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Abstract

In this Master's thesis a pyramidal Magneto-Optical trap (MOT) for rubid-
ium has been designed and constructed. This will be used in the Atomic
physics cources for undergraduate students at Lund Technical University.

The theory for Laser Cooling and Trapping is covered. A detailed in-
struction of how to design and build a low-cost MOT is presented.

All necessary components are now in the picosecond laboratory of Lund
High Power Laser Facility.

This report is a continuation of another Master's thesis, Lund Reports
on Atomic Physics (LRAP) 325.
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Chapter 1

Introduction

When atoms or molecules interact with light by absorption, spontaneous or
stimulated emission, important information about their physical properties
emerges. This is the foundation for all spectroscopy. Atoms or molecules can
also be manipulated by the light, e.g. their velocity and spatial distribution
can be changed. This is called Laser Cooling.

1.1 Research

Laser Cooling is the biggest area of research in Atomic Physics today. Un-
fortunately, the only group in Sweden performing this kind of research is
Anders Kastberg's group in Umeå. Our hope is that Lund soon will o�er
students training in Laser Cooling on an undergraduate level.

During the last two decades laser cooling has seen a fantastic develop-
ment, including two Nobel prizes 19971 and 20012. Now it is standard to
cool samples of neutral atoms down to microns of a Kelvin and keep them in
a con�ned space for seconds allowing researchers to control atomic motion
in a whole new way. It's not hard to understand why this is very useful for
atomic research.

The most famous application is the Bose-Einstein Condensate (BEC),
that gave the Nobel Prize in 2001. This happens when atoms get so cold
and con�ned so that they will all condensate into the lowest possible energy
level.

Another recent application, is the use of a MOT to do 81Kr dating. This
allows scientists to date objects much earlier than the 50 000 year limit of
14C dating (up to 230 000 years) [35].

1S. Chu, C. Cohen-Tannoudji and W.D. Phillips [22].
2E.A. Cornell, W. Ketterle and C.E. Wieman [23].
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1.2 The project
The aim of this thesis was to build a Magneto-Optical Trap (MOT) for
modern state-of-the-art laboratory exercises. Erik Gustavsson [1] started
the project one year ago by building the two external cavity diode lasers and
doing some initial design studies. My task was to �nish the design and to
purchase and build the necessary equipment.

The two most challenging aspects of the project were the very low bud-
get and lack of cometence in house. However, the reward is big, since laser
cooling and trapping of neutral atoms is very suitable for undergraduate
educational purposes. The physics behind is exciting and easy understand-
able with atomic physics background. There are a lot of experimental skills
involved; laser operation, optical alignment, lock-in ampli�cation, regulator
systems and vacuum systems. It can also be performed with small resources.

1.3 Outline
Chapter 2 gives a theoretical background to laser cooling. Some of the theory
covered is outlined as an instruction with preparatory exercises and solutions
to use in the future laboratory exercise instructions.

Chapter 3 describes the experimental setup of the MOT, including the
vacuum chamber, the Rb-source, the pyramidal mirror, the observation sys-
tem, the magnetic �eld and the system for release and recapture.

Chapter 4 describes the optical setup, including the lasers and the satu-
ration spectroscopy setup.



Chapter 2

Cooling and trapping of
Rubidium

The aim of this thesis is to build a MOT for undergraduate educational
purposes. Some of the theory covered are outlined as an instruction with
preparatory exercises and solutions to use in future laboratory experiment
instructions.

2.1 Rubidium, an Alkali-metal

Rubidium is an Alkali-metal. The Alkali-metals were the �rst group of atoms
that was cooled and trapped [36]. They have transitions from the ground
state to the excited states, that correspond to wavelengths in the visible
or the near infrared (NIR) regions. They can also easily be generated in
atomic beams. These two properties make them very suitable for cold atom
experiments. Natural rubidium contains two isotopes 85Rb (72 %) and 87Rb
(28 %), but in this thesis we only consider the isotope 87Rb.

The level scheme for 87Rb is found in �gure 2.1 and some data in table 2.1.

2.2 Cooling. . .

If a bowling ball is moving towards you and you are throwing table tennis
balls at it, it will eventually come to a stop. You will need a lot of table
tennis balls but the momentum transfer at each hit will slow the bowling ball
down and even change the direction. The concept of laser cooling is similar.
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Figure 2.1: Level scheme of 87Rb with nuclear spin I = 3/2.[12]

Nuclear spin I 3/2
Mass 86,9902 u [7]
g-Factor gI -0.0009951414 [12]
Vacuum wavelength D1-transition 794.979 nm [7]
Vacuum wavelength D2-transition 780.241 nm [7]
Line width D1-transition γD1 5.58 MHz [7]
Line width D2-transition γD2 6.01 MHz [7]
Life time 52P1/2 28.5 ns [7]
Life time 52P3/2 26.5 ns [7]
Saturation intensity Is 1.654 mW/cm2 [7]
Ground state hyper�ne splitting 6834682612.8 Hz [8]

Table 2.1: Some physical properties of 87Rb, more can be found in [9].
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2.2.1 Light force
The momentum kick that each atom receives when absorbing a photon is
very small, the velocity change is in the region of 1 cm/s1. However, because
of the very high intensity of the laser light a huge number of photons hit
the atom every second. In thesis the D2-line in rubidium-87, that is the
transition 5s2S1/2(F = 2) → 5p2P3/2(F = 3), provides a good possibility for
cooling. First it is a closed transition2 (�gure 2.2) where the excited atom
only can deexcite to the same level. Secondly it is quite easy to �nd diodes
that lase around 780 nm where the transition lies.
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Figure 2.2: Left: The transitions in 87Rb used in laser cooling. Right: Two-
level scheme of the cooling transition.

Preparatory exercise 1 Write down the rate equation to describe the pop-
ulations Ng and Ne due to absorption (Wge), stimulated (Weg) and sponta-
neous emission (γ). Find the stationary solution and calculate Ne(Ntot,W, γ),
where Ntot = Ne + Ng and Weg = Wge = W (see �gure 2.2 right).

Solution exercise 1 The rate equations are

dNg

dt
= γNe + WegNe −WgeNg

dNe

dt
= −γNe −WegNe + WgeNg

1This is actually the same order of magnitude as the velocity change that a bowling
ball experiences when table tennis balls are thrown at it.

2Closed in the sense that the atoms have to perform a forbidden transition to leave
these two transitions.



2.2 Cooling 9

A steady state solution of the rate equations gives the fraction of excited
atoms, Ntot = Ne + Ng and Weg = Wge = W :

Ne(Ntot, W, γ) = Ntot
W/γ

1 + 2W/γ
(2.1)

To be able to cool the atoms one must select only the fast moving atoms,
the ones that are still should not be a�ected. The Doppler e�ect works to
our advantage. If the laser is detuned to red of the cooling transition, the
fast moving atoms will see the laser light at a higher frequency and closer to
transition (�gure 2.3).

Figure 2.3: Left: Atomic scattering rate versus laser frequency. Right: Laser
detuned to the red of atomic resonance. Due to Doppler shift, atoms moving
towards the laser beam will scatter photons at a higher rate which leads to a
cooling force proportional to the velocity. [34]

The absorption rate W can be expressed as

W =
I

h · ω · σ(ν)

where ω is the laser frequency and the absorption cross section σ is written
as [36]

σ(ν) =
σ0

1 + (2δ/γ)2

where σ0 is the cross section at the resonance frequency, δ the laser detuning
and γ the natural line width [rad/s] [2]. δ = ν − νeg where ν is the laser
frequency and νeg the resonance frequency.
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Preparatory exercise 2 Insert the expressions above in the result that you
obtained from exercise 1 and simplify the expression using the saturation
intensity Is = hνγ

2σ0
.

Solution exercise 2 Using equation 2.1 and inserting the expressions above
yields:

Ne = Ntot
1
2

I/Is

1 + (2δ/γ)2 + I/Is
(2.2)

Preparatory exercise 3 Use the Ne that you calculated in exercise 2 to
calculate the scattering rate R(I, Is, δ, γ) = (Ne/Ntot) · γ

Solution exercise 3 The scattering rate can be expressed as

R(I, Is, δ, γ) = Ne/Ntot · γ =
1
2

γ · I/Is

1 + (2δ/γ)2 + I/Is
(2.3)

The cooling force equals the scattering rate times the momentum transfer.
The momentum kicks from the photons, originating from spontaneous emis-
sion, are neglected since they act in random directions and do not contribute
to the average force.

~F = R~p =
1
2

I/Is

1 + (2δ/γ)2 + I/Is
γh̄~k (2.4)

An atom with a velocity ~v "sees" a higher frequency than the laser fre-
quency, displaced by the Doppler shift:

δd = −~k · ~v

where ~k is the wave vector of the laser beam. For two counter-propagating
beams with wave vectors ~k and −~k the cooling force in the overlap region is

~F =
1
2

[
I/Is

1 +
(
2 δ−~k·~v

γ

)2 + I/Is

− I/Is

1 +
(
2 δ+~k·~v

γ

)2 + I/Is

]
γh̄~k

(2.5)

The cooling force on 87Rb is plotted for various detunings in �gure 2.4.

Preparatory exercise 4 Use a Taylor expansion of equation 2.5 to show
that F is a friction force (~F (~v) = −b·~v) for small v (compare with �gure 2.4).
Give an expression for b.
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Figure 2.4: The friction force on 87Rb for various detunings as a function
of velocity. The beam is assumed to have I=10 mW/cm2 (Is = 1.6 mW/cm2,
γ = 5.9 MHz). Laser detuning δ = −γ

4 , solid line; δ = −γ
2 , dotted line;

δ = −γ, dash-dotted line and δ = −2γ, dashed line.[1]

Solution exercise 4 We �nd:

~F (~v) = −b~v

with
b = − 8(I/Is)k2δh̄

γ(1 + (2δ/γ)2 + (I/Is))2

This gives that ~F (~v) is a cooling force if δ < 0, i.e. detuned to the "red" of
the transition.

The results above can be generalized to three dimensions, giving rise to
Optical Molasses that was the predecessor of the MOT (see �gure 2.5).

2.2.2 Hyper�ne pumping
Unfortunately the Rb does not have a totally closed two-level scheme. In
about 1/1000 of the deexcitations there is a forbidden transition [4]. The
atoms end up in the F = 1 state and can no longer be cooled. There is
a need for a second laser that can repump the atoms to the excited state
F = 2, 3. This laser can be much weaker and less precise in frequency than
the cooling laser.
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Figure 2.5: An optical molasse of neutral sodium.[10]

2.2.3 Doppler limit
The cooling procedure, also called Doppler cooling for obvious reasons, leads
to a temperature whose lower limit lies in the order of h̄/τ where τ = γ−1 is
the lifetime of the excited state [20].

The cooling force leads to a loss of kinetic energy

(dE/dt)cool = Fv = −bv2 =
8(I/Is)k2δh̄

γ(1 + (2δ/γ)2)2
v2 (2.6)

where F is the friction force in equation 2.5 along some arbitrary axis and
b was derived in exercise 4 (using that I ¿ Is). This damping force reduces
the average velocity of the atom towards zero, but the mean squared velocity
does not go to zero. While the cooling process removes kinetic energy, the
heating from the randomness of absorption and emission of photons increases
it. The heating can be compared to a random walk in one dimension and we
have

d(p2)/dt = 2h̄2k2R.

This gives the change in kinetic energy (E = p2/2M)

(dE/dt)heat = h̄2k2R/M =
h̄2k2γ

M

I/Is

1 + (2δ/γ)2
(2.7)

where the scattering rate is twice that3 derived in section 2.2.1 and the
3Due to the two counter-propagating beams.
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approximations [29] |kv| ¿ |δ|, |kv| ¿ γ (since v is small) and I ¿ Is are
used.

The result at equilibrium ((dE/dt)cool + (dE/dt)heat = 0, solving for v2)
is

v2 =
h̄γ

4M

1 + (2δ/γ)2

2|δ|/γ
(2.8)

The thermal energy is kBT/2 per degree of freedom, so in our one-dimensional
example we have

M〈v2〉/2 = kBT/2 ⇒ kBT =
h̄γ

4
1 + (2δ/γ)2

2|δ|/γ
(2.9)

The expression above is valid in 3-D if h̄2k2/2M ¿ h̄γ [22]. The cooling
rate is proportional to the kinetic energy and by contrast the heating is
proportional to the photon scattering rate, independent of atomic kinetic
energy for low velocities.

Minimizing equation 2.9 gives the so called Doppler cooling limit, �rst
derived by Letokhov, Minogin and Pavilik [20]:

kBTD =
h̄γ

2
(2.10)

occurring when δ = −γ/2, which for Rb gives TD = 140 µK.

2.2.4 Subdoppler cooling
In 1988 Lett's group published that they surprisingly had reached far below
the Doppler limit [30]. Two groups found a model that explained this dis-
crepancy [31, 32]. The multiplicity of sublevels (e.g. Zeeman and hyper-�ne
structure) of the atomic state gives rise to a dynamic close to optical pump-
ing between the levels. If the light-�eld varies in space, the optical pumping
tries to adjust the atomic orientation to the changing �eld. Since the pump-
ing process is rather weak, it always lag behind the changings of the �eld
leading to a non-adiabatic process that makes further cooling possible. We
give two examples of such additional cooling mechanisms below.

Sisyphus cooling
In the underworld Sisyphus was compelled to roll a big stone up a
steep hill; but before it reached the top of the hill the stone always
rolled down, and Sisyphus had to begin all over again (Odyssey,
xi. 593). . . The reason for this punishment is not mentioned in
Homer, and is obscure; according to some, he had revealed the
designs of the gods to mortals, according to others, he was in the
habit of attacking and murdering travelers.[33]



14 Cooling and trapping of Rubidium

If counter propagating beams are linearly polarized with perpendicular po-
larization one gets a standing wave pattern with alternating polarization, see
�gure 2.6.

Just like the underworld Sisyphus, the atoms in motion always experience
a potential with positive derivative, hence slowing them down.

Figure 2.6: The light shift and transitions of Sisyphus cooling.[36]

σ+ − σ− cooling
If the counter propagating beams are circularly polarized with opposite po-
larization direction, this gives a possibility to cool beyond the Doppler limit
as well. The standing wave in this case is a rotating linearly polarized mag-
netic �eld that rotates 2π/λ. The atoms move slower than the rotating �eld
and can not be pumped quick enough. The atoms that moves against the
σ−-beam have a higher probability to end up in the Mg = −2 state and
there they have a higher probability of absorbing a σ−-photon. The same
argument holds for the atoms moving against the σ+-beam. This leads to
an increased damping force.

In our MOT setup there will be polarization e�ects like this and it is
possible (but not likely) to obtain temperatures down to 1 µK [6] which is
two orders of magnitude smaller than the Doppler limit.

2.2.5 Recoil limit
The lowest possible temperature for any optical cooling process corresponds
to the momentum of a single photon. So far, the recoil of the atom has been
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neglected, but for temperatures in the nK range it is a severe problem. This
limit is far beyond the goals for this project. For the sake of completeness
the recoil limit for Rb is 0.6 cm/s or 0.4 µK.

2.3 . . . and Trapping
Even if we have cooled atoms in the section above, they will still di�use out
of the region covered by the lasers if there is not a position dependent force
as well. There are many ways to obtain this but in this experiment we will
use the most common one, a Magneto-Optical trap (MOT), also known as
Zeeman shift optical trap (ZOT). These names gives a brief idea about how
it is done. Below we explain the principle of a MOT in one dimension and
for a simple J = 0 → J = 1 two level scheme.

Trapping is achieved by adding to Doppler cooling an inhomogeneous
magnetic �eld, and by a clever choice of the laser polarization as explained
in �gure 2.7. The magnetic �eld (B = B(z)) will lead to Zeeman splitting
of the magnetic sublevels (�gure 2.1).

Figure 2.7: Laser beams with opposite circular polarization traveling in the
z-direction. The laser beams excite the J = 0 → J = 1 transition. The
laser beam from the right only excites the m = −1 state and the laser beam
from the left only excites the m = +1 state. As an atom moves from right to
left, these levels are shifted by the magnetic �eld, thereby a�ecting the photon
scattering rates. The net result is a position-dependent force that pushes the
atom towards the center.[34]

The excited state splits into three sublevels which all have di�erent ex-
citation probabilities depending on the polarization (e.g σ+ favors the tran-
sition ∆MF = 1). The result is a restoring force as described schematically
in �gure 2.7, lower part.
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The frequency shift for the Zeeman e�ect can be expressed as

δ±(z) = −ge ·Me − gg ·Mg

h̄
µB ·B(z)

where gi and Mi are the g-factor and magnetic quantum number for the
di�erent states, δ+ is the shift for the σ+ beam, δ− is the shift for the σ−

beam and µB the Bohr magneton.

Preparatory exercise 5 Calculate the frequency shift due to the Zeeman
e�ect as a function of z in the D2-line of 87Rb for a linear magnetic �eld
B(z) = A · z.

Solution exercise 5 gg = 1/2, ge = 2/3, Mg = ±2 and Me = ±3 gives

δ± = ∓AµB

h̄
z

Preparatory exercise 6 Derive an expression for the trapping force.

Solution exercise 6 Using equation 2.5 and inserting the solution from ex-
ercise 5 one obtain

~F =
1
2

[
I/Is

1 +
(
2 δ−~k·~v+δ+

γ

)2 + I/Is

− I/Is

1 +
(
2 δ+~k·~v+δ−

γ

)2 + I/Is

]
γh̄~k

Analogue to exercise 4 one can show4 that ~F (z) = −kHz if δ < 0, i.e.
~F (z) is a trapping force.

The total force on the atom is a highly over-damped harmonic oscillator
potential (after a simple extension to three dimensions):

~Fatom = −b~v − kH~r

The fact that the trap is a highly over-damped system is very important since
the performance of the trap and the lifetime almost entirely depends on the
cooling force5. However, the number of trapped atoms depends weakly on
the cooling parameters but strongly on the trapping force6. The theory for
calculating these two very important properties of the MOT follows below.

4This is quite messy and will not be given as an exercise.
5Beam diameter, power and frequency of the laser all strongly a�ect the lifetime.
6Magnetic �elds, stray or applied, and laser beam polarization and alignment all

strongly a�ect the number of trapped atoms.
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2.3.1 Lifetime
The number of atoms in the trap will increase with the same characteristics
as a charging capacitor [36]

N(t) = N0(1− e−t/τ ) (2.11)

where τ is the time constant to �ll the trap to the steady-state value N0.
τ (−1) is just the loss rate from the trap due to collisions with the hot back-
ground gas.

2.3.2 Number of trapped atoms
Equation 2.3 gives an expression for the number of photons scattered per
atom and second. If one measures the di�erence in �uorescence with and
without the trapping magnetic �eld with a photodiode (here called ∆p) the
expression for the number of atoms becomes

N =
∆p

REphoton
(2.12)

Preparatory exercise 7 Two important corrections have to be done to
equation 2.12 to make it useful in the lab. Which?

Solution exercise 7 The e�ciency of the photodiode and the solid angle
has to be accounted for: N = ∆p/(ηphotodiodeREphotonΩ).

2.4 Measurement of Temperature
The classical, thermodynamic, interpretation of the dimensionless constant
that we normally call temperature, origin back to Lord Kelvin. The cal-
culation can be found in any textbook in thermodynamics (e.g. [21]). The
foundation of the theory is ideal gases in equilibrium but the environment
of the MOT with extremely low temperature and pressure are far from this
idealization, hence the thermodynamic treatment makes no sense. Although
the laser-cooled cloud of atoms can in no way be in thermodynamic equilib-
rium (the velocity of the atoms is in the order of cm/s), they can still be in
a steady-state situation and have a Gaussian distribution [26, 27]7 and we
can de�ne a "temperature" from the width of the velocity distribution.

7The solution of the Fokker-Plank equation for a system acted on by a force propor-
tional to velocity with a random input not dependent on velocity, is a Maxwell-Boltzmann
distribution.
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2.4.1 Release and recapture
One way to measure the temperature is the so called release and recapture
method. First performed in 1985 by Phillips [24] and Chu [25], it provides a
simple way to determine the width of the velocity distribution with a ballis-
tical technique. The MOT is loaded and the cooling laser and the trapping
�eld are turned o� simultaneously. Since the magnetic �eld originates from
coils, there are a slight lag between the shut-o� and when the �eld reaches
zero. This time is less than 500 µs [15] and therefore negligible in this ap-
plication.

After a period of time (release time), the lasers and the magnetic �eld are
turned back on. For 50 ms the MOT captures the atoms again (recapture
time). Since this time is much less than the �lling time of the MOT, the
capture from the background vapor is negligible. The �uorescence is mea-
sured before the release and after the capture. Atoms with high temperature
have time to leave the capture region and the number of recaptured atoms
decays fast with the release time. The R&R data for di�erent release times
are �tted to a theoretical Maxwell-Boltzmann velocity distribution where the
spatial distribution (Gaussian) and the gravitational pull have been taken
into account. Two measurements by Shih-Kuang Tung [15] with R&R can
be found in �gure 2.8.

Figure 2.8: (a) and (b) are the R&R measurements, where circular points
are the experimental data and solid curves are the results of the theoretical
calculation. The theoretical curves correspond to 320±40 µK in (a) and 80±10
µK in (b). The temperature uncertainties include the errors due to the �tting
and the �uctuations between experimental runs.[15]



Chapter 3

The MOT

Here, we describe the di�erent components of the constructed MOT: the vac-
uum chamber, the Rb-source, the observation system, the pyramidal mirror,
the magnetic �eld and the system for release and recapture. A scheme of
the entire setup with the electronical couplings can be seen in �gure 3.1.

3.1 Vacuum chamber

The vacuum system has to pump down to a pressure of typically a few
10−9mbar (or 10−7Pa). Although a MOT at a pressure of 10−8mbar has been
reported [6], a lower pressure gives better conditions (e.g. longer lifetime)
for trapping and cooling atoms.

The chamber is built of standard ConFlat parts to reach the lowest pos-
sible pressure. A three-way cross is mounted on top with a window and an
electrical feedthrough. Another three-way cross is mounted underneath with
a low pressure gauge and an adapter to a molecular pump. All is mounted on
a table designed by the author and manufactured at the academic workshop.
For a sketch and photo of the chamber, see �gure 3.2.

3.1.1 Assembly

The ConFlat �ange assembly consists of two knife edges that are pressed into
a copper gasket. The �anges are cleaned �rst by a strong cleaning agent,
then with pure methanol. After cleaning and wipe-o�, the vacuum parts
are only touched with clean latex gloves. The copper gasket should only
be touched with gloves as well. The gaskets are one-time usage and a fresh
gasket should always be used. The bolts are then tightened in a criss-cross
pattern until the assembly is tight. For a more detailed discussion of cleaning
and assembly, see [16] and [17].
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Figure 3.1: The electronical setup.
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Figure 3.2: The vacuum system.

3.1.2 Pump
Our setup uses just one turbo-pump (and a pre-vacuum rotary pump). Sim-
ilar setups uses an ion-pump as well [4, 6] to reach even lower background
pressures. The pump is controlled via a standard turbo-pump controller from
Edwards. The turbopump starts when a pre-vacuum pressure of 5·10−2 mbar
is reached.

Principle for a turbomolecular pump

The turbo-pump in the setup is a Edwards Ext 200/iso 100, dimensioned for
a bigger chamber than the one used in out setup. This is needed to get rid
of excess Rubidium and to maintain a stable pressure with just one pump.

The turbomolecular pump was invented in 1957 by Becker [11] and the
principle design can be found in �gure 3.3. It is a mechanical pump that
can reach low pressures. It has fast spinning rotor (∼500 m/s) that carries
momentum to the gas molecules. When the pressure is su�ciently low (<
10−3 mbar), which is when the mean free path of the molecules is longer than
the distance between the rotor blades, collisions with the rotor are far more
probable than collisions with a gas molecule. To reach this low pressure a
turbo-pump has to backed up by a pre-vacuum pump.

Heavy molecules travel with slow speed. This means that the turbopump
will be very e�ective to get rid of the excess Rb since the probability for back-
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di�usion (see �gure 3.4) will rise for the relatively heavy Rb.

Figure 3.3: Principle design of a turbomolecular pump [11].

Figure 3.4: Back-di�usion in a turbomolecular pump [16].

The pre-vacuum pump allows us to pump down to 10−3 mbar and the
turbopump reaches 4 ·10−9 mbar within a few days. At �rst, only a pressure
of a few 10−7 mbar was obtained. This was a disappointment, but after
some work to get rid of unnecessary O-ring couplings and the use of a leak
detection spectrometer1 it was possible to reach the pressure stated above.

Since the pressure in the chamber, when everything worked as intended,
was only a few 10−9 mbar, no bakeout was needed. If the pressure will not
come down, the procedure for bakeout is described in [16, 17].

1We �nally found that a welding in one of the ordered vacuum pipe adapters where
leaking.



3.2 Rb-source 23

3.1.3 Pressure measurements
When vacuum technology started, mercury manometers were used and it
is no surprise that the unit mmHg (or Torr) is still very common. It is
however not permitted by the Système International (SI) whose unit for
pressure is Pascal (Pa). The most common unit today is the millibar (mbar),
temporarily allowed in the ISO standards, 1 mbar=0.75 Torr=100 Pa.

High pressure

To be able to determine when the turbo-pump should start, one needs to
measure the pressure between the pre-vacuum pump and the turbo-pump.

A pressure gauge that works in the wanted area is the Pirani gauge. The
Pirani gauge, invented by von Pirani in 1906, was a very important inven-
tion since it made the mercury-McLeod gauge unnecessary. The principle is
that the temperature of a hot wire is measured from a distance. Since the
transferred temperature depends on the thermal conductivity of the gas, a
lower pressure gives a lower heat transfer. The temperature is measured by
the change in resistivity in a second wire. In our setup, we use an Edwards
active Pirani gauge able to measure in the area 103�10−4 mbar.

Low pressure

To measure the pressure in high vacuum (<10−4 mbar) is not an easy task.
The only gauges available in the stated pressure range are cold cathode and
hot cathode ionization gauges.

A space containing gas between two electrodes with high voltage will be
ionized. Positive ions will be attracted by the cathode and give rise to a
current through the space. This current is directly related to the number of
ions and consequently the number of molecules. This simple setup is limited
to measure down to 10−7 mbar, below that the production of electrons for
ionization gets too low. The solution is to include a heated �lament which
provides free electrons at a controlled rate via thermionic emission2.

In our setup we use a Leybold Ionivac gauge, able to measure in the
area 100�10−12 mbar by combining the hot cathode technique with a high
pressure technique.

3.2 Rb-source
The trap has to be loaded somehow. A MOT can be loaded in two ways:
from a thermal source slowed down by a counter-propagating beam, or from

2When heated, the freely moving atoms in the metal can come across the potential
barrier.
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Figure 3.5: Circuit diagram and photo of the power resistor.

the slow part of a Maxwell-Boltzmann velocity distribution of the hot back-
ground vapor. The trap has to be loaded with a lot of atoms to allow the
trap to �ll fast, but on the other hand that will lead to a higher pressure and
a shorter lifetime. The source most easy to use is a commercial "getter" for
industrial application [13].

The getter releases atomic Rubidium when heated to a few hundred de-
grees C by applying an electric current. The stated threshold for operation is
2.7 A, but it has been found that an initial current of 8 A for 2�5 s is needed
to get it started [14]. After that, the threshold is well de�ned at 2.7 A and
an operational current of 3�4 A has been found to give an adequate �ux [14].
A power resistor has to be put in series with the getter since the getter it
self has almost no resistance3. In this thesis a resistor of 1.65 Ω 50 W, con-
sisting of two parallel coupled 3.3 Ω resistors mounted on a cooling �ange
(see �gure 3.5), is used. The current through the getter and the resistor are
controlled by a commercial power supply.

The getter has a capacity to load the MOT with more than 108 atoms
in just a few seconds, despite of the high temperature of the getter, and still
keep the lifetime of the trap at high numbers [14]. Two getters are mounted
directly on the electrical feedthrough pins with the metal parts of a small
connection block (see �gure 3.2). This design makes it easy to change getters
and was invented by the author.

3.2.1 Capture limit
In �gure 2.4 it can be seen that the friction force increases when the speed
of the atoms increases, but then decreases when the Doppler shift becomes
longer from the detuning. This means that atoms with large speeds will
not be cooled. Atoms moving with a speed which makes them just at the
boundary of absorbing light and thus slowed down are at the capture limit. [1]

3The low voltage makes it hard to control the current with the power supply.
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Figure 3.6: The getter mounted on the electrical feedthrough using the metal
parts from a small connection block.
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Figure 3.7: The speed distribution of rubidium atoms at T=293 ◦K.[1]
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The capture limit is dependent on the detuning. A large detuning makes
it possible to cool many atoms, but on the other hand they will not be cooled
as much. The detuning that creates the coldest sample is δl = −γ/2. For
this detuning the capture limit is de�ned as [36]:

vck ≡ γ (3.1)

Sometimes it is useful to express the capture limit as a temperature.

kBTc ≡ Mγ2

k2
(3.2)

M is the atomic mass. For 87Rb the capture limit is 4,6 m/s or 0,22 K.
A common way of loading a MOT is to catch atoms from the back-

ground vapor. In the design described in this report, that method will be
used to load the trap with one of the Rubidium isotopes. The capture limit
is approximately valid for a MOT, although there is a position dependent
frequency shift in addition to the Doppler shift. There is just a tiny fraction
of the atoms that move slower than the capture limit if the atoms are at
thermodynamic equilibrium at room temperature. At thermodynamic equi-
librium, atoms are Maxwell-Bolzmann distributed, (equation 3.3 [47]). The
Maxwell-Boltzmann distribution for 87Rb at room temperature is plotted in
�gure 3.7.

f(v) =
4√
π

(
M

2kBT
)3/2v2e

mv2

2kBT (3.3)

In 87Rb about 15 atoms out of 100 000 move below the capture limit. The
detuning can be increased in order to catch a larger fraction of the atoms.

3.3 Magnetic �eld
The magnetic �eld gradient required to trap the atoms is produced by a pair
of coils in anti-Helmholtz con�guration, see �gure 3.8. The magnitude of the
magnetic �eld from a single coil at a distance z from the coil is:

B(z) =
µ0Ir2

2(r2 + z2)3/2
(3.4)

See �gure 3.8 for an explanation of the notations.
A �eld gradient of 10 G/cm is required [6] and it is obtained in the

setup. For our setup we calculated the coils to have a diameter of 44 mm
with a distance4 of 22 mm, wound out of 16 turns 0.8 mm insulated copper
wire outside a piece of plastic tubing, allowing it to slip in the z-direction.
A current of 4 A gives a �eld gradient of 11 G/cm and heats the coils by
1.5 W. The form of the resulting magnetic �eld can be found in �gure 3.9.

4The distance should be equal to the radius for maximum trapping force.[6]
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Figure 3.8: Two coils in anti-Helmholtz con�guration

To get an insulating distance between the coils and the vacuum system,
a piece of plastic tubing were manufactured by the workshop fo �t outside
the ConFlat �ange.

3.4 Pyramidal mirror
A pyramidal MOT (�gure 3.10b) has many advantages compared to the
traditional design (�gure 3.10a). It is reliable, easy to setup and use and
it reduces the optical components needed to a minimum (e.g. one quarter-
wave plate instead of six). The three pairs of circularly polarized beam
are automatically created inside the MOT by letting an expanded circularly
polarized beam getting re�ected inside the pyramid.

The pyramidal mirror is manufactured out of four coated glass pieces
(see �gure 3.11) and is mounted in a stainless cone, manufactured from a
block of stainless steel (see �gure 3.12) using small amounts of low vapor
epoxy5. The design is very similar to [4] with small modi�cations to increase
the di�usion of Rb into the pyramidal mirror.

The glass pieces are coated with silver. Gold has a higher re�ectivity at
780 nm, but it tends to attract Rb. A dielectric coating would give higher
re�ectivity but is likely to change polarization. A dielectric coating that
addresses this issue has been developed by Arlt [37] but is too complicated for
this setup. With silver, a re�ectivity of 97% and a polarization contamination
of 2.5% per re�ection has been reported [4], which is well within the aim of
this project.

A French company cut and coated the glass pieces, but they made mis-
takes in reading the blueprints (�gure 3.11), resulting in long delays for the
project.

5The epoxy used is Torr Seal low vapor pressure epoxy, available from Varian Inc.,
normally used as sealant for high vacuum applications.
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Figure 3.9: The magnetic �eld from a pair of coils in anti-Helmholtz con�g-
uration.

Figure 3.10: (a) The circularly polarized beams and the coils of a conven-
tional MOT. (b) The partial beams of a pyramidal MOT.[38]
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Figure 3.11: The four identical glass pieces that forms the pyramidal mirror.
Measurements in mm.
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Figure 3.12: The pyramidal mirror mounting block in stainless steel. The
machined cone has an angle of 109◦.



30 The MOT

3.5 Observation system
To align the setup, a transmissive IR-card and an IR-viewer are very helpful.
To make the measurements on the trap, one needs a photo diode and a simple
current-to-voltage ampli�er. An IR-sensitive CCD-camera would be a great
help to get the trap running and to perform measurements of the size of the
captured cloud.

3.6 System for release and recapture
The release and recapture (R&R) system is chosen for simplicity. One needs
fewer optical components, and since the optical access in the pyramidal setup
is limited there is not enough room to send in a probe beam. The time-of-
�ight method gives more accurate measurements, but the 10% error [15]
estimated by the R&R-technique is acceptable for the purpose of this MOT.

To implement the R&R-method, one needs to be able to shut o� the the
laser and magnetic �eld. The timing between these and the measurement
is critical and needs to be adjustable. The trapping laser is blocked by an
electromagnetic relay and the magnetic �eld is cut o� by a TLL-pulse to the
current supply. After a short period of time (∼10-100 ms, the release time)
the laser and the magnetic �eld are turned on, and after 50 ms a measurement
of the �uorescence is performed with a photodiode. The measurements of
di�erent release times yield a di�erentiated Maxwell-Boltzmann distribution,
and hence the temperature can be calculated. A block schematics of the
controller can be found in �gure 3.14. The principal design is by the author
and was implemented by the electronics workshop. It has not been tested in
the setup yet.
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Figure 3.13: Release-and-recapture method for temperature measurement.
The time from a to c is the release time, 10-100 ms.[22]
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Chapter 4

The optical setup

The experimental setup is installed on an optical table in the picosecond
laboratory of Lund High Power Laser Facility.

4.1 General description

The setup is by no means optimized for performance, but since the output
power from the lasers is so good, there is no need for anything fancier.

Two external cavity diode lasers are frequency locked in a saturation
spectroscopy setup. A Burleigh wavemeter is used to assist in the frequency
adjustment of the lasers. The rest of the light is then expanded, shaped and
made circularly polarized before it hits the window of the chamber.

The layout of optical components on the optical table can be seen in
�gure 4.1.

4.2 Lasers

The lasers in the setup are two external cavity diode lasers (ECDL), designed
and built by Erik Gustafsson [1]. The design mostly follows [5, 42], using
high power laser diodes mounted in a Littrow con�guration external cavity.
In our con�guration, 20% of the laser light is re�ected back to the diode,
increasing the cavity length. This gives the laser a smaller bandwidth and
allows us to easily tune the laser frequency.

Here, we give a small summary of the laser design, characteristics and
operations. For a detailed discussion of the design and the construction of
the ECDL's, see [1].
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Figure 4.1: The layout on the optical table, it measures 120x90 cm.

Figure 4.2: A photo of the optical setup in the picosecond lab of Lund High
Power Laser Facility.
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4.2.1 Laser diode
We use laser diodes from Sanyo1 which have a high power output in the
desired wavelength region.

In high power laser diodes, the back surface is often re�ection coated,
and the front surface is anti re�ection coated. The gain in the active layer
is higher than in low power diodes. The obtained linewidth is not very
di�erent from a diode with two uncoated ends. The diode that was used in
the constructed system is a high power diode, rated to deliver 80 mW.

The beam that leaves the laser diode is divergent. The laser beam there-
fore has to be collimated2. The divergence of the used diode is θ⊥ = 17◦

and θ// = 7◦. ⊥ denotes the divergence perpendicular to the polarization
direction and // parallel to the polarization.

4.2.2 Grating feedback
To make the diode laser more tunable without mode jumps and to narrow
the emission linewidth of the laser, external cavities with frequency selective
feedback are often used. External cavity diode lasers are also more stable
and suitable to lock at a precise frequency. In this project a Littrow designed
external cavity was used for this purpose.

In a Littrow con�guration the minus �rst order is coupled back to the
diode laser by a grating (�gure 4.3). The normal grating equation applies:

d sinα =
λ

2

In our case with d=1800 lines/mm3 and λ = 780 nm we have a grating angle
α of 44.6◦.

l / 2
O u t p u t  b e a m
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Figure 4.3: The principal design of an external cavity diode laser (ECDL).

The increased cavity length compared to the diode, combined with a good
mechanical stability of the mirror mount, reduces the linewidth considerably.

1Single mode diode laser, part nbr. DL-7140-201.
2We use a collimating lens from Thorlabs, part nbr. C230TM-B
3We use gold coated gratings from Richardson Grating Laboratory, part nbr.

33999FL02-330H.
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A linewidth of 370 kHz has been reported on the type of laser that has been
constructed [42]. This narrow linewidth implies high quality current and
temperature controllers.

No matter what type of laser, it always tends to lase where the losses
are as small as possible. When trying to control the frequency of a diode
laser by placing it in an external cavity with frequency selective feedback,
the lowest losses must be at the desired frequency.

If the front facet of the diode laser is antire�ection coated, a cavity is
created between the back facet of the diode laser and the grating, see �g-
ure 4.3. To get laser action the losses must be smaller than the gain. The
gain pro�le can be moved by changing the temperature of the diode to place
the center of the gain pro�le closer to the desired lasing wavelength. The
angle of the grating selects one of the cavity modes where the laser will lase.

The laser used in this design has a partly antire�ection coated front facet.
The cavity of the diode is still present and a compound cavity is formed. To
minimize the losses at the frequency of the external cavity mode selected by
the grating, two conditions have to be ful�lled. The gain curve has to be
moved to place its center close to the desired lasing wavelength. In addition
to that, one of the diode cavity modes has to be placed at the frequency of
the external cavity mode that is selected by the grating. If this is not done,
the losses might be smaller when the diode is lasing in the short cavity mode
that is in the center of the gain pro�le.

4.2.3 Design
The ECDL's are constructed on a modi�ed Newport mirror mount with �ne
adjustment screws. Figure 4.4 shows the modi�ed frontplate of the mirror
mount. The grating is mounted on a grating holder (see �gure 4.5), �xed
on the frontplate by screws. The �ne adjustment screws allow to change the
output frequency by changing the grating angle. To allow even �ner tuning,
a piezo disk and a piezo stack are added (see �gure 4.6).

The mirror mount is �xed on an aluminium base plate where a tem-
perature transducer4 is mounted. This is the temperature feedback to the
temperature controller. A Peltier element5 is mounted between the base
plate and a big aluminium block that acts as a heat sink.

4.2.4 Tuning
There are several ways to tune the wavelength of the lasers. The goal is to
have a strong �orescent signal in the Rb-cells, seen through an IR-viewer. If
the signal is weak (i.e barely visible), the laser probably lases in the wrong
cavity and this can be solved by a small change of the current to the laser.

4AD590.
5From Supercool, cooling power 20 W at 9.2 V and 3.9 A.
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Figure 4.5: Drawing of the grating holder.[1]

Figure 4.6: A cross section of the external cavity diode laser.
[42]
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A wavemeter is of great use here, at least the �rst times the tuning is
performed. The resolution does not have to be better than ±0.1 nm, do
not forget to check if it is the vacuum or air wavelength that is shown (the
author has bitter experience of this).

A summary of the tuning parameters can be found in table 4.1.

Grating angle 1.2 nm/rev
Piezo stack 1 GHz/5V
Piezo disk 0.1 GHz/5V
Temperature 0.25 nm/◦K
Current 1 GHz/1mA

Table 4.1: The tuning parameters of the laser.

Grating angle
The initial alignment of the grating should be such that the re�ected beams
goes right back in the diode. With an IR-card, one can observe one strong
and one weak dot, the later origins from the surface of the collimating lens.
These two dots should overlap.

A procedure for precise vertical alignment of the minus �rst order return
beam is described in [3]. Reduce the current through the diode to just above
threshold6 and adjust the angle of the grating around a horizontal axis until
there is a signi�cant rise in laser output power. After this, the threshold
current should be lower than before, since the laser now gets light coupled
back to the internal cavity.

The horizontal alignment should be such the angle equals the Littrow
angle of 44.6◦. If the grating is misaligned, the output wavelength is insen-
sitive to small changes around the vertical axis, or it will only move a small
amount and then jump backwards [3]. After this, the vertical alignment
should be checked once more.

Small changes to the grating angle around the vertical axis now changes
the frequency of the re�ected light. This is controlled partly by a �ne ad-
justment screw (25 µm/rev), partly by a piezo-electric stack. The latter can
perform a 1 GHz scan at ∆V = 5 V without mode jumps. This means that
very simple electronics can be used to perform a frequency scan.

Cavity length
Behind the grating there is a piezo disc to change the cavity length. At
∆V = 5 V, it changes the frequency with 0.1 GHz. It has not been used for

6In our case 30 mA.
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any practical purposes yet, since it would need a high-voltage ampli�er to
scan over the desired line.

Temperature
In free run at 25◦C, the diodes emit light at 783 nm. With changing temper-
ature the change in the gain pro�le is greater than the change in the cavity
modes of the laser. Since a laser always lases where the smallest losses are,
the wavelength changes about 0.06 nm/◦K. If one includes the mode jumps,
the average displacement is 0.25 nm/◦K [3]. This means that one has to
cool the lasers to about 15◦C, a temperature where condensation of water
becomes a problem. The dew point depends on the temperature and relative
humidity. The lab is temperature-controlled to 21◦C and some calculations
(see �gure 4.7) gives that the humidity has to be over 65 % to give a dewpoint
at 14◦C. This presents a problem during the summer when the air have to
be cooled. Condensation has been observed during September and October
and the lasers have to be covered to minimize the volume of air than can
condensate.

Temperature gradients when changing the temperature are also a big
problem. The system needs about one hour to become stable enough for
initial wavelength tuning.

The temperatures are controlled via two commercial temperature control
units from Melles Griot (06 DTC 101 TEC Controller). The long term
temperature drift is less than 0.001◦K per hour. The gain should be lowest
possible to avoid oscillations since the mass of the controlled system is large.

Drive current
The currents to the lasers are controlled by two commercial power supplies
from Melles Griot, the cooling laser is controlled by a series 200, and the
repumping laser is controlled by a 06DLD201. The laser diodes have an
operating current of maximum 140 mA and the drivers should be limited to
not give any higher current.

While tuning the lasers with the drive current, note that the lasers exhibit
hysteresis and that changing the current back to the old value does not mean
that the laser is at the old wavelength.

4.2.5 Stabilization
To be able to cool atoms and to perform experiments on them, the laser
has to be locked to a certain frequency. This is mostly to reduce the short
term variations, such as mechanical vibrations, electronical �uctuations and
even variations in atmospheric pressure caused by draft and talking. The
long term variations of about 20 MHz/h are not a big concern and can be
corrected by hand.
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Figure 4.7: The dew point as a function of temperature and relative humidity.
The calculations are performed by the author following [28].

In our setup, we use an advanced design with an integrated lock-in
ampli�er/PI-regulator, which is also used by Anders Kastberg's group in
Umeå. A photo can be found in �gure 4.8. Still there are some problems
with this system, the error signal does not appear, and the lasers have not
been locked yet.

Figure 4.8: The lock-in/PI-regulator used in our setup.

Frequency modulation
The frequency of the laser light is shifted by a sinusoidal signal to the piezo
stack, and a reference of this signal is sent to the lock-in circuits. The
amplitude should be so large that it shifts the light with around 30 MHz
with a frequency of at least 1 kHz.
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Lock-in ampli�cation
The modulated laser light seen by the photodiode is then mixed with the
internal reference signal. Here, of course, the phase has to be adjusted since
there will be a delay before the photodiode registers the change. The two
signals are multiplied, giving a two term product, consisting of the total
frequency and the di�erence in frequency, in this case as a DC-level. A low-
pass �lter takes away the total frequency term, leaving only the di�erence in
frequency. This signal is equivalent to the derivative of the signal. This will
turn a hyper�ne peak into a steep ramp, ideal to lock on.

Feedback
If the modulation is small enough, so that only a small, approximately lin-
ear, portion of the Lorentzian peak is scanned, the derivative produced in
the lock-in circuits will be a positive, negative or zero DC signal. After am-
pli�cation (called gain), the signal is sent to the piezo stack, changing the
output frequency until the error signal reaches zero.

Four di�erent signals can be sent from the lock-in/PI-regulator unit to
the piezo stack. Besides from the modulation and error signal described
above, a saw tooth and a DC-level can be applied as well. These are used to
"zoom" into the peak of interest.

Practical use of the system
This is the work�ow for our system to obtain a frequency locked laser:

1. Change "Amp" and "O�set" so that the laser sweeps over one or a few
peaks. Turn modulation on. Change "Phase" until the error signal
gets maximized.

2. Change "Lock o�set" until the point on the peak one wishes to lock
hits 0 V.

3. Change "Scan" from "Auto" to "Man". Change "Scan sign." until one
hits the correct point on the peak.

4. Turn "Lock" "on". There is 50% chance that the sign on the locking
is correct. If the signal travels the wrong way, change phase by 180◦.

4.3 Saturation spectroscopy
Saturation spectroscopy is a really exciting phenomena for undergraduate
exercises and can be used as a stand-alone experiment. Sub-doppler spec-
troscopy using two counter propagating beams with pump-probe geometry is
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an excellent introduction to non-linear spectroscopy. The basics of saturated
absorption spectroscopy are discussed in several textbooks [18, 44].

In our setup, we use the Doppler free hyper�ne peak to lock the lasers
to a precise frequency.

4.3.1 The basics
The principle of saturation spectroscopy is that the probe beam monitors
the change of absorption, which comes from the medium's interaction with
the pump beam. As described in section 2.2.1, for a two-level system, the
steady state population di�erence ∆N = (Ng−Ne) can be expressed as [19]

∆N(ωL, vz) = ∆N0(vz)(1− I/Is

1 + I/Is + (2δ/γ)2
)

In the limit where the incident light is very bright (Is ¿ I), the population
di�erence goes towards zero. The line shape becomes a power broadened
Lorenzian in which spectral hole-burning occurs. This yields a spectra like
the one i �gure 4.9(a).

4.3.2 Crossover resonances
As one can see in �gure 4.9, the spectra has twice as many peaks as expected.
Each of this six peaks occurs when the pump and the probe simultaneously
excites the same velocity class or classes. The three peaks explained by the
basic theory occur when the pump and the probe both excite atoms with
zero velocity. The other three peaks, the crossover resonances, occur when
the laser has a frequency exactly between two transitions.

When out of resonance, the pump and probe does not favor any velocity
class, but at the crossover frequencies the pump and probe both excite two
classes7. This results in that the probe sees a decrease in the number of atoms
in the ground state, giving rise to hole burned in the velocity distribution.

4.3.3 Saturation spectroscopy setup
A small portion of the light (4%) is split o� by a simple wedge, oriented in
such a way that the transmitted and one of the re�ected beams are parallel
to the optical table. An iris eliminates the second re�ected beam. The
smaller beam enters the saturation spectroscopy setup. It travels through a
87Rb-cell and is retro-re�ected back by two re�ective neutral density �lters.
This gives a probe beam power of 15% compared to the pump beam. The
light transmitted through the ND-�lters can be lead into a wavemeter.

7For a given frequency blue shifted atoms moving in one direction and red shifted
atoms moving in the other direction get excited to their respective exited state by the
same beam at the same time.



42 The optical setup

−0.015 −0.01 −0.005 0 0.005 0.01 0.015
−2

−1

0

1

Time(s)

In
te

ns
ity

(a
rb

. u
ni

ts
)

(a)

−5 0 5 10 15

x 10
−3

−0.2

0

0.2

0.4

0.6

Time(s)

In
te

ns
ity

(a
rb

. u
ni

ts
)

(b)

−5 0 5 10 15

x 10
−3

−0.2

0

0.2

0.4

0.6

Time(s)

In
te

ns
ity

(a
rb

. u
ni

ts
)

(c)

lock here

Figure 4.9: (a) A saturation spectra obtained from the experimental setup
for 87Rb (F = 2 → F ′) with increasing wavelength to the right. This is the
signal straight from the photo diode without lock-in ampli�cation. The peaks
from left to right: F= 2 →F'= 3, a crossover resonance (F= 2 →F= 2, 3), F=
2 →F'= 2, a cross over resonance(F= 2 →F'= 1, 3), a crossover resonance(F=
2 →F'= 1, 2) and F= 2 →F'= 1. (b) The same spectra normalized via a
high-pass �lter. (c) The spectra �ltered through a low-pass �lter
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The pump-probe beams should overlap as much as possible to give a good
signal. A piece of cardboard, black on one side and white on the other, with
a small hole, placed in front of the RB-cell makes it easier to align the weak
probe beam. The probe beam then hits a standard photodiode connected to
a simple commercial current-to-voltage ampli�er.

Since there is pure 87Rb in our cells, only two Doppler broadened struc-
tures emerge (if it was atomic rubidium, the isotope shift of 85Rb would give
rise to two more structures). These are separated by about 7 GHz due to the
ground state hyper�ne splitting. The structure with the highest wavelength
is used for cooling, and the one with lowest is used for repumping.

Within the sub-Doppler spectra it is easy to identify the correct hyper�ne
transition. It is always the peak which is a little bit on its own, clearly visible
to the very left in �gure 4.9. The laser should be locked on the right side
(towards the other transitions) to give the desired detuning.

4.4 Beam shaping, expansion and polarization
4.4.1 Cooling optics
The laser beam locked to the cooling transition has to be shaped, expanded
and given the necessary circular polarization. This is achieved with a quarter-
wavelength plate (λ/4-plate). The laser light is linearly polarized so a λ/4-
plate, with an optical axis oriented 45◦ respective to the polarization, will
create circularly polarized light.

To expand the beam to cover the pyramidal mirror area, a simple tele-
scope is used. Two lenses with focal lengths f=-70mm and f=500mm, with
a distance of 430mm, will expand the beam to the desired size. The result
will however be quite elliptical due to the geometry of the laser beam. An
iris in front of the telescope will make the beam more circular in geometry,
but throws a lot of light away. An anamor�c prims pair would shape the
beam without the big losses, but was too expensive for this setup.

4.4.2 Repumping optics
The repumping laser does not need any extra optics for shaping, expansion or
polarization, but the beam can be too strong, requiring some way to reduce
the laser power (e.g polarizer or ND-�lter).



Chapter 5

Conclusions

The aim of this thesis was quite clear: to build and test the MOT. The last
part has not yet been realized. The frequency locking is still not working
but all the parts are present and we are very close to obtaining a working
MOT.

Besides the frequency locking problem, there was a big delay in get-
ting the pyramidal mirror, only the third time did the company follow the
blueprints. The construction of the vacuum system also took a long time.
Eventually a leak detector spectrometer had to be used to �nd a leaking
important weld.

Working alone and without the support that a laser cooling group in
Lund would be able to give, has been very challenging.

The design has been changed a few times to keep the low cost constraint.
Erik Gustafsson used around 25 000 SEK, and I used around 35 000 SEK,
giving a total cost of 60 000 SEK. Compared to the amount of physics
available to teach in the laboratory this is a bargain. Hopefully this will
interest students in the rapidly expanding �eld of cold atoms, and atomic
physisc in general.c
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