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Abstract

A dual-species two-MOT setup for preparing a 8" Rb—4° K Bose-Fermi mixture on an atom chip
is presented. The experimental system, consisting of a laser system and a two-chamber vacuum
apparatus, where a collection MOT feeds a mirror MOT via a push laser beam (through a
differential pumping stage), is illustrated in detail. Two of the eventual aims of the experiment
are to investigate collapse phenomena in 1D and 3D Bose-Fermi mixtures and to study the
thermalization of Bose-Fermi mixtures.

This diploma thesis was particularly focused on the following tasks:

e the characterisation and construction of the magnetic bias field coils setup and its imple-

mentation into the experiment

e the characterisation and optimisation of a single 8 Rb and a single “°K MOT in the

collection chamber and the testing of the home-built enriched potassium dispensers

e (very carefully) inserting the atom chip and its ~40kg mounting into the science chamber

and subsequently, connecting the collection chamber with the science chamber

e the setup and implementation of the MOT and push beam optics (and the optics board

assembly) around the vacuum system
e the reestablishment of the rubidium and potassium collection MOTs
e cstablishing the first 87 Rb mirror MOT in the science chamber

e realising the loading of atoms from the collection MOT to the mirror MOT via a push

beam.



Chapter 1
Introduction

The effect of Bose-Einstein condensation was predicted theoretically in 1925 [T, 2], but the
experimental realisation took until 1995 [3]. In 2001, the Nobel prize was awarded to Cornell,
Wieman and Ketterle for the realisation and research of Bose-Einstein condensate (BEC).
On the way towards a BEC, a variety of cooling and trapping mechanisms for neutral atoms
were explored. For cooling atoms using laser light, Chu, Cohen-Tanoudji and Phillips received
the Nobel prize in 1997. Since then, ultracold atoms have become a rapidly expanding area
of research and the number of research groups working with atom traps worldwide is still
increasingl]

Up to now, BECs in most alkali metals have been realized and examined. Additionally,
degenerate Fermi gasesﬂ (DFGs) have been produced with potassium (1999, [4]) and lithium
(2001, [A]).

This thesis describes an experiment to study a Bose-Fermi mixture on an atom chip. In
order to produce a DFG, the fermions will be sympathetically cooled with a bosonic interaction
partnerf’] as the Pauli exclusion principle prevents identical Fermions from interacting, making

it impossible for them to thermalize. Sympathetic cooling was first proposed for two-component

lcurrently more then 150 groups woldwide are working with ultracold atoms, see

http://www.uibk.ac.at/exphys/ultracold/atomtraps.html (accessed 01.05.08)

2A gas of fermionic particles, described by Fermi-Dirac statistics and obeying the Pauli exclusion principle.
If the temperature of the gas is less than the Fermi temperature, the gas enters the degenerate regime where
quantum statistical effects become significant [4].

30ne could also use a two-component Fermi gas [6] .

10
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plasmas [7].

In the following, the progress of an experiment using this approach to establish a DFG of
fermionic “° K using bosonic 8" Rb as a coolant is reported. The goals of this experiment are to
study the thermalization of Bose-Fermi mixtures in 3D, 1D and in the 3D /1D crossover regime,
and furthermore, to examine collapse phenomena in 1D and 3D mixtures, as ultracold *° K and
87 Rb have a naturally attractive scattering interaction.

This diploma thesis was intended to emphasize the characterisation and optimisation of
the two dual-species magneto-optical traps used in this experiment. Nonetheless, an exact
characterisation of the mirror MOT was not possible, due to the inevitable delay, caused by
repeatedly breaking vacuum windows.

This thesis is organized in the following way: Chapter 2 gives an overview of the theory
of laser cooling and introduces the basic concepts of trapping and cooling neutral atoms in a
magneto-optical trap. Chapter 3 details the experimental setup, consisting of the laser system,
the vacuum assembly (housing the atom chip), the bias-field coils and the MOT optics setup.
Chapter 4 focuses on the measurement and characterisation of the two single-species MOTs in
the collection chamber. Chapter 5 presents the preliminary results of a 8" Rb mirror MOT in
the science chamber and discusses the complexity of the optimisation process. Finally, chapter
6 reports on the progress of the experiment and the achievements, made during this diploma

work.



Chapter 2

Theory

2.1 Laser Cooling

Laser cooling techniques rely on the interaction between light and matter. Photons can transfer
momentum and thereby apply a force on atoms. How this interaction works and how it can
be used to slow the atomic motion, and subsequently trap and cool atoms is discussed in
the following chapter. The main idea of laser cooling goes back to the year 1975 with the
publications of Hénsch and Schawlow [§] (optical molasses) and Wineland and Dehmelt [9].

2.1.1 The Scattering Force

Lasers produce well-collimated monochromati beams of light (hE), propagating in one direc-
tion, that can exert a force on an atom. Assuming now a two-level atom with a ground state
|g) and an excited state |e), the energy difference between the two states shall be denoted as
hv and the lifetime of the excited state shall be referred to as 7, with a natural linewidth of
I' = 1/7. Each absorbed photon, with energy hvy, transfers the momentum hk to an atom
and excites it. The atom falls back into the ground state by spontaneously emitting a photon
into a random direction in 47. Thus, the recoil momentum, associated with the spontaneous

fluorescence, is in random direction, so its average over many emission events results in a zero

1Here monochromatic means that the linewidth of the laser is much less than the linewidth of the atomic
transition.

12
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net effect on the atomic momentum. The scattering of many photons gives an average force in
the direction of k. For dN absorbed photons, the average momentum transfer is dp = hkdN ,
resulting in the applied force [10]
Fooatr = % = FLE% — hkR (2.1)
with the scattering rate R = I'p. and p, the excited state population fraction (p. + p, = 1).
This occupation probability p. can be defined by solving the static optical Bloch equations
(using the electric dipole and rotating wave approximations) [I1} 12} [10], which leads to the
following equation for the scattering force (also known as spontaneous force or radiation pres-

sure)

oT 1/
2 1+ 1/1q + 46%)T2

(2.2)

Fscatt =

with the laser light intensity I and the on-resonance saturation intensity I,y = mhe/3\3T.
The frequency detuning from resonance 6 = wy — wy equals the difference between the laser
frequency wy, and the atomic resonance frequency wy, for an atom at rest. For a moving atom,
the additional detuning, caused by the Doppler shift dp = —Eﬁ, [13] has to be taken into
account.

As I — oo the scattering force tends to a limiting value of [10]

T
Flusis = hk, (2.3)

scatt

as R tends to I'/2 at high intensities, because the populations in the upper and lower levels
both approach 1/2 [I0] for an atomic ensemble.

For an atom of mass m the scattering force produces a maximum acceleration of [10]
hET v,
a = — = —
" m2 27
with the recoil velocity v, = hk/m. For a 8 Rb atom, a,ne, = 1.1-10°m/s* and for a °K

atom dy,q, = 2.52 - 10°m/s?, being 10? times greater than the gravitational acceleration.

(2.4)
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2.1.2 Optical Molasses

As atoms in a gas move in all directions, reducing their temperature requires laser cooling in all
three cartesian directions. Therefore, let us now extend the above discussion by including the
radiative force of two low-intensity laser beams of the same frequency, intensity, and polarization
that counterpropagate relative to one another. The net force (eq. , found by adding the
scattering forces (compare eq. produced by each beam, obviously vanishes for atoms at

rest. However, for a moving atom the Doppler effect leads to an imbalance in the forces [10)].

I/]sat ]/]sat
o—k5)° 5+57)’
1+I/[sat+4(rf) 1+I/Isat+4<;§)
(2.5)

If the laser is tuned below atomic resonance (red detuned), the frequency of the light in the

— —

2 = - T
F;gctttt = FSCatt (k> + Fscatt (—k‘) = th .

beam opposing the atomic motion is Doppler shifted toward the blue in the atomic rest frame,
and is therefore closer to resonance. The contrary holds for the other beam, which is shifted
further away from resonance. Atoms will therefore interact more strongly with the laser beam
that opposes their velocity and they will be decelerated.
A series expansion for small velocities kv < I' and low intensities I/, < 1 gives [10]
I ov

F;mo asses == Shkz : = —auv. 2.6
: Lat T (14 462/T2) (2.6)

with the damping coefficient a. For § < 0, this force opposes the velocity and therefore
viscously damps the atomic motion and forms so-called optical molasses (compare with Fig.
. However, as there is no restoring force for atoms that have been displaced from the center
of 3D optical molasses, it cannot be referred to as a trap for neutral atoms. The first 3D
optical molasses was realized in 1985 in the Bell Laboratories [14], cooling sodium atoms to
240uK. The lifetime of the atoms in the trap was approximately 0.1s. In order to perform
experiments it is desirable to contain the atoms for a much longer time than this. Somehow a

spatially-dependent force has to be generated to trap the atoms (see section [2.2.1]).
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4 -2 0
vy /k

Figure 2.1: Dependence of 1D optical molasses damping forces on the atom velocity
The dashed and dotted traces show the force from each laser beam, and the solid curve gives
the total force generated by the atom interaction with the both beams. In close proximity to
zero velocity the net force is almost linear and mimics a viscous damping force. The traces
have been calculated for I = I, and a red detuning of 6 = —I"/2.

2.1.3 The Doppler Cooling Limit

If there were no other influence on the atomic motion, all atoms would quickly decelerate to
v = 0 and the sample would reach T" = 0, but there is also some heating caused by the light
beams. The spontaneous emission that always accompanies Fj..; causes the atom to recoil in
random directions. These recoil kicks lead to a random walk in the velocity, analogous to the
Brownian motion. As already discussed, the average momentum transfer of many spontaneous
emissions is zero, but the mean square of the momentum is finite. Since the atomic momentum
changes by hk for each spontaneous emission, their kinetic energy changes on average by at
least the recoil energy E, = h*k?/2m and the atoms are heated.

The competition between this heating with the damping force results in a nonzero kinetic
energy in steady state. The temperature found from the kinetic energy is called the Doppler

temperature T [12].

Tp=—o, (2.7)
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where kp is the Boltzmann constant. This Doppler cooling limit depends only on the
linewidth T" of the atomic transition. For 87 Rb, the Doppler limit is given by Tp = 146K [15]
and for 1°K it is given by Tp = 149nK [16].

2.1.4 Sub-Doppler Cooling

Experimental measurements [17] found much lower temperatures under certain circumstances,
in particular when the ambient magnetic field was compensated. The two-level model of an
atom cannot explain this sub-Doppler cooling. Real alkali atoms have degenerate energy levels.
Remarkably this does not just complicate the situation, but actually allows new cooling tech-
niques. The new cooling mechanisms (Sisyphus cooling) are based on optical pumping, light
shift and polarization gradients. Detailed descriptions are out of the scope of this introduction
and may be found in [I8] and [19].

2.1.5 Limits of Laser Cooling

The fundamental limit of laser cooling is given by the single-photon recoil energy E,...

h?k?
2m
In the case of the Dsy-line of 87 Rb, T, equals 362nK [15] and for *°K T,.. = 815nK.
Techniques to circumvent this limit are known as Raman cooling [20] and dark-state cooling
[12].

Erec =

= karec

2.2 Trapping Neutral Atoms

In 3D optical molasses, cold atoms accumulate in the region where the three orthogonal pairs
of laser beams intersect, because it takes a considerable time for atoms to move out. However,
optical molasses cannot trap the atoms, as the dissipative force acting on the atoms is only
velocity-dependent but not spatially-dependent. By applying a magnetic quadrupole field and
using particular polarizations, a trap is formed. The next part will focus on these so-called

magneto-optical traps.
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Other possibilities for trapping neutrals atoms shall only be mentioned very briefly. These
are optical dipole traps, relying on the dipole force applied by a gradient in the light-shift
generated by strongly focused laser beam, and magnetic traps, based on the interaction between
the nuclear magnetic moment ;2 and an external magnetic field. A more detailed description

can be found in [12] and references therein.

2.2.1 Magneto-Optical Trap (MOT)

my=+1

my=0

hin, . hawg

m=0 } F=0
—  —p —F“— 4— <4 B-FIELD DIRECTION

Figure 2.2: The mechanism of a magneto-optical-trap in 1D

Arrangement for a MOT in 1D. The dotted line resembles the laser frequency, which is red-
detuned from resonance by § for zero magnetic field. For z > 0 the o~ (in respect to its k vector)
light, propagating to the left, becomes resonant with the atomic transition |F' = 0, mr = 0) —
|FF=1,mp = —1), due to the Zeeman shift, caused by the inhomogeneous magnetic field B =
—Byz. In contrast, the 0~ light propagating to the right is further away from resonance with the
|F' =1, mp = +1) hyperfine energy level. For z < 0 the laser beams act vice versa. Therefore,
the atom is always pushed to z = 0, where the scattering forces of the two beams equalize,
trapping the atom. Illustration taken with permission from [21].

The most widely used trap for neutral atoms is the magneto-optical trap (MOT), which was
first demonstrated in 1986 [22] at Bell laboratories. The principal idea was suggested by Jean
Dalibard and is illustrated in Fig. [2.2] For a simple two-level atom the (2F + 1)-degenerate
magnetic hyperfine levels can be split by applying an inhomogeneous magnetic field, resulting
in a ground state |g, FF =0, mp = 0) and three excited states |e, F' =1, mp =0,%+1). In
the one-dimensional case with a linearly inhomogeneous magnetic field B(z) = —Byz (with

a constant By > 0) the energy levels are position-dependently Zeeman shifted by AFE(z) =
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Figure 2.3: The mechanism of a magneto-optical-trap in 3D
Arrangement for a six-beam MOT in 3D. the quadrupole magnetic field is generated by two
coils in anti-Helmholtz configuration. The six circularly-polarized laser beams intersect at the
zero point of the magnetic field, trapping the atoms. The polarization are given in respect to
the k-vectors of the beams.

grmysup |B(z)|, where g; is the Landé factor and pp is the Bohr magneton. The resonance
frequency is now position-dependent, and for z # 0, different for each the three excited energy
levels. Furthermore, the transition to an excited state has become dependent on the beam
polarization, ¢ polarized light driving Amp = +1, o~ driving Ampr = —1 and 7 driving
Amp = 0 transitions.

For two counter-propagating laser beams having opposite circular polarization and a fre-
quency slightly less than the atomic resonance frequency for zero magnetic field, the Zeeman
shift causes an imbalance in the scattering force. For z # 0, the Amprp = —1 transition is
shifted by the Zeeman effect closer to resonance. Therefore photons driving the ¢~ transitions
are preferably absorbed. In Fig. both laser beams are chosen to be ¢~ polarized in respect
to the direction of propagation. For z > 0 the laser beam, titled as A’ is pointing parallel to
the magnetic field vector in the negative z direction, drives the desired o~ transitions, whereas
the counter-propagating laser beam, being antiparallel to the magnetic field vector, is driving

o transitions and is therefore further away from resonance. A net scattering force that pushes
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the atoms back into the trap center is obtained. A similar process occures for a displacement of
the atom in the negative z direction, where now the laser beam coming from the left is driving
o~ transitions and thereby closer to resonance, than the second laser beam, pushing the atoms

again back towards z = 0. Eq. 2.5 becomes

mpr_1

r I/Isat I/Isat

92 4(5-55 -k 4(-sp+kv)”

]t\;tOT = hk. )2 - (
mpm et \ 1 I/ Ly + 222780y g, 4+ 22020

(2.8)

with 0p = (9gpmp — gemp) pp | B (2)] /h.

This concept can be expanded into 3D system by adding two more pairs of counter-
propagating laser beams and using a magnetic quadrupole field, compare Fig. [2.3] The
quadrupole magnetic field can be generated by two coils in anti-Helmholtz configuration. Usu-
ally, weak magnetic fields (gradients at trap center of 15-20G/cm) are sufficient.

A brief discussion on the loading behaviour of a MOT can be found in section together
with experimental results.

MOTs are widely used to trap neutral atoms, because they are very robust traps as they
[12]

e do not depend on very precise beam alignment, power balancing or a high degree of

circular polarizations
e magnetic field gradients are modest and can be achieved with simple, air-cooled coils

e the trap is easy to construct as it can be operated with a room temperature vacuum

apparatus, capturing alkali atoms from the vapour (10~®mbar)

e low-cost diode laser system can be used to produce the light for all alkalis except Na and
Li

Therefore, the MOT has become one of the least expensive ways to produce atomic samples

with temperatures below 1mK.



Chapter 3

Experimental Setup

3.1 Introduction

The purpose of this chapter is to make the reader familiar with the setup and some technological
details of the experiment. As describing every technological and experimental detail would be
completely out of the scope of this diploma thesis, the following selection, of the most relevant
experimental parts, had to be made. First, the laser system, providing the laser radiation for
trapping and cooling the two atomic species, 8"Rb and “°K, is presented. The second part
describes the two-chamber vacuum system, consisting of a collection chamber with the atomic
sources and a science chamber, where the atomchip is situated and a degenerate Bose-Fermi
mixture will be produced. The never-ending problems that occured with the vacuum windows
of the science chamber are discussed. The next part focuses on the external magnetic bias field
coils, used together with the broad copper U wires to generate a magnetic quadrupole field for

the science MOT. Finally, the installation of the collection and science MO optics is explained

3.2 Laser System

A brief introduction to laser cooling was presented in chapter 2.1 The purpose of this section is

to explain how the laser radiation, required for cooling and trapping atoms, is generated. The

20
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first part emphasizes the key requirements for the applied laser radiation. The experimental
realization, for the two atomic species used in this experiment, is presented in the subsequent
subsections. The different laser locking techniques used in this experiment are also explained.

Finally, the setup of the optical table is illustrated.

3.2.1 Essential Features of the Laser System

The key requirements for the laser radiation, for laser cooling and trapping, are given below.
¢ Frequency requirements:

— Narrow linewidth: The frequency linewidth of the applied radiation has to be smaller
than the natural linewidth of the stimulated transition (see table [3.1]).

— Long-term stability: The frequency drift during many experimental cycle has to be

much smaller than the natural linewidth of the transition.

— Reproduceability: The frequency setting has to be reproducible not only for one,
but for many experimental runs, in order to retrieve results that can be compared

within each other.

e Beam intensity: In order to trap the maximum number of atoms the power of each

trapping beam has to be larger than the saturation intensity of the relevant atomic species

(compare table [B.1]).

e Tuneability: Sweeping the laser frequency over several linewidths is often required dur-

ing an experimentf]

e Ease of operation: The less attention a laser system needs for stable operation during
an experiment, the more likely the unperturbed operator may focus on nice, physically

interesting results.

las an example: for performing atom number determinations (see chapter [4.2.1])
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’ Element \ Transition \ Lifetime \ Linewidth \ Reference ‘
87Rb 551/2 — 5]?3/2 26.24ns 27TX6065(9)MHZ [15]
40K 451/2 — 4]?3/2 25.7ns 27TX6.2MHZ [16]

Table 3.1: Natural Linewidth of the relevant transitions of 8" Rb and *°K .

3.2.2 Rubidium Laser System
Rubidium Cooling Laser - FM lock

The setup of the rubidium cooling laser is depicted in Fig. A commercial CW DPSS
laserﬂ emits 10W of laser power at a wavelength of 532nm. This laser beam is then converted
by a Ti:sapphire ring laser systemE] into the desired wavelength of 780.24nm with a specified
linewidth of 100kHz and a power output of approximately 1.6W. A small fraction of this
output (approximately 5mW) is then directed, through an EOMﬂ to an absorption spectroscopy
assembly:.

For frequency locking, a frequency-modulation (FM) lock is applied, which shall be briefly
described below.

The laser frequencyﬂ is modulatedﬁ by an EOM in order to generate sidebands in the fre-

quency spectrum. The modulated laser field E(t) can be written as

E (Zf) _ Eoei((wotJr,Bsin(wmt)) (31)

with the carrier frequency wy, the modulation depth 3 and the modulation frequency w,,.

Expanding this into Bessel functions yields [25]

E (t) = Ege™0! i T (B) ememt, (3.2)

n=—oo

where J, is the nth-order Bessel function. For small modulation depths 3 < 1, sidebands

2CW DPSS = continuous-wave diode-pumped solid state; Verdi V18, Coherent, Inc.; a data sheet can be
found at http://www.coherent.com/downloads/VerdiV18 DSrevB.pdf

3SMBR (Monolithic Block Resonator) 110, Coherent, Inc.

4electro-optical modulator, using the electro-optical effect, see [24]

5 Assuming the laser is operated in single-frequency mode and, furthermore, that the linewidth of this fre-
quency is much smaller than the distance from the central line to the sidebands.

6in the case of diode lasers, the laser frequency may be easily modulated by modulating the laser current
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(Avalanche)-Photo Diode
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A2 wave plate
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Figure 3.1: Rubidium cooling laser layout
After the EOM, a 4mm-thick glassplate generates two parallel beams which travel through a
rubidium vapour cell. One beam is used for generating a standard absorption spectroscopy
signal picked up by a standard photodiode. The second beam is directed to an avalanche
photodiode and is used to generate the error signal. Diagram based on [23].
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with n > 1 can be neglected, thus resulting in three frequencies: the carrier frequency (wp) and
two sideband frequencies (w, &+ wy,).

Bessel functions exhibit the following symmetry relation:

Jon (B) = (=1)" Ju (B) (3.3)
which is, in our case,
J(B)=—-4(8). (3.4)
and gives
E (t) = Eo (Ji (8) e"“oremt 4 Jy (5) €0 — J_y (B) eeomem)). (3.5)

Therefore, the carrier and the n = 1 sideband are in phase, but, in respect to these two,
the n = —1 sideband is out of phase by 180°. Neglecting now the beating signal between the
two sidebands, which is small and can be filtered, only the beating signal between carrier and
each sideband is left. If there is no absorber, such as an atomic-vapour cell, in the beam path,
the beating signal between carrier and lower sideband and the beating signal between carrier
and upper sideband match exactly in amplitude and frequency (w,,), but are exactly out of
phase and hence cancel. Only in the case that there is an absorber in the beam path, changing
amplitude and phase with respect to frequency, a non-zero beat signal can be detected. Using
an atomic-vapour cell, the beat signal contains all information about absorption and dispersion
of the light within this cell. This information may be retrieved from the beat signal using a
phase detector.

Inserting a transfer function 7'(w,) = e~ ~*" in eq. , accounting for the absorber, where
0,, denotes field amplitude attenuation and ¢,, the phase shift at frequency w,,, one can thereby
derive, as stated in [26], assuming that |0, — Opy1| < 1, | — O] < 1, B <K 1, Jo(B) = 1
and J; (8) = /2,

|E? (t)| = Ege ™ [1+ B(6-1 — 61) cos (wnt) + B (¢—1 + ¢1 — 2¢0) sin (w,t)] . (3.6)
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In eq. the absorption component is o cos (w,t), whereas the dispersion component is
x sin (wpt). The dispersive part vanishes at resonance and undergoes a change of sign by going
through resonance. Accordingly, this signal is used as an error signal and stabilised at the zero
crossing by a feedback loop of PI or PID{] regulators.

In the actual experiment, the sidebands, created by the EOM, have a modulation frequency
of w,, =21.4MHz. As it turned out, the quality of the error signal can be improved by inserting
a polarizing filter directly after the EOM, as the polarization axis is thereby well linearly defined
and any circular contributions, introduced by the EOM are damped.

The laser is stabilised to the F' = 1— F’ = 3 crossover on the rubidium D,-line (see Fig[3.4]
and Fig.. Double-pass AOMs are used to get closer to the cooling transition F' =2 — F' =

and, furthermore, provide easy tuneability of the residual red-detuning from resonance.

Rubidium Repump Laser - home-built external-cavity laser in Littrow configura-

tion:

For the repump laser, a master-slave system consisting of two commercially available semicon-
ducting diode lasers has been built.

The master laser is assembled in a Littrow configuration [27], where a gratinéﬂ, sitting on a
PZTﬂ is used to form an external resonator. The grating’s first-order diffraction beam is sent
back into the laser diode. Fig. shows such a typical laser assembly, which is widely used
in our research group. The main purpose of the grating is to force the laser diode not to emit
laser light with a linewidth of 50-100 MHz, but with a much narrower linewidth, of the order
of the natural linewidth of, for example, rubidium (27 - 6.065(9)MHz [15]). The position of the
grating is optimised in such a way that the lasing threshold currenﬂ of the diode is minimized
by usually approximately 10-20%. This grating feedback is iteratively established by carefully
adjusting fine thread screws, which can be seen in picture 3.2

Temperature stabilisation is performed by a peltier element which is feedback-controlled by

a PID card using a NTQE sensor signal. Additionally, the whole adjusting setup rests on an

"Proportional-Integral-Derivative regulator

8holographic reflective grating of 1800 lines per mm, gold coated, Zeiss Inc.
9Ipiezoelectric transducer

0the current, where the lasing process of the diode starts

RS Components negative thermal conductor (NTC) RS 388-0168
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Figure 3.2: Picture and sketch of a typical laser diode housing
1...diode mounting (collimation tube) with collimating lens (aspherical lens, f=4.5mm)
2...grating glued to a piezoelectric transducer mounted on an adjusting frame sitting on an
adjusting plate
3...NTC temperature sensor
4...Peltier element input

aluminium block, which can be water cooled. The temperature stabilisation usually works fine
at a couple of degrees below room temperature, in our case 18.4°C for the master and 14.5°C
for the slave, resulting in a stability of AT < 1mK. This corresponds to a thermal frequency
drift of Av < 10MHz, as dv/dT = —30GHz/K (d\/dT = —0.061nm/K) [28],

Diode current stabilisation is achieved by using a commercial PID feedback controller, ob-
taining a stability of AI < 1A, which correspond with dv/dI ~ —3GHz/mA [29] to a stability

in the order of some MHz.

In order to suppress mechanical deviations of the resonator width, the whole system is

composed of as few parts as possible, which are mainly the adjusting frame and the collimation
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tube both sitting on the adjusting plateH Furthermore, the system is kept in an aluminium
housing, having only a small hole for the laser beam and BNC connectors for the electrical
connections. Additionally, the rubidium repump lasers and the potassium lasers are kept in
a wooden box, where they are safe from any air turbulence or air flow generated by the air
conditioning of the lab.

To secure the laser diode from retro-reflecting beams, which might disrupt normal diode
operation and, in fact, kill it, Faraday isolators [30] are placed directly after the output hole of
each laser diode housing.

The emitted wavelength of the diode depends on the diode current, the diode temperature
and the angle of the external grating. These settings are chosen such that no mode hops
occur in the vicinity of the desired wavelength (780.24nm for 8" Rb ). A detailed discussion on
semiconductors and semiconducting laser diodes can be found in [31], 29]. In scanning mode,
the wavelength may then be scanned over approximately 1GHz by altering the length of the

external resonator using the PZT.

Rubidium Repumper - Lock-In Method

In addition to the passive laser frequency stabilisation methods discussed above, an active
frequency lock has to be applied, in order to fulfill the frequency requirements mentioned in
section [3.2.1] In frequency-locking mode, a PID controller is supplied with an error signal
(generated by a lock-in amplifier, see below), that is set to zero at the desired lock point and
shows linear behaviour around the lock point. Using this setup, a linewidth smaller than 1MHz
can be obtained and be stabilized over hours.

A lock-in amplifier [32] is used to generate a derivative signal of the spectroscopy signal by
modulating the laser diode current with a small amplitude. This derivative signal can serve as
an error signal for locking, as spectroscopic peaks are now represented by zero crossings with
linear behaviour around the lock point. A lock-in amplifier is a phase-sensitive detector, that
measures AC amplitudes, even in the presence of large noise amplitudes, and outputs a DC
signal that is proportional to the amplitude of the input signal [33]. Unfortunately, lock-in
amplifiers are expensive. A less-expensive laser locking method is the so-called polarization-

lock, which requires only a few optical components and relatively cheap electrical circuits for

2made out of German silver (Cu/Ni/Zn)
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the amplification of two photodiode signals [34], 35]. The advantage of wider tunability and
capture range is accompanied by the disadvantage of a lower frequency stability of the lock
point [36].

Master

F

Girating

10 Spectroscopy

Optical Isolator Faraday Isalator

3 Faraday Isolator
with feed through port

Laser Diode mounting
with collimating lense

Slave

Figure 3.3: Sketch of master-slave layout for the Rubidium Repump Laser.
The master laser, which is stabilized using rubidium spectroscopy and a lock-in amplifier, seeds
the slave laser. Diagram based on [23].

Rubidium Repumper - Master-Slave layout

The layout of the master-slave system is illustrated in Fig. The master laser, with an
output of 50mW, seeds a slave laser. To achieve this, and still secure the diode from any
back-reflecting beams, a 40dB Faraday isolatoxm with a side—por@ is used. The slave laser is
thereby injection-locked.

Spectroscopy and Rubidium Level Scheme:

As explained in section [2.1.1] an atom with a two-level system, consisting of an excited state
and a ground state can be easily laser-cooled. In the case of the 8" Rb D, line, nature provides us
with a six-level-system hyperfine structure, which can be found in Fig. [3.4] Due to the selection

rule AF = 0,£1 (of electric dipole transitions) an atom in the excited F’' = 3 state is only

BLinos, Inc.
143, feed-through port for the laser beam of the master laser
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6834.7 MHz
F-1

“Rb, [-32,27.8%

Figure 3.4: Rubidium-87 level scheme of the D, line and laser lock points

The cooling laser is locked to the 1-3 crossover (CO) peak of the spectroscopy and shifted with
an additional double-pass AOM by an additional 190 MHz, where it is still red-detuned from
the ' = 2 — F’ = 3 resonance by approximately 22 MHz. The detuning can therefore be
easily controlled using the AOM frequency shift.

In the same manner, the repump laser is locked to the 1-2 Crossover peak of the spectroscopy
and shifted by a single-pass AOM by an additional 79 MHz, to be approximately on resonance
with the repumping F' = 1 — F’ = 2 transition.

allowed to fall back into the F = 2 ground state. Therefore, by driving the FF =2 — F' =

transition, a closed cycling transition /' = 2 «» [’ = 3 can be generated. Unfortunately, as the
levels F/ =2 and F’ = 3 are separated by 267.2MHz and the cooling beam is usually operated
such that it is red-detuned, there is still a small probability of obtaining off-resonant excitations
into the I = 2 state. From the F’ = 2 state a fraction of the atoms fall into the F' = 1 state.
These atoms are completely lost from the cooling cycle as the F' = 1 state is 6.8GHz from the

F=2 state. The fraction of atoms in this dark state will increase over time, until the cooling
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mechanism extinguishes completely. To avoid this, a second frequency has to be used which
pumps the atoms back into the cooling cycle, by driving the F' = 1 — F’ = 2 transition. This
is the so-called repump laser.

The rubidium vapour cells used for the saturation spectroscopy [13, [10], were manufactured
by the glass-blowing workshop in Heidelberg. They are filled with rubidium in natural abun-
dance (¥ Rb : 72.17 (2)% |37, 8" Rb : 27.83(2)% [15]) under a pressure of the order of magnitude
of 10~%mbar.

Typical 87 Rb saturation spectroscopy and error signals are shown in Fig. . The F' =1,2
and the F' = 1/F’ = 2 crossover peaks are not very well pronounced in the absorption signal,
but can be easily seen in the error signal. Crossover peaks are usually more pronounced than
the actual Lamb dips, and their error signals exhibit greater amplitudes. Therefore, they
are preferably used as laser lock points. In our case, the cooling MBR laser is locked to the
F' =1/F" = 3 cross over peak and subsequently shifted by a double-pass AOM by an additional
190MHz, hence still being red-detuned by approximately 22MHz to the FF = 2 — F' = 3
resonance.

Consequently, the repump laser is locked to the 1-2 cross over and shifted by a single-pass
AOM by appr. 79MHz on the F' =1 — F’ = 2 resonance. A typical spectroscopy trace of the
master laser can be found in Fig.

3.2.3 Potassium Laser System

Fig. illustrates the setup of the potassium laser system. As single high-power laser diodes
are not available on the market, two commercial diode laser, of the same type, are used. The
DLX110"] is an external cavity diode laser system utilizing a tapered amplifier diode, which
is anti-reflection coated on the back facet. A diffraction grating provides the feedback, as the
first diffraction order is fed back into the back facet. This setup results in a higher power than

a single laser diode, in our case approximately 450mW.

5Toptica, Inc., spec sheet: http://www.toptica.com/index.php?categorie=1&itemid=34&linkitemid=1091
(accessed 10.04.08)
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Figure 3.5: Traces for absorption and error signal of the 8" Rb cooler transition F' = 2 — F”
taken with the MBR

The peaks in the absorption signal are labeled by the appropriate F’ number. Cross over peaks
are indicated by the two generating excited-states. The peak corresponding to the cooling
transition F' = 2 — F’ = 3, has been selected as the frequency reference point.

Potassium Repump Laser - FM Lock

The potassium repump laser is locked by a FM-lock technique (see locking of the rubidium
cooling laser in sec. to the F = 2 — F’ transition on the D,-line of 3 K. The reasoning
behind this decision is mainly that less power is actually needed by the experiment in the
repump beam and that the frequency modulation delivers a decent error signal slope for this
transition. As can be seen in Fig. [3.7] some light is taken out of the repump beam at the first
PBS behind the laser. This light is shifted +312MHz by a double-pass AOM, and then split
into two. One part is used for saturation spectroscopy and the other for the frequency-offset
(FO) lock of the potassium cooler, which will be described in detail later in this subchapter.

The sidebands for the FM lock are provided by the electronic modulation of the laser current,
via a bias-T and at a frequency of 21.4MHz. The error signal is fed to a PI regulator, which
acts on the grating and on the current of the laser diode. A typical potassium spectroscopy
trace with error signal and lock points can be found in Fig.
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Figure 3.6: Rubidium repumper spectroscopy and error signal staken with the master laser
The peaks in the absorption signal are labeled by the appropriate F” number. Crossover
peaks are indicated by the two related excited-states. The peak corresponding to the repump
transition ' =1 — F’/ = 2, has been selected as the frequency reference point.
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Figure 3.7: Schematics of the potassium laser system

5% of the light of the repumping beam is guided through a double-pass AOM, shifting its
frequency by -312MHz, before being split into two. One part is used for saturation spectroscopy
and the other part is overlapped with a fraction of the cooling laser beam. This light is then
incoupled into a 3m-long fiber forming a beatline for the two beams. The beat signal is detected
with an avalanche photodiode. This beat signal is used to fix the frequency difference between
the two lasers. The repumper is locked with an FM lock and therefore stabilizes the cooling
laser frequency with the FO lock. Diagram based on [23].

Ma

Repumper
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Potassium Cooling Laser - FO Lock

The potassium cooling laser is locked using a frequency-offset (FO) lock [38] because a FO lock
needs only low intensities and exhibits easy and wide tuning possibilities. The loss of light for
a double-pass AOM, needed for a sufficient frequency shift away from lockable 3° K transitions,
is thereby avoided.

The FO lock uses the beating signal between two lasers to fix the frequency difference
between the two sources. In our case, the repump laser is used as a stable reference frequency
source that stabilizes the cooler. Depending on the application, the beating frequency Av might
be between 10MHz and several GHz. In the case of high beat frequencies, it is convenient to
transfer them down into a frequency domain below 100MHz, where comparably cheap electronic
components may be used. In the current setup, this transfer is performed by mixing the
frequency Av with the frequency of a voltage controlled oscillator vy o, which gives Av+vyco.
Subsequently, a low-pass filter selects the Av — vy, co component. The signal is then split into
two equal parts and one part is delayed with an approximately 4m long coaxial cable, resulting

in a delay time 7 of 20nd"®| and a phase difference of

Ao =21 (Av — vyco) T. (3.7)

A phase detector compares the two components and outputs U o< cos (A¢). This output is
used as the error signal. The zero crossings cos (A¢) = 0 can be used as locking points. This

gives

A¢ — (n + —) r (3.8)
and by inserting eq[3.7]

_2n+1

A . 3.9
v i + Vvco (3.9)
The spacing of the zero crossings is

1

— 3.10

= (3.10)

16the signal propagation velocity in the coaxial cable can be approximated by 2/3 of the velocity of light ¢
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but as the PI lock electronic may only lock on either a positive or a negative slope of the
error signal, the spacing of the locking points is 1/7. The position of the locking points can be
altered by changing the frequency of the voltage controlled oscillator vy ¢o. Therefore frequency
sweeps for atom number determination can be performed easily.

The optical layout of the FO lock can be found in Figl3.7 A glass plate subtracts 5% of
the light to be used for the saturation spectroscopy using a heated vapour cell. The remaining
fraction of the light is overlapped at a 50/50 beam-splitter cube with the repumper beam and
together coupled into a 3m-long polarization-maintaining single-mode fiber. The fiber becomes
a beatline for the two beams, which have equal polarizations and are well spatially overlapped.
Even with beam intensities of approximately 300uW, a large beating signal, at a frequency
of approximately 1GHz is generated. This signal is detected using a fiber-coupled avalanche
photodiode.

Fig. illustrates the electrical layout of the FO lock. The detector output signal is
amplified and mixed with a local oscillator. The FO-card generates the error signal, which is
again filtered by a low-pass and used as an input for a PID card.

Further details on the FO lock technique and the design of the home-built local oscillator

can be found in [23] and references therein.

Potassium level scheme and spectroscopy

The potassium vapour cells, used for saturation spectroscopy [13, 0], were manufactured by
the glass-blowing workshop in Heidelberg. They are filled with potassium in natural abundance
(K :93.258(4)% [37], *°K : 0.012% [15], "' K : 6.730(4)% [37]), at a pressure of the order of
magnitude of 10~?mbar. As the vapour pressure is different for potassium and rubidium [39, [15],
potassium vapour cells need to be heated in order to increase the peak-to-peak amplitude of
the error signal of the FM lock. In Fig. the peak-to-peak amplitude of the error signal
is plotted against the temperature of the vapour cell. At 42°C, the error signal amplitude is
increased by a factor of approximately 4, compared to room temperature values, thus resulting
in a sufficiently large error signal and stable lock, with negligible air turbulence around the cell.
Further increasing the cell temperature leads to a decrease in the error signal “s amplitude, as
the cell becomes optically opaque. A typical vapour cell, packed in its heating compartment

with an insulation layer of aluminium foil, is shown in Fig. [3.9b. To avoid any potassium
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Figure 3.8: Layout of the frequency offset of the potassium cooling laser
The detector output signal is amplified and mixed with a local oscillator (VCO). The phase
detector compares the delayed signal with the direct signal and generates the error signal, which
is again filtered by a low-pass. A PID regulator is used to lock the laser with the error signal.

coating of the windows, a cold spot has to be maintained. This cold spot is currently at the
point where the cell was filled and a glass nipple was left remaining.

Fig. [3.10shows the hyperfine levels of the Ds line of 3K and “°K . One astonishing feature
of 9K is that its hyperfine structure is, in terms of level-energy, inverted. Low F numbers

correspond to high energy. The reason for this inversion and the other differences between 40K
and 8" Rb are discussed in detail in chapter [4.3.1]
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Figure 3.9: Dependence of the error signals amplitude on the potassium vapour cell temperature
and a photograph of a potassium vapour cell

(a) A maximum of the amplitude of the error signal is found at 42 °C. To guide the eye, lines
connecting each data point are plotted.

(b) A picture of the potassium vapour cell, filled with potassium in natural abundance (**K :

93.258(4)% [37], °K : 0.012% [15], 'K : 6.730(4) [37]) is shown. The heating wires, the

insulation and the cold spot can be clearly seen. Diagram provided in collaboration with and
picture based on [23].
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Figure 3.10: 3K and *°K level scheme
The hyperfine level scheme of the fermionic potassium isotope “°K is inverted compared to the
bosonic potassium isotope 3 K. The level spacing of °K is very tight and difficult to resolve
by saturation spectroscopy. The nuclear spins and the natural abundances of the two isotopes
are given [37]. Due to the small abundance of “°K, enriched dispensers (5.5%) have to be used
in the collection chamber, in order to sublimate enough trappable atoms.

A typical potassium spectroscopy trace with error signal and lock points is illustrated in
Fig. B.11
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Figure 3.11: Potassium spectroscopy and locking scheme
The repumper is locked to the Dy-line ' = 2 — F’ transition of 3°K, where the frequency
scale is set to zero. The *°K cooler F'=9/2 — F' = 11/2 and repumper F = 7/2 — F' =9/2
transitions are indicated by vertical dashed lines. Typical traces of the spectroscopy and of the
error signal are shown. The frequency shifts performed by the different AOMs and the FO-lock
are depicted. Diagram based on [23].

3.2.4 Optical Tables

Two air-cushioned optical tableﬂ have been installed in our lab. The so-called laser table
houses the five lasers needed for the experiment, and a decent quantity of optical components.
The two potassium lasers and the rubidium repumper master-slave system are housed, together
with their spectroscopy vapour cells, in a wooden box, damping outside acoustic noise and

keeping them safe from any air turbulence. The rubidium cooler Verdi-MBR ring laser system@

"Thorlabs, GmbH
18Coherent, Inc.



CHAPTER 3. EXPERIMENTAL SETUP 40

is resting on the other end of the table. In between the wooden laser box and the Verdi-MBR
system a huge optics park (see Fig. has been established. The setup of the optical bench is
shown in Fig. [3.13] The main purpose of these optical components is to split the initial beams,
pass them through AOM{™] overlap them with their counterpart§’| and, finally, feed them
into polarization-maintaining (PM) optical fibers that carry the beams to their appropriate
application on the experimental table. The five PM fibers are dedicated for the collection
MOT (see chapter , the mirror MOT, the push beam, imaging, and optical pumping.

The vacuum apparatus (see section with the bias and compensation coils (see subsection
, the MOT (compare section and imaging optics, and the cameras are situated on the
experimental table. This is where everything comes together and eventually a degenerate Bose-

Fermi mixture will be formed.

Figure 3.12: Optics park

9despite using AOMs for frequency shifting, they are also used, together with shutters, to switch beams on
and off

20for example, overlap potassium light (cooling and repumping light) with rubidium (cooling and repumping)
light, which is then used to form a dual-species MOT
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3.3 Vacuum System

3.3.1 Overview

This section describes the two-chamber vacuum system, consisting of a collection chamber, with
the atomic sources, and a science chamber, where the atomchip is situated and a degenerate
Bose-Fermi mixture will be produced. The unique new design of the Science Chamber exhibits
optimised optical access to the trapping region. The advantages of this two-chamber setup will
be discussed in detail. Finally, the almost never-ending and time-consuming problems that

occurred with the vacuum windows of the science chamber are reported.

3.3.2 The Two-Chamber Setup

The vacuum system consists of a two-chamber apparatus, where a collection MOT feeds a

science MOT via a push laser beam through a differential pumping stage.

The Collection Chamber

The collection chamber acts as an atom source for the actual experiment, carried out in the
science chamber. It houses commercial rubidium@ and home-built, enriched (“°K: 5,5%) potas-
sium dispensers. Ohmic heating of the dispensers leads to a degassing of atoms, providing the
necessary background pressure for the subsequent cooling and trapping in the collection MOT.

The manufacturing of the home-built potassium dispensers (see Fig. is presented in
detail in [23], only the working principal shall be briefly discussed here. The mixture of enriched,
pure KC]@ and pure Ca, both in powder form, undergoes a reduction reaction triggered by

heating

9KCl+ Ca — 2K + CaCly, (3.11)

releasing potassium atoms into the vacuum, but capturing Cl-atoms in C'aCls.

The shape of the collection chamber might be described as hedgehog like, as can be seen

2from SEAS Getters, Inc.
22pbtained from Trace Science International
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Figure 3.14: Picture of the home-built potassium dispensers
The enriched KCI - Ca powder mixture is located in a NiCr boat. Two dispenser boats are
connected in parallel and mounted an a Marcor ceramic plate, which ensures that there is no
electrical connection between the collection chamber and the dispensers. By applying a current
of 7TA, the dispensers are heated and a reduction reaction (see text) emitting potassium atoms
is triggered.

in Fig. It consists of six DN4OCF viewport$®] used for the six-beam retro-reflection
MOT, and eight DN16CF ports. One of the DN40CF ports is connected via a T-piece to an
ion pump@ Two of the DN16CF ports house the two pairs of dispensers, where the dispenser
currents are provided by electrical feedthroughs. For a single dispenser pair, the two dispensers
are mounted in parallel on a ceramic Marcoﬂ spacer to prevent electrical contact with the
chamber. Two other DN16CF flanges are connected with two all-metal valves, one being the
connection to the science chamber through a differential pumping tube, and the other being
the connection to the outside world, where a turbomolecular pump can be attached. The
remaining DN16CF flanges are sealed with standard DN16CF viewports, where photodiodes
(compare and CCD cameras can be placed.

The quadrupole field for the collection MOT is generated by two coilf?’ which are directly
wrapped around two opposing DN40CF tubes of the vacuum chamber. Furthermore, three pairs
of compensation - shift coils are attached to each flange, creating a homogeneous magnetic field.
These coils provide the possibility of shifting the the zero point of the quadrupole field, being

the trapping center, in all directions. This procedure is used for alignment purposes of the

23DN40CF viewports are sealed by standard uncoated windows

24Varian 201/s Star-Cell ion pump

25UHV proofed, ceramic spacer, supplied by

26Two coils of insulated copper wire of 1.5mm diameter with 90 turns. The calculated gradient in the trap
center is 4G/cm/A
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Figure 3.15: Picture of the collection chamber

On the left hand side, an all-metal valve can be seen, where the differential pumping stage and
the science chamber will be connected to. In the front a DN40CF viewport, used for one of
the MOT beams, can clearly be seen. Below this window, one can see the connections of the
rubidium dispensers. From the Rb dispensers point of view, directly on the opposite side, are
the potassium dispensers located. The window at the top has got a compensation coil wrapped
around it. Additionally, one of the retro-reflecting mirrors is mounted there on two threaded
rods. At the bottom, an ion pump is connected at the T-piece, which is almost hidden by the
broad aluminium mounts of the chamber itself.

trapping center of the MOT with respect to the push beam axis. The optimal alignment is
found by optimising the loading rate of the science MOT.

The Science Chamber

The design of the science chamber exhibits optimised optical access to the trapping region with
two large windows, each with a diameter of 100mm, and three smaller windows, each with a
diameter of 43mm. The distance from the chip center to the inner surface of the large window
is 41.5mm and the distance to the inner side of the small window is 80mm. The chamber was
constructed out of a single block of steel. The AR-coated quartz windows are sealed using
copper Helicoflex Delta seals supplied by Garlock. The atom chip is situated 15mm above the
center of the two larger windows on the horizontal axis. For further information on the design
and finite-element simulations of the deformations of the chamber, please refer to [23].

The installation of the two chambers is illustrated in Fig. [3.17 The top of the science
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chamber is connected via two opposing DN200CF ports to the so-called pumping part, with an
ion pump?’| and a TSPP®l One of the six DN40CF ports on this chamber is used for a UHVP)
Bayard-Alpert-type ion gauge, and another one for an all-metal valve, sealing the chamber.

The remaining ports are sealed with DN40CF blank flanges and one DN40CF viewport.

Figure 3.16: Photographs of the science chamber
Science chamber after assembly in the clean-room environment.
(a) Top view of the science chamber, which was manufactured out of one block of stainless
steel. Custom-made Helicoflex delta seals are used for the windows.
(b) In the bottom part, the DN200CF flange that was welded on the science chamber block
can be seen.

Tha Advantages of the two-MOT Setup

The collection MOT loads from the background pressure generated by the dispensers, whereas

no dispensersF_q need to be present in the science chamber as the science MOT is loaded directly

2TVarian Star Cell 1501/s

28Titanium Sublimation Pump

29ultra high vacuum

30dispenser sources always spoil vacuum at UHV conditions and would result in the need of high pumping
speeds and a larger cross section of the connection to the pumps, thereby the whole science chamber would
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Figure 3.17: CAD drawing of the complete vacuum assembly
From top to bottom: The pumping part with an ion pump (big box) and a TSP (inside the
tube on the upper right-hand side).
The science chamber is connected via a differential pumping tube to the collection chamber,
which is connected to a small ion pump.

via the push beam. In the collection chamber, the typical pressures are 1078 — 10~ mbar and

in the science chamber, 10~ mbar . Therefore, the advantages of this two-chamber-design are

e low background pressure in the science chamber
e longer lifetime in the magnetic trap

e independent loading control of the two species into the science MOT via the push beam

3.3.3 The Atom Chip

The atom chip is mounted on a ceramid®] mount, which was manufactured in Heidelberg. The
mounting consists of large-scale copper structures, used for macroscopic traps and an atom
chip, used for microscopic traps. Furthermore, the mounting provides all electrical connections
for the copper structures and atom chip trapping and manipulation wires. Fig. shows
some pictures taken of the chip mounting. The copper structures can clearly be seen. The

copper U structure forms, together with the externally provided homogeneous magnetic bias

become bigger.
31Shapal, a machinable ceramic, which combines a high thermal conductivity with a high mechanical strength.
Furthermore it is UHV compatible.



CHAPTER 3. EXPERIMENTAL SETUP 47

fields, a quadrupole magnetic field, used for the mirror MOT (see subsection [3.5.2)). Z-shaped
wires are used to form magnetic traps of the loffe-Pritchard type. Macroscopic magnetic traps,
microtraps and microtrap implementations using atom chips are presented in [23, 40), 41, 42].

A nice overview of magnetic microtraps for ultracold atoms is given in [43].

Figure 3.18: Atom chip mounting

The atom chip itself was fabricated by standard microfabrication technology and has a gold
layer of a height of approximately 3um at trapping wire widths of 10-200um. Fig. [3.19| shows
the design of the atom chip. Six trapping wires can offer radial frequencies in the tens-of-
kHz range. Furthermore, it is possible to create axial trapping frequencies of less than 1Hz,
thereby obtaining high aspect ratios in the order of 10*. A detailed discussion of the design

and fabrication of the atom chip used in our experiment may be found in [44].

3.3.4 Implementation of Optics and Infrastructure around the Com-

pleted Vacuum Chamber

Fig. [3.20] shows an AutoCad’™| plot of the final design of the experiment. The whole vacuum
apparatus rests on a frame of high-tensile aluminium proﬁleﬂ Additionally, optics boardsEl

32 Autodesk, Inc.
33all profiles, connections and construction components are supplied by item Industrietechnik GmbH,

www.item.info
34Thorlabs, Inc.
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Figure 3.19: Design of the atom chip used in this experiment
Six trapping wires offer radial frequencies in the tens-of-kHz range together with axial frequen-
cies smaller than 1Hz, providing high trapping frequency aspect ratios of 10%.

have been machined to fit between the item bars and the coils. The MOT optics and the

imaging systems are mounted on these boards.

3.3.5 The Window Problem

In order to evacuate a vacuum chamber and reach a decent UHV pressure of < 10~'mbar (see
subsection , the chamber has to be baked-out during evacuation. Increasing the temper-
ature increases the rate of the outgassing processes, which depend on the rate of desorption,
diffusion and permeation processes [45], 46].

Choosing the upper limit of the bake-out temperature depends on the vacuum chamber
design. Standard vacuum apparatuses are heated up to 200-250°C, but, as the science chamber
consists of large, sensitive windows, the initially intended bake-out temperature was about
150°C. This decision leads to an increase for the necessary bake-out time [45]. Therefore, each
baking cycle takes approximately one weak to slowly heat the chamber, three weeks at constant
temperature and again one weak to cool down to room temperature. Nevertheless, even during
this slowly and carefully heating one of the two large windows repeatedly broke three times
above 100°C at the same spot, where the seal was located. As the windows are non-standard,
they have a lead-time of at least three months, resulting in a substantial loss of time and Gantt

charts being thrown upside down.
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Figure 3.20: Complete experimental assembly

In order to find the source of the problem, contacts to experienced vacuum engineers and
experts have been established. Two of them shall be mentioned here, as they immediately found
time to provide us with their advice and experience. Ao.Univ.Prof. Dr.phil. Herbert Stori,
being Vice-president of the Austrian Vacuum Society and head of the institute Allgemeine
Physik at the Vienna University of Technology and Univ.Doz. Univ.Prof. Dr.phil. Rudolf
Dobrozemsky, also known as the “vacuum god” among students. The third attempt was carried
out by placing Teflon foil between glass and seal, thus being sure that no dust particle, causing
a very local heat and pressure spot on the glass, is causing the problemﬁ. Finally, two possible

sources had been left:

35Teflon foil can spread local pressure spots
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e the welded connection between the science chamber and the DN200CF flange. As welding
causes a very local heating of the steel, tension can be caused in the material that spreads

unevenly due to the rectangular, asymmetric shape of the welding.

e the not performed bake-out to >1000°C before the last, final step of the manufacturing

procedure, as heavy machining can also generate tensions in the steel matrix.

These tensions can cause deformations during bake-out, thus deforming the contact surface of
the Helicoflex Delta seal and putting too much stress on the quartz window. The Helicoflex
seal can only compensate the normal difference in temperature expansion between steel and
glass, but it cannot compensate deformations in the evenness of the steel surface. The exact

reason of the problem remains unknown, but two solutions have been found:

e attaching a metal tube, which could shield any tension and deformations from the windows

(see Fig. [B.1)), with standard viewports

e using instead a 50% thicker (15mm) BK7 glass substrate window without AR-coating

Currently, the second temporary, makeshift solution seems to have become the final one. The

adaptor tube was delivered at the end of February 2008 and might still be of use in the future.

3.4 Bias Field Coils

The next part focuses on the external magnetic bias field coils, used together with the broad
copper U wires to generate a magnetic quadrupole field for the science MOT. They are also

used for the Z traps and also for the chip traps.

3.4.1 Purpose

Three pairs of bias field coils are used to generate homogeneous magnetic fields, needed for the
operation of the mirror MOT and the loffe-field magnetic traps. Ambient magnetic fields are

compensated using large, rectangular compensation coils.
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3.4.2 Design, Construction and Testing

The coils, which have to fit around the science chamber, are built as close to Helmholtz configu-
ration as possible. Two pairs of oval coils fit exactly around the horizontal windows and one pair
of larger, circular coils is used for the vertical Z-direction as can be seen in Fig. [3.2Ip. The coils
are mounted tightly, conserving the optimised optical access to the trapping region. For the
mounting structure, fiber-glass-reinforced epoxy materiaﬂ components, being non-conducting,
are used together with A4-grade stainless-steel threaded rodsE].

Figure 3.21: Bias coils test setup and final mount around the science chamber
(a) test setup; coils are connected to black water pipes, the current connections are missing on
this picture. The three orthogonal translation stages, where the Hall probe was mounted, can
be seen at the front. The whole mount is supported by a frame of item bars.
(b) final mount around the science chamber; the green epoxy parts can clearly be seen; parts
of the collection chamber can be seen at the bottom.

The coils were manufactured in Vienna by the ATI TU Wien in-house workshop. A hollow
copper Wirﬂ with a quadratic cross section and insulated with Kapton foil on the outside,
was used for manufacturing.

Through the hollow copper wires, cooling liquid flows to prevent the coils from ohmic heating
and reduce possible mechanical deformations. Additionally, keeping the coils at a constant
temperature counteracts temperature drifts in the resistance. To obtain more stability in the

strength of the magnetic field, a current feedback control unit, discussed in subsection|3.4.3, was

36fiber-glass-reinforced epoxy EPG-GC-201, supplied and machined by Hippe, www.hippe.de

37supplied by Wasi-rostfrei Schraubenhandelsgesellschaft m.b.H., http://www.wasi.at

38Wiresize: 4.4-4.45 mm; wiresize with Kapton insulation layer: 4.6 mm; hole diameter: 2mm; supplied by
S&W Wire Company http://www.swwireco.com,/
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designed. A long-term measurment showed that all six coils can be operated simultaneously at
a current of 45A and at constant coil temperature. The inlet cooling liquid temperature was
T=12°C at 2bar pressure and the outlet cooling liquid temperature was T=23°C at an ambient
room temperature of approximately 24°C.

To save time during vacuum bake-out, the whole coil assembly, the mounting parts and
coils, can be safely heated up to 150°, making it therefore unnecessary to remove the structure,
if further baking is required.

For testing purposes, the coils and mounts were completely assembled on an extra table,
see figure [3.21h. The magnetic field strength in a cube of 864mm? in the trapping region was
measured with a Hall probdig], positioned using micrometer translation stagesff]. The results
show that the deviations in the magnetic field are below or of the order of 1%. In this cube,
the magnetic field strength can be regarded as constant. The contributions generated from one
coil pair into the symmetry-axis of another one are below 3%.

Additionally the magnetic fields have been calculated numerically, where the superposition
of the 36 turns, taking into account their changing relative position, was calculated. Due to
the oval shape of four of the bias coils, a single turn was represented by 1002 small segments.
The measured and calculated values are in good agreement (less than 3% deviation) and can
be found in table 3.2

Spatial | Shape | Radius | Windings | B,casured | Beatcutatea | Resistance | Inductance
Direction [cm] # |G/A] [G/A] m¢? mH
X oval 7.25 36 2.724+0.01 2.77 100 £ 2 0.28
Y oval 7.25 36 1.27+0.01 1.24 99 + 2 0.28
Z round 15 36 1.71 £ 0.02 1.73 133 £ 2 0.7

Radius gives the inner radius of the coils.

28%28mm?.

Table 3.2: Parameters of the bias field coils
Resitance values are given for each coil pair and the cable connections to the power supplies.

39Model 6010 gaussmeter from Sypris Solutions, Inc.
4ONewport, Inc.

Each coil has a cross section of approximately
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3.4.3 Current Feedback Control for higher Current Stability

To improve the stability of the magnetic traps, a current feedback module was designed [23].
An ultrastable high-current resistor is used for current sensing. The bandwidth of the power
supply - coil system, given by the -3dB point in the frequency response, could be improved
from approximately 200Hz to approximately 670 Hz, see Fig. [3.22] The feedback system can
therefore process fluctuation signals of a bandwidth of 670Hz. The circuit diagrams of the

feedback loop can be found in [23].
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Figure 3.22: Frequency and phase response of the feedback and coil circuit
Data taken with a lock-in detector in collaboration with [23]. The bandwidth of the power
supply - coil system, given by the -3dB point in the frequency response, was improved from
approximately 200Hz to approximately 670 Hz.

3.4.4 Charge Pump

A charge pump is used to decrease the switch-on time of the bias coils. In principle, a capacitor
is charged to a high-voltage and rapidly discharged into the coil. To avoid the formation of a
LC-oscillating circuit, the capacitor has to be disconnected by a thyristor after the first quarter
cycle of such oscillations. Fig. shows the switch-on behaviour of the X- and Z-bias coils.

The circuit diagrams of the charge pump can be found in [23].



CHAPTER 3. EXPERIMENTAL SETUP 54

20

151

IA]

104

0 ‘ ‘ ‘ ‘
-100 0 100 200 300 400 500
time [us]

Figure 3.23: Switch-on behaviour of X- (green) and Z- (red) bias coil pairs
For the X-coils, the loading time constant is approximately 65 + 1us and, for the Z-coils, a
higher value of 122 4+ 2us is found, due to the higher inductance of the Z-coils (see table .
In collaboration with [23].

3.5 MOT optics

During this diploma work, the science MOT and collection MOT optics assembly have been
built up from scratch. The layout of the necessary optic components is illustrated in this
section.

The MOT beams for K and Rb are superimposed on the laser table and brought to the
experimental table via PM fibers, as described in subsection [3.2.4] and illustrated in Fig. [3.13]

3.5.1 Collection MOT Optics

Fig. shows the layout of the two-species collection MOT optics setup, which is a 3D MOT,
consisting of six orthogonal beams. To reduce the number of optical components and the space
taken by them, the trapping light is retro-reflected for each direction. Each retro-reflecting
mirror is mounted with a bar on two threaded rods that replace two M6 bolts of the DN40CF

flange, (see Fig. [3.15).
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Figure 3.24: Collection MOT optics layout
The Collection MOT is installed in a 3D six-beam retro-reflection setup. The trapping light
is retro-reflected for the three directions, in order to reduce the number of optical components
and the space taken by them.

3.5.2 Science MOT Optics

The science MOT is established in a so-called mirror-MOT setup, which has been introduced
in [47, 48, 49]. As illustrated in Fig. [3.25] an atom chip with a gold layer surface is used as a
mirror, reducing the solid angle required by the MOT beams. Similarly, the number of MOT
beams is reduced to four beams, two counter-propagating horizontal beams and two beams,
which have an incident angle of 45° to the surface of the chip. Each of the 45° beams is reflected
into the path of another one, thereby becoming the missing 5th and 6th MOT beams. The
important point for the trap to function is that the handness of circular polarisation of the two
45° beams changes upon reflection.

The magnetic quadrupole field is generated by the broad copper U wire, which is situated
below the atom chip (see subsection . Due to symmetry reasons, it is desireable to have

the surface of the atomchip orthogonal to the direction of gravity. Therefore, the quadrupole
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Figure 3.25: Mirror MOT scheme
The two 45° beams are reflected by the gold layer of the atomchip, reducing the solid angle
required by the MOT beams. Upon reflection, the handness of the circular polarisation of
the two beams changes. The two horizontal beams are perpendicular to the page and are not
shown.

field is rotated by 45° by a homogeneous magnetic bias field, provided by the main bias coils
(see section . Additionally, to be able to make time-of-flight measurements, the atom chip
is facing down. The trapping potential of a BEC or thermal cloud is turned off. The sample
can expand freely for some seconds and then be imaged. The imaged spatial distributions can
be used to calculate the initial momentum distributions [50].

The optical components of the science mirror MOT are mounted on the two optics boards
(see section and Fig. . As can be seen in Fig. , the laser beam is split by
the first PBS into two beams, one is used for the horizontal beams and the other one is sent
through a hole in the optics board, that is 30mm in diameter, to one level below, to be used
for the two 45° beams. The collimated laser beam after the outcoupler is approximately 14mm
in diameter. Each MOT beam is expanded by a factor of 1.5 by a Galileian like telescope, just

before it enters the steering stage of two two inch steering mirrors{ﬂ.

3.5.3 The Push Beam

A circularly polarized push beam is used to transfer 8" Rb and *°K atoms from the collection

MOT to the science MOT. They may be transferred separately, one species after the other, or

41all optic components supplied by Lens Optics GmbH
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Figure 3.26: Mirror MOT optics scheme
The laser beam is split by PBS1 into two beams, one is used for the horizontal beams and the
other one is sent through a hole of 30mm in diameter in the optics board one level below, to
be used for the two 45° beams. Each MOT beam is expanded by a factor of 1.5 by a Galilei
like telescope just before it enters a steering stage, omitted for clarity. Graphic based on [23].

both species at the same time. The science MOT is loaded via the push beam.
The axis of the push beam goes through the center of the collection chamber, the differential
pumping stage, then hits the center of the chip where the push beam is reflected and finally

leaves the science chamber on the other side through an DN16CF viewport.



Chapter 4

Collection MOT Measurements

4.1 Overview

This chapter describes how basic physical properties of 3 Rb and *° K MOTs can be measured
using a standard commercially available photodiode or a CCD camera, which both collect the
fluorescence emitted by the MOT. Physical properties cover the number, density and tempera-
ture of trapped atoms in the MOT, the loading behaviour of the MOT and the optical density
of the atom cloud. The applied methods and measurement setups will be discussed in detail.
The dependence on various trapping parameters will be studied and optimal trapping parame-
ters will be obtained. Such trapping parameters are the laser light intensity and frequency, the
gradient of the quadrupole magnetic field of the MOT and the alkali dispenser currents.

The differences between physical properties concerning the trapping behaviour of 8 Rb and
YK will be explained and in particular the hyperfine structure will be examined.

The outline of this chapter is as follows: First a single 8" Rb MOT is studied; and second, a
single YK MOT is examined.

o8
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4.2  Single 8" Rb MOT in the Collection Chamber: Prelimi-

nary Results

4.2.1 Atom number

For the characterization and optimization of a magneto-optical trap (MOT), it is essential to
characterize the variation in trapped atom number with the trapping parameters such as, for
example, laser detuning, magnetic field gradient, and laser intensity.

Measuring the fluorescence emitted by the atoms is an easily applied method of gaining a
rough estimate of the atom number, which is directly proportional to the fluorescence signal.
Therefore, a small fraction of the scattered photons is collected by a converging lens at a
(Caburn) Diameter Nominal 16mm Conflat DN16CF viewport of the vacuum chamber and
imaged on a photodiodeﬂ (see Fig . The MOT can be treated as a point source, emitting
light isotropically in 4.

The number of atoms is derived by the following considerations:

e The atom number N is equal to the total emitted power in 47 over the emitted power per
atom FE = hv.

e The lens can only collect a fraction of the total emitted fluorescent radiation defined by
the solid angle covered by the DN16CF viewport (see Fig. [4.1]).

7,2

o= = (2540.2)-1077 (4.1)

e Some percentage of the light is lost due to reflection and absorption losses at the window

and at the lens.

e The photodiode converts the absorbed power into a photodiode-current signal with an
efficiency of approximately 0.53A/ WE] for 780nm. This current signal is again converted

by a current ampliﬁexﬂ to a voltage signal, which can be displayed by a commercial

!ThorLabs DET 110, quoting gpp from spec sheet
2ThorLabs DET 110, photodiode conversion efficiency as stated in spec sheet for 780nm
3Stanford Research Systems low-noise Current Amplifier Model SR570
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Figure 4.1: Detection scheme
A lens of suitable focal length f; is placed at a DN16CF viewport to collect the fluorescence
emitted by the trapped atoms of the MOT. A second lens is used to focus the light on a
photodiodé?. The photodiode ‘s current signal is converted and amplified to a voltage signal®,
which can be displayed on a commercial oscilloscope. The collected solid angle is restricted by
the radius r of the viewport and by the distance d between MOT and CF 16 outer surface.
r=8.0%40.1lmm, d = 80 + 3mm, f; = 85mm, f, = 30mm

oscilloscope or fed to an analogue channel of Adwinﬁ for computerized data collection in
real time and storage purposes. Therefore, the number of trapped atoms, N, in the MOT

is calculated as in eq. [1.2]

N = Ipp _ AV - gy
gppnQopt hvR gppnNalopt hvR

(4.2)

where

4Jiger GmbH, http://www.adwin.de/
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Ipp ... photodiode current

AV ... measured voltage difference (see Fig.

R ... scattering rate

gep ... photodiode conversion efficiency (0.53A /W )2

grv ... current-to-voltage converter gain (typically 50nA /V)
Nopt -~ optical efficiency (taking reflective losses into account)
N ... solid angle collection fraction

For a two-level system the occupation probability of the excited state pg can be derived
by solving the static optical Bloch equations [I1, 12, 10] which leads, with R = I'pg, to the
following value of the scattering rate (see also section

R

T I/ 1a
2

1
U 1/ T + 40717 (4:3)

with the natural linewidth (FWHM) I' = 27 x6.065(9)MHz [15], the total cooling light intensity
I, the saturation intensity for 8" Rb I ,; = whe/3\3T = 1.669mW /cm? [15] (discussed below) and
the detuning A = w — wy, where w represents the cooling laser frequency and wy the resonance

frequency of the transition from the ground state to the excited state for the two-level atom;
which in the case of ¥ Rb is F' =2 — F’' = 3 of the *" Rb D, line (52512 — 52Py)3).

Two Different Procedures for Calculating the Scattering Rate R

There are now two methods of calculating the scattering rate R:

1. Zero Laser Detuning: The atoms are loaded into the MOT at a constant finite detuning
until a steady state of the atom number is achieved. Then, the cooling beam frequency
is ramped linearly in approximately 1ms from red detuning across resonance to blue
detuning, hence removing the atoms from the trapping region. By crossing the atomic
resonance a peak in the fluorescence signal and consequently a peak voltage signal AV is
obtained as suggested by eq. [£.2 AV is defined by the maximum minus the background
signal, as can be seen in Fig. . Further assuming that I >> I, leads to R — g
In our case, this assumption is justified, because the lowest total cooling laser intensity

I used in our measurements equals 40 + 2mW which leads to I/l > 23.4. The rate
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Figure 4.2: Photodiode signal
Typical atom number measurement for a total cooling light intensity of 90mW. Below 50ms
the detuning ¢ is held constant at —27 x 19.84MHz. The cooling beam frequency is then
ramped linearly in 1ms to 4+10.2MHz. The further settings are: Ipjspenser = 7.0 £ 0.1A;

0B/ 822222” = 8.0 £ 0.4G/cm; Irppepumper = 15mW. The derived mean atom number of three

measurements using the same settings is N = (7.3 £0.2) x 10".

of spontaneous emission, which equals the scattering rate, from a two-level atom tends
to g (compare with eq. D for I > I, because the populations in the excited and
ground states both approach % This can be seen directly from Einstein‘s rate equations
for radiation interacting with a two-level atom [10]. This first method is used for all atom

number determinations in this thesis, except for MOT loading measurements.

2. Finite Laser Detuning: This is a slightly more complicated approach due to the fact that
quotes of the saturation intensity I, vary widely in the literature and each allowed tran-
sition has a separate saturation intensity. The total light field of the MOT stimulates all
allowed near-resonant transitions. Therefore, if we assume an isotropic population distri-
bution over the mp levels and take the average Is over all hyperfine ' = 2 — F’ = 3 tran-
sitions, I e = 3.49mW /cm? [51], which does not agree with experimental results [51]. The
average I4,; is now rarely used and the saturation intensity of the strongest atomic transi-
tion is commonly employed. All MOT number calculations in this thesis use the saturation

intensity of the stretched state transition, which is Lsat(mp—+2—m . —+3) =1.669(2)mW / cm?
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[15] for ®"Rb and ILyay(mp=to/2—mp—t11/2) =1.796mW /cm? [16] for “*K. To measure the
loading behavior of the MOT, this second method has been applied using the proper

formula for R.

Comparing the resulting values of the two different methods for the same measurement data

leads to agreement within approximately 3%.

Some words on the errors

The intensity loss of the collected scattered photons due to the vacuum window has been eval-
uated by direct measurement to be 12% =+ 1% and the intensity loss due to the lens itself has
been evaluated to be 2.3 + 0.5%, leading to 7., = 0.86 £ 0.01.

The estimated absolute error of the atom number measurement is approximately 20% (cal-
culated using eq. and provides information of the magnitude of the atom number. The

relative error in comparative measurements is estimated as 6%.

2

ON |? ) ‘ ON )
AN = [|ZE] (Ag)?+ Atont)? +
(8779 (Ang) o (A7opt)
1/2
ON | , |ON|? s | oN | )
v || @@+ S @ |72 ) (4.4

Note: The error bars of the atom numbers displayed in the figures in this chapter indicate

the statistical errors derived from one standard deviationﬁ of at least three measurements.

The main sources of error are as follows:

systematic errors:
e solid angle (the estimated value has an error of 8%, see eq.

e measurement error of the intensity loss due to lens (0.5%) and window (1%)

b0 = </ni1 Z?:l(f — ;)
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e inexactness of the estimation that I/l > 1 and that, therefore, I/l cancels out of

eq. (1.3
e inaccuracy of gpp of 14%

e for only the finite laser detuning method discussed above:

— error in the AOM voltage-frequency calibration

— inaccuracy of I

random errors:
e fluctuations in the laser intensity and laser frequency over time

e small variations in beam polarization after the out-coupler of the optical fibre, delivering

the light to the MOT setup — variation in the power balance of the six MOT beams

e small changes in trap position, due to realignment of the MOT laser beams at the start of
each measurement run, in order to obtain an as good as possible intersection of the laser
beams. The intersection point position in space is therefore not exactly reproducible (the
estimated upper bound of the error of the distance of the DN16CF viewport to the MOT
is Ad = £3mm)

Reabsorption processes of scattered photons inside the atom cloud are completely ignored here.

The effect of an optical dense atom cloud is discussed in detail in [52] [53].

4.2.2 Detuning of the Cooling Laser Light for Number Measurements

The trapped atom number is strongly dependent on the detuning of the 87Rb cooling laser,
which is locked to the F' = 1/F’" = 3 crossover of the transition F' = 2 — F’ of the D, line
(5251/2 — 52P3/2). In order to determine the number of trapped atoms in the MOT, the Zero
Laser Detuning Method, as discussed in section [4.2.1] is applied. The lockpoint of the cooling
laser is the 1-3 crossover in Figf3.5, comparing with [3.4], the detuning A is given by

AMHz) = —212.15 + 2 % faon|[MHz). (4.5)
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Fig. illustrates the dependence of the atom number on the detuning of the 8" Rb cooling
laser for the following settings: Ipispenser = 7.0 £ 0.1A, Iguadrupote = 2 £ 0.1A, Ibrepumper =
15+1mW /em?, Irpcooter = 90+1mW /cm? with the maximum atom number at A = —19.84MHz.
Fig. [.4] shows a plot for the same settings but for all applied beam intensities. The atom
number has a maximum of (7.3 +0.2) x 107 (one standard deviation) for the same detuning of
—19.84MHz and a total cooling light intensity of approximately 94.5mW /cm?

Owing to the fact that the AOM frequency shifting effects slightly the incoupling of the
cooling beam into the optical fibre, the output beam intensities change for different detunings.
An intensity adjustment factor for each applied detuning is obtained by measurement. This
adjustment leads to the white spaces and “skewed features” in Fig.

7 Rb Cooler at 900mwW
x 10 ‘ ‘ ‘

8

7,
56
o)
5
[
£ 41
e
© 3

2,

1 ‘ ‘ ‘ ‘

-25 -20 -15 -10

Detuning [MHZz]

Figure 4.3: Variation of atom number with the detuning of the 8" Rb cooling laser.
Each point represents the average of 3 measurements. The vertical error bars are given by

one standard deviation. The following settings have been used: Ifj, ..., = 7.0 £ 0.1A,
OB/ozenlem = 8.0£0.4G/cm, IFY . = 15.0£0.5mW /cm?. A maximum of (7.3£0.2) x 107

(one standard deviation) trapped atoms is found for a total detuning of —19.84MHz and cooling
laser beam intensity of approximately 94.5mW /cm?

4.2.3 Loading Behaviour

The trapped atoms in the preparation MOT are transferred by a push beam through a differen-
tial pumping tube to the science mirror MOT. Therefore, the loading rate of the 3D preparation

MOT and the maximum available atom flux are important parameters for the experiment.
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Figure 4.4: Finding optimal trap parameters
Atom number dependence on the intensity and detuning of the 8" Rb cooling laser measured
with the following settings: If,  peer = 7.0 £ 0.1A, OB/0z501" = 8.0 £ 0.4G Jem, IfY . =

15.0 & 0.5mW /cm?. A maximum of (7.3 £ 0.2) x 107 (one standard deviation) trapped atoms

is found for a detuning of —19.84MHz and a total cooling beam intensity of approximately
94.5mW /cm?

The atoms are loaded into the MOT at a loading rate L. This rate depends on the size
of the trapping region, laser beam intensity and detuning, the quadrupole magnetic field and
the 8Rb partial pressure. The loss processes include losses due to interspecies collisions and

collisions with the background gas. The rate equation for the trapped atom number is [54]

dN 1 1
—=L-N|—+— - B[ n*V (4.6)
dt TRb Thg
S——— —
1 density dependent losses
TMOT

where
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Figure 4.5: MOT loading curves
Loading curves for various (linear) detunings (labeled) are shown for a beam intensity of ap-
proximately 20mW /cm?® and If5y, ..., = 7.0 £0.1A, 0B /9= = 8.0 £0.4G /cm, I, 00r =
15.0 + 0.5mW /cm?.  Atom numbers were determined using the second method discussed in

section [4.2.1]

1/7yg ... trap loss rate due to collisions with the background gas
1/Try ... loss rate due to interspecies collisions

Tvor .. MOT loading time

I} ... loss coefficient for density dependent losses

L ... loading rate

In the regime of low MOT densities, density-dependent losses can be neglected (3 = 0) and

the rate equation becomes

dN 1

—=L-—-N 4.7
dt TMOT ’ ( )

which yields the solution
N(t) = N, - (1 - eTfm) (4.8)

for the boundary condition of N(0) = 0 and the steady-state condition % = 0, where N, =
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L - Tyror, the value of the maximum trapped atom number.
In Fig. [4.6] a non-linear least-squares fit using the Levenberg-Marquard algorithm [55] [56]
has been applied. This leads to the following fitting parameter Valuesﬂ:

Noo = (5.079+£0.007) - 107 atoms
TMOT = 1082 £ 2ms
L = (4.61240.006) - 107atoms/sec
RMSE® = 1.531 - 10° atoms

Comparing our loading rate with similar experiments of our group [57, 68|, leads to the

conclusion that the loading rate should still be increased by a factor of at least 10.

7
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Figure 4.6: Loading curve fit
Loading curve fitted with a non-linear least-squares fit using the Levenberg-Marquard algo-
rithm. The atom number was determined using the second method discussed in [£.2.1] The

following parameters have been used: A = —18.0 £ 0.5MHz, I =~ = 60 £ 1mW /cm?
=154+ ImW /em?, OB/0z6ter = 8.0 4 0.4G /em, Ipispensers = 7.0 % 0.1A

broot-mean-squared error RMSE = ¥, M with the residual res (i) = originaldata(i)— fitteddata(i)
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Figure 4.7: Dependence of loading time on the detuning
Derived MOT loading times from several non-linear-least-squares fits illustrated in figure [4.6|for
different detunings of the 8’Rb cooling laser for the following setting: Icoprer = 60 &= 1mW /cm?,
I Repumper = 15.0 = 0.5mW/Cm2, OB/ozeenter = 8.0 + 0.4G/cm, Ipispensers = 7.0 £ 0.1A

quad

4.3 Single ““KX MOT in the Collection Chamber: Prelimi-

nary Results

4.3.1 Potassium is different

In figure 4.8 the hyperfine structure of 8" Rb, ** K and *°K are compared. As can be seen, the
level structure for the two bosons 8" Rb and 3°K is very similar since both have a nuclear spin
of I = 3/2 and the selection rules for the Dy line between the four excited states and the two
ground states are identical. In conclusion the same hyperfine transitions are allowed.

On the contrary, the hyperfine structure of the fermion “°K is different, because both the
excited states and ground states are inverted (see figure [59, 60]. This complete inversion
is caused by a large nuclear spin of I=4 that points in the opposite direction to the nuclear
magnetic moment, resulting in a negative dipole moment. As can be seen in figure [£.8] the
separation between excited states is relatively small compared to rubidium and the ground
states are only separated by approximately 1 GHz.

In alkalis with large ground-state hyperfine splittings, such as rubidium and cesium, optical

pumping (see spectroscopy part of subsection [3.2.2)) is easily compensated using a weak (in
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Figure 4.8: Hyperfine structure of 3" Rb, 3 K and “°K
Energies of ¥ Rb, ¥ K and “°K hyperfine levels in the 45, and 4Py, terms (D-line). The
natural abundances of each isotope are given. Data adapted from [59] 60, [15].

power) repumping laser, since off-resonant terms give a transition probability which is some
orders of magnitude smaller than the resonant term. The atom can be treated as a two-level

system with an excited-state population given by (compare with section [2.1.1))

1 Tiot Isat
2 1 _|_ ItOt/Isat + 4 (A/F)

which is direct proportional to the scattering force ﬁscatt = hk - R with the scattering
rate R = Fpg). Here again A corresponds to the detuning of the cooling laser from the
S1)2(F =1+1/2) — Py)5(F' = I+ 3/2) transition, I, is the total trapping laser intensity and
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I, is the saturation intensity.

For both potassium isotopes considered here, optical pumping is very strong due to the tight
hyperfine level spacing of the excited states in the P/, term. A fast depletion of the F' = 2
ground state towards the F' = 1 state results in the necessity of a relatively strong repumping
light intensity comparable to that of the cooling laser intensity. This results in the fact that a
cooling force arises from both frequencies. It does not make any more sense to speak of cooling
and repumping light, apart from sticking to a wide spread convention. The actual hyperfine
structure may therefore not be omitted in the calculations of the excited-state population pg,
which in turn influences the calculation of the atom number.

This very different behaviour of potassium makes its cooling more difficult and more depen-
dent on fine frequency tuning than rubidium [61].

Furthermore, it should be noted, that the level spacing of the bosonic potassium isotopes is
so small that these lines cannot be distinguished by means of ordinary absorption spectroscopy
[62] (compare with Fig. [3.11)).

Some more words on the two-level excited-state population p(:). As can be seen in eq.
, pf) depends strongly on the total trapping laser intensity I;,;. For I;,; > I the atomic
transition can be saturated and pf) reaches the maximum value of 0.5. For even higher trapping
intensities, the transition is saturated at zero detuning, whereas for A # 0 the absorption can
still increase. Therefore, a broadening of the linewidth can be observed, which is known as power
broadening. Fig. shows the two-level excited-state population fraction for different fractions of

Lot/ Isqr in dependence of the detuning A.

4.3.2 Six-level Model

As described in section [£.3.T above, potassium atoms may not be treated as a two-level system
like the rubidium atoms were in section [4.2.1] Therefore, in equation the scattering rate R,
valid only for a two-level system, has to be exchanged with the total excited-states population
fraction generated by the laser radiation of the MOT trapping beams acting on a six-level
system. Thus, to determine the atom number of a “° X MOT, the total excited-states population
fraction pg) has to be calculated. In the following, a simple six-level model simulating the

hyperfine structure of K is discussed. It was first described by Williamson [59] and was
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Figure 4.9: Power broadening of the two-level excited-state population fraction
)

p. Dplotted versus the detuning A over the natural linewidth I' for different values of the
saturation parameter so = Iyo/lsq:. For big values of sy power broadening can be observed.

inspired by a model of Lindquist et al. [63] and a model by Gibble et al. [64].

3

O—= M

1

Figure 4.10: Visualization of a six-level system
Definitions of the laser detunings and hyperfine levels in the six-level model. The numeric labels
correspond to I = 3/2. For “°K the hyperfine levels are inverted, meaning that levels of higher
my values lie lower in energy.
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The six levels consist of two ground states and four excited states, illustrated in figure 4.10
on the previous page. The atom is illuminated by two lasers. The repumping laser of frequency
vy, detuning /A and intensity I; and the cooling laser of frequency 15, detuning A, and intensity
I,. Typically, red detunings (A < 0MHz) are used. The population of each hyperfine level is
allowed to change over time, assuming, initially, equally occupied Zeeman sublevels within each
hyperfine state. Optical coherences are ignored and a simple rate equation ansatz is made.

For each excited-state population p. (e = a, b, ¢, d), the rate equation is given by

pe = Rel (pl - pe) + ReQ (p2 - pe) - Fpe (410)

where p; and ps are the two ground state populations. R, is the excitation rate between
the excited state e and ground state g with ¢ = 1,2. 7 = 27 /T" = 27.05 [16] is the lifetime of
the P35 level.

The ground state populations are given by [59]

By = [Reg (e — py) + Tegpe] (4.11)

where I';, is defined using the branching ratio b, from e to g as I'cy = be,I" and fulfills the
relation I' = I’y + I'es.

The excitation rates are given by [59]

Ce Fe IQ Isat
Rey = 92 g < / )2>. (4.12)

144 (2

I, and v, are the laser intensity and frequency corresponding to ground level g. The coefficients
ceq are the oscillator strengths, which are averaged over individual Zeeman levels of the mp
manifold and over polarizations. c¢., are then normalized over the sum over all levels. v,
are the atomic transition frequencies. The saturation intensity of the D, linem of potassium is
Isq = 1.796mW /cm? [65), [16].

In steady state, p. = p, = 0, where excitation and emission rates for each state are equalized,

we obtain for the excited-state population

Tfor the following transition: 0K : (4285, F = 9/2,mp = £9/2) «— |4?P3 5, F = 11/2,mp = +11/2)
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Do = Reip1 + Reapo
¢ Rel + ReQ + F

and for the ground-state population

P, = Ze (REg + Feg)pe
J Ze Reg

Combining equations and leads to

(4.13)

(4.14)

Z (Reg+reg)(Rclp1+R52p2)
e Re1+Rea+T (415)

pg N Ze Reg

and p, can be written in terms of p; as:

Rea+1'e
Relf‘ReQirR (416)

Z _Rei4Ter R.s P
R€1+R€2+F

D2 =

This equation can be solved by iteration. First assigning p; an arbitrary value of p; = 1,
calculating ps, then calculating the four p. using equation and finally summing the results
for all six levels in order to retrieve a normalization factor with which all populations are

divided, so that in the end the resulting populations fulfill the following criteria:

> bty pe=1 (4.17)

The total excited-state population fraction is then simply calculated as
pE = Zpe. (4.18)

4.3.3 Numerical Comparison between two-level and six-level excited-
states population fraction
Of course, the question arises as to whether the values of og calculated using the two models

are significantly different and hence result in a significantly different calculated atom numbers

for a “°K MOT. This subsection investigates this question numerically.
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Figure 4.11: “°K excited-state population fraction
Calculated with simple multilevel model (green) and with two-level approach (blue). The
absolute value of the negative detuning of the cooling laser light is plotted. left: To understand
the role of the repumping beam, the cooling beam intensity ¢, is fixed and the repumping
beam intensity Ig. is increased. right: To show the effect of weak cooling beams I'r, = constant
and I, 1s varied.

A Matlabﬂ program, which executes the calculations given in the previous section m,
has been developed. The results are shown graphically in figure to[4.14] The blue curves
show the excited-states population given by the two-level model (eq. and the green curves
illustrate the excited-states population calculated using the six-level model. The graphs plotted
in the left part of figure demonstrate the influence of the repumping light power on pg,

cooling light intensity is set constant and repumping light intensity is varied. Only for small

8R2007a, copyright by the MathWorks, Inc.
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detunings of the cooling laser light and almost equal powers of repumping and cooling light
(bottom left graph) does the six-level model p(EG) deliver values for or compareable to the two-
level model pg) with pg) (A=0MHz) = 0.4535 and pg) (A=0MHz) = 0.4839. A refers
here always to the detuning of the cooling laser beam. The repumping laser light is set to
zero detuning with respect to the transition frequency. On the right hand side of figure 4.11
are graphs for when the cooling light power is increased and the repumping intensity is held
constant. For a weak cooling beam (Icoo = 1/30 - Ig.) almost no excitation is produced. The
strong repumping beam excites the atoms in the F’ = 9/2 state, which may decay spontaneously
into both ground states F' = 9/2, 7/2. Too few atoms in the F' = 9/2 state are excited by the
weak cooling beam. In steady state, the majority of the atoms (87.41%) occupy the F' = 9/2
ground state and pg) (A=0MHz)=0.1253. For Icym = 1/10 - I, this effect is compensated
slightly with pg) (A=0MHz) = 0.3847. For all illustrated ratios of cooling and repumping
intensity, ,05? is practically unimpressed.

Figure illustrates again the great importance of a strong repumping beam for K,
contrary to figure for 8" Rb. Compared to the six-level model calculated pg) the error in
the atom number obtained by the approximation of pg = 0.5 is at least 6.2%.

1 1
’ ‘ IRG/ICool - m ‘ IRE/ICool - E ‘

PP 0.4951 0.4955
P91 03531 0.4689

Table 4.1: “°K values of pg corresponding to figure [4.12]

Figure illustrates that for " Rb, weak repumping beam powers (1/100 - I,0) are suffi-
cient to obtain practically equal excited-states population as for a two-level system ( pg) (A=0) =
0.4910, pg) (A =0)=0.4951). As can be seen, nothing is gained by increasing Ig.. In conclu-
sion, in a setup of a cooling and a weak repumping beam, treating 3" Rb as a two-level system
is satisfactory. Compared to the six-level model the resulting error by approximating pg as 0.5
in the atom number calculation is less than 2%.

By increasing the detuning of the cooling laser light of 8" Rb further than -267.2MHz, the
F' = 2 level is crossed and for A = —424.3MHz the I’ = 1 level becomes resonant. This

obviously results in a peak of the excited-states population fraction which is shown in figure
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Figure 4.12: “°K excited-state population fraction
Calculated with simple multilevel model (green crosses) and with two-level approach (blue
dots). The absolute value of the negative detuning of the cooling laser light is plotted. The
repumping beam is not detuned. I¢,,; is held constant whereas I, is increased. To produce a
two-level system like behaviour of pg) a strong repumping beam is needed.
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Figure 4.13: 8 Rb excited-state population fraction
Calculated with simple multilevel model (green crosses) and with two-level approach (blue dots).
The absolute value of the negative detuning of the cooling laser light is plotted. The repumping
beam is not detuned. As in figure [1.12] Icon is held constant whereas Ig. is increased. For
8TRb, an I, equal to 1% of I,y is already sufficient to obtain a two-level system behaviour of

6
o

As K exhibits an inverted hyperfine structure as discussed in section [4.3.1] the F' = 11/2

state, used for cooling, has the lowest energy of the P53/, manifold. Increasing the absolute
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Figure 4.14: 8 Rb excited-state population fraction

Calculated with simple multilevel model (green and turquoise crosses) and with two-level ap-
proach (blue dots). The absolute value of the negative detuning of the cooling laser light is
plotted. The repumping beam is not detuned. The detuning of the cooling light is varied over

a wide range to cross the resonances of the F' = 2 — F’ = 2,1 transitions. The zero detuning
point is the cooling transition F' =2 — F' = 3.

value of the negative detuning does not result in the crossing of another hyperfine transition.
4.3.4 Atom Number Determination of “°K

To determine the trapped atom number in a /K MOT, the same procedures as already de-

scribed for 3" Rb in section [4.2.1] are used®. To calculate the atom number the Zero Laser

Detuning Method is applied, to record the loading behaviour of the MOT the Finite Laser
Detuning Method is used.

9ThorLabs DET 110, quoting gpp from spec sheet
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By using the results obtained in the previous section one obtains, in contrast to equation
[1.2] for the K atom number in a MOT:

No_AVaveT (4.19)
gppnanopt - hvpe
where
T ... excited state life time
AV ... measured voltage difference (see Fig.
pg ... excited-state population fraction
gpp ... photodiode conversion efficiency (0.49A /W )2
grv ... current-to-voltage converter gain (typically 10nA/V)
Nopt .. optical efficiency (taking reflective losses into account)
ng ... solid angle collection fraction

4.3.5 Obtained Atom Number for different Detunings

Like Fig. for 8" Rb, Fig. shows the dependence of the number of trapped K atoms
on the detuning of the potassium cooling beam frequency. The optimal detuning seems to ba
at —44.0 + 0.5MHz, where (1.34 +0.01) x 10° “°K atoms are trapped.

4.3.6 Variation of the Dispenser Current

Before connecting the collection chamber with the science chamber the home-built potassium
dispensers had to be tested. The dependence of the trapped-atom number on the dispenser
current is illustrated in Fig. [£.16]

Only a slight increase in the atom number can be observed between 4A and 6.5A, which
can be explained by a heating and degassing of K atoms which have been left behind from
previous heatings and stuck on the surface of the dispensers. 7A seem to be the threshold
current for the actual operation of the potassium dispensers, triggering the reduction reaction
of eq. discussed in subsection [3.3.2] Setting the current back to 4A stops the reduction
process immediately, as can be seen by the fast decrease in Fig. [4.16]
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Figure 4.15: Atom number in dependence of repumper detuning

The following settings have been used: If; e, = 7.0 £ 0.1A, B /020" = 16.2 & 0.4G /cm,
I pumper = 26£1mW /em®. A maximum of (1.3440.01) x 10° (one standard deviation) trapped

atoms is found for a total detuning of —44.0 + 0.5MHz and cooling laser beam intensity of
approximately 80 4+ 5mW /cm?. Line, connecting the data points, is a guide for the eye.

4.3.7 Effect of MOT Magnetic Field Gradient on the Number of
Trapped Atoms

As explained in section 2.2.1 the magnetic field gradient of the quadrupole field generated
by two coils in anti-Helmholtz configuration, provides the spatially dependent scattering force,
necessary to form an atom trap. In Fig. the atom number is plotted against the gradient
of the strong axif'’| of the magnetic field at the trap center. The bigger the gradient, the more
atoms can be trapped, until the density in the MOT increases into the regime, where density

dependent losses prevent further trapping (see eq. [4.6)).

Osymmetry axis of the coils



CHAPTER 4. COLLECTION MOT MEASUREMENTS 81

< 10° IQuad:4,08A; A= -44MHz

atom number

|
0 500 1000 1500 2000 2500 3000 3500

time [s]

< —><

lpis=4A

|Disp:5A5A‘ ‘ IDlspzﬁA‘

IDisp:4' 5‘# ‘ IDlspzsﬂ

Figure 4.16: Atom number variation in dependence of dispenser current
The threshold current that triggers the reduction process in the potassium dispensers, thereby
emitting potassium atoms into the vacuum, is found to be at approximately 7A. For a current
below 7A, only potassium atoms sticking to the surface of the dispensers are degassed. Setting
the current from 7A back to 4A stops the reduction process immediately.
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Figure 4.17: Dependence of “° K atom number on magnetic field gradient
The magnetic field gradient in the direction of the strong axis (symmetry axis of the coils) of the

quadrupole field is plotted. The detuning of the cooling transition was set to —44.5 + 0.5MHz
and the dispenser current was 7.0 + 0.1A.



Chapter 5

Mirror MOT in the Science Chamber

5.1 Realisation of Mirror MOT

A mirror MOT of 8" Rb was realised, loading a (very) small number of atoms from the back-
ground vapour. A current of 61A was passed through the copper U structer and horizontal and
vertical bias fields were 11.34 £ 0.04G and 4.67 + 0.05G, respectively, upon this realisation.

5.2 The push beam and realisation of Loading from Col-
lection MOT to Mirror MOT

The loading of atoms from the collection MOT into the mirror MOT via the push beam was
realised. Currently, the Mirror MOT is still under optimization. Up to now (05/08/08) we
have been able to trap slightly more than 107 8"Rb atoms and we intend to increase this
number further to the order of 10° atoms (there are 17 parameters to vary, not all of which
are independent). Due to the fact that the experiment is, at the moment, not running in
a sufficiently stable manner to derive highly reproduceable results, all results in this section
should be regarded as preliminary.

The degrees of freedom in the alignment and setup of the push beam are numerous. The

available parameters are:

e push beam intensity

33
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e push beam frequency

e polarization of the push beam

e diameter of the push

e position of the collection MOT relative to the axis of the push beam

e position of the science MOT relative to the chip surface and the axis of the push beam

Due to this huge parameter space, in combination with the parametersﬂ for the operation of
the science MOT, it took time to first establish the science MOT.

Fig. illustrates the loading behaviour of the Collection MOT with and without push
beam action. It can clearly be seen that, due to the push beam interaction, the collection MOT

is operating at approximatly 10% of its original value, thereby acting as an atom source for the
science MOT.

fluorescence signal [V]
=
i q

o
n
d

~

0 T T T T T T T T |
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
time [ms]

Figure 5.1: Collection MOT fluorescence signal with (red) and without (blue) push beam.
Due to the push beam interaction, the collection MOT is operating at approximatly 10% of its
original value, thereby being acting as an atom source for the science MOT.

In our setup, the optimal value of the push beam intensity (on resonance) was found to be
350MWE| (see Fig. [5.2)). The push beam emanating from the fibre was centred with an aperture

approximately 1mm in diameter, after which the power was measured.

requency and polarization of trapping beams, beam alignment, quadrupole magnetic field, for both collec-
tion and mirror MOTs

2resonant with the F' = 2 — F’ = 3 transition of the 3" Rb Ds-line
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Figure 5.2: Science MOT photodiode signal against to push beam power
This data was taken during iteratively optimizing the science mirror MOT. A maximum in the
fluorescence signal, detected with a photodiode, was found to be at a push beam intensity of
350pW. Data plotted relative to the maximum value. Iy = 60A, [jiorizontal — 3 3A [pertical —
2.9A.

In the case of the detuning of the push beam, a local maximum was found at Ay =
+27 x 16MHz, as illustrated in Fig. [5.3] However, this is a local maximum for the push beam
power. It is likely that there are many local maxima, some larger than others, as found by

other research groups [66].
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Figure 5.3: Dependence of science MOT fluorescence signal on the detuning of the push beam
The fluorescence signal is plotted relative to its value at to zero detuning. A second peak is
found for a blue detuning of 16MHz. I;; = 60A, []iorizontal — 3 37 [vertical — 9 gA

bias bias

The whole parameter space of the push beam frequency and detuning is yet to be explored.
This parameter space is complicated by the choice of push beam polarisation, the position of

the collection MOT with respect to the push beam, and the magnetic field gradient of the
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collection MOT. The installation of a lens, focusing the push beam on the collection MOT,
is still in debate. However, experiences by other experiments of our group have not been

satisfactory.

5.3 Lifetime of the Rubidium Mirror MOT

The collection MOT is loaded directly from background vapour pressure (see section ,
whereas the science MOT is only loaded via the push beam. By switching off the push beam, the
science MOT loss processes (see section are not compensated anymore by the reloading
through the push beam. Therefore, the number of trapped atoms (and the resulting fluorescence
signal) decays, as can be seen in Fig. An non-linear least-squares fit using the Levenberg-
Marquard algorithm delivers a decay time| of 19 & 1s.

iy e
@ ® n

e
b

fluorescence signal [arb. units]

0 30 60 90 120 150
time [s]

Figure 5.4: Mirror MOT decay after blocking push beam

5.4 Upcoming Optimisation

5.4.1 The many Parameters

The optimisation will be a difficult task because many of the variables are not independent.

The variables are:

3time at which signal has decreased to 1/e of its initial value
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e push beam frequency, intensity, polarization, beam diameter, spatial orientation and over-

lap with the collection and mirror MOTs.

e collection MOT position and loading rate, depending on cooling and repumping beam
frequency, intensity, polarization, gradient of the magnetic field, beam alignment and

finally the current of the atom dispensers

e mirror MOT position and loading rate, depending on the push beam action, and further-
more, on the frequency, intensity, polarization of cooling and repumping beams, beam

alignment and the gradient of the magnetic field.

5.4.2 Immediate Action

e increase the loading rate of collection MOT, to increase number of atoms per second
available for transfer (atom flux to mirror MOT). This is an important step from this

point onwards.

e optimise the power and detuning of push beam for maximum atom loss in the collection
MOT, without having the push beam power or detuning set such that it is deleterious to
the mirror MOT

e optimise the beam alignment of mirror MOT
e optimise the detuning and intensity for mirror MOT
e optimise the push beam orientation

e optimise the position of collection MOT relative to push beam



Chapter 6
Conclusions

During this diploma work, the bias coils were characterised, the collection chamber and the
home-built potassium dispensers were tested by creating a single 8" Rb and a single “° K MOT,
and the vacuum problems of the science chamber were dealt with. The atom chip was installed
into the science chamber and the collection the science chambers were succesfully connected.
The optical setups for both MOTs were installed, the collection MOT was again realised and
finally a mirror MOT was given life to. We are currently looking forward to making the
experimental setup work in a sufficiently stable manner and, subsequently, find the optimal
parameters for the mirror MOT. Finally, we want to achieve a stable and reproducible " Rb
BEC to subsequently sympathetically cool “°K atoms and generate a degenerate Bose-Fermi
mixture. From this point we will proceed to investigate the dynamics and properties of Bose-

Fermi mixtures, particularly in the effectively one-dimensional regime.
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Appendix A

0K and 8"Rb Do-line Data

symbol WK STRb
Atomic Number Z 19 37
Relative Natural Abundance ,u 0.0117(1)% [37] 27.83(2)% [15]
Atomic Mass m 39.9639987(3)u [67] | 86.909180520(20) [15]
Nuclear Lifetime t1/2 1.277 - 10%a [68] 4.88 - 10" [15]
Wavelength (Vacuum) A 766.701nm [69] 780.241nm [15]
Wavelength (Air) N 766.4911nm [69] 780.03200nm [15]
Saturation Intensity I 1.796mW /cm? |16, [65] | 1.669(2)mW /cm? [15]
Lifetime of the excited state T 25.7ns [16] 26.24(4)ns [15]
Natural Line Width (FWHM) r 27 - 6.2MHz [16] 27 - 6.065(9)MHz [15]
Recoil Velocity Urec 1.302cm/s [16] 0.588cm/s [15]
Recoil Temperature Trec 815nK [16] 362nK [15]
Doppler Temperature Tp 149K [16] 146K [15]

Table A.1: K and 8"Rb D,-line data

Note:

e [, =saturation intensity of the following D, transitions for o* polarized light:

WK 2 42810, F = 9/2,mp = £9/2) «— |42Pyo, F = 11/2,mp = +11/2)

87Rb : |5251/2,F = Z,mF = :|:2> — |52P3/2’F = 37mF = :t3>
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For circularly polarized light I is defined as [15]

fw3T
I

mhel

T 1972

7 =lifetime of the relevant exited Pj/o-level

3N

90

(A.1)
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Window Adaptor
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Figure B.1: Large window adaptor tube
In fact, two tubes are needed: one for the horizontal imaging beam and one for the 45° MOT
beam. The DN35CF tube is used for the 45° MOT beam having an angle of 43° with the
horizontal DN63CF. tube, due to the fact that the large windows are tilted 2° from the vertical
axis. Established in collaboration with [44].
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