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History

• 2014/03/05 First version of pdf document, fully syncronized with wiki.
(V. Gavryusev)

In autumn 2009 the magneto-optical trap of the F20 experiment was
completely revised, improved and adapted to high safety standards. This
included a complete renewal of the experimental setup which was done by
Marc Repp, Christoph Hofmann, Silvânia Alves de Carvalho, Kristina Meyer,
and Dominic Litsch.

A new and interactive lab manual in form of a wikipedia was established
by Christoph Hofmann and Marc Repp. Then it was updated by Vladislav
Gavryusev. This pdf version is the full mirror of the contents of the wiki.
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Introduction

Figure 1: Temperature scale. (Taken from [1])

The idea to use laser radiation to cool and trap atoms was �rst suggested
by Wineland and Dehmelt [2] and independently by Hänsch and Schawlow
[3]. Since photons carry momentum, the momentum exchange between the
laser radiation and the atoms in an absorption process can be used to apply
a force on the atoms. Since the absorption depends on the di�erence between
frequency of the laser radiation and the absorption frequency of the atoms,
the absorption process can be made velocity-selective due to the Doppler
e�ect, which shifts the atoms absorption frequency depending on its velocity.
It is this simple notion that forms the basis for the research that has been
carried out in the last 30 years in the �eld of laser cooling and trapping.
Especially the velocity dependence of the process, leading to the fact that
the forces are no longer conservative but can instead dissipate kinetic energy
of the atoms, allows the experimentalists to cool atoms down to extremely
low temperatures bridging more than more than nine orders of magnitude
on the temperature scale!
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4 Introduction

During the course of this week's experiment you will lower the tempera-
ture of hot Rubidium atoms of several 100K down to at least several 100µK,
thereby crossing as many as seven orders of magnitude. In the same time
you will learn how to realize one of the most important laser cooling ex-
periments carried out in modern Atomic Physics. As you might know, a
magneto-optical trap (MOT) is the �rst step towards the formation of ultra-
cold quantum gases. And it is a technique which is used on a daily basis also
here in Heidelberg, where a whole variety of alkali atoms are trapped in the
groups of Prof. Matthias Weidemuller (Lithium, Rubidium, Caesium), Prof.
Selim Jochim (Lithium) and Prof. Markus Oberthaler (Lithium, Sodium,
Rubidium, Argon).

Before you can get started, you have to acquaint yourself with the topics
listed below:

• Of course no lab course can be successfully carried out without Theory
(§ 1-2).

• But for an experimentalist, Theory is only part of the story. He wants
to verify or falsify the Theory by doing experiments. Therefore he needs
an Experimental setup (§ 3).

• Before you can enter the lab you need to familiarize yourself with several
Safety issues (§ 4.1), which we will also discuss during our colloquium
at the beginning of the lab course.

• After having read all the above pages and after having passed the small
colloquium, it is up to you: Hands on! To do so, please read the Work
instructions carefully (§ 4.2).

• Last, but not least you should analyze the acquired data and report
your results. These Data Analysis instructions will help you (§ 4.3).
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Chapter 1

Spectroscopy

Saturated absorption experiments were awarded the 1981 Nobel prize in
physics (Nicolaas Bloembergen and Arthur L. Schawlow) and related tech-
niques have been used in laser cooling and trapping experiments, leading to
the 1997 Nobel prize (Steven Chu, Claude Cohen-Tannoudji, and William
D. Phillips), and then the achievement of Bose-Einstein condensation was
recognized with the 2001 Nobel prize (Eric A. Cornell, Wolfgang Ketterle,
and Carl E. Wieman). Although the basic principles are straightforward,
you will only be able to unleash the full power of saturated absorption spec-
troscopy by carefully considering many details that will be discussed in this
�rst theory section.

1.1 Basic laser absorption spectroscopy

Figure 1.1: Schematic sketch of a spectroscopy path allowing for Doppler
spectroscopy: PBS = polarizing beam splitter, GT = Galilean Telescope, H
= half waveplate.

The basic arrangement for ordinary laser absorption (not saturated ab-
sorption spectroscopy) through a gaseous sample is shown in Fig. 1.1. A

5



6 Spectroscopy

laser beam passes through the vapor cell and its intensity is measured by a
photo diode detector as the laser frequency ν is scanned through the natural
resonance frequency. When a laser beam propagates through a gaseous sam-
ple, the two stimulated transition processes change the intensity of the laser
beam and a�ect the density of atoms (number per unit of volume) in the
ground and excited states. Additionally, Doppler shifts associated with the
random thermal motion of the absorbing atoms must be taken into account.
There is an interplay among these e�ects which is critical to understanding
saturated absorption spectroscopy. We begin with the basic equation de-
scribing how the laser intensity changes as it propagates through the sample
and then we'll continue with the e�ects of Doppler shifts and population
changes.

Because of stimulated emission and absorption, the laser intensity I(x)
varies as it propagates from x to x + dx in the medium. This gives rise to
the well known Lambert-Beer absorption law

dI

dx
= −κI (1.1)

with the absorption coe�cient (fractional absorption per unit length)

κ = hνn0α (P0 − P1) (1.2)

Here
α = α0L(ν, ν0) (1.3)

and

L(ν, ν0) =
1

1 + 4(ν − ν0)2/Γ2
(1.4)

give the Lorentzian (or natural resonance) frequency dependence.
The proportionality to P0−P1 arises from the competition between stim-

ulated emission and absorption and it is important to appreciate the con-
sequences. If there are equal numbers of atoms in the ground and excited
state (P0 − P1 = 0), laser photons are as likely to be emitted by an atom in
the excited state as they are to be absorbed by an atom in the ground state
and there will be no attenuation of the incident beam. The attenuation is
maximized when all atoms are in the ground state (P0 − P1 = 1) because
only absorption would be possible. And the attenuation can even reverse
sign (becoming an ampli�cation as it does in laser gain media) if there are
more atoms in the excited state (P1 > P0).

In the absence of a laser �eld, the ratio of the atomic populations in the
two energy states will thermally equilibrate at the Boltzmann factor P1/P0 =
exp{−∆E/kBT} = exp{−hν0/kBT} . At room temperature, kBT ≈ 1/40eV
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1.2 Doppler shifts 7

is much smaller than the energy di�erence between the levels involved in this
experiment hν0 ≈ 1.6eV and nearly all atoms will be in the ground state,
i.e., P0 − P1 = 1. While you will see shortly how the presence of a strong
laser �eld can signi�cantly perturb these thermal equilibrium probabilities,
for now we will only treat the case where the laser �eld is weak enough that
P0 − P1 = 1 remains a good approximation throughout the absorption cell.

1.2 Doppler shifts

Atoms in a vapor cell move randomly in all directions with each velocity
component having a distribution of values. Only the velocity component par-
allel to the laser beam direction will be important when taking into account
Doppler shifts and it is this component that we refer to with the symbol v.
The density of atoms dn in the velocity group between v and v+ dv is given
by the Boltzmann velocity distribution:

dn = n0

√
m

2πkBT
e−mv

2/2kBTdv (1.5)

With a standard deviation (proportional to the width of the distribution)
given by:

σv =

√
kBT

m
(1.6)

this is just a standard Gaussian distribution

dn = n0
1√

2πσv
e−v

2/2σ2
vdv (1.7)

with a mean of zero - indicating that the atoms are equally likely to be going
in either direction. Note that the distribution's variance σ2

v increases linearly
with temperature and decreases inversely with atomic mass.

Atoms moving with a velocity v see the laser beam Doppler shifted by
the amount ν(v/c). We will take an equivalent, alternate view that atoms
moving with a velocity v have a Doppler shifted resonance frequency

ν ′0 = ν0

(
1 +

v

c

)
(1.8)

in the lab frame. The sign has been chosen to be correct for a laser beam
propagating in the positive direction, so that the resonance frequency is blue
shifted to higher frequencies if the velocity is positive and red shifted if the
velocity is negative.

7



8 Spectroscopy

The absorption coe�cient dκ from a velocity group dn at a laser frequency
ν is then obtained from Eq. 1.2 by substituting dn for n0 and by adjusting the
Lorentzian dependence of α (Eq. 1.3) so that it is centered on the Doppler
shifted resonance frequency ν ′0 (keeping its dependence on v in mind through
Eq. 1.8):

dκ = hνα0 (P0 − P1)L(ν, ν ′0)dn (1.9)

Introducing the velocity dependence of dn (Eq. 1.5) and accounting for the
weak laser �eld case (P0 − P1 = 1) yields:

dκ = n0hνα0

√
m

2πkBT
L(ν, ν ′0)e−mv

2/2kBTdv (1.10)

The absorption coe�cient from all atoms is then found by integrating over
all velocity groups:

κ = κ0e
−(ν−ν0)2/2σ2

ν (1.11)

with the width parameter given by

σv = ν0

√
kBT

mc2
(1.12)

and

κ0 = n0hνα0

√
m

2πkBT

c

ν0

πΓ

2
(1.13)

The frequency dependence of the absorption coe�cient is shown in Fig. 1.2.

Figure 1.2: Doppler pro�le. The absorption coe�cient vs. the laser frequency
o�set from resonance has a Gaussian lineshape.
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1.3 Populations 9

1.3 Populations

Now we would like to take into account the changes to the ground and
excited state populations arising from a laser beam propagating through
the cell. The rate equations for the ground and excited state probabilities
become:

dP0

dt
= γP1 − αI (P0 − P1) (1.14)

dP1

dt
= −γP1 + αI (P0 − P1) (1.15)

where the �rst term on the right in each equation arises from spontaneous
emission with rate γ and the second term arises from stimulated absorption
and emission. The steady state of the above two level system then obeys:

P0 − P1 =
1

1 + 2αI/γ
(1.16)

which is now dependent of the laser power. This fact of course also in�uences
the absorptive behavior of the sample and results in an intensity dependent
absorption coe�cient:

κ = κ′0e
−(ν−ν0)2/2σ2

ν (1.17)

where the width parameter, σν) is the same as before (see Eq. 1.12), but
compared to the weak-�eld absorption coe�cient derived in Eq. 1.13, the
strong-�eld coe�cient decreases to

κ′0 =
κ0√

1 + 2I/Isat
(1.18)

Here Isat is called the saturation intensity

Isat =
γ

α
(1.19)

and is about 1.6mW/cm2 for our Rubidium transitions.

1.4 Saturated absorption and Doppler free spec-

troscopy

Up to now, we have considered only a single laser beam propagating
through the cell. Now we would like to understand what happens if a second
laser propagates through the cell in the opposite direction. This is the basic
arrangement for saturated absorption spectroscopy shown in Fig. 1.3. The

9



10 Spectroscopy

Figure 1.3: Schematic sketch of a spectroscopy path allowing for Doppler free
saturated absorption spectroscopy. PBS = polarizing beam splitter, GT =
Galilean Telescope, H = half waveplate, Q = quarter waveplate, M = mirror

laser beam traveling to the right is called the pump beam. The second, retro-
re�ected laser beam propagating in the opposite direction is called the probe
beam.

With only a single weak laser propagating through the sample, P0−P1 =
1 would be a good approximation throughout the cell. To do saturated
absorption spectroscopy the probe beam will still be kept weak enough to
neglect its e�ect on the populations. However, the pump beam will be made
strong - strong enough to signi�cantly a�ect the populations and thus change
the measured absorption of the probe beam. To understand how this comes
about, we will again have to consider Doppler shifts.

As mentioned, the stimulated emission and absorption rates are non-zero
only when the laser is near the resonance frequency. Thus, we will obtain
P0 − P1 from Eq. 1.16 by giving α a Lorentzian dependence on the Doppler
shifted resonance frequency:

α = α0L(ν, ν ′′0 ) (1.20)

with the important feature that for the pump beam, the resonance frequency
for atoms moving with a velocity v is

ν ′′0 = ν0

(
1− v

c

)
(1.21)

This frequency is Doppler shifted in the opposite direction to that of the
probe beam because the pump beam propagates through the vapor cell in
the negative direction. That means that the resonant frequency for an atom
moving with velocity v is ν0 (1 + v/c) for the probe beam and ν0 (1− v/c)
for the pump beam.

For large detunings δ � Γ, P0 − P1 = 1 implying that in this case the
atoms are in the ground state. On resonance, i.e., at δ = 0, P0 − P1 =
1/(1 + 2I/Isat), which approaches zero for large values of I. This means that

10



1.4 Saturated absorption and Doppler free spectroscopy 11

atoms in resonance with a strong pump beam will have equal populations
in the ground and excited states (P0 − P1 = 0). In other words, a strong
resonant laser �eld causes such rapid transitions in both directions that the
two populations equilibrate. Such laser beam is then said to "saturate" the
transition, which is the origin of the name of the technique.

According to Eq. 1.21, the resonance condition δ = 0 translates to v =
vpump where

vpump = c

(
1− ν

ν0

)
(1.22)

Consequently, for any frequency ν within the Doppler pro�le, only atoms
near this velocity will be at zero detuning and will have values of P0 − P1

perturbed from the "pump o�" value of unity.
The density of atoms in the ground state dn1 = P1dn, plotted as a func-

tion of the velocity, will follow the Maxwell-Boltzmann distribution except
very near v = vpump where it will drop o� signi�cantly as atoms are pro-
moted to the excited state. This is called "hole burning" as there is a hole
(a decrease) in the density of atoms in the ground state near v = vpump
(and a corresponding increase in the density of atoms in the excited state)
as demonstrated in Fig. 1.4.

Figure 1.4: Hole burning by the pump beam. The density of ground state
atoms is plotted vs. their velocity and becomes depleted near the velocity
that Doppler shifts the laser frequency into resonance with ν0.

How does hole burning a�ect the probe beam absorption? You learned

11



12 Spectroscopy

that the absorption at any frequency ν arises only from those atoms moving
with velocities near vprobe = c (ν/ν0 − 1). Also recall that the probe beam
absorption is proportional to P0 − P1, which we have just seen remains con-
stant (≈ 1) except for atoms having nearly the exact opposite velocities near
vpump = c (1− ν/ν0). Therefore, when the laser frequency is far from the
natural resonance (|ν − ν0| � Γ) , the probe absorption arises from atoms
moving with a particular velocity in one direction while the pump beam is
burning a hole for a completely di�erent set of atoms with the opposite ve-
locity. In this case, the presence of the pump beam will not a�ect the probe
beam absorption which would follow the standard Doppler-broadened pro�le.

Only when the laser frequency is very near the resonance frequency (ν =
ν0, vprobe = vpump = 0) the pump beam will burn a hole for atoms with
velocities near zero which would then be the same atoms involved in the
absorption of the probing beam at this frequency. The absorption coe�cient
would be obtained by taking P0−P1 as given by Eq. 1.16 (with Eqs. 1.20 and
1.21) to be a function of the laser frequency and the velocity, using it in Eq.
1.9 (with Eqs. 1.5 and 1.8), and then integrating over velocity. The result
is a Doppler-broadened pro�le with what's called a saturated absorption
dip (or Lamb dip) right at ν = ν0. Numerical integration was used to
create the pro�les shown in Fig. 1.5 for several values of I/Isat. As one can
see, increasing the intensity leads to the so called power broadening of the
Lamb dip.

Figure 1.5: Absorption coe�cient vs. the laser frequency o�set from reso-
nance for a two-level atom at values of I/Isat = 0.1; 1; 10; 100; 1000 (from
smallest dip to largest). It shows a Gaussian pro�le with the saturated ab-
sorption dip at ν = ν0.

12



1.5 Multilevel e�ects 13

1.5 Multilevel e�ects

Real atoms have multiple upper and lower energy levels which add com-
plexities to the simple two-level model presented so far. In the spectroscopy
cell, transitions between two lower levels and four upper levels can all be
reached with our laser and add features called crossover resonances and a
process called optical pumping. Crossover resonances are additional narrow
absorption dips arising because several upper or lower levels are close enough
in energy that their Doppler-broadened pro�les overlap. Optical pumping oc-
curs when the excited level can spontaneously decay to more than one lower
level. It can signi�cantly deplete certain ground state populations further
enhancing or weakening the saturated absorption dips.

Figure 1.6: Energy levels for two possible three level systems. The V-
con�guration with two upper levels and the Λ-system with two lower levels.

The basics of crossover resonances can be understood within the three-
level atom in either the Λ- or V-con�gurations shown in Fig. 1.6 where the
arrows represent allowed spontaneous and stimulated transitions. In this
experiment, crossover resonances arise from multiple upper levels and so we
will illustrate with the V-system. Having two excited energy levels 1 and
2, the resonance frequencies to the ground state 0 are ν1 and ν2, which are
assumed to be spaced less than a Doppler width.

Without the pump beam, each excited state would absorb with a Doppler-
broadened pro�le and the net absorption would be the sum of two Gaussian
pro�les, one centered at ν1 and one centered at ν2. If the separation |ν1 −
ν2| is small compared to the Doppler width, they would appear as a single
broadened absorption pro�le.

When the pump beam is turned on, two holes are burned in the ground
state velocity distribution at velocities that put the atoms in resonance with
ν1 and ν2. These two velocities would depend on the laser frequency ν. For
example, at ν = ν1, the probe absorption involving upper state 1 is from zero
velocity atoms while the probe absorption involving the higher-energy state
2 arises from some non-zero, negative velocity atoms. At this frequency, the

13



14 Spectroscopy

Figure 1.7: Absorption coe�cient vs. the laser frequency for a V-type three-
level atom. The three Bell shaped curves are with the pump o� and give the
Doppler-broadened absorption from the individual resonances at ν1 and ν2

and their sum. The pump on curve shows normal saturated absorption dips
at ν = ν1 and ν = ν2 and a crossover resonance midway between.

pump beam burns one hole in the ground state for zero velocity atoms due
to upper state 1 and another hole for some non-zero, positive-velocity atoms
due to upper state 2. As with the two-level system, the hole at v ≈ 0 leads to
a decreased absorption to upper state 1 and produces a saturated absorption
dip at ν = ν1. A similar argument predicts a saturated absorption dip at
ν = ν2. Thus at ν = ν1 and at ν = ν2 there will be saturated absorption dips
similar to those occurring in two-level atoms.

A third dip, the crossover resonance, arises at a frequency midway be-
tween at

ν12 = (ν1 + ν2) /2 (1.23)

All three dips are illustrated in Fig. 1.7 assuming I/Isat = 10 and assuming
that the excited levels have the same spontaneous transition rate γ and the
same stimulated rate constant α0.

At the crossover frequency, the pump and probe beams are resonant with
the same two opposite velocity groups:

v = ±c (ν2 − ν1) /2ν12. (1.24)

Atoms at one of these two velocities will be resonant with one excited state
and atoms at the opposite velocity will be resonant with the other excited
state. The pump beam burns a hole in the ground state populations at both
velocities and these holes a�ect the absorption of the probe beam, which is
simultaneously also arising from atoms with these two velocities.

14



1.6 Energy levels of Rubidium 15

1.6 Energy levels of Rubidium

The rubidium atom has atomic number 37. In its ground state con�gu-
ration it has one electron outside an inert gas (Argon) core and is described
with the notation [Ar]5s. The Rb ground state con�guration is said to have
�lled shells up to the 4p orbitals and a single valence electron in a 5s orbital.
The next higher energy con�guration has the 5s valence electron promoted to
a 5p orbital with no change to the description of the remaining 36 electrons.

1.6.1 Fine structure levels

Within a con�guration, there can be several �ne structure energy levels
di�ering in the energy associated with the coulomb and spin-orbit interac-
tions. The coulomb interaction is associated with the normal electrostatic
potential energy kq1q2 = r12 between each pair of electrons and between each
electron and the nucleus. The spin-orbit interaction is associated with the
orientation energy −~µ ~B of the magnetic dipole moment −~µ of each electron
in the internal magnetic �eld ~B of the atom. The form and strength of
these two interactions in rubidium are such that the energy levels are most
accurately described in the L-S or Russell-Saunders coupling scheme. L-S
coupling introduces new angular momentum quantum numbers L, S, and
J. L is the quantum number describing the magnitude of the total orbital
angular momentum ~L and similarly S is the quantum number describing
the magnitude of the total electronic spin angular momentum ~S. J is the
quantum number describing the magnitude of the total electronic angular
momentum ~J , which is the sum of the total orbital and total spin angular
momentum and in the L-S coupling regime can be expressed as:

~J = ~L+ ~S (1.25)

The values for L and S and J are speci�ed in a notation (2S+1)LJ invented by
early spectroscopists. The letters S, P , and D are used for L and correspond
to L = 0, 1, and 2, respectively. The value of (2S + 1) is called the multi-
plicity and is thus 1 for S = 0 and called a singlet, 2 for S = 1/2 (doublet),
3 for S = 1 (triplet), etc. The value of J is annotated as a subscript to the
value of L.

The sum of ~̀i or ~si over all electrons in any �lled orbital is always zero.
Thus for Rb con�gurations with only one valence electron, there is only one
allowed value for L and S: just the value of `i and si for that electron. In its
ground state (5s) con�guration, Rb is described by L = 0 and S = 1/2. The
only possible value for J is then 1/2 and the �ne structure state would be
labeled 2S1/2. Its next higher (5p) con�guration is described by L = 1 and

15



16 Spectroscopy

S = 1/2. In this con�guration there are two allowed values J = 1/2 and 3/2
and these two �ne structure states are labeled 2P1/2 and 2P3/2.

1.6.2 Hyper�ne structure levels

Within each �ne structure level there can be an even �ner set of hyper�ne
levels di�ering in the orientation energy associated with the nuclear magnetic
moment in the magnetic �eld of the atom. The nuclear magnetic moment is
much smaller than the electron magnetic moment and this is why the hyper-
�ne splittings are so small. The nuclear magnetic moment is proportional to
the spin angular momentum ~I of the nucleus, whose magnitude is described
by the quantum number I. Allowed values for I depend on nuclear structure
and vary with the isotope.

The hyper�ne energy levels depend on the the total angular momentum
~F of the atom: the sum of the total electron angular momentum ~J and the
nuclear spin angular momentum ~I:

~F = ~I + ~J (1.26)

The magnitude of ~F is characterized by the quantum number F with allowed
values from |J − I| to |J + I|. Each state with a di�erent value of F will
have a slightly di�erent energy due to the interaction of the nuclear magnetic
moment and the internal �eld of the atom. There is no special notation for
labeling hyper�ne states and F is usually written explicitly in energy level
diagrams.

There are two naturally occurring isotopes of Rb: 72% abundant 85Rb
with I = 5/2 and 28% abundant 87Rb with I = 3/2. For both isotopes, this
leads to two hyper�ne levels within the 2S1/2 and 2P1/2 �ne structure levels
(F = I−1/2 and F = I+1/2) and four hyper�ne levels within the 2P3/2 �ne
structure level (F = I − 3/2, F = I − 1/2, F = I + 1/2 and F = I + 3/2).

In Fig. 1.9 and 1.10 you can observe the theoretical D2 hyper�ne energy
level structure for both isotopes, while Fig. 1.8 shows an experimentally
measured hyper�ne structure spectrum.

1.6.3 Allowed transitions

The 2S1/2 to 2P1/2 transitions are all around 795 nm, while the 2S1/2 to
2P3/2 transitions are all around 780 nm. We will only discuss the 780 nm
transitions that can be reached with the laser used in this experiment. Dipole
transitions follow the selection rule ∆F = 0,±1. Thus, in each isotope,
the allowed transitions from the 2S1/2 to 2P3/2 fall into two groups of three.
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1.6 Energy levels of Rubidium 17

Because the hyper�ne splitting between the two 2S1/2 levels is large compared
to the hyper�ne splittings among the four 2P3/2 levels, the groups will be well
separated from each other. Within each group, the three probable transitions
can be labeled by the F ′ of the 2P3/2 state. These three transitions will be
more closely spaced in energy.

Figure 1.8: Measured spectra with cross over resonances of both rubidium
isotopes.

17
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Figure 1.9: Rubidium 87 D2 transition hyper�ne structure, with frequency
splittings between the hyper�ne energy levels.
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1.6 Energy levels of Rubidium 19

Figure 1.10: Rubidium 85 D2 transition hyper�ne structure, with frequency
splittings between the hyper�ne energy levels.
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1.7 Frequency modulation (FM) spectroscopy

Frequency modulation spectroscopy is a very sensitive spectroscopy method.
It produces a signal which is proportional to the derivative of the atomic reso-
nances. In the spectroscopy part of this student experiment, FM-spectroscopy
method will be used to measure the frequency of the Lamb-dips and the cross-
overs. For the MOT-part of the experiment, the FM-spectroscopy signal will
be also used to create the error-signal for the laser stabilization (§ 3.2).

Figure 1.11: Principle of FM-spectroscopy.

This method is schematically illustrated in Fig. 1.11. The current of the
laser is modulated by a small modulation at a �xed frequency ωM which is
produced by a VCO (voltage controlled oscillator).

The electrical �eld of the wave emitted from the diode laser is in this case

E(t) = E0 × ei[ω0t+Msin(ωM t)] + c.c. (1.27)

where ω0 is the optical frequency, E0 the amplitude of the light wave and M
is the modulation index. For small modulation indexes (M << 1) one can
make the following approximation:

E(t) = E0 × ei[ω0t]e[iMsin(ωM t)] + c.c.

≈ E0 × ei[ω0t][1 + iMsin(ωM t)] + c.c.

= E0 × ei[ω0t][1− M

2
e−i[ωM t] +

M

2
e+i[ωM t]] + c.c

= E0 × [ei[ω0t] − M

2
ei[(ω0−ωM )t] +

M

2
ei[(ω0+ωM )t]] + c.c

(1.28)
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1.7 Frequency modulation (FM) spectroscopy 21

Hence the emitted laser frequencies now consist of a strong carrier with a
frequency ω0 and two weak sidebands at frequencies ω0 ± ωM . If the modu-
lated beam is sent through the vapor cell, the atoms absorb a part of the beam
when the frequency is on resonance with one of the atomic transitions. The
carrier frequency and the sideband frequencies have di�erent transmission
strengths if they are close to an atomic transition or not. Due to dispersion
(the frequency-dependence of the index of refraction) the di�erent compo-
nents also have a "individual" phase-shift after the transmission through the
vapor cell.

The electric �eld of the transmitted wave has now the following form:

E(t)trans = E0 × [T0e
−iφ0ei[ω0t]−M

2
T−e

−iφ−ei[(ω0−ωM )t]

+
M

2
T+e

−iφ+ei[(ω0+ωM )t]] + c.c,

(1.29)

where Tj = e−ρj(j = 0,−,+) are the transmission coe�cients with the fre-
quency depending dampings ρj = ρj(ω) and φj = φj(ω) the frequency depen-
dent phase shifts of the di�erent frequency components (ω0,ω0−ωM ,ω0+ωM).

The intensity of the transmitted (averaged) signal is measured with a
fast photodiode and this device outputs a voltage UPD ∝< I(t) >= <
c

8π
|E(t)|2 >. Due to M � 1 terms with M2 can be neglected. All terms

with sin(2ω0t) or cos(2ω0t) also cancel because the photodiode is averaging
over fast oscillations which are usually out of its bandwidth. We can further
assume that |ρ0 − ρ±| � 1 and |φ0 − φ±| � 1.

With these approximations the intensity at the photodiode (with the
absorption di�erence ∆T = T+−T− and relative phase shift di�erence ∆Φ =
Φ+ − Φ−) can be written as

< I(t) >∝ 2T 2
0 −MT0T−(ei[φ−−φ0]ei[ωM )t] + e−i[φ−−φ0 ]e−i[ωM )t])

+MT0T+(ei[φ0−φ+]ei[ωM )t] + e−i[φ0−φ+]e−i[ωM )t])
(1.30)

A Taylor expansion of ei[φ0−φ±] leads to

< I(t) > ∝ T 2
0 −MT0∆Tcos(ωM t)−MT0sin(ωM t)[T−(φ0 − φ−) + T+(φ0 − φ+)]

≈ T 2
0 −MT0∆Tcos(ωM t)−MT0sin(ωM t)[T0(φ0 − φ−) + T0(φ0 − φ+)]

= T 2
0 −MT0∆Tcos(ωM t)−MT0sin(ωM t)∆φ

(1.31)
In order to �lter the sin(ωmt) and the cos(ωmt) dependence, the signal from
the photodiode is demodulated by a mixer. The mixer multiplies the signal
from the VCO with the ampli�ed signal from the photodiode. The signal
from the VCO is additional shifted by a phase φ to maximize the phase
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22 Spectroscopy

matching between the two signals. The signal after the mixer is then given
(T 2

0 leads only to a constant o�set) by:

Umixer(t) ∝ UPD(t) · UVCO(t)

∝ [MT0∆T−cos(ωM t)−MT0sin(ωM t)∆φ]cos(ωM t+ ϕ)

= M{∆T

2
[cos(ϕ) + cos(2ωM t+ ϕ)]− ∆φ

2
[sin(ϕ) + sin(2ωM t+ ϕ)]}

(1.32)
The fast oscillating 2ωt parts can be suppressed by a low-pass �lter and one
gets the �nal signal (see also Fig. 1.12):

UFM ∝
∆T

2
cosϕ− ∆Φ

2
sinϕ (1.33)

The �nal signal doesn't depend on the time and by changing the phase shift
it is possible to switch between the cos - and the sin- term.

By applying a Taylor expansion on ∆T one can show that the cos-term
is proportional to the derivative of the atomic resonance (Fig. 1.13):

∆T = T+ − T−
= T (ω0 + ωM)− T (ω0 − ωM)

≈ T (ω0) +
dT

dω
|ω0ωM +

1

2

d2T

dω2
|ω0ω

2
M − T (ω0) +

dT

dω
|ω0ωM −

1

2

d2T

dω2
|ω0ω

2
M

=
dT

dω
|ω02ωM

(1.34)
The positions of atomic resonances can be easily identi�ed by the points
where the FM-signal is crossing zero.

At the student's lab the mixing frequency and the demodulation of the
signal is done in the FM modulation boxes, built from the electronics work-
shop of the Physical Institute. The mixing frequency is about 21MHz and the
modulation index and the phase shift are �xed and should not be changed!
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1.7 Frequency modulation (FM) spectroscopy 23

Figure 1.12: Signal behavior of a modulated laser beam at a resonance on a
photodiode.

Figure 1.13: At a certain phase shift, the FM signal is proportional to the
derivative of an atomic resonance.
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Chapter 2

Magneto-Optical Trap

The combination of laser cooling and atom trapping has produced as-
tounding new tools for atomic physicists. These experiments require the
exchange of momentum between atoms and an optical �eld, usually at fre-
quencies nearly resonant to an atomic transition. The energy of the light
~ω changes the internal energy of the atom, and the angular momentum ~k
changes the orbital angular momentum l, of the atom, as described by the
well-known selection rule ∆l = ±1. In contrast, the linear momentum of
the light p = ~k cannot change the internal atomic degrees of freedom and
therefore must change the momentum of the atoms in the laboratory frame.
The force resulting from this momentum exchange between the light �eld
and the atoms can be used in many ways to control atomic motion and is
the subject of this theory section.

If the light is absorbed, the atom makes a transition to an excited state,
and the return to the ground state can be either by spontaneous or by stim-
ulated emission. The nature of the optical force that arises from these two
processes is quite di�erent and will be described separately.

2.1 Radiative Optical Forces

In the simplest case the momentum exchange between a monochromatic
light �eld and the atoms results in a force

−→
F =

d−→p
dt

= ~
−→
k γp (2.1)

where γp is the excitation rate of the atoms. The absorption leaves the atoms
in their excited state and then, if the light intensity is low enough, they are
much more likely to return to the ground state by spontaneous emission
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26 Magneto-Optical Trap

Figure 2.1: Scattering rate γp as a function of the detuning δ for several
values of the saturation parameter s0. Note that for s0 > 1 the line pro�les
start to broaden substantially due to power broadening.(Taken from [1])

than by stimulated emission. In this case the resulting emitted light carries

o� a momentum ~
−→
k in a random direction. In �rst approximation, the

momentum exchange from the spontaneous emission averages to zero, so
that the net total force is given by the above equation.

The scattering rate γp depends on the laser detuning from the atomic
resonance δ = ωl − ωa , where ωl is the laser frequency and ωa is the atomic
resonance frequency (2.1)). This detuning is measured in the atomic reference
frame, and to calculate the absorption and scattering rate it is necessary to
consider the Doppler-shifted laser frequency in the moving atom's reference
frame.

The excitation rate γp for a two-level atom is given by a Lorentzian

γP =
s0γ/2

1 + s0 + [2(δ + ωD)/γ]2
(2.2)

where γ = 1/τ is an angular frequency corresponding to the decay rate of
the excited state. Here s0 = I/IS is the ratio of the light intensity I to the
so-called saturation intensity

Is =
πhc

3λ3τ
(2.3)

where γP (Is) = 1
2
γP (∞). Is is a few mW/cm2 for typical atomic transitions.

The Doppler shift seen by the moving atoms is

ωD = −
−→
k −→v (2.4)

(note that
−→
k opposite to −→v produces a positive Doppler shift). The force is

thus velocity dependent and this fact is exploited in laser cooling.
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2.2 Optical molasses 27

The maximum attainable deceleration is obtained for very high light in-
tensities. High-intensity light can produce faster absorption, but it also
causes equally fast stimulated emission; the combination produces neither
deceleration nor cooling. The momentum transfer to the atom in stimulated
emission is in the opposite direction to what it was in absorption, resulting
in a net transfer of zero momentum. Since high intensity causes the atom to
divide its time equally between ground and excited states, the force is limited
to −→

F = ~
−→
k γp (2.5)

so the deceleration saturates at a value

amax =
~
−→
k γ

2M
(2.6)

2.2 Optical molasses

Figure 2.2: Standard con�guration for laser cooling in an optical molasses.
By detuning the laser frequency ω below the resonance frequency ω0 the
frequency of the laser opposing the atomic motion is shifted toward reso-
nance, whereas the frequency of the other laser beam is shifted out of reso-
nance.(Taken from [1])

Using Eq. 2.2 it is straightforward to calculate the radiative force on
atoms moving in a standing wave produced by two counter-propagating laser
beams. In the low-intensity case, where stimulated emission is not important,
the forces from the two light beams are simply added to give

−→
F OM =

−→
F + +

−→
F − (2.7)

where
−→
F ± are found from Eqs. 2.1 and 2.2. Then the sum of the two forces

is
−→
F OM

∼=
8~k2δs0

γ[1 + s0 + (2δ/γ)2]2
−→v ≡ −β−→v ∝ −−→v (2.8)
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28 Magneto-Optical Trap

where terms of order (kv/γ)4 and higher have been neglected. For small
enough velocities, the slowing force is proportional to the velocity. This
results in viscous damping [5] and gives this technique the name Optical
Molasses (OM) [6]. The resulting forces are plotted in Fig. 2.3. For δ < 0,
the sum of the forces opposes the velocity and therefore viscously damps the

atomic motion. The force
−→
F OM has maxima near

v ≈ ±γ
√
s0 + 1

2k
(2.9)

and decreases rapidly for larger velocities.

Figure 2.3: Velocity dependence of the optical damping forces for 1D optical
molasses. The two dotted traces show the force from each beam, and the
solid curve is their sum. The straight line shows how this force mimics a
pure damping force over a restricted velocity range. These are calculated for
s0 = 2 and δ = −γ , so there is some power broadening evident. (Taken from
[4])

2.2.1 Temperature in laser cooling

If there was no other in�uence on the atomic motion, all atoms would
quickly decelerate to v = 0, and the sample would reach T = 0, a clearly non-
physical result. In fact there are two limits to the obtainable temperature:
the �rst one is related to the absorption or emission of a single photon and
it is called recoil limit while the second one is related to a statistical e�ect
from spontaneous emission, which gives rise to a heating process and leads
to the doppler temperature limit. Let's see them more in detail.

In the elementary absorption or emission process of a single photon, the
atoms obtain a minimum recoil velocity vr = ~k

M
and the corresponding energy
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2.2 Optical molasses 29

change can be related to a temperature, the recoil temperature, de�ned as

kBTr ≡
~2k2

M
(2.10)

This limit is generally regarded as the lower limit for optical cooling processes
(although there are a few clever schemes that can cool below it) and for most
atomic species is on the order of few hundreds of µK.

The other limiting temperature, called doppler temperature, is usually
higher than the recoil one and it is due to the fact that as the atoms absorb
photons and spontaneously emit them in random directions they will not only
have momentum no smaller than that of a laser photon, but they must also
scatter one photon momentum in a random direction every natural lifetime of
the excited state. If this lifetime is short then the random walk in momentum
space (also called brownian motion) occurs at a rate too fast to remain near
the origin, leading to an e�ective heating due to spontaneous emission. You
can �nd an appropriate theoretical treatment of this process in [4], while here
we will give a more euristic explanation.

At each emission or absorption, the atom momentum is changed by a
discrete size steps ~k, leading to an average kinetic energy change by at least
the recoil energy

Er =
~2k2

2M
= ~ωr (2.11)

This means that the average frequency of each absorption is ωabs = ωa + ωr
, and the average frequency of each emission is ωemit = ωa − ωr . Thus the
light �eld loses an average energy of

~ (ωabs − ωemit) = 2~ωr (2.12)

for each scattering. This loss occurs at a rate 2γp (two beams), and the
energy is converted to atomic kinetic energy because the atoms recoil from
each event. Since these recoils are in random directions the atomic sample
is thereby heated.

The competition between this heating with the damping force of Eq. 2.8
results in a non-zero kinetic energy and gives rise to a steady state, where the

rates of heating and cooling are equal. Equating the cooling rate,
−→
F OM · −→v ,

to the heating rate, 4~ωrγp , delivers the steady-state kinetic energy is

Ekin =
~γ
8

(
2|δ|
γ

+
γ

2|δ|

)
(2.13)

This result is dependent on the laser detuning |δ|, and it has a minimum at
2|δ|/γ = 1, i.e. δ = −γ/2. The temperature found from the kinetic energy
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30 Magneto-Optical Trap

is then

TD =
~γ
2kB

(2.14)

where kB is Boltzmann's constant and TD is called the Doppler temper-
ature or the Doppler cooling limit. For ordinary atomic transitions, TD is
typically below 1 mK. This remarkable result predicts that the �nal temper-
ature of atoms in optical molasses is independent of the optical wavelength,
atomic mass, and laser intensity (as long as it is not too large).

2.3 Magneto-Optical Trap

The most widely used trap for neutral atoms is a hybrid trap called
magneto-optical trap (MOT) because it employs both optical and mag-
netic �elds. It was �rst demonstrated in 1987 [7] and its operation depends
on both inhomogeneous magnetic �elds and radiative selection rules to ex-
ploit both optical pumping and the strong radiative force. The radiative
interaction provides the cooling that helps in loading the trap, while the in-
homogeneous magnetic �eld exerts a recalling force towards the center of the
�eld, allowing a stable trapping.

The MOT is a robust trap, which does not critically depend on precise
balancing of the counter-propagating laser beams or on a very high degree
of polarization. The magnetic �eld gradients are of the order of 10G/cm =
10−3T/cm and can readily be achieved with simple coils. The trap can be
operated inside a vacuum chamber in which alkali atoms, in our case 85Rb
atoms are captured from a background vapor ejected by so called dispensers.
Furthermore, low-cost - in our case homebuilt - diode lasers are used to
produce the light appropriate for all the alkali (except Na), so the MOT has
become an inexpensive ways to produce atomic samples with temperatures
below 1 mK.

Trapping in a MOT works by optical pumping of slowly moving atoms in
a linearly inhomogeneous magnetic �eld B = B(z) = Az. This quadrupole
�eld is created by a pair coils powered by counter circulating currents, so
called Anti-Helmholtz coils. Atomic transitions with the simple scheme of
Jg = 0 → Je = 1 have three Zeeman components in a magnetic �eld, each
excited by a di�erent polarization π, σ±, whose frequencies tune with �eld
(and therefore with position) as shown in Fig. 2.4 for 1D.

Two counter propagating laser beams of opposite circular polarization,
each detuned below the zero �eld atomic resonance by δ, are incident as
shown in Fig. 2.4. Because of the Zeeman shift, the excited state Me = +1
is shifted up for B > 0, whereas the state with Me = −1 is shifted down.
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2.3 Magneto-Optical Trap 31

Figure 2.4: Arrangement for a MOT in 1D. The horizontal dashed line rep-
resents the laser frequency seen by atoms at rest in the center of the trap.
Because of the Zeeman shifts of the atomic transition frequencies in the in-
homogeneous magnetic �eld, atoms at z = z0 are closer to resonance with
the σ− laser beam than with the σ+ beam, and are therefore driven toward
the center of the trap. (Taken from [4])

At position z the magnetic �eld therefore tunes the ∆M = −1 transition
closer to resonance and the ∆M = +1 transition further outfrom resonance.
If the polarization of the laser beam incident from the right is chosen to be
σ− and correspondingly σ+ for the other beam, more photons are scattered
from the σ− beam than from the σ+ beam. Thus the atoms are driven
toward the center of the trap where the magnetic �eld is zero. On the other
side of the center of the trap, the roles of the Me = ±1 states are reversed
and now more light is scattered from the σ+ beam, again driving the atoms
towards the center. The situation is analogous to the velocity damping in
an optical molasses from the Doppler e�ect as discussed above, but here the
e�ect operates in position space, whereas for molasses it operates in velocity
space. Since the laser light is detuned below the atomic resonance in both
cases, compression and cooling of the atoms is obtained simultaneously in a
MOT.

So far the discussion has been limited to the motion of atoms in 1D.
However, the MOT scheme can easily be extended to 3D by using six instead
of two laser beams (Fig. 2.5). Furthermore, even though very few atomic
species have transitions as simple as Jg = 0→ Je = 1, the scheme works for
any Jg → Je = Jg + 1 transition. Atoms that scatter mainly from the σ+

laser beam will be optically pumped toward the Mg = +Jg substate, which
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32 Magneto-Optical Trap

Figure 2.5: Three pairs of counter propagating laser beams as well as a pair of
Anti-Helmholtz coils provide the necessary ingredients for a Magneto-Optical
Trap.

forms a closed system with the Me = +Je substate.
For a description of the motion of the atoms in a MOT, consider the

radiative force in the low-intensity limit (see Eqs. 2.1 and 2.2). The total
force on the atoms is given by

−→
F OM =

−→
F + +

−→
F − (2.15)

where
−→
F ± are found from Eqs. 2.1 and 2.2, and the detuning δ± from the

atomic resonance

δ± = δ ∓
−→
k · −→v ± µ′B

~
(2.16)

Here µ′ ≡ (geMe − ggMg)µB is the e�ective magnetic moment for the tran-

sition used. Note that the Doppler shift ωD = −
−→
k · −→v and the Zeeman shift

ωZ = µ′B/~ both have opposite signs for opposite beams.
When both the Doppler and Zeeman shifts are small compared with the

detuning δ, the denominator of the force can be expanded as for relation 2.8
and the result becomes −→

F = −β−→v + κ−→r (2.17)

where the damping coe�cient β is de�ned in relation (3). The spring constant

κ arises from the similar dependence of
−→
F on the Doppler and Zeeman shifts

and is given by

κ =
µ′β

~k
A (2.18)

where A is the magnetic �eld gradient. The force of Eq. 2.17 leads to
damped harmonic motion of the atoms, where the damping rate is given
by ΓMOT = β/M and the oscillation frequency by ωMOT =

√
κ/M . For

magnetic �eld gradients A ≈ 10G/cm, the oscillation frequency is typically
a few kilohertz, and this is much smaller than the damping rate that is
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2.4 Comparison of relevant temperature scales in laser cooling 33

typically a few hundred kilohertz. Thus the motion is over-damped, with a
characteristic restoring time to the center of the trap of 2ΓMOT/ω

2
MOT , which

is of the order of several milliseconds for typical values of the detuning and
intensity of the lasers.

So far, we have considered a two level system, but real atoms have a
much more complicated level structure. Which transition to choose for the
MOT laser cooling? A �rst guess would be to select the transition that has
the highest excitation rate, leading to the maximum absorption and cooling,
but, for any multilevel system, a very important requirement for an e�cient
MOT is to operate between atomic transitions which form a closed system
to avoid losses from the cooling cycle. If the chosen excited level has more
than one decay channel, then the most frequent ones have to be addressed
by additional laser beams to repump the atoms into the levels used for the
cooling transition, thus forming a maximally closed loop of transitions.

2.4 Comparison of relevant temperature scales

in laser cooling

It is convenient to use the label of temperature to describe an atomic
sample whose average kinetic energy 〈Ek〉 in one dimension has been reduced
by the laser light, and this is written simply as

〈Ek〉 =
1

2
kBT (2.19)

where kB is Boltzmann's constant.
The �rst characteristic temperature corresponds to the energy associated

with atoms whose speed and concomitant Doppler shift puts them just at
the boundary of absorption of light. This de�nes the highest velocity class of
atoms that can be e�ciently cooled and trapped by a MOT, while the atoms
that have higher initial velocities can escape from the trap. So the capture
velocity is de�ned as vc ≡ γ

k
≈ 1m/s, and the corresponding temperature is

kBTC ≡
Mγ2

k2
(2.20)

and is typically several mK (for 85Rb, TC = 222.12mK).
The next characteristic temperature is the Doppler temperature and

it is related to the energy associated with the natural width of atomic tran-
sitions. It is given by

kBTD ≡
~γ
2

(2.21)
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34 Magneto-Optical Trap

Because it corresponds to the limit of certain laser cooling processes, it is
often called the Doppler limit, and is typically several hundred µK (for
85Rb, TD = 143.41µK). Associated with this temperature is the one-dimensional

velocity vD =
√

kBTD
M

(for 85Rb, vD = 11.85cm/s).

The last of these three characteristic temperatures is the recoil temper-
ature corresponds to the energy associated with a single photon recoil that
we de�ned as

kBTr ≡
~2k2

M
(2.22)

and is generally regarded as the lower limit for optical cooling processes
(although there are a few clever schemes that can cool below it). It is typ-
ically a few µK, and corresponds to speeds of vr ≈ 1cm/s (for 85Rb, vr =
0.602cm/s, Tr = 0.370µK.

These three temperatures are related to one another through a single
parameter ε that is ubiquitous in describing laser cooling. It corresponds to
the ratio of the recoil frequency ωr ≈ ~k2

2M
to the natural width γ, and as such

embodies most of the important information that characterize laser cooling
on a particular atomic transition. Typically ε ≈ 10−3− 10−2, and is given by

ε ≡ ωr/γ =
~k2

2Mγ
(2.23)

From this is clear that Tr = 4εTD = 4ε2TC

2.5 Trap loading and loss processes

The time dependence of the atom number in the trap is given by an
interplay of trap loading and di�erent loss processes. As we will see at the
end of this subsection, the time dependency of the atomic density can be
described by a rate equation. First we will discuss the di�erent terms:

2.5.1 Loading Rate

The atoms which we trap in our MOT are emitted from a so called dis-
penser, which is located in the vacuum system (§ 3.4). The dispenser pro-
duces a vapor with a certain partial pressure of Rb that is related to the
current that runs through the dispenser, heating it. Atoms from the back-
ground vapor can be captured in the MOT when they loose their kinetic
energy by scattering photons from the laser beams until they have nearly
zero energy. Depending on the scattering rate and the beam diameters one
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2.6 Rate-Equation 35

can de�ne a capture velocity (the largest energy which is trappable), which
is typically in the order of 10 m/s. This means that only a small fraction of
the atoms from the vapor can be trapped in a MOT.

The change in the atom number can then be written as:

dN

dt
= L(IDispenser;γp) > 0 (2.24)

where L is the loading rate, which itself is a function of the dispenser current
IDispenser and the scattering rate (§ 2.1) of the atoms γp. If there were no loss
mechanisms in the sample, the atom number in the MOT would diverge to
in�nity!

2.5.2 One-body Losses

The trapped atoms in the MOT are lost via collisions. The most dominant
loss mechanism for a MOT are collisions between a "hot" atom from the
background gas and an atom from the MOT. The gain in kinetic energy is
normally much larger as the capture velocity of the MOT and the particle
leaves the trapping region. The rate for this process depends on the atom
number in the trap and can be written as

dN

dt
= −αN (2.25)

where α corresponds to the one-body loss coe�cient.

2.6 Rate-Equation

The time-dependent change in the atom number can be written by com-
bining the two di�erential equations for the loading and one-body loss pro-
cesses:

dN

dt
= L− αN (2.26)

During the preparation of the lab week, you have to solve this di�erential
equation. What is the solution at the beginning of the loading process and
what will be the steady state? What is the typical time scale ("loading time")
for the loading process of a MOT?

For higher densities one also has to consider density dependent two-body
collisions, i.e. �ne structure changing collisions, where the �ne structure of
the atomic pair has changed after the collision and the loss in internal energy

35



36 Magneto-Optical Trap

leads to an increase of the kinetic energy larger than the capture velocity.
This leads to a more complicated di�erential equation for the atom number:

dN

dt
= L− αN − βN2 (2.27)

with β being the two-body decay coe�cient.

2.7 Temperature measurement via release and

recapture

Figure 2.6: Velocity distribution for di�erent temperatures in a MOT.

The temperature of a MOT can be measured by the "release and recap-
ture" method, assuming that the velocity distribution of the atoms corre-
sponds to a Maxwell -Boltzmann distribution. The size of the MOT is much
smaller than the trapping volume, which is connected to the diameters of
the laser beams. When the cooling beams of the MOT are switched o� after
loading, the atoms don't feel any trapping potential and they start to �y in
the direction that is given by their velocity at the time when the MOT is
switched o�. Due to the low density of the MOT (≈ 109cm−3), the mean
free path is large and collisions between the atoms can be neglected. After a
certain time (typically several ms) the cooling beams are again switched on
and the particles with low velocities are still within the crossing of the laser
beams and thus are recaptured. Particles with higher velocities have already
left the crossing of the beams and so they are not recaptured. When the
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delay between switch-o� and switch-on the MOT is increased, the amount of
atoms recaptured in the MOT becomes smaller and smaller. At a �xed delay
time, the amount of recaptured atoms is larger the lower the temperature of
the sample is.

The amount of recaptured atoms at a certain time can be modeled in the
following way. The velocity distribution of the atoms is given by a Maxwell-
Boltzmann distribution f(v) with

f(v) =
4√
π

v2

α3
e[−v2/α2] (2.28)

with α =
√

2kBT/M . At t = 0, all atoms are assumed to be at the center
of the trap i.e. r = 0. After an expansion time t, the velocity distribution is
represented by a spatial distribution via v = r/t.

The spatial distribution at a time t is thus given by

f(r, t) =
4√
π

r2

t2α3
e[−r2/(α2t2)] (2.29)

The amount of atoms which are within a sphere with a radius R can be
calculated by integrating over this sphere:

N(t)

N(0)
=

∫
r≤R

d3rf(r, t) (2.30)

The analytical solution of this integral is:

N(t)

N(0)
= erf(χ)− 2√

π
χe−χ

2

(2.31)

where χ =
√

M
kBT

R
t
. The release and recapture measurement in the FP-lab

can be done by switching o� the MOT beams via a TTL signal that controls
the power output of the AOM driver used to adjust the detuning of the
cooling laser. The time delay can be changed by a delay box. The gradient
�elds for the MOT coils also have to be switched o� during the measurement.

2.8 Links

An introduction into the �eld of laser-cooling with nice applets can be
found at

• Homepage of Prof. Meschede at the University of Bonn

• University of Bouler / Colorado
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Chapter 3

Experimental Setup

3.1 Laser Diodes

Figure 3.1: Physical origin of gain in a semiconductor.

Laser diodes (or diode lasers, unfortunately these names are synonyms)
are electrically pumped semiconductor lasers in which the gain is generated
by an electrical current �owing through a p�n junction. In such a heterostruc-
ture, electrons and holes can recombine, releasing the energy portions as pho-
tons. Semiconductor lasers are lasers based on semiconductor gain media,
where optical gain is usually achieved by stimulated emission at an inter-
band transition under conditions of a high carrier density in the conduction
band. The physical origin of gain in a semiconductor is illustrated in Fig.
3.1. Without pumping, most of the electrons are in the valence band. A
pump beam (or in our case an electrical pumping mechanism) with a photon
energy slightly above the band gap energy can excite electrons into a higher
state in the conduction band, from where they quickly decay to states near
the bottom of the conduction band. At the same time, the holes generated
in the valence band move to the top of the valence band. Electrons in the
conduction band can then recombine with these holes, emitting photons with
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an energy near the band gap energy. This process can also be stimulated by
incoming photons with suitable energy. Most semiconductor lasers are laser
diodes, which are pumped with an electrical current in a region where an
n-doped and a p-doped semiconductor material meet.

Figure 3.2: Schematic diagram of how a semiconductor laser emits a quasi-
elliptical output beam because of the asymmetrical beam con�nement in 2
orthogonal directions inside the laser diode.

While the most common semiconductor lasers are operating in the near-
infrared spectral region, some others generate red light (e.g. in GaInP-based
laser pointers) or blue or violet light (with gallium nitrides). For mid-infrared
emission, there are e.g. lead selenide (PbSe) lasers (lead salt lasers) and
quantum cascade lasers.

3.1.1 External cavity diode lasers (ECDLs)

Figure 3.3: Simple setup of a diode laser with external cavity. The semi-
conductor chip is anti-re�ection coated on one side, and the laser resonator
extends to the output coupler mirror on the right-hand side.

An external-cavity diode laser is a semiconductor laser based on a laser
diode chip which typically has one end anti-re�ection coated, and the laser
resonator is completed with, e.g., a collimating lens and an external mirror
as shown in Fig. 3.3. The external laser resonator introduces various new
features and options:
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• The longer resonator increases the damping time of the intra-cavity
light and thus allows for lower phase noise and a smaller emission
linewidth.

• An intra-cavity �lter such as the di�raction grating can further reduce
the linewidth. Typical linewidths of external-cavity diode lasers are
below 1MHz.

• Wavelength tuning is possible by including some adjustable optical �l-
ter as tuning element. Most often, a di�raction grating is used for this
purpose.

Figure 3.4: Tunable external-cavity diode lasers in Littrow and
Littman�Metcalf con�guration.

Tunable external-cavity diode lasers usually use a di�raction grating as
the wavelength-selective element in the external resonator and because of that
they are also called grating-stabilized diode lasers. The common Littrow
con�guration (see Fig. 3.4) contains a collimating lens and a di�raction
grating as the end mirror. The �rst-order di�racted beam provides optical
feedback to the laser diode chip, which has an anti-re�ection coating on
the right-hand side. The emission wavelength can be tuned by rotating the
di�raction grating. A disadvantage is that this also changes the direction
of the output beam, which is inconvenient for many applications. In the
Littman�Metcalf con�guration (see Fig. 3.4), the grating orientation is �xed,
and an additional mirror is used to re�ect the �rst-order beam back to the
laser diode. The wavelength can be tuned by rotating that mirror. This
con�guration o�ers a �xed direction of the output beam, and also tends to
exhibit a smaller linewidth, as the wavelength selectivity is stronger. (The
wavelength-dependent di�raction occurs twice instead of once per resonator
round trip.) A disadvantage is that the zero-order re�ection of the beam
re�ected by the tuning mirror is lost, so that the output power is lower than
that for a Littrow laser.
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Figure 3.5: Cross-section through the Diode laser head. The Littrow grating
is held in separate block opposite to diode output. Frequency control is done
by a piezo induced rotation of the grating. The 0th order output beam is
de�ected to avoid beam walk under frequency tuning. Temperature control
ensures stable operating conditions.

3.1.2 Diode lasers used in the student lab

You will use two home built diode lasers during the course of this ex-
periment. One diode laser provides the laser light to address the cooling
transition |F = 3,mF = 3〉 → |F ′ = 4,mF = 4〉 of 85Rb, with an AOM
added slight detuning from resonance to ful�ll the red detuning condition (§
2.3) required for the correct functioning of the MOT. Since the atoms can
be o�-resonantly excited by this laser to the other allowed transitions (§ 1.6)
from |F = 3,mF = 3〉, part of the atoms are lost from the cooling cycle at
each absorption, thus leading to a progressive e�ective atom loss. To pre-
vent this the cooling scheme has to be a closed cycle and this is achieved
for alcali atoms by adding just another laser that addresses the lost atoms,
bringing them back into the cooling cycle. Thus the second laser is tuned to
the repumping transition |F = 2,mF = 2〉 → |F ′ = 3,mF = 3〉 of 85Rb.
The laser diode of each laser is mounted into a solid aluminium holder which
carries the laser diode and a collimation lens (see Fig. 3.5). To ful�ll the
Littrow criterion [8] the diode is mounted opposite a holographic grating
and a de�ection mirror. Both of them are glued into a separate aluminium
block, which is attached to the main holder via springs and three precision
screws (see Fig. 3.6). For shielding against convection and atmospheric pres-
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sure �uctuations the laser is mounted in a sealed aluminium box which is
bolted to the optics table.

Figure 3.6: Schematic of front and rear view of our homebuilt ECDL setup.

The laser light is generated by sending a current through the active re-
gion of the diode between the n- and p-type cladding layers. This produces
electrons and holes, which gradually recombine and thus emit photons. The
laser's emission wavelength is determined by the band gap of the semicon-
ductor material and is very broadband (in our case 7 nm) relative to atomic
transitions. The chosen low cost laser diode is also used in CD-R drivers.
It is plugged inside a collimation tube which houses a collimation lens. The
aperture and the focal length of the lens are adapted to the opening angles
of the diode output beam. This is necessary because the light leaving the
diode is emitted from a small rectangular region (typically on the order of
0.1µm by 0.3µm) leading to a diverging output of a laser diode. A typical
output beam has a divergence angle of 30◦ in the direction perpendicular to
the junction, and 10◦ in the parallel direction [9]. If the laser is operating
in a single transverse mode, the collimated beam is elliptical, but it can be
made nearly radially symmetric by using anamorphic prisms (§ 3.3.2).

The grating is a holographic gold coated sine grating with a grating con-
stant of 1800/mm to meet the Littrow condition. In this arrangement, the
light di�racted from a grating is coupled back into the diode, so that the
grating and the diode's rear facet form an external resonator. The diode
chip, with its re�ecting facets, acts like an intracavity etalon and the exter-
nal di�raction grating selects a single-mode of the chip. The use of a grating
results in a linewidth reduction of two orders of magnitude [8]. For good grat-
ing illumination, the diode orientation is adjusted such that its elliptic beam
pro�le is perpendicular to the groove orientation (i.e. polarisation parallel).

For a coarse adjustment of the laser frequency, the laser can be scanned by
the corresponding precision screw which provides a vertical tilt of the grating
holding block (this was done by the tutors, when setting up the experiment;
during the lab course the laser head will not be accessible). In the operational
mode the tilt of the grating holding block is realized by means of voltage ramp
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applied to a crystal mounted underneath the tip of this precision screw. The
stacked piezo crystal has a maximum stroke of 5µm and in this con�guration
results in a tuning of roughly 125MHz per Volt. To control the o�set voltage
of the piezo a Thorlabs piezo controller is used (Thorlabs MDT693A , see
Fig. 3.7).

Figure 3.7: Picture of the Piezo Controller MDT693A used to control o�set
voltage of the piezo.

A fraction of the beam incident on the grating is re�ected out of the
external resonator (0th order) by hitting a mirror parallel to the grating (see
Fig. 3.4). This constitutes the output of the stabilized laser. The grating
constant is chosen such that the angle between incident beam and 0th order
is close to 90 degrees. Under frequency tuning, the mirror co-rotates with
the grating and ensures stable beam pointing.

The whole setup is temperature stabilized by a Thorlabs temperature
controller (Thorlabs TED200, see Fig. 3.8) and a Peltier element. During
the experiment you won't need to change the set values of this values because
the optimal temperature set point was already �xed by the tutors.

Figure 3.8: Picture of the Thermoelectric Temperature Controller TED200
used to stabilize the temperature of the laser diode.

The laser diode current is supplied by a commercial diode current con-
troller (Thorlabs LDC2000, see Fig. 3.9). Before entering the diode, the
current passes a small electronics board, mounted inside the laser box which
serves many purposes. The circuit board possesses components to protect the
laser diode: three safety diodes, connected in parallel with the laser diode,
prevent the laser diode from being exposed to over-voltages, then a choke
smooths the laser current to avoid destructive voltage spikes and �nally a
Schottky diode is used against accidental reversed voltages.
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Figure 3.9: Picture of the Laser Diode Controller LDC202C used to stabilize
and control the current fed the laser diode.

3.2 Laser locking

The lasers in the student lab have to run at a constant frequency which is
often equal to an atomic transition. Unavoidable thermal �uctuations, acous-
tic and electronic noise change the frequency of the laser and these changes
are undesired, so they have to be corrected by stabilizing the laser to a spe-
ci�c frequency ("Laser locking"). To achieve this the frequency of emission
of the laser has to be dynamically adjusted to compensate its drifts and �uc-
tuations by controlling the angle of the external cavity grating via the piezo
electric crystal and/or by changing the laser's input current. The amount
of correction to be applied to these two control parameters is calculated and
generated by an appropriate feed-back circuit (e.g. a PID controller) which
requires as input a control variable. This control variable is compared to the
set point stored in the feed-back circuit and from this di�erence is originated
the error signal that �rst will be processed and then applied to the control
parameters.

To achieve a correct feedback the error signal should be proportional to
the di�erence between the set point (the desired frequency) and the current
position (the actual laser frequency). Additionally it has to change sign if
the deviation is going in one or the opposite direction. When the di�erence
becomes zero, the error signal is equal to zero and the laser frequency is the
same as the atomic transition frequency.

A good choice for the control variable is to use the signal obtained from
the FM spectroscopy (§ 1.7), which represents e�ectively the derivative of
the absorption spectrum. The shape of the FM-spectroscopy signal can be
adjusted by varying the phase shift to reproduce as well as possible the
derivative of the atomic spectrum. This means that when the value of the
FM-spectroscopy signal is zero then the laser frequency is at the middle of
the resonance. If the laser frequency is shifted from the atomic resonance,
the FM-signal has a positive value at one side of the resonance and a negative
value at the other one. The value of the FM-signal is also nearly proportional
to the frequency di�erence for small shifts.

In the lab, this is done by sending the FM-signal �rst to a PI (propor-

45



46 Experimental Setup

Figure 3.10: Principle of a PI-Controller.

tional�integral) controller. The PI loop is extensively studied at the FP-E01
Elekronik Grundpraktikum, so we will refer to the instruction and the refer-
ences therein and give here only a very basic introduction. A PI-controller
compares the actual value of a control variable with the set value. If the con-
trol variable is not equal to the set value, the (time dependent) error-function
is non zero. The error-function is split in two di�erent parts: a proportional
part, where the output is proportional to the value of the error function, and
a integral part, which integrates the error-function over a certain time. The
outputs of the two paths are combined afterwards and the resulting signal
is sent as a feedback to the control variable (see Fig. 3.10). In our case the
control variable is the signal obtained from FM spectroscopy (§ 1.7). Since
we want stabilize the frequency to an atomic resonance (where the FM-signal
is zero) we have to set the set value of the PI loop to zero. If the Laser is
not on resonance, the error function is thus non-zero and a P-part and (nor-
mally also the I- part) is non-zero and the output of the PI loop di�ers from
zero. The PI-output is sent to the piezo controller, which corrects the laser
wavelength by changing the angle of the grating (see Fig. 3.11).

Figure 3.11: Principle of locking the laser via FM spectroscopy.
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The lasers in the student lab run with an accuracy of the order of one
MHz, which is less than the natural linewidth of the atomic transition. Since
the frequency of the laser itself is in the order of 1014 Hz, the relative accuracy
is of the 108 order.

3.3 Optical Setup

3.3.1 Introduction

The laser system of the setup is based on two independent diode lasers
which generate the light for the MOT. One produces the light for cooling
("Cooler") the atoms and the other one is used for bringing the atoms back
into the cooling cycle, if they fall into the "wrong" hyper�ne state ("Re-
pumper").

An overview of the optical paths is given in the photos and the di�erent
optical components are explained in the following sections.

The optical paths are already aligned and you shouldn't change
them without your advisor!

Figure 3.12: Laser system for the FP experiment.

3.3.2 Anamorphic Prism Pair

A laser beam emitted from a diode laser (§ 3.1.2) has an elliptical beam
pro�le. A round beam pro�le can be created when one principle axis is
magni�ed by the ratio of the beam diameters of the two principal axises.
If a beam of parallel monochromatic light passes through a prism (unless
the prism is used in the symmetrical minimum-deviation position) the width
of the beam will be increased or decreased in one dimension, as illustrated
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Figure 3.13: Beam paths after the lasers.

Figure 3.14: Optical system for preparing the right frequencies and beam
diameters.

Figure 3.15: Beam paths in the middle section.
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Figure 3.16: One-dimensional beam expansion without beam de�ection using
two oppositely oriented anamorphic prisms.

in Fig. 3.16. By using two identical prisms in an inverted con�guration,
compression or expansion can be accomplished without inducing an angular
change in the beam direction. Such prism pairs can be used, in conjunction
with lenses, to produce anamorphic laser beam expanders.

3.3.3 Optical Isolator

Figure 3.17: Optical isolator that uses two linear polarizers and a Faraday
material producing a 45◦ polarization rotation.

Back re�ections from di�erent optical components onto the laser diode (§
3.1.2) lead to instabilities in the laser performance or can even destroy the
diode. Such back re�ections can be easily avoided by installing an optical
isolator (or Faraday isolator) directly after the laser head.

The simplest type of Faraday isolator is polarization-sensitive in the sense
that it works only when the input beam has a prescribed direction of linear
polarization. Here, a properly polarized and collimated input beam passes
a �rst polarizer (pol 1 in Fig. 3.17) with minimum loss, then a 45◦ Faraday
rotator, and �nally another polarizer (pol 2) with its transmitting axis being
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Figure 3.18: Setup of a polarization-sensitive Faraday isolator. The dou-
ble arrows indicate the polarization directions of a forward and backward-
propagating beam.

rotated by 45◦, such that the transmission losses are small. When light is
re�ected back to the output port of the isolator with an unchanged polariza-
tion state, it can fully transmit through the output polarizer (pol 2). Then,
however, its polarization direction is rotated by another 45◦ in the Faraday
rotator, so that this light will be blocked at the input polarizer or be sent to
a separate output port. Note that the output polarizer (pol 2) is important
if light is re�ected back with a modi�ed polarization state.

3.3.4 Wave plates

Wave plates (retardation plates or phase shifters) are made from materials
which exhibit birefringence. The velocities of the extraordinary and ordinary
rays through the birefringent materials vary inversely with their refractive
indexes. The di�erence in velocities gives rise to a phase di�erence when the
two beams recombine. In the case of an incident linearly polarized beam this
is given by ∆φ = 2d(ne−no)

λ
(with ∆Φ = phase di�erence; d = thickness of wave

plate; ne, no = refractive indexes of respectively extraordinary and ordinary
raysλ = wavelength). At any speci�c wavelength the phase di�erence is
governed by the thickness of the retarder. Note that when a light beam is
linearly polarized and the polarization direction is along one of the axises of
the wave plate then the polarization remains unchanged.

λ/2 wave plate

The thickness of a half-wave plate is such that the di�erence in the optical
pathways is 1/2 wavelength or 1/2+n wavelengths (where n is an integer
number). This corresponds to a phase di�erence of π.

A linearly polarized beam incident on a half wave plate emerges as a
linearly polarized beam, but rotated such that its angle to the optical axis
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Figure 3.19: A half-wave plate. Linearly polarized light entering a wave plate
can be resolved into two waves, parallel (shown as green) and perpendicular
(blue) to the optical axis of the wave plate. In the plate, the parallel wave
propagates slightly slower than the perpendicular one. At the far side of the
plate, the parallel wave is exactly half of a wavelength delayed relative to
the perpendicular wave and the resulting combination (red) is orthogonally
polarized compared to its entrance state.

is twice that of the incident beam. Therefore, half wave plates can be used
as continuously adjustable Polarization rotators. Half wave plates are used
to rotate the plane of Polarization and as a variable ratio beamsplitter when
used in conjunction with a Polarization cube.

λ/4 wave plates

Figure 3.20: Inner working of a quarter wave and a half wave plate. F and
S represent the fast and the slow axis of the retarder respectively.

The thickness of the quarter wave plate is such that the di�erence in the
optical pathways is 1/4 wavelength or 1/4+n wavelengths. The correspond-
ing phase di�erence is π/2.

If the angle q (between the electric �eld vector of the incident linearly
polarized beam and the retarder principal plane) of the quarter wave plate is
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45◦, the emergent beam is circularly polarized. When a quarter wave plate
is double passed, i.e. by mirror re�ection, it acts as a half wave plate and
rotates the plane of Polarization to a certain angle. In the setup, quarter
wave plates are used for creating circular Polarization of the MOT beams
that enter the vacuum chamber. Moreover they �nd application in the AOM
double pass (§ 3.3.9) as well as in the spectroscopy path (§ 3.3.7). In these
applications they are passed twice, so that they e�ectively act as a half wave
plate.

3.3.5 Beamsplitter

Figure 3.21: Polarizing beamsplitter cube.

The ratio of re�ectance to transmittance of a beamsplitter depends on the
polarization state of the light. The performance is usually speci�ed for light
linearly polarized in the plane of incidence (P-polarization) or orthogonal
to the plane of incidence (S-polarization). Cube beamsplitters are pairs of
identical right-angle prisms cemented together on their hypotenuse faces.
Before cementing, a metal or dielectric semi re�ecting layer is placed on one
of the hypotenuse faces. The operation of a beamsplitter is illustrated in Fig.
3.21. By placing a wave plate in front of the so called polarizing beamsplitter
cube (PBS) the branching ratio between the transmitted and re�ected beam
can be easily adjusted. For instance the three retro re�ected MOT beams
should be split in the ratio 2:1:1 (z:y:x) in this way.

3.3.6 Laser beam expansion

Laser beams can be expanded and recollimated (or focused and recol-
limated) with simple or Galilean telescope arrangements, as illustrated in
Fig. 3.22. A Galilean telescope has the advantage that the laser beam is
not brought to an intermediate focus inside the beam expander. Since lasers
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Figure 3.22: Laser beam expanders: (a) focusing type with optional optical
�lter implementation. (b) Galilean Telescope.

beams are highly monochromatic, beams expanders don't have to be con-
structed from achromatic lenses. In order to save space mostly Galilean
telescopes are used in the laser system.

Telescopes can also be realized with two positive lenses (Kepler Tele-
scope), producing a true laser focus at the intersection of the two foci. If a
small circular aperture is placed at the common intermediate focus of such a
simple-telescope beam expander, the device becomes a spatial �lter as well.

In order to get a stronger spectroscopy signal a Galilean telescope is used
in the spectroscopy path (§ 3.3.7). This way the beam size inside the Rb
vapor Cell can be enlarged. Before entering the Vacuum chamber (§ 3.4)
the overlapped cooling and repumping beams are also enlarged by a Kepler
Telescope to increase the cooling and trapping region of the MOT.

The 1/e2 diameter of the MOT beams is 20 mm and the power per beam
is circa 2.5-3 mW (you have to measure this power during the experiment).

3.3.7 Spectroscopy path

The optical system also features a so called spectroscopy path that al-
lows to do Doppler free saturated absorption spectroscopy (§ 1.4). This is
necessary to lock (§ 3.2) the two diode lasers (§ 3.1.2) to atomic transitions
to successfully operate the MOT. Using a half wave plate (H) (§ 3.3.4) and
a polarizing beam splitter (PBS) (§ 3.3.5) a small fraction of the beam is
re�ected into the spectroscopy path. A Galilean Telescope (GT) (§ 3.3.6)
expands the beam before it enters a Rb vapor cell containing both isotopes
of rubidium (85Rb and 87Rb). The beam expansion is done to increase the
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Figure 3.23: Schematic sketch of the spectroscopy path. PBS = polarizing
beam splitter, GT = Galilean Telescope, H = half wave plate, Q = quarter
wave plate, M = mirror.

number of atoms that contribute to the spectroscopy signal and to keep at
the same time the total laser power very low to prevent power broadening
(§ 1.4). After a �rst passage through the vapor cell, the laser beam passes a
quarter wave plate (Q) (§ 3.3.4) and is afterwards retro-re�ected by a mirror
(M). The quarter wave plate induces a 90◦ rotation of the laser beam polar-
ization such that the retro-re�ected light can exit the polarizing beam splitter
to �nally illuminate a photodiode (PD). In this case the retro-re�ected laser
beam acts as a "probe beam" which probes the zero velocity class atoms that
have been excited by the "pump beam". This reveals the so called lamb dips
(§ 1.4). The photodiode signal is �nally fed into the locking electronics of
the cooling or repumping lasers to allow laser frequency stabilization through
the Frequency Modulation scheme (§ 1.7).

3.3.8 Photodiode

The photodiode in the setup is used for measuring the atom number via
the �uorescence. This is done in the following way: Depending on the laser
detuning in respect to the resonance and on the laser intensity, an atom
scatters a certain amount of photons per time unit. The scattering process is
isotropic and (depending on the collected solid angle of the emission) a certain
amount of photons reaches the photodetector, where the photon power is
converted into an electrical voltage. The conversion table (which depends on
the resistor, in our case 10 MOHM) can be found in the photodiode manual
(Thorlabs PDA36A).

3.3.9 Acousto-optic modulator (AOM)

An acousto-optic modulator (AOM) is a device which can be used for
controlling the power, frequency or spatial direction of a laser beam with
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Figure 3.24: Schematic setup of an acousto-optic modulator. A transducer
generates a sound wave, at which a light beam is partially di�racted. The
di�raction angle is exaggerated.

an electrically driven signal. It is based on the acousto-optic e�ect, i.e. the
modi�cation of the refractive index by the oscillating mechanical pressure of
a sound wave.

The key element of an AOM is a transparent crystal through which the
light propagates. A piezoelectric transducer attached to the crystal is used
to excite a sound wave with a frequency between 60 and 150 MHz. Light
can then experience Bragg di�raction at the periodic refractive index grating
generated by the sound wave. The scattered beam has a slightly modi�ed
optical frequency (increased or decreased by the frequency of the sound wave)
and a slightly di�erent direction.

The frequency and direction of the scattered beam can be controlled via
the frequency of the sound wave, whereas changing the acoustic power allows
to control the optical power. For su�ciently high acoustic power, more than
70% of the optical power can be di�racted.

The acoustic wave may be absorbed at the other end of the crystal. Such
travelling-wave geometry makes it possible to achieve a broad modulation
bandwidth of many Megahertz. Common materials for acousto-optic devices
are tellurium dioxide (TeO2), crystalline quartz, and fused silica.

In practice we use an AOM to change the frequency of the cooling laser.
This becomes especially important on the third day of the lab course (§ 4.2.3),
when you have to record the number of trapped particles with respect to the
detuning of the cooling laser.

Important parameters

De�ection: a di�racted beam emerges at an angle θ that depends on the
wavelength of the light λ relative to the wavelength of the sound λs

sin θ =

(
mλ

2Λ

)
(3.1)
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in the Bragg regime and

sin θ =

(
mλ0

nΛ

)
(3.2)

with the light : normal to the sound waves, where m = ...,−2,−1, 0, 1, 2, ...
is the order of di�raction.

Intensity: the amount of light di�racted by the AOM depends on the
intensity of the sound wave. Hence, the intensity of the sound can be used
to modulate the intensity of the light in the di�racted beam. Typically, the
intensity that is di�racted into m = 0 order can be varied between 15% to
99% of the input light intensity. Likewise, the intensity of the m = 1 order
can be varied between 0% and 80%80. In the FP setup, the modulation
strength is optimized such that 80% of the light is di�racted into the +1st
order

Frequency: one di�erence from Bragg di�raction is that the light is scat-
tered from moving planes. A consequence of this is that the frequency of the
di�racted beam f in order m will be Doppler-shifted by an amount equal to
the frequency of the sound wave F .

f → f +mF (3.3)

This frequency shift is also required by the fact that energy and momentum
(of the photons and phonons) are conserved in the process. A typical fre-
quency shift varies from 50 MHz, for a less-expensive AOM, to 400 MHz, for a
state-of-the-art commercial device. In some AOMs, two acoustic waves travel
in opposite directions in the material, creating a standing wave. Di�raction
from the standing wave does not shift the frequency of the di�racted light.

Double pass con�guration

Figure 3.25: AOM alignment for double passed light, PBS = polarizing beam
splitter; AP = aperture; AOM = acousto-optic modulator; λ/4 = quarter
wave plate.
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When a laser's frequency is scanned with an AOM, the angle of the �rst-
order di�racted beam shifts as well, since the beam direction angle is a func-
tion of modulation frequency. For many applications this beam shift is an
unwanted side e�ect and, when changing the frequency of the AOM, would
severely in�uence the optical alignment of the beam through the following
optics. This change in the di�raction angle can be e�ectively compensated
by using the AOM in the double-pass con�guration. Here the output of the
mth order of the AOM is retro-re�ected for a second pass through the AOM
leading to a frequency o�set of 2m∆f on the double passed beam. In this
arrangement changing the frequency of the acoustic wave (by ∆f), and hence
the frequency of the detected light, does not cause any steering of the �rst
order output of the second pass. The output of the second pass counter-
propagates with the original input beam. While this is desirable, as it allows
the frequency to be changed without any steering of the output beam, it
poses the problem of how to separate the path of the output beam from that
of the input beam. A λ/4 wave plate (§ 3.3.4) is placed just before the mirror
and causes the second pass of the AOM to be orthogonally-linearly polarized
with respect to the �rst pass. This allows the beam paths to be separated
using a polarizing beam splitter (§ 3.3.5).

3.4 Vacuum system

Figure 3.26: Top view of the ultrahigh vacuum system.

Perfect thermal isolation between a gas sample and the material of walls
surrounding it has enabled experiments with ultracold atomic and molecular
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Figure 3.27: Side view of the ultra-high vacuum system.

gases to take place in an apparatus kept at room-temperature. It is remark-
able that it is for example even possible to maintain a Bose-Einstein conden-
sate (BEC) for many seconds in a machine that is warmer by a factor of 109

than the gas sample. No heating due to the hot walls is detectable unless
the atoms approach a metal surface within microns. Transfer of energy from
the walls to the gas sample may take place through two channels: through
the room-temperature black body radiation �eld and through gas molecules.
Atomic gases couple extremely weakly to the room-temperature black body
radiation �eld, which leaves most experiments in the rest-gas limited regime.
The best condition for any experiment with trapped cold gases is therefore
an ultra-high vacuum (UHV) environment (UHV is de�ned as the region of
pressure below 10−8 mbar). By relatively simple means, one can now pro-
duce a laboratory vacuum which has a pressure of 10−11 mbar, comparable
to the interplanetary medium. In this regime the �residual gas� normally
consists of atoms and molecules which mostly reside on the walls, but that
occasionally come o� and �y ballistically through the vacuum system with an
energy corresponding to the wall temperature. These residual gas particles
therefore have an energy that is many orders of magnitude above that of the
ultracold gas sample, and even �grazing� collisions will knock particles out of
the sample, giving rise to direct loss rather than heating.

The ultra high vacuum (UHV) system you will work with during the next
week was machined in the mechanical workshop of the Physics Institute. It
has an octagon shape featuring ten viewports, of which nine are optically
accessible. The tenth viewport, which is not optically accessible, connects
to the Ion pump that is necessary to maintain a background pressure of
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1.6 ·10−9 mbar. This pressure can be measured through an ion gauge, that is
also connected to the UHV system. The vacuum chamber houses inside two
Rb-dispensers. When a current (6A - 8A) is sent through them, they emit
hot Rb atoms of both stable Rb isotopes. This 700 K background gas will
then be cooled by the three mutually orthogonal and counter-propagating
cooling beams that form the MOT. Additionally, the vacuum chamber sup-
ports a pair of Anti-Helmholtz coils, that provide the required magnetic
�eld gradients which are necessary for successful atom trapping. The entire
chamber is mounted on a 50 x 75 cm breadboard on which the optics for
the cooling and repumping laser beams are mounted. During the course
of your lab work you are only allowed to adjust the optical com-
ponents in the direct vicinity of the chamber, since the remaining
optics are already aligned by the tutors.

Each Anti-Helmholtz coil consist of 90 windings, and the coils produce
gradients of 1.25 G/A/cm. The coils have a diameter of about 170 mm
and have a distance of about 115 mm. They aren't actively cooled, so you
shouldn't run currents higher than 6A through them to avoid overheating
and possibly a meltdown of the glue that is holding them.
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Chapter 4

Work instructions

The experiment is located in room 01.415 on the �rst �oor of the Physics
Institute at Im Neuenheimer Feld 226. Before you start the lab course you
have to meet your tutors in front of the laboratory, you need to learn the
safety instructions and then you have to follow the work instructions. The
experiment can be carried out in two full days of 8 hours each or in four
afternoons of 4 hours each, other arrangements are possible only by previous
agreement with the tutors.

4.1 Safety Issues

This student lab provides an exciting experiment in which you can work
with tools that can be found in all the experiments which deal with ultracold
atoms. The aim of this experiment is to allow you to learn this techniques
from scratch and to play around with atoms, which will be at a temperature
of only a few hundred micro kelvin higher than the absolute zero temperature
point.

But when working with the MOT setup you have to deal with technical
devices which can cause dangers to your health, if you don't work carefully
and if you don't respect the basic safety rules of a modern optics lab!!! You
had to sign that you got the introduction in laboratory and laser security
during the "Sicherheitsbelehrung" and you have to take this seriously!

Besides some general rules working, the FP20 course has some speci�c
safety issues, in particular lasers and high electrical voltages and currents,
which we describe here in detail.
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4.1.1 General rules

• Never work alone in the lab. Make sure that there is always a
second person with you, with which you can discuss dangers and
working strategies.

• Never work in the lab under the in�uence of alcohol, drugs or
strong medicaments.

• Always contact the lab assistant if you have the slightest doubts about
any safety issues or the destruction of any lab equipment.

4.1.2 Laser safety

To realize a MOT a certain laser power is necessary. The lasers used in
the student lab are all classi�ed in the highest laser-protection class ("Laser-
schutzklasse 4"). This section is intended to introduce you to the very basic
rules of working safely with the lasers used in this experiment. Obeying to
the rules stated here is absolutely necessary to exclude the risk of severe
injury.

Figure 4.1: O�cial laser warning sign.

In this experiment you will be using diode lasers that emit a light power
of up to 50 mW. This power is at least ten times higher than the one emitted
from a common laser pointer. The fact that the wavelength of the light
used here (λ = 780nm) is in the near infrared (NIR), requires even grater
caution because the beam path is (almost) invisible to the naked eye. The
beams can only be made visible by means of additional equipment such as
IR-viewers, viewer cards or CCD-cameras. The laser powers are not high
enough to cause injury to exposed skin; they are, however, strong enough to
heat up the retina of the human eye very quickly if exposed to the beam.
This is particularly dangerous in the case of IR light, because the receptors
are insensitive at those wavelengths and none of the automatic protection
mechanisms such as eye lid or iris closing works. A heated retina part will
very rapidly be irreversibly destroyed which will lead to blind spots in the
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vision or even to full blindness of the eye. The above implies the following
rules:

• Wear protection glasses (available in the lab) all the time.

• You'll be not allowed to continue the measurements, if one of
the advisors will see you without glasses!

• Do not wear jewelery, watches or any other possible re�ecting
objects on your arms, wrists, hands, and �ngers while aligning optics.
It is a good practice to take them o� during the whole time spent in
the laboratory, this way you'll avoid the risk of forgetting to take them
o� when you'll need to work with the lasers.

Figure 4.2: Laser safety goggles for 780nm light.

In addition to these rules concerning your personal safety, we would like
to state an additional set of rules meant to protect the more delicate of the
technical equipment used in the experiment. Especially laser diodes are very
sensitive instruments that can be damaged easily. If this happens the FP-Mot
will not be operational for a long period! Therefore please:

• Always contact a lab assistant when you are not sure about any ma-
nipulation of the laser setup.

• Do not change the temperature of the lasers on your own. And please
never switch the temperature controllers o�!

• Only change the laser current by small amounts when the spectroscopy
runs badly. Do so only if you have received a detailed introduction on
how to operate the current drivers.

• Do not try to do any mechanical adjustment on the lasers and their
housings.

When you start to work with the lasers, please follow the following pro-
cedure:

• First switch on the the piezo controller (Thorlabs Piezo Controller
MDT693A) (§ 3.1.2).
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Figure 4.3: Picture of the Laser Diode Controller LDC202C used to stabilize
and control the current fed to the laser diode.

Figure 4.4: Picture of the Piezo Controller MDT693A used to control o�set
voltage of the piezo.

• Then switch on the the current controller of the laser diode (Thor-
labs Laser Diode Controller LDC202C) (§ 3.1.2).

If you switch o� the diode lasers before leaving the lab, please �rst switch
o� the current controller of the laser and then switch o� the piezo con-
troller.

4.1.3 Electronic danger

• Please keep in mind that the piezos (§ 3.1.2) by which the laser wave-
length is scanned need high voltages! So never disconnect the
BNC cables from the piezo controller, while the piezo controller is
on, neither touch them.

• When working with the rubidium dispensers, please make sure that
the banana cables are connected to the power supply. The
dispensers will need up to 7A to provide the required atom �ux. Be-
fore switching on the power supply, make sure that the adjustment
knobs are turned down to 0. After having switched on the power sup-
ply, please gently increase the current �owing through the dispensers.
When you �nish the lab day, please make sure that the dispensers are
switched o�. Note that the dispensers only have a limited amount of
Rubidium. Once the sources are extinguished, they have to be replaced.
This means that the vacuum chamber needs to be opened and later on
backed out again. This procedure will take up to six weeks!

• For successful atom trapping you also need a magnetic �eld generated
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by magnetic coils. Please make sure that the banana cables are
connected to the power supply. The coils will be operated between
3.5A and 6A to provide the required magnetic �eld gradients. Before
you switch on the power supply, make sure that the adjustment knobs
are turned down. After having switched on the power supply, please
gently increase the current �owing through the coils. When searching
for the MOT you will need to �nd the correct current direction. This
means that you most likely have to reverse the polarity of the coils.
When doing so, always switch o� the power supply before changing
the banana plugs. Note that the high current �owing through the coils
heats them up signi�cantly. So please check the produced heat every
now and then, to ensure that the plastic around the coils does not melt.

4.2 Work Instructions

4.2.1 Day 1

Colloq Part I

The FP20 colloquium is split into two short parts, which take place at the
beginning of Day 1 and Day 2. By this we can separate the two main theory
sections of this lab course, namely Doppler free spectroscopy and laser
cooling. To prepare for the colloquium you need to know details about:

1. Basic laser absorption spectroscopy

2. Saturated absorption and Doppler free spectroscopy

3. Energy levels of Rubidium

4. Frequency modulation (FM) spectroscopy

Lab instructions

After having passed the colloquium you will have time to get used to
the basic monitoring and controlling units in the optics lab, especially the
ones of the lasers and of the spectroscopy. If you feel comfortable with the
electronics you have to Record the D2-line spectra of both Rubidium
isotopes. To do so you can use the USB port of the digital oscilloscope in
the lab. You should record the spectrum of both cooler and repumper lasers
and then analyse only the best set between the two. You have to take the
following data:

65



66 Work instructions

Together (on the same scan, with the end of the two absorption pro�les
well inside the scan range) the:]

• 87Rb F = 2→ F ′ and 85Rb F = 3→ F ′ transitions

• 85Rb F = 3→ F ′ and 85Rb F = 2→ F ′ transitions

• 85Rb F = 2→ F ′ and 87Rb F = 1→ F ′ transitions

From these datasets, by comparing the distance between the centers of
the two pro�les, you can measure the multiplet separation.

A separate scan of (with the end of the absorption pro�le well inside the
scan range):

• 87Rb F = 2→ F ′ transitions

• 85Rb F = 3→ F ′ transitions

• 85Rb F = 2→ F ′ transitions

• 87Rb F = 1→ F ′ transitions

From these datasets you can measure the natural line width of the
hyper�ne lines from the Lamb dips and the temperature of the atomic
sample from the Doppler pro�le.

A separate zoomed in scan of (with the six transitions inside the scan
range):

• 87Rb F = 2→ F ′ transitions

• 85Rb F = 3→ F ′ transitions

• 85Rb F = 2→ F ′ transitions

• 87Rb F = 1→ F ′ transitions

From these recorded Doppler free spectra you can measure the D2
line hyper�ne energy level separation (§ 1.6.2).

For all these datasets, to perform the frequency measurements you have
to calibrate the horizontal axis, by converting it from time to frequency. If
you maintain the scanwidth setting on the PID controller for few datasets,
then you can do the calibration once on one of these datasets and use it also
for the others, allowing you to measure the frequency of all lines not used for
the calibration and to compare them with the theoretical expectation.

The data analysis is properly described in the Spectroscopy data analysis
(§ 4.3.2).
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4.2.2 Day 2

Colloq Part II

At the beginning of this day, the theory of the MOT will be discussed in
detail during a second colloquium. To prepare for the colloquium you need
to know details about:

1. Radiative optical forces

2. Optical molasses

3. Magneto-Optical Trap

4. Temperature regimes accessible in laser cooling

5. Trap loading

6. Temperature measurement via release and recapture

The frame of this colloquium will also be used to discuss the characterization
measurements of the MOT.

Lab instructions

Beam path characterization

The work in the lab will start with getting accustomed to the optics
setup required for the MOT. To do so you should understand the role of all
the elements and to be able to follow and to optimize the optical path of
the MOT beams. You should measure the laser beams power with a power
meter at di�erent important positions.

For the cooling beam:

1. the power going to the spectroscopy

2. the power going to the MOT beam path

3. the power before the AOM

4. the power after the diaphragm which selects the �rst order of the AOM
di�raction (if possible optimize it by slightly adjusting the AOM angle)

5. the power before the �ber

6. the power after the �ber (with repumping beam blocked)
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For the repumping beam:

1. the power going to the spectroscopy

2. the power going to the MOT beam path

3. the power before the �ber

4. the power after the �ber (with cooling beam blocked)

For each beam separately you should try to optimize the �ber coupling
via a procedure called "beam walking" if the power is not above 10.5 mW
for the cooler or 2 mW for the repumper.

Alignment of the MOT beams

Now that you have the cooling and repumping beam perfectly overlapped
after the �ber, you can proceed by checking and, if required, by adjusting the
alignment of the three MOT beams through the vacuum apparatus. First
close the two iris diaphragms which are positioned after the �ber output. This
will create a small beam which is much easier to align through the vacuum
chamber. Two masks, on which the center of the viewport is marked, will
be available for this purpose and have to be placed on the viewports of the
direction you are aligning. You should use the �rst mirror to align the beam
to the �rst viewport and the second mirror for align the beam to the center
of the second viewport. This will be an iterative procedure commonly called
"beam walking". At the end you have to realign the retro-re�ection with
the help of an iris diaphragm. When you are done open the two irises.

Laser locking

When the three MOT beams are well aligned it is time to lock the cooling
and repumping lasers to the cooling and repumping transitions, respectively.
The transitions are the following: the Cooler laser is locked on the crossover
between F = 3→ F = 2 and F = 3→ F = 4 levels, while the Repumper on
the F = 2→ F = 3 line. The tutor will help you once in the beginning with
the laser locking procedure. To lock the lasers, please follow the following
steps:

1. Go to the "scan mode" by �ipping the "scan" switch at the PID
controller.

2. Increase the gain at the PI controller to its maximum value.
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Figure 4.5: Locking the lasers to the right frequencies.

3. You should see in the signal from the slow photodiode the doppler
valleys. If you don't see them change a little bit the current of the
(right) laser. 5 mA should be su�cient here!

4. Use the knob at the piezo controller in order to move the right doppler
valley to the center of the oscilloscope. If a mode-hop occurs, change
the current of the diode laser carefully.

5. Decrease the scanning range by decreasing the gain at the PID con-
troller carefully. You might have to correct the position of the resonance
by tuning carefully the knob of the piezo controller.

6. Repeat the sequence given in 4.) until you see the right dip on the
oscilloscope. Then observe the FM spectroscopy signal. Decrease the
gain of your scanning range until only the correct slope is visible.

7. Switch OFF the scan by �ipping the "scan" switch at the PID con-
troller and �ip ON the "integrator" or "lock" switch to lock the
laser.

Note that if you hit the table or any metal part on it, it is very probable that
the lasers will unlock and you'll have to lock them again.

Now it is also the right time to switch ON the Rb atoms dispenser, so,
on its power supply, increase slowly the current from 0 A up to 6 A.
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Magnetic coils

The cables for the magnetic coils will also be unplugged. Depending on
the position of the quarter-waveplates in front of the chamber, which are
preset by the tutor, the current has to �ow in one or the other direction.
You have to choose one direction and increase the current slowly up to a
value of 6 A. In the z-Compensation coils set a current of 1 A. Pay attention
that the current of the MOT coils shouldn't go over 6 A and the current of
the z-Compensation coils shouldn't be higher than 2A!

Achievement of the MOT

At this point it should be possible see a MOT with the IR �nger camera
on the black and white TV screen, if the current in the MOT coils �ows in the
right direction. If you don't see a MOT, change the direction of the current,
then double check the lock and the locking points of both lasers. Check also
if the two irises after the �ber output are fully open. If this doesn't help,
then vary the z-Compensation coils current between 0 and 2 A and try to re-
balance the power between the x-y-z MOT beams by turning the lambda/2
waveplates which split the beams. With an equally split power you should
see a MOT and you should see an increasing signal on the oscilloscope from
the photo diode which measures the MOT �uorescence.

4.2.3 Day 3

Today you should optimize your �uorescence signal and then measure the
loading characteristics of the MOT at di�erent detunings and magnetic �eld
gradients.

Improvement of the MOT and of the �uorescence signal

To do so you have �rst to adjust the photo diode to the �uorescence light
emitted by the MOT by slightly improving the alignment of the mirror. (Out-
dated: Then maximize the signal to noise ratio using two iris diaphragms.
Write down the distance of the photo diode and the opening diameter of the
�rst iris. From this you can later on calculate the solid angle of the measured
�uorescence.)

With the photo diode you now have a tool with which you can improve the
MOT by increasing its �uorescence signal and you can now start to optimize
it. First, play a little bit with the current of the z-Compensation coils, until
you'll �nd the position which allows you to trap the biggest cloud with the
strongest �uorescence. Then try to adjust the power balance between the
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x-y-z MOT beams until you reach the highest �uorescence signal. Estimate
the average laser intensity in each of the six laser beams, it should be close
to 3 mW.

Don't try to optimize the �uorescence signal live by changing the align-
ment of the last mirrors on the beam paths, usually it leads to a complete
misalignment. If you see that your atom cloud is split into two or more spots,
then you should align the beams more carefully by using the masks on the
viewports. Also it usually doesn't help to slightly rotate the quarter wave-
plates which are used to set the polarizations of the laser beams to circular
because they have already been carefully optimized by the tutors.

The system is now ready for the measurements.

Why should the detuning of the laser be at a �xed value for this proce-
dure?

Acquisition of the loading curve at di�erent detunings and at dif-
ferent magnetic �elds

The atom number of a MOT critically depends on the detuning and on
the gradient of the magnetic trapping �eld. You should measure the loading
curve for di�erent con�gurations: vary the detuning from 14 MHz to the
resonance in steps of 2 MHz with respect to the F = 3 → F = 4 transition
and at each detuning vary the gradient by changing the current through the
quadrupole coils between 4.5A and 6A in steps of 0.5A.

The current can be easily changed by adjusting the current output of the
MOT coils power supply, while you can change the detuning by adjusting
the frequency of the VCO in the AOM controller via the top left knob in
the frequency control area. Always measure the output frequency via the
frequency counter (this device should be always set to measure Freq B).
Check that the black knob in the AOM controller amplitude control area is
set to 1. Set the oscilloscope to trigger on EXT in mode AUTO and set the
timescale to 5 seconds.

To acquire the loading curve you should �rst block a MOT beam with a
hand and have on the oscilloscope trace an initially �at signal corresponding
to 0 atoms, then you can start the loading process by unblocking the laser
beam and �nally, when the signal has reached its peak value, you can save
the signal on the USB drive. You have to choose the appropriate timescale to
have the whole loading curve on the screen. In Fig. 4.6 a typical experimental
loading curve is shown.

Where do you see the best loading rate?

For the data analysis refer to the loading curves analysis (§ 4.3.3).
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Figure 4.6: Typical experimental loading curve.

4.2.4 Day 4

If time allows, this day is reserved to do release and recapture measure-
ments.

Release and Recapture measurement

A Release and Recapture measurement is an elegant tool to estimate
the temperature of the MOT. Choose the detuning and the magnetic �eld
gradient that gave you the best loading rate, then set the black knob in the
AOM controller amplitude control area to TTL. You should start to see your
MOT blinking. That's because now you are pulsing o� the cooling light
for a controlled time by turning o� the RF power via a TTL signal on the
AOM controller and this allows the atoms to freely expand during that time.
When the cooling light is turned back, the atoms which weren't fast enough
to escape the trapping region are recaptured in the MOT and the loading
process starts again.

The frequency and duration of the pulse are controlled by a delay box
which has three knobs: the �rst sets the time delay between one pulse and the
next one, the second one allows you to �ne tune the duration of the pulse on
the scale set by the third knob. Set the minimum delay time and maximum
width on the longest timescale. Now you should set the oscilloscope to trigger
on CH1 in mode NORMAL and choose an appropriate timescale (100 ms or
lower) to see on CH1 the full TTL pulse.

You should notice now that the �uorescence signal on CH2 has three
distinct behaviors:

1. Initially the pulse is HIGH and you have an initial �at zone where the
�uorescence signal is maximum, this is your maximum atom number;
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2. When the pulse goes LOW the cooling light is turned o� and there is
no �uorescence from the atoms, so this is your zero atom level;

3. When the pulse goes back to HIGH, depending on the duration of
the previous stage, you see either a sudden jump back to the initial
level (Fig. 4.7 short pulse, nearly all atoms recaptured), or a smaller
jump followed by a rising slope (Fig. 4.8 intermediate pulse, less atoms
recaptured) or even a rising slope starting from the zero atom level (Fig.
4.9 long pulse, no atoms recaptured). The short initial part of this
signal, just after the TTL signal on CH1 going HIGH, represents the
amount of atoms which are recaptured after the time of free expansion.

You should acquire 30 traces for various durations of the pulse (i.e. dura-
tion of free expansion), taking care to set the pulse delay such that between
one pulse and the other you recover your maximum atom level. The 30 traces
should be composed as follows:

1. 5 traces at such short duration that you don't see a change in the atom
number

2. 5 at such durations that you loose all the atoms

3. 20 traces at durations in between to sample properly the expansion
behavior

From the plot of the relative atom number against the expansion time
you can extract the temperature of the atoms inside the MOT through a
�t, for more details on the data analysis refer to the Release and Recapture
curve analysis (§ 4.3.4).

Figure 4.7: Release and recapture signal for short expansion times. A big
fraction of atoms is recaptured.

73



74 Work instructions

Figure 4.8: Release and recapture signal for intermediate expansion times.
A smaller fraction of atoms is recaptured.

Figure 4.9: Release and recapture signal for long expansion times. No atoms
are recaptured.
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4.3 Data Analysis instructions

This is a set of guidelines that should help you to analyze the data and
to properly report your results.

4.3.1 Opening data

The data that you acquired with the Tektronix oscilloscope is organized
as follows in each folder:

• a picture of the oscilloscope screen in .jpg

• a .csv �le containing the CH1 trace

• a .csv �le containing the CH2 trace

• a .set �le containing the oscilloscope's settings

The CSV �les that contain the traces are organized in �ve vertical columns
separated by commas ",", the time axis values are stored in the fourth col-
umn, while the voltages are in the �fth, so when importing these �les in your
data analysis program you should set the comma as the column separator.
Additionally the �rst 19 rows have the oscilloscope settings written in the
�rst three columns, so either you skip these lines or you take this fact into
account when importing your data.

4.3.2 Spectroscopy

You should have recorded the spectrum of both cooler and repumper
lasers and you have to analyse only the best set between the two.

For all these datasets, to perform the frequency measurements you have
to calibrate the horizontal axis, by converting it from time to frequency.
To do so you should choose a set of two lines as distant as possible and
equate their time separation to their theoretical frequency separation, then
use this linear relationship as your calibration. For the hyper�ne frequency
separation datasets it is wise to use the crossover lines, in order to be able
to measure the separation between the real transitions. If you maintain the
scanwidth setting on the PID controller for few datasets, then you can do
the calibration once on one of these datasets and use it also for the others,
allowing you to measure the frequency of all lines not used for the calibration
and to compare them with the theoretical expectation.
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Figure 4.10: Example Multiplet separation.

Multiplet separation

• 87Rb F = 2→ F ′ and 85Rb F = 3→ F ′ transitions

• 85Rb F = 3→ F ′ and 85Rb F = 2→ F ′ transitions

• 85Rb F = 2→ F ′ and 87Rb F = 1→ F ′ transitions

Analyse these datasets by �tting each absorption pro�le with a Gaus-
sian and then compare the distance between the centers with the theoretical
multiplet separation. To have a better �t, it is suggested to mask the areas
where the Lorentzian dips are. An example of the analysis is shown in Fig.
4.10.

Natural transition line width and Doppler Broadening

• 87Rb F = 2→ F ′ transitions

• 85Rb F = 3→ F ′ transitions

• 85Rb F = 2→ F ′ transitions

• 87Rb F = 1→ F ′ transitions
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Figure 4.11: Example Natural transition line width and Doppler Broadening
analysis.

From these datasets you can then measure the line width of the hy-
per�ne lines and the Doppler valley. You have to �t each absorption
pro�le with a Gaussian, subtract it, then �t the real absorption dips with a
Lorentzian (only the ones that have a good SNR). To have a better �t, it
is suggested to mask the areas where the Lorentzian dips are. Extract from
the FWHM of the Doppler valleys the temperature of the atomic sample and
compare it with the Doppler broadening expected for a thermal gas. From
the Lorentzian �t extract the line width and compare it to the theoretical
natural line width of the transitions. An example of the analysis is shown in
Fig. 4.11.

Hyper�ne splitting

• 87Rb F = 2→ F ′ transitions

• 85Rb F = 3→ F ′ transitions

• 85Rb F = 2→ F ′ transitions

• 87Rb F = 1→ F ′ transitions

From these recorded Doppler free spectra you can measure the D2
line hyper�ne energy level separation (§ 1.6.2). You need to �nd in the

77



78 Work instructions

Figure 4.12: Example Hyper�ne splitting analysis.

derivative the six zero crossings and you have to compare their frequency
separation (it's a relative frequency measurement!) with the theoreti-
cally expected frequency separations between the hyper�ne transitions. An
example of the analysis is shown in Fig. 4.12.

4.3.3 Loading Curves

As a �rst step of the data analysis, convert the measured voltage into the
number of atoms following this conversion guide (§ 4.3.5). Take into account
that the initial �at zone corresponds to zero atoms. From the Loading Process
theoretical model (§ 2.5) you learned that you have to �t each loading curve
(like in Fig. 4.13) with the solution of the following rate equation:

dN

dt
= L− αN (4.1)

Study the loading rate, the one body loss coe�cient and the �nal atom
number as a function of the detuning and as a function of the magnetic �eld
gradient (Fig. 4.14, 4.15 and 4.16). Remember that the MOT coils have 90
windings and a diameter of 17 cm. Finally summarize your results with a
3D plot showing the �nal atom number as function of the detuning and of
the magnetic �eld gradient, like in the Fig. 4.17.

Are the loss coe�cients constant? What would it mean if they were
dependent on the atom number? What is the behavior in detuning?
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Figure 4.13: Example loading curve �t.

Figure 4.14: Example loading rate plot.

Figure 4.15: Example loss rate plot.
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Figure 4.16: Example maximum loaded atom number plot.

Figure 4.17: Example 3D summary plot.

80



4.3 Data Analysis instructions 81

4.3.4 Release and Recapture

From the acquired traces extract the maximum atom number and the
number of atoms recaptured after the free expansion time, paying attention
that:

• When initially the CH1 pulse is HIGH you have in CH2 an initial �at
zone where the �uorescence signal is maximum, so an average over this
part represents your maximum atom number;

• When the pulse goes LOW the cooling light is turned o� and there is
no �uorescence from the atoms, so this is your zero atom level;

• When the pulse goes back to HIGH, depending on the duration of the
previous stage, you see either a sudden jump back to the initial level, or
a smaller jump followed by a rising slope or even a rising slope starting
from the zero atom level. The short initial part of this signal, just after
the TTL signal on CH1 goes HIGH, represents the amount of atoms
which are recaptured after the time of free expansion, so average over
it to extract this value.

Figure 4.18: Example raw release and recapture trace.

In Fig. 4.18 there is an example of such analysis. For these measurement
is not important to convert from volts to atom number since you have to
perform a relative measurement, just take properly into account the zero
atom voltage level.
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Figure 4.19: Example Release and Recapture �t.

From the plot of the relative atom number against the expansion time
(Fig. 4.19) you can extract the temperature of the atoms inside the MOT
by �tting the following function:

N(t)

N(0)
= erf(χ)− 2√

π
χe−χ

2

(4.2)

where χ =
√

M
kBT

R
t
and use as MOT radius R=1.5 mm. The theory behind

this �tting function is described in the theory chapter Temperature measure-
ment via release and recapture (§ 2.7).

Is the calculated temperature compatible with the one that you expected
to achieve?

4.3.5 Conversion from Volts to Atom Number

In order to convert the voltage signal measured by the photodiode into
the number of atoms captured in the MOT you have to perform few steps.

The atoms absorb light from the laser beams and re-emit this light with
a rate given by the Scattering rate (pay attention that this rate depends
on the detuning of the laser beams!):

Γsc(∆) =
Γ

2

I(r)/Isat
1 + I(r)/Isat + 4∆2/Γ2

(4.3)

where the natural line width is Γ(85Rb) = 2π6.07MHz and Isat = 2π2~Γc
3λ3c

=

4.1mW/cm2 for randomly polarized light (this gives the best estimation ac-
cording to [10]).
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You should approximate I(r) with the intensity in the center of the beam
I0 and consider that the atoms are illuminated by six laser beams. The
relationship between I0 and the six beam total power measured on the power
meter is I0 = 2Ppowermeter/πw

2), considering a Gaussian beam pro�le of the
beams with waist w = 2.0mm.

The next step is to consider that the atoms spontaneously emit isotropi-
cally, so the total emitted power by Natoms is:

Pemitted = Γsc(∆)Eν(λ)Natoms (4.4)

where Eν(λ) = hc
λ
.

Of this total power we collect only a small fraction with our imaging
system because we observe only a small solid angle, limited by the distance
from the atoms and the radius of the collecting lens (r = 25.4mm):

Pmeas = θΩPemitted (4.5)

with the solid angle θΩ = πr2

4πd2
. Our imaging system (see Fig. 4.20) is made

by a simple single lens positioned at a distance of 2 focal lengths away from
the MOT in order to form a 1:1 image on the photodiode. Since f = 75mm,
then d = 150mm.

Figure 4.20: MOT �uorescence imaging system.

Finally this power is measured by a Thorlabs photodiode PDA36A which
converts it into voltage:

Vout = PmeasQE(λ)GST (4.6)

where T = 0.96 is the transmission through the optical viewport, G = 4.75 ∗
106V/A±5% is the gain of the photodiode ampli�er (when set to +70dB) and
the Quantum E�ciency of the sensor isQE ≈ 0.52±0.015A/W . S = Rload

Rload+Rs
is the scale factor given by the voltage divider between the input impedance
of the oscilloscope Rload ≥ 1MΩ and the output resistor of the photodiode
Rs = 50Ω.
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Combining the previous formulas together we �nally get the detuning
dependent conversion factor from Volts to Atom Number:

Natoms(∆) =
Vout

QE(λ)GSTθΩΓsc(∆)Eν(λ)
(4.7)
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