that interactions increase the size of the con-
densate compared to the non-interacting case, where the condensate extension
is ≈ ah0 (see equation (2.3)). The Thomas-Fermi approximation is valid, when
~wx,y,z � ng. In strongly anisotropic (cigar shaped) traps, this may well be the
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case in the longitudinal direction, whereas in the transverse direction, the con-
finement may be so strong, that the kinetic energy term may not be neglected.
In this scenario, no simple solution for the Gross-Pittaevskii equation can be
found.the condensate shape may deviate significantly from the parabolic shape.

3 Experimental setup:

There are few ways reaching the BEC stage, at the Atom Chip Laboratory
at Ben-Gurion University we use the a fabricated Z trap chip. This technique
makes the BEC process slightly different due to the fact you can reach with the
laser toward the atomic cloud only from above. To solve this problem during
the MOT process we use the chip as a reflecting mirror. After solving this prob-
lem we can look at the benefits of Atom Chip device. In such a device one can
implant nano wires over the chip surface while passing cornets via these wires
it is possible to manipulate the atomic cloud and see its behavior over different
types of magnetic fields.

The road map for reaching BEC over atom chip is the following:

1. Magnetic optical Trap (MOT).

2. Molasses (Laser cooling).

3. Optical pumping.

4. Magnetic Trap.

5. RF Cooling.

6. Chip loading (BEC).

7. Experimental stage.

8. Absorption Imaging.

MOT: A magneto-optical trap also known as the ”Zeeman shift optical trap,”
or ”ZOT.” The position-dependent force is created by using appropriately po-
larized laser beams and by applying an inhomogeneous magnetic field to the
trapping region. Through Zeeman shifts of the atomic energy levels, the mag-
netic field regulates the rate at which an atom in a particular position scatters
photons from the various beams and thereby causes the atoms to be pushed
to a particular point in space. In addition to holding the atoms in place, this
greatly increases the atomic density since many atoms are pushed to the same
position.

To make a condensate, Rb atoms are first collected and trapped from a vapor
pressure of 10−11 torr in the MOT chamber. After the atoms are cooled down
to around 150µK.
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Figure 2: Magneto Optical Trap [AOL Laser-Cooling]

Optical Molasses: An optical molasses is a single-frequency light field which
can be used to dampen atomic motion, based on the mechanism of Doppler
cooling. In a simple one-dimensional version it is made of two counter prop-
agating laser beams the frequency of which is tuned slightly below an atomic
absorption resonance. As a result, a motion of an atom in the direction of one of
the beams will lead to a Doppler shift so that the absorption rate for the counter
propagating beam is increased, while the absorption rate for the opposite laser
beam is reduced. Effectively there is a dissipative light force which is always
directed opposite to the motion and therefore serves to reduce that motion.

At this stage the temperature of the atomic cloud is reduced. below the Doppler
limit and reaches about 35µK, without any atom loss.
Optical Pumping: Now the atoms are pumped into the highest M level of
the ground state by repeated absorption and reemission of photons. If we only
provide right-circularly-polarized photons, then ∆M = +1 for every absorption.
The atoms can reeamit any kind of photon, so on average ∆M = 0 for reemis-
sion. A few iterations of this, and all the atoms end up in the highest M level
of the ground state.
Magnetic Trap: Then using Z shape wire + bias filed in order to generate an
Ioffe-Pritchard trap for the atoms.
RF Cooling: This tecnic is comenly used to lower the temperature of a group
of atoms. in this process we put the atoms in a flask-shaped magnetic field.
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dou to collisions some atoms will become much more energetic then others and
they will escape the trap, removing energy from the system and reducing the
temprutre of the remaining group. This process is similar for colling a hot cap
of coffee.

Rf-forced evaporative cooling is applied to cool the atoms down to a temper-
ature just above the critical temperature for forming a BEC. To promote the
efficiency of the evaporative cooling, the chamber must have a low pressure, i.e,
in the range of 10−11torr.
Chip loading: An atom chip uses its lithographically fabricated circuit pat-
terns to generate magnetic traps on its substrate surface. Due to the fact that
the magnetic field gradient scales as 1/r2 where r is the distance from a wire on
an atom chip, the distance from a trap to the chip surface can be easily reduced
down to < 100µm and only a very low current (around 1A) is required to create
a much tighter trap that dramatically reduces the evaporation time

Experimental stage: After reaching BEC we can start the stage we been
waiting for, to experiment the different qualities of BEC, in the appendix I will
present the summery from the last BEC07 that held in Sant Feliu, Spain 15-20
September 2007 to see the front line in the BEC experiments.
Absorption Imaging: The atoms are imaged with a 50µs-long imaging pulse.
Prior to this imaging pulse, all the magnetic fields are shut down in order to
avoid Zeeman splitting of the resonance transitions. Also should close all the
trapping light.
Two types of imaging measurements being preformed:

1. Time-of-flight (TOF) , where one turn off all the light and magnetic fields
(thus releasing the atoms from the trap) and let the atoms expand freely. The
cloud fall with gravity and expends as no force applies on it. after some time
(4-20 millisecond) we image the atoms by shining the laser beam through the
atom cloud and into the CCD camera.
2. In situ imaging , wherein picturing the atoms while they are still confined
in the trap; in this case some of the atoms are out of resonance with the imaging
beam, and only a fraction of the atoms are measured.
Analyzing: For analyzing the properties of the atoms, need to be taken 3
different absorption images: background, without atoms, and with atoms (after
some TOF or in situ). Then subtract the background image from each of the
two images and take the logarithm of the ratio between the two images. The
result is an absorption image of the atom cloud, where different colors represent
different optical densities. This analysis of the images is simply to extract the
optical density according to Lambert-Beer’s Law:

Itrans
Iin

= exp(−natσabs) ≈ 1− natσabs (3.01)
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Figure 3: Atom-chip BEC lifetime. (a) Phase-Space density PSD vs time. (b)
9 ms TOF absorption images with different times in the trap.
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4 Appendix:

4.01 Summery of BEC07 convention Sant Feliu, Spain 15-20 Septem-
ber 2007:

1. ”Atom interferometry with phase fluctuating condensates” J.-H.
Choi, G.-B. Jo, T.A. Pasquini, C.A. Christensen, Y.R. Lee, W. Ketterle,
D.E. Pritchard
In this work, we report on the phase fluctuations in Bose-Einstein conden-
sates (BEC) trapped in an elongated trap and discuss the robustness of
chip-based BEC interferometry against the phase fluctuations. With con-
trolled phase fluctuations in condensates, the effect of phase fluctuations
on the phase coherence in the matter-wave interferometry is studied exper-
imentally. It is shown that phase fluctuations in elongated condensates are
likely to degrade interference fringes, and consequently the performance of
the matter-wave interferometry, but we find experimental conditions with
which the matter-wave interferometry is robust enough to determine the
relative phase from the interference fringes. In addition, the phase diffu-
sion is monitored up to approx 23ms after splitting with variable amount
of phase fluctuations.

2. ”Quantum fluctuations in the dynamical formation of BEC” Tim-
othy G. Vaughan, Joel F. Corney and Peter D. Drummond
We simulate the formation of Bose-Einstein condensates, through evapo-
rative cooling. By treating the evaporative cooling as a quantum dynam-
ical, non equilibrium process, we find spontaneous formation of transient
vortices and residual centre-of-mass oscillations. For small systems, where
these effects are large, the Onsager-Penrose criterion for Bose condensation
is no longer a useful indication of the presence of a condensate. Instead,
we formulate criteria in terms of higher-order correlation functions.

3. ”Towards the observation of a Schrodinger cat in a two mode
Bose-Einstein condensate” J. Esteve, A. Weller, C. Gross, J. App-
meier and M. Oberthaler
Entanglement in a two mode Bose-Einstein condensate has attracted tremen-
dous theoretical interest in the past ten years. However, the experimental
observation of entangled states in such a system remains an extraordi-
nary challenge. We will present the latest results from our experimental
setup where the two mode model is realized by trapping the condensate
in an optical double well potential. Measurements showing the mean field
behavior of the system at finite temperature will be reviewed. Possibly,
beyond mean field dynamics will be presented.

4. ”Atom interferometry with a non interacting BEC” M. Fattori,
C. D’Errico, G. Roati, M. Zaccanti, M. Modugno, M. Jona Lasinio, G.
Modugno and M.Inguscio
A non-interacting Bose Einstein condensate is the matter-wave analogue
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to the optical laser and therefore the ideal source for atom interferometry.
Unfortunately atomic interactions seriously limit the coherence time in
BEC atom interferometers. We show that it is possible to strongly reduce
such decoherence, working close to a magnetic Feshbach resonance and
tuning the s-wave scattering length to zero. In particular we analyze
Bloch oscillations of a 39K BEC in a vertical optical lattice and explore
our ability to cancel the interactions. Our results are interesting since we
are performing atom interferometry with a nearly ideal coherent matter
wave. This system is a promising sensor for measuring forces with high
spatial resolution.

5. ”Dense packets of cold atoms: production and manipulation”
David Guery-Odelin
In this poster, I will summarize the results we have recently obtained on
the production of dense packets of ultracold atoms. We have studied the
physics of evaporation ramp of a cloud trapped in an elongated dipole
trap. We also address the issue of the transportation of thoses packets.
Our aim is to couple those packets to a guide at a high rate in presence
of evaporative cooling to generate the equivalent of a continuous laser of
matter-waves.

6. ”Phase Sensitive Recombination of two Bose-Einstein Conden-
sates on an Atom Chip” G.-B. Jo, J.-H. Choi, C. A. Christensen, T.
A. Pasquini, Y.-R. Lee, W. Ketterle, and D. E. Pritchard
The recombination of two split Bose-Einstein condensates on an atom chip
is shown to result in heating which depends on the relative phase of the
two condensates. This heating reduces the number of condensate atoms
between 10% and 40% and provides a robust way to read out the phase
of an atom interferometer without the need for ballistic expansion. The
heating may be caused by the dissipation of dark solitons created during
the merging of the condensates.
Phys. Rev. Lett. 98, 180401 (2007)

7. ”Quantum Turbulence in a Trapped Bose-Einstein Consensate”
Michikazu Kobayashi and Makoto Tsubota
We propose quantum turbulence in trapped Bose-Einstein condensates by
numerically studying the Gross-Pitaevskii equation. Combining rotations
aroud two axes, we induce quantum turbulent state in which quantized
vortices are not crystallized but tangled.

8. ”Coherent transport of light in cold atoms” G. Labeyrie, D. Wilkowski,
C. Mueller, R. Kaiser, C. Miniatura, D. Delande
We present an overview of our study of transport of near-resonant light
in optically-thick clouds of cold atoms. Using the coherent backscattering
interference as a probe of coherent transport, we identified and analyzed
three decoherence mechanisms in such media, due to the atomic internal
structure, the residual atomic motion and the saturation of the atomic
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transition. Future prospects toward the observation of strong localization
are discussed.

9. ”Atom-light interface for ultracold Bose and Fermi gases” K.
Eckert, O. Romero-Isart, M. Rodriguez, A. Sanpera, M. Lewenstein and
E. Polzik
We propose a method for the detection of quantum phases of multicom-
ponent gases through quantum non demolition measurements performed
by sending off-resonant, polarized light pulses through the gas. We show
that various strongly-correlated phases of spinor Bose gases in an optical
lattice and fermionic superfluidity can be identified by detecting the quan-
tum fluctuations and mean values of the polarization of the transmitted
light.

10. ”Manipulation of cold atoms on a superconductive atom-chip”
T. Mukai, C. Hufnagel, and F. Shimizu
Our recent results on the manipulation of atoms trapped on a supercon-
ducting wire atom-chip will be presented.

11. ”Permanent magnetic atom chips: BEC and vast magnetic lat-
tices” S.W. Whitlock, R. Gerritsma, Th. Fernholz, R.J.C. Spreeuw
We describe a self-biased, fully permanent magnet atom chip used to study
ultracold atoms and to produce a Bose-Einstein condensate (BEC). Ra-
dio frequency spectroscopy is used for in-trap analysis and to determine
the temperature of the atomic cloud. The formation of a Bose-Einstein
condensate is observed as a narrow peak appearing in the radio frequency
spectrum. We also present experiments with a BEC above a lithographi-
cally patterned magnetic film chip, containing vast 2D lattices containing
¿1000 magnetic traps per mm2. We present our results on loading the
magnetic lattice and discuss prospects to use them as quantum registers.

12. ”BEC-nanosystem interactions and microwave near-field poten-
tials on atom chips” P. Treutlein, P. Bai, M. Riedel, J. Hoffrogge, D.
Hunger, S. Camerer, T.W. Haesch, D. Kaig, J.P. Kotthaus, and J. Re-
ichel
We present the status of two atom chip experiments which we currently
set up in Munich. The goal of the first experiment is to investigate the
dynamics of small Bose-Einstein condensates in microwave near-fields on
an atom chip. Microwave near-fields are a key ingredient for atom chip
applications such as quantum information processing, atom interferome-
try, and chip-based atomic clocks. We have integrated miniaturized mi-
crowave guiding structures on an atom chip, using a newly developed litho-
graphic fabrication process for chips with multiple layers of metalization.
The micrometer-sized structures allow to generate microwave near-fields
with unusually strong gradients. Through microwave dressing of hyperfine
states, state-selective double-well potentials can be created. One goal of
the experiment is to investigate whether these potentials can be used to
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generate entanglement between small Bose-Einstein condensates on the
atom chip. The second experiment aims at observing the coupling of
a Bose-Einstein condensate to the mechanical oscillations of a nanoscale
cantilever with a magnetic tip. At room temperature, the thermal oscilla-
tions of the cantilever tip induce spin-flip transitions of the magnetically
trapped atoms to untrapped states. This is similar to an atom laser ex-
periment, with the mechanical resonator generating the radio-frequency
magnetic field for output coupling. By detecting the loss of atoms from
the trap, we intend to use the BEC as a sensitive probe for the mechani-
cal motion of the cantilever, which allows a time-resolved detection of the
thermal amplitude fluctuations. At cryogenic temperatures, back-action
of the atoms onto the cantilever is significant and the system represents a
mechanical analog of cavity quantum electrodynamics. In this regime, the
BEC could be used as a coolant or a coherent actuator for the nanome-
chanical resonator. The coupling could be used to transfer nonc! lassical
states of the BEC, which consists of a few thousand atoms, to the me-
chanical system, which consists of several billions of atoms.

13. ”Atom entanglement from light scattering on BEC’s” K.M.R.
van der Stam, R. Meppelink, J.M. Vogels, and P. van der Straten
Using light scattering on Bose-Einstein condensates we study the entan-
glement of atoms. In the light interaction with the condensate, atoms
are scattered in both the forward and the ’counterintuitive’ backward di-
rection, which results in entangled atom pairs. We have enhanced the
backscattering by driving the process using two frequencies and observe
an equal balance between the forward and backward scattered atoms. We
compare our results to a semi-classical model and obtain reasonable agree-
ment between model and experiment. We detected the so-called end-fire
modes of the light scattering and observe under certain conditions only
one end-fire mode, which enhances the entanglement. Finally, we have
applied noise correlations spectroscopy to directly observe the entangled
pairs and will show the first results of these measurements.

14. ”Novel Complex Atom Traps” Wolf von Klitzing and Igor Lesanovsky
We demonstrate a novel class of trapping potentials, time-averaged adia-
batic potentials (TAAP), which allows the generation of a large variety of
traps for quantum gases and matter-wave guides for atom interferometers.
Multiple traps can be coupled through controllable tunneling barriers or
merged altogether. We present analytical expressions for pancake-, cigar-,
and ring- shaped traps. The TAAP traps can be created in a standard
magnetic quadrupole trap using RF fields together with low frequency
modulation fields. The ring-geometry is of particular interest for guided
matter-wave interferometry as it provides a perfectly smooth waveguide
of controllable diameter, and thus a tunable sensitivity of the interferom-
eter. The flexibility of the TAAP makes possible the use of Bose-Einstein
condensates as coherent matter-waves in large area atom interferometers.
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4.02 BEC experiments:

and Settings/avivd.AVIVCOMP/Desktop/Physics/Lasers/Pics Peter Kruger
Heidelberg/14.jpg

Figure 4: BEC Formation [1]
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Figure 5: Dynamic splitting of an atom cloud[1]
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Figure 6: Atom Chip Assembly [1]
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Figure 7: Absorption images [1]
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Figure 8: Spiral Shaped Guide[1]
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Figure 9: Omni-directional Guide[1]
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Figure 10: 7Li atoms in Z trap[1]
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Figure 11: Thermal cloud in Z trap[1]
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Figure 12: Trap numerical calculations[1]
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Figure 13: String of six electrodes[1]
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Figure 14: Phase space density BEC[1]
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Figure 15: Time-of-flight sequence [1]
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Figure 16: Zoom on the Z trap [1]
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Figure 17: BEC time sequence [1]

24



5 REFERENCES:

1. P. Kruger Thesis, ”Coherent matter waves near surfaces” (2004)

2. Advanced Optics Laboratory BGU, ”Laser Cooling and Trapping”

3. RP Photonics, Optical molasses

4. J. Schmiedmayer et-al, ”Detecting neutral atoms on a atom chip”

5. R.K.Pathria, ”Statistical Mechanics” (1972)

6. B.L. Lev Thesis, ”Magnetic Microtraps for Cavity QED, Bose-Einstein
Condensates, and Atom Optics” (2006)

7. D. M. Stamper-Kurn et-al ”High-Resolution Magnetometry with a Spinor
Bose-Einstein Condensate”

8. Y.J. Wang Thesis, ”An On-Chip Atom Interferometer Using a Bose-Einstein
Condensate” (2005)

9. C. S. Adams, M. Sigel, and J. Mlynek, Physics Reports-Review Section of
Physics Letters 240, 143 (1994).

10. E. A. Hinds and I. G. Hughes, Journal of Physics D-Applied Physics 32,
R119 (1999).

11. K. Burnett, M. Edwards, and C. W. Clark, Physics Today 52, 37 (1999).

12. M. H. Anderson, J. R. Ensher, M. R. Matthews, C. E. Wieman, and E.
A. Cornell, Science 269, 198 (1995).

13. C. C. Bradley, C. A. Sackett, J. J. Tollett, and R. G. Hulet, Physical
Review Letters 75, 1687 (1995).

14. K. B. Davis, M. O. Mewes, M. R. Andrews, N. J. Vandruten, D. S. Durfee,
D. M. Kurn, and W. Ketterle, Physical Review Letters 75, 3969 (1995).

15. T. Schumm, S. Hofferberth, L. M. Andersson, S. Wildermuth, S. Groth, I.
Bar-Joseph, J. Schmiedmayer, and P. Kruger, Nature Physics 1, 57 (2005).

16. D. M. Harber, J. M. Obrecht, J. M. McGuirk, and E. A. Cornell, Physical
Review A 72, 033610 (2005).

17. J. Schmiedmayer, R. Folman, and T. Calarco, Journal of Modern Optics
49, 1375 (2002).

18. R. Folman, P. Kruger, J. Schmiedmayer, J. Denschlag, and C. Henkel,
Advances in Atomic, Molecular, and Optical Physics 48, 263 (2002).

25



19. A. E. Leanhardt, A. P. Chikkatur, D. Kielpinski, Y. Shin, T. L. Gustavson,
W. Ketterle, and D. E. Pritchard, Physical Review Letters 89, 040401
(2002).

20. P. Kruger, X. Luo, M. W. Klein, K. Brugger, A. Haase, S. Wildermuth, S.
Groth, I. Bar-Joseph, R. Folman, and J. Schmiedmayer, Physical Review
Letters 91, 233201 (2003).

21. R. Folman, P. Kruger, D. Cassettari, B. Hessmo, T. Maier, and J. Schmied-
mayer, Physical Review Letters 84, 4749 (2000).

22. R. Michael, J. Yonathan, H. Peter, and F. Ron, Physical Review A (Atomic,
Molecular, and Optical Physics) 73, 063805 (2006).

23. R. Folman and J. Schmiedmayer, Nature 413, 466 (2001).

24. Y. Japha, O. Entin-Whohlman, S. Aigner, T. David, R. Salem, J. Schmied-
mayer, and R. Folman, In preparation (2007).

25. D. W. Wang, M. D. Lukin, and E. Demler, Physical Review Letters 92,
076802 (2004).

26. P. Kruger, S. Wildermuth, S. Hofferberth, L. M. Andersson, S. Groth, I.
Bar-Joseph, and S. Schmiedmayer, J. Phys.: Conf. Ser. 19, 56 (2005).

27. J. Est‘eve, C. Aussibal, T. Schumm, C. Figl, D. Mailly, I. Bouchoule, C.
I. Westbrook, and A. Aspect, physical Review A 70, 043629 (2004).

28. S. Wildermuth, S. Hofferberth, I. Lesanovsky, E. Haller, L. M. Andersson,
S. Groth, I. Bar-Joseph, P. Kruger, and J. Schmiedmayer, Nature 435,
440 (2005).

29. J. Fortagh and C. Zimmermann, Rev. Mod. Phys. 79, 236 (2007).

30. W. Ketterle and N. J. Van Druten, Adv. At. Mol. Opt. Phys. 37, 181
(1996)

26


