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Abstract

The subject of this work is two separate atom-interferometry experiments. The first
is a gravimeter in the frame of a new Watt-balance to measure the Earth acceleration
g with an absolute precision of 10−9, whereas the emphasis is placed on the second
experiment, a gradiometer for the determination of the gravitational constantG with a
precision of 10−4. Both experiments perform interferometry on a freely falling sample
of cold 87Rb atoms by the application of a sequence of three Raman light-pulses. We
describe the idea of the two experiments and report on the details of the apparatus,
including a source of an intense flux of cold atoms, frequency and phase stabilization
of the lasers and problems related to the source masses that we use for a double-
differential measurement ofG. Here again, the main weight lies on the gradiometer
experiment, where we observed first interference fringes recently with a resolution of
the order of 10−5 m/s2 per shot.

Key-words: Atom Interferometer, Atomic fountain, Gravity, Gravitational Constant

Résuḿe

Nous d́ecrivons dans cette thèse deux exṕeriences d’interf́eroḿetrie atomique. La pre-
mière est un gravim̀etre qui mesurera l’accélération de la pesanteur terrestreg avec une
exactitude relative de 10−9, et qui est d́evelopṕe dans le cadre d’un projet de réalisation
d’une Balance du Watt. La deuxième, sur laquelle l’essentiel du travail de cette thèse a
port́e, est un gradiom̀etre pour la d́etermination de la constante de la gravitation univer-
selleG avec une exactitude relative de 10−4. Dans ces deux expériences, des atomes
froids de87Rb en chute libre sont soumis̀a une śequence de trois impulsions laser
Raman, afin de réaliser un interf́erom̀etre atomique. Nous décrivons d’abord le prin-
cipe de ces exṕeriences, puis le dispositif expérimental que nous avons mis au point.
Nous pŕesenterons notamment la réalisation d’une source intense d’atomes froids, les
méthodes de stabilisation en fréquence et en phase des lasers ainsi que les problèmes
li és aux masses sources utilisées pour la mesure doublement différentielle deG. On
porte ici l’accent sur le gradiom̀etre, avec lequel nous avons observé des premìeres
franges d’interf́erence ŕecemment, avec une resolution sur la mesure de l’accélération
de l’ordre de 10−5 m/s2 par coup.

Mots-clés :Interféroḿetrie Atomique, Fontaine Atomique, Pésanteur terrestre, Constante
de la Gravitation
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Riassunto

Nella presente tesi viene illustrato il lavoro effettuato su due distinti esperimenti di
interferometria atomica. Il primòe un gravimetro inserito nel contesto di una nuova
bilancia di Watt per misurare l’accelerazione di gravità terrestreg con una precisione
assoluta di 10−9, ma maggiore enfasi viene riservata per il secondo esperimento, un
gradiometro per la determinazione della costante di gravitazione universaleG con una
precisione di 10−4. Entrambe gli esperimenti si basano su tecniche interferometriche
su un campione di atomi freddi di87Rb in caduta libera mediante l’interazione con
una sequenza di tre impulsi Raman. Viene descritta l’idea alla base di tali esperi-
menti e vengono riportati i dettagli dei singoli apparati, con particolare riferimento
alla sorgente di un flusso intenso di atomi freddi, al sistema per la stabilizzazione in
fase e frequenza dei laser ed ai problemi relativi alle masse sorgenti utilizzate per una
misura doppio-differenziale diG. Ribadisco che nel lavoro di tesi viene data maggior
rilevanza al gradiometro, con il quale si sono di recente osservate le prime frange di
interferenza con una risoluzione sull’accelerazione dell’ordine di 10−5m/s2 per lancio.

Parole chiave:Interferometria Atomica, Fontana Atomica, Gravità terrestre, Costante
di Gravitazione
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Introduction

”Gravity is a contributing factor in nearly 73 percent of all accidents involving falling
objects.”Dave Barry. The photo shows a rather unusual example of an accident; but
also here the contribution of gravity can hardly be denied.

One of the most obvious things in the world is that if you hold a stone in your hand
and release it, then the stone falls. Around 350 B.C., Aristotle concludes in his book
’on the heavens’ [ 1] that a stone falls, because it is driven to its natural place, which is
the center of the Earth:

...It (a moving body) could not move infinitely; for to traverse an infinite
is impossible, and impossibilities do not happen. So the moving thing
must stop somewhere, and there rest not by constraint but naturally. But
a natural rest proves a natural movement to the place of rest. ... For if
the natural motion is upward, it will be fire or air, and if downward, water
or earth. Hence air and water each have both lightness and weight, and
water sinks to the bottom of all things except earth, while air rises to the
surface of all things except fire.

1



2 Introduction

Natural motion of the heavenly bodies, according to Aristotle, is circular. The ideas
of Aristotle imply further that heavy objects fall faster than light things, because their
consistence determines the degree of their desire to return to their natural position, the
center of the Earth1. Since this ’natural desire’ of objects to fall is the only manifes-
tation of gravitation in daily life, we understand that the ideas of Aristotle – although
completely wrong – survived for almost 2000 years.

In 1632 Galileo published his text ’Dialogo dei massimi sistemi’ [ 3] and proved those
ideas to be wrong. His experiments together with the celestial mechanics of Kepler
[2] delivered a stunningly new description of the motion of objects on Earth as well as
of planets, but could not deliver a philosophical description of the origin of the forces
that determine this motion.

Figure 1:In the so-called ’Principia’ of 1687 [5], Newton published his studies about
the gravitational force that he developed during the plague in 1665/66 at the age of 23.

This hole was filled for a certain time by the ether theory of Descartes [4] until New-
ton in his ’Philosophiae naturalis principia mathematica’ delivered strong arguments
against the ether. Newton proposed universal gravitation and the inverse square law of
attraction between any two bodies even separated in a vacuum [5]:

... all matter attracts all other matter with a force proportional to the
product of their masses and inversely proportional to the square of the
distance between them.

Newton’s law of gravitation received its definitive analytic form from Euler and is
expressed as

F = G
Mm

r2
,

1Aristotle concluded a reasoning about the question about the form of the Earth:Its shape must
necessarily be spherical.
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whereF is the absolute value of the force between two bodies of massesm and M
at a distancer. G is the universal gravitational constant. The Earth accelerationg
can be written asG · MEarth/r

2
Earth. Newton realized that it is precisely the same force

that keeps planets on its orbit that make a stone fall to Earth. Despite the enormous
potential of his theory to explain effects of gravitation, it nevertheless did not explain
the origin of this attractive force; worse, it is based on some ’magic power’ that attract
objects to each other.

In the following decades, Newton’s theory became commonly accepted and is fully
valid until nowadays, except in the presence of very large gravitational fields, in which
case Einstein’s general relativity theory must be applied – that nowadays also fills the
philosophical gap by delivering an explanation for the nature of gravity.

Within the past 300 years, Earth gravity accelerationg and the gravitational constant
G have been measured to always higher precision. The up-to-date most precise instru-
ments for the determination ofg use the powerful technique oflaser-interferometryto
read out changes in the position of a freely falling test mass that are provoked by the
Earth accelerationg. The identical technique has been applied for the determination of
G, but could not compete with the more precise angular measurements on suspended
test masses.

Interference of matter waves can offer a much higher sensitivity in the detection of
accelerations and the past decade has seen impressive progress in the field ofatom
interferometry, whose range of applications changed from pure fundamental physics
to precision measurements and metrology. Atom interferometers have already proved
their superiority on ag-measurement and they could compete when used to determine
G.

In my lab, we’ve surpassed the sensitivity of the best absolute-measurement
gravimeter, which measures the acceleration due to gravity. So you think
that’s kind of crazy, that by dropping atoms you can make the most sensi-
tive measurement of gravity, but it’s true.Steven Chu in [6]

This thesis contains work on two recently started atom-interferometry experiments for
an accurate measurement ofg andG, respectively.



4 Introduction

Organization of thesis

The firstchapter 1 of this thesis’The Paris gravimeter and Florence gradiometer’
will give an introduction to atom interferometry, its potentials and future applications.
Then we will describe the idea of the two experiments, which are topics of this thesis: a
gravimeter in the frame of a Watt-balance to measure the Earth’s accelerationg with an
absolute precision of 10−9 and a gradiometer for the determination of the Gravitational
constantG to a precision of 10−4.

Both experiments perform interferometry on a freely falling sample of cold87Rb
atoms, on which we apply a sequence of three Raman light-pulses. After the intu-
itive explanation of atom interferometry at the end of chapter 1, we will provide a de-
tailed theoretical description of the phase shift of a Raman light-pulse interferometer
in chapter 2: ’Theory of Raman light pulse interferometry’. In addition, chapter 2 will
discuss the problem of laser phase-noise and its transmission onto the interferometer
signal.

We constructed an ultra-high vacuum system by applying new sealing techniques and
set up a laser system, such that we are able to prepare in a reliable way samples of
about 109 atoms, cooled to a few micro-Kelvin by laser-cooling techniques.Chapter
3, ’Experimental setup’, will satisfy eventual curiosity about the apparatus of mainly
the gradiometer and will include the multifaceted problem of the design and charac-
terization of the source masses for the measurement ofG, as well as a study of an
optimized double-differential measurement.

Different strategies have been chosen for the gravimeter and gradiometer to realize
the frequency- and phase control of the lasers, that is required for the manipulation
of the atoms. Both approaches partly rely on newly developed methods like a power-
ful frequency sweep control at the gravimeter and a new frequency stabilization and
phase-lock scheme at the gradiometer; the latter able to stabilize the relative phase of
the interferometer lasers to about one milliradian. We dedicate a separatechapter 4,
’Frequency and phase control’, to the description of all stabilization systems.

A two-dimensional magneto-optical trap (2D-MOT) with push beam has been assem-
bled and delivers a sufficiently high flux of up to 1010 transversely cooled atoms per
second to ensure the desired repetition rate of the gravimeter. At the gradiometer, we
could recently observe interference fringes resulting from a 40 millisecond long inter-
ferometer sequenced. The present interferometer has a relative resolution on the order
of 10−5 m/s2 per single measurement. These preliminary results and a description of
the experimental procedure are contained inchapter 5, ’Experimental procedure and
first results’.

Finally, the lastchapter 6, ’Conclusion’, will summarize the main results of the work
and give an outlook on the milestones of the gravimeter and gradiometer.



Chapter 1

The Paris gravimeter and Florence
gradiometer

The development of the gradiometer experiment at University of Florence and the
Watt-balance-gravimeter at Observatoire de Paris have to be seen within the context
of the stunning progress in atom interferometry to get an idea of where to direct the
efforts of further research. Some of the main research topics will be mentioned in
the first part of this chapter as well as possible applications of atom interferometry.
In the second and third section, we will explain the significance and goals of the two
recently started experiments, which are subject to thesis. Finally, the last section will
give an intuitive explanation of atom interferometry in general and of the gravimeter
and gradiometer in particular.

1.1 Atom interferometry

Performance of optical interferometers is basically limited by the wavelength of the
light or, in some applications, by the size of the experimental apparatus. It has long
been a tempting idea to use matter waves in interferometry. Such interferometers can
be by far better than optical interferometers of same size and flux: the Sagnac ef-
fect1 measured with an atom interferometer with the same area and flux as a laser
interferometer could for example deliver a signal to noise ratio, which is almost 1011

1An interferometer, whose two arms enclose a certain areaA will be sensitive on rotations of the
reference frame with angular velocityΩ and will show a phase shift

∆φ = 4πΩ · A/λv (1.1)

for both light and massive particles. Here v is the particle velocity andλ its wavelength (de-Broglie
wavelength in the case of massive particles). This effect, calledSagnac effect, was first described in 1913
by G. Sagnac, who split a light beam into two parts that were travelling around the circumference of
an area in opposite directions, and observed that the interference fringes are a function of the rotation
velocity.

5



6 1.1 Atom interferometry

times higher than in an optical interferometer, assuming a shot-noise limited detection
for both. Although there are more severe restrictions to size and flux of atom inter-
ferometers, an improvement factor of several orders of magnitude remains. Unlike
their photon counterparts, atom interferometers can be sensitive to electric and mag-
netic fields, which makes these instruments particulary suited for a larger set of sensor
applications, though by the same token, they are sensitive to a larger variety of detri-
mental noise sources. The first matter wave interferometers with neutrons appeared in
the 70s [7] and were already sensitive to the Earth’s gravitational accelerationg [47].

1.1.1 Past and present devices

To describe the history of neutral atom interferometry, we do not have to go very far
into the past: the first realization of atom interferometers were reported in 1991 by
various groups. They used different approaches to realize beam-splitters and mirrors:
some were using slits [13] or diffraction gratings [12] similar to the optical interfer-
ometers, others light, either as periodic fields acting like physical diffraction gratings
[11, 16] or as pulses, coupling various internal states of the atoms and thus couple
internal and external degrees of freedom [14], [15]. Meanwhile, a great variety of
beam-splitters for interferometers has been demonstrated, ranging from pure evanes-
cent light fields [17, 18] over combinations like magneto-optical gratings [19] to purely
magnetic (Stern-Gerlach effect [20]) and electric fields (field of a charged wire [21]).

The method of using light pulses as beam splitters and mirrors proved to be advan-
tageous and the second generation of atom interferometers mainly made use of this
principle. Measurements of astonishing precision and with comparable – if not better
– performance than state of the art classical instruments have been made; namely by
the two groups of Steven Chu and Mark Kasevich. Using atom interferometry, they
were able to measure Earth gravityg with a precision of 2· 10−9 m/s2/

√
Hz [46],

Earth gravity gradientγ with a precision of 4· 10−9 1/s2/
√

Hz [43, 42] and rotations
with an angular resolution better than 10−9 rad/s/

√
Hz [44]. Also ~/m has been deter-

mined with an accuracy of 10−7 with a similar method [45] as well as the fine structure
constantα to 7.4 · 10−9 [35].

Inspired by these achievements, a third generation of atom interferometers, designed
for new applications, is under development. Under construction are amongst others: a
gyroscope at the IQ in Hannover [22] and at BNM-SYRTE in Paris [23], a gravimeter
in the frame of the Watt balance at BNM-SYRTE in Paris (this thesis), a gradiometer
for the measurement of the Newtonian gravitational constantG in Florence (this thesis)
[96, 105], a robust gradiometer for Earth and space science applications in Pasadena
[97] and a transportable acceleration sensor in Stanford [98]. In addition, instruments
for a new accurate measurement of~/m are set up at LKB in Paris [36, 37] and in
Stanford.
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1.1.2 Future developments and applications

Present state-of-the-art accelerometers, gravimeters (like the FG5, described later on)
or gradiometers – as well as laser gyroscopes – seem to be close to their physical limits
of resolution. Matter wave interferometers already reach or even outreach the perfor-
mance of these instruments and thus promise far more precise instruments in future.
Their ultimate limit of resolution is not yet clear and this topic is therefore in itself in-
teresting for investigation. We will mention some of the most important or interesting
developments.

Portable acceleration sensors:Information about gravity or gravity gradients and
their temporal monitoring is of big geophysical interest, for example in vulcanology,
plate tectonics, mapping of natural resources or earth composition. Especially in Italy
with its big seismic activity exists a big interest in portable gravimeters and gradiome-
ters for volcano supervision. Gravity data deliver important information about un-
derground structures and the possible faster measurement time and higher accuracy
of atom interferometers makes them superior to mechanical instruments. The idea of
constructing a portable gravi- or gradiometer as in the United States [97, 98] is already
in discussion but funding still open. A further application of portable devices would
be ultra-precise inertial sensors that would allow a stand-alone navigation of planes,
ships or submarines.

Atom interferometry with Bose-Einstein Condensates:Two of the key elements
in the sensitivity of atom interferometers and atom clocks are the free evolution time
and the collisional shift. Cooling atoms down to a Bose-Einstein condensates would
lower their temperature and thus spatial spread, what principally would allow longer
interferometer times. But since dense BECs (in traps) underlie the mean field shift,
interferometry is here again done on a freely falling cloud [31] which is expanded to
reduce density and interaction-time gets limited by the size of the apparatus. The sig-
nal of such an interferometer is shown in Fig.1.1. Despite of the disturbing shifts,
many experiments with BECs on micro-chips [39] are set up for – amongst others –
guided matter wave interferometry experiments (for a summary see [10]). A big ad-
vantage of the chip technology besides far longer interaction times is the significant
reduction of the size of possible interferometers. Systematic effects in these kind of
interferometers are still not studied in detail.

Atom interferometry with Fermions: The absence of interactions between fermions
may allow bright atomic sources for interferometry without disturbing collisional shifts2

[24]. The superiority of interferometry with trapped cold fermions over a BEC has al-
ready been demonstrated [41] by the far slower decay of Bloch-oscillations of trapped

2In the presence of Feshbach-resonances, interactions between Bosons can also be eliminated; but
often this requires the application of ’high’ magnetic fields.



8 1.1 Atom interferometry

Figure 1.1: Interferometer signal taken with ’contrast interferometry’ on a freely
falling BEC [31]. The information about the photon recoil, transmitted to the atoms
during the interferometer, is encoded in the contrast of the interferometer. This tech-
nique could offer enough precision for a measurement ofh/mon the ppm-level.

fermions in a lattice.

Test of Newton’s law at small distances:Deviations from the inverse square law of
gravitation1.8 are predicted by string theory [25] and have recently received a lot of
attention. In general, deviations are parameterized by the parametersα andλ, which
correspond to strength and range of the interaction, respectively. The gravitational
potential energy between two massesmandM is such written as

V(r) = −G
mM

r
(1 + αe−r/λ) , (1.2)

wherer is the distance between the masses. Of special interest are distances between
the mm- andµm- regime. A compilation of the limits toα andγ of present laboratory
experiments are given in [26]. At small distances, atoms show the advantage that sys-
tematic effects are well understood or at least offer the possibility of analyzing them
well, such that the high sensitivity of atom interferometry makes it a possible candidate
for revealing non-Newtonian potentials. The signal of a wire or plate at around 100
µm distance from the arm of a spatially separated atom interferometer would be suffi-
ciently large to reveal eventual violations of the 1/r2 dependence. An interferometer
of such kind has been studied in [27] for a slowed Cs beam; whereas the method pro-
posed in [28] relies on the interference of two87Rb condensates at different distances
from a surface. Both approaches seem to be promising; however, the effect of system-
atic errors due to Van-der-Waals forces and other surface effects (Rb deposition) must
be carefully studied.

Atom interferometers in space: In space no gravity accelerates the atoms, what
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would permit long measurement times of the interferometer and lead to higher sensi-
tivity on small forces. A further possible application is the gravity or gravity gradient

Figure 1.2:Gravity map of the Earth, taken by the satellite GRACE in 2003. Regions
of big gravity are emerging. Pictures taken from GRACE homepage [91].

mapping of the Earth, as it is already done today with the existing satellite GRACE
(Fig. 1.2, [91]) or the planned GOCE mission [90]. An atom interferometric measure-
ment of the geoid height could improve the accuracy of the GRACE mission by several
orders of magnitude [97].

Gravitational wave detection: There is a vivid debate going on presently, arguing
about the question if gravitational wave detectors based on matter wave interferometers
(MIGO) can compete with the sensitivity of the large scale laser interferometers [40]
like Virgo in Pisa or LIGO in the States,
and – in case they can – if relativistic atoms
or slow atoms should be used. Some ar-
guments of the debate can be found in
[29], who claim that indeed, cold atom in-
terferometry can actually reach sensitivi-
ties on gravitational waves over a higher
bandwidth, and in far smaller devices than
laser interferometers. Be that as it may,
the amplitudes of strong gravitational waves
in terms of distortion of space∆L/L are
smaller than 10−20 and the necessary resolu-
tion for their detection requires new interfer-
ometer schemes, preferable in space, where
the interferometer length and interaction time can be extended. An equivalent system
based on a laser interferometer with arms of 5 million km,LIS A (Laser Interferom-
eter Space Antenna, see picture above and [30]) is in development and planned to be
launched in 2011.
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Also fundamental tests of physics are possible using atom interferometry, like a test
of the equivalence principle by comparing acceleration of two different elements or
isotopes. Such a measurement has recently been performed in the group of M. Weitz
by comparing85Rb and87Rb [9]. New ideas still come up, like the proposal of multi-
dimensional atom interferometers [95].

1.2 A gravimeter for a new Watt Balance

The Bureau National de Ḿetrologie (BNM) has recently initialized a new Watt-balance
experiment, aiming at a redefinition of the kilogram. A gravimeter with an absolute
precision of 10−9 is one of the (many) crucial parts of the experiment and is presently
mounted at the BNM–SYRTE (Sytèmes de Ŕeférence Temps Espace) in Paris. A part
of the work for this thesis has been dedicated to this gravimeter, to which we would
like to give a motivation in the present section.

1.2.1 New definition of the Kilogram

The kilogram is the last remaining international

Figure 1.3:The international
prototype of the kilogram. Picture
taken from BIPM homepage [92].

standard defined by a ’thing’: a macroscopic ob-
ject made of platinum-iridium, cast in England
in 1889 and kept in Paris at the BIPM (Bureau
International des Poids et Ḿesures) under condi-
tions specified by the 1st CGPM (General Con-
ference on Weights and Measures) in 1889 (see
Fig. 1.3). No one knows why it is shedding
weight (1µg/ kg/ year [57]), at least in compar-
ison with other reference weights, but the phe-
nomenon has spurred an international search to
trace back the definition of the mass on more
stable microscopic quantities and natural con-
stants. If this efforts would succeed in tracing
back the definition of the kilogram to constants

of nature, the amazingly long story of physical standards (in terms of ’things’) would
finish. The Egyptians already used an artefact length standard, a length of black granite
rod, called the Royal Cubit (≈524 mm), from which were copied wood sticks of same
length for use in daily life. The method proved to be of great effect in the construction
of pyramids, the side lengths of which are equal at a 0.05% level. But let us stay in
the present and have a look on the most promising methods which are presently in the
race for the redefinition of the kg:
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• Ion accumulation:A beam of ions hits a surface and each ion produces a well
defined current. By the integration of the current and with the knowledge of the
ion-mass, the mass of the deposited material can be deduced. The approach,
developed at PTB (Physikalisch Technische Bundesanstalt) is not yet very far
advanced [85].

• Atom counting:The mass of a single macroscopic crystal of silicon can be de-
termined by its size, the lattice spacing and the atomic mass. Although fighting
with many difficulties3 mainly of lattice errors and isotopical purity, the results
are encouraging, what means to reach competitive accuracies of 10−8 within the
next decade(s). See e.g. [107]

• Watt balance:A comparison of electric and gravitational force on a test mass
leads to the expression of the mass by fundamental constants and well measur-
able quantities [86]. At present, this approach seems to be the most advanced
one: the accuracies of the NIST and NPL Watt balance are on the order of 10−7.

1.2.2 Watt balance

B.P. Kibble of the NPL (National Physics Laboratory) first proposed the method of
the Watt balance in 1975. We will just explain its principle, the real experimental
procedure will be slightly little different.

One measurement cycle includes two steps [60]: The first step is a static comparison
of the gravitational and electrical force. Fig.1.4shows a balance with a massm and a
coil suspended on one side and a small mass to counterbalance the weight of the coil
on the other side. The massm is attracted by the Earth’s gravityg with the force

Fmec = −mg. (1.3)

A current I is sent through the coil that is located in a magnetic flux gradient∂Φ/∂z
to provoke a force, which exactly compensates the gravitational force and brings the
balance to equilibrium:

Fel
!
= Fmec ⇐⇒ −I

∂Φ

∂z
!
= −mg. (1.4)

In the second part of the experiment the mass is taken off the holder and the constant
current source removed. The balance is again in equilibrium and by giving it a kick,
it will move with constant velocity. The velocity v= ∂z/∂t is monitored with an in-
terferometer. The current of the coil, which is induced by the movement through the

3M. Glaeser of PTB in Science, desperate: ”If one could only measure the density of holes!”, R.
Deslattes of BIPM commenting the search for errors: ”It was torturous”; but also people of the Watt
balance don’t have a better time: B. Kibble of NPL also in Science about his last 15 years of Watt
balance: ”The work is very slow and painstaking.”
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Figure 1.4:Watt balance in static mode I: The gravitational force is counter-balanced
with an electromagnetical force. This force is provoked by a coil with regulable current
in a magnetic field gradient along the vertical axis (I). Voltages are measured on a
Josephson junction. Dynamic mode II: The movement of the coil through the magnetic
gradient with constant velocity v induces a current through the resistance R.

gradient, is measured over the resistanceRcreating the voltagēU:

Ū =
∂Φ

∂t
=

∂Φ

∂z
∂z
∂t

= v
∂Φ

∂z
. (1.5)

Inserting equation (1.5) into (1.4) will exclude the common flux gradient and a rela-
tionship between the electrical and mechanical realization of the Watt is found:

ŪI = mgv. (1.6)

The currentI creates a voltageU over the resistanceR and both voltagesU andŪ are
measured against a Josephson voltage standard (U ∼ h/2e), whereas the value of the
resistance is determined with the quantum Hall effect (R ∼ h/ne2), such that we can
finally express (1.6) as

m =
UŪ
gvR

= A
h
gv

. (1.7)

HereA contains some calibration parameters and depends on the Josephson constant
and the von Klitzing constant. The Watt balance thus allows us to express the test mass
in terms of the meter, the second and the Planck constant. One of the major advantages
of the experiment is that neither the geometry of the coil nor the magnetic flux has to
be known. The goal of the Paris Watt balance is a determination of the kilogram with
a relative accuracy of 10−8, which means that each parameter should be determined
with some parts in 10−9. The demand on the gravimeter therefore is to measureg with
an accuracy of∆g/g = 10−9.
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1.2.3 Atom interferometer or falling corner cube

The g-measurement for the new Watt balance in Paris aims at an accuracy of 10−9

g, or, using the unit Gal (1 Gal=10−2 m/s2 = 10−3 g), 1 µGal. The only two absolute
gravimeters, which are able to reach such an accuracy are, until now, the atom gravime-
ter of Steve Chu in Stanford [46] and the commercial falling corner-cube gravimeter
FG5 from Micro-g Solutions [58, 59]. Let us compare both gravimeters:

FG5 Steven Chu gravimeter

• Setup[93,
94]

• Method Laser interferometer between
two corner cubes, one of them
in free fall. During a timeT of
free fall, the number of fringes
N is counted to deduce the free
fall distanceL. The acceleration
is derived asa = 2L/T2.

Atom interferometer, whose sig-
nal is proportional to the differ-
ence in position covered during
time 0 andT and duringT and
2T. This difference is propor-
tional to the accelerationg.

• Repetition
rate

0.1 Hz repetition rate and 200
ms measurement time

3 Hz repetition rate with 200 ms
measurement time

• Short term
resolution

4-15µGal/ 15 min 3 µGal/ 1 min

• Long term
resolution

1 µGal/ 3-10h 0,1µGal/ 48h

• Accuracy 2 µGal 3µGal
• Comments Low repetition rate increases

sensitivity on low frequency
noise

High repetition rate allows faster
averaging

The higher repetition rate and the possible improvements in sensitivity turned the bal-
ance towards the decision for an atom interferometer.
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1.2.4 Experimental Realization

The scope of the gravimeter is not to be the limiting factor in the Watt-balance, what
means a determination ofg to a few times 10−9. A second emphasis is put on the
compactnessand transportability of the apparatus, given evidence in the small number
of lasers and a tight optical setup (see sections3.3.3and4.3).

Figure 1.5: Schematic view of the
gravimeter for the Watt balance. A flux of
cold 87Rb atoms from a 2D-MOT loads a
3D-MOT, where the atoms get trapped and
further cooled in a molasses until they are
released for a free fall along the vertical
axis. During the free fall, an interferometer
sequence is applied to the atoms by pulses
of two Raman lasers and the acceleration
of the atoms is read out in terms of state
population in the detection region. The
whole experiment is shielded from mag-
netic fields by a double-layer of mu-metal.

For a fast integration of the signal, a repetition rate of 3 Hz is aspired, what seems to
be easily feasible with thehigh loading rateobtained with the 2D-MOT (section5.1).

For a high precision acceleration-measurement, it is of fundamental importance to ex-
clude all spurious accelerations other than the Earth accelerationg. The measurement
platform will be sound and vibration-isolatedand theinterferometer lasers– whose
phase noise acts exactly as acceleration noise – arephase-stabilizedto about 1 mrad.

During the interferometer, atoms will spatially split, and for a cloud with a non-zero
horizontal velocity component the interferometer will enclose a physical area. Any
rotation will thus create a bothering phase-shift in the interferometer signal, which can
become extremely annoying. A simple release of the atom cloud from an optical trap
(molasses or dipole-trap) will avoid any disturbances during the release.

The hole experiment-chamber is inclosed in amagnetic shieldand the light enters this
closed region viaoptical fibers, whose out-couplers are rigidly fixed to the experiment
chamber.
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1.3 A gradiometer for the determination ofG

The main part of this PhD work has been dedicated to the MAGIA (Misura Accurata
di G mediante Interferometria Atomica) experiment at University of Florence. We will
summarize the history and present state ofG-measurements and explain the interest in
a measurement with atom interferometry.

1.3.1 Significance of the Gravitational ConstantG

Newton’s law of gravitation expresses the force between two point massesmandM at
a distancer

F = G
mM

r2
· r
|r | (1.8)

and represents the first discovery of one of the four fundamental forces. However,
gravity is by far the weakest of all forces and the value of the Gravitational constant

G = (6.6742 ± 0.0010) · 10−11m3kg−1s−2 (CODATA 2002) (1.9)

is known to only 150 ppm, which makesG one of the least known physical constants.
The reasons for thedifficulties in the determinationof G can be found in the completely
different nature of the gravitational force from the other forces: gravity cannot be
shielded or compensated for. This very special property makes it the dominating force
in the regimes of big masses and large distances but the very same characteristic makes
it very hard to measure in laboratory experiments. Its weakness allows other forces
to contribute with big systematic effects in laboratory experiments (a 1 kg mass is
accelerated by another 1 kg mass at 10 cm distance with only 6·10−9 m s−2 ≈ 6·10−10g
!). Furthermore, there exists no known dependence on other physical constants for
indirect determination. We will give some reasons why a more precise determination
of G is important, besides the purely metrological interest:

• Astronomy: The factorG M of astronomical objects can be determined ex-
tremely well. A better knowledge ofG leads to a better knowledge ofM, which
in turn leads to a better physical understanding of celestial bodies. The lumi-
nosity of a star increases approximately asG7, which in turn caused discussions
about the possibility of using the luminosity to determine temporal changes of
G.

• Geophysics:Uncertainties of density and elastic parameters of the Earth are di-
rectly related to the uncertainties onG. The calibration of gradiometers, used for
geophysical prospecting, is limited by the precision to with whichG is known.

• Modern physics:The strong -, electromagnetic- and weak interaction exist em-
bedded in space-time, whereas gravity itself is a deformation of space-time.
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When trying to unify quantum theory and gravitation, the characteristic agi-
tation of the quantum world (Heisenberg uncertainty) translates as a fluctuation
of space-time on small (Planck) scales. In String theory, gravity can be seen as
the string tension on this Planck scale and therefore enters the theory in a fun-
damental way [81]. It must be stated that as current theoretical understanding is
incomplete, one cannot make yet full use of any precise value ofG.

• Predictions ofG: Using both, classical physics based on the ’standard model’
and ’new’ physics like string theory, some physicists tried to make theoretical
predictions ofG. An accurate knowledge would at least exclude some of these
theories although at the moment many predictions from String theory provide a
value, which is 100 times too big. References for all these topics can be found
in [82].

• Variations of G:For completeness, we should mention the search for variations
of G, as predicted by some theories:Temporal variationsof G is of astrophysi-
cal interest, but the expected variations of 10−11 per year are not yet accessible
by laboratory experiments.Spatial variationsof G are predicted by the String
theory, which assumes additional dimensions rolled up at small distances, caus-
ing a breakdown of the inverse square law of gravity. Experiments, searching
for a dependenceof G on temperature, physical or chemical propertiesof the
masses,magnetizationof the material and many other things are summarized in
[82]. An eventual coupling between gravitation and electromagnetism can be
described with the Kaluza-Klein theory and predicts a variation ofG depending
on the value of the Earth’s electromagnetic field, thus on the latitude and longi-
tude of the place of measurement. A fit of the best 44 measurements taken in
past, yields a significantly lowerχ2 if G is not assumed constant [87].

A look at the latestG measurements in Fig.1.6reveals a discrepancy between the ex-
perimental values of several standard deviations – although the very last measurements
seem to converge.

1.3.2 PastG-measurements

Fig. 1.6 shows the evolution of measurements over the last century and it is clearly
visible that only modest improvements in accuracy could be made. Almost all meth-
ods rely on the torsion pendulum, designed by John Mitchell in 1790 and used by
Cavendish to determine the density of the Earth in 1798 [84]4. Since then, the princi-
ple of the apparatus remained practically the same, whereas big efforts were taken on

4One typically finds the Cavendish-value for the density of the Earth of 5.48 times the density of
water. The accepted value nowadays is 5.518. Actually, Cavendish made an error in the evaluation of
his in detail reported measurement data, which lead to a relative density of 5.45± 0.22. Assuming very
accurate values for the Earth radiusrE and accelerationg this correctly calculated density yields a 1.3%
overestimatedG-value of (6.76± 0.27) · 10−11m3kg−1s−2 [83].
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michaelis,1995 stat  torsion balance
Bagley,1997                dyn. torsion balance
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schwarz,1998    free fall

Fitzgerald,1999            stat. torsion balance

Nolting,1998                beam balance
Luo,1998                      dyn. torsion balance

Gundelach,2000           stat. torsion balance
Quinn,2001                  stat & dyn. torsion balance
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Kleinevoss,2002          fabry perot resonator
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Figure 1.6:A selection of modern G-measurements and the method used. The latest
2002 CODATA value is plotted as a line with the uncertainty as a shadow. The only
free-fall measurement in the one of Schwarz. References are from top to bottom [61,
62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80].

the improvement of experimental details. There are only few methods, which do not
rely on a torsion pendulum and there has been only one free fall experiment without
any suspension [72], based on the FG5 apparatus (see section1.2.3). The last boom
of experiments was provoked by the measurement of Michaelis et al. [69], which was
about 50 standard deviations apart from previous measurements. Reasons are still not
totally understood, but as a consequence the 1998 CODATA value forG was corrected
and its uncertainty significantly increased to 1500 ppm with respect to the previous
value of 1986 with 128 ppm uncertainty. This fact motivated many groups to start new
experiments, which resulted in a more precise definition of the CODATA value in 2002
(see (1.9)) with an uncertainty of 150 ppm. The value is mainly based on the Gundlach
experiment at University of Washington [76], up to date the most precise experiment:
G = (6.674215 ± 0.000092) · 10−11m3kg−1s−2, corresponding to an uncertainty of
14 ppm. In this experiment, 8 source masses were rotating around a suspended test
mass. The rotation of the source masses induces a swinging of the suspended test
mass, which tries to follow the source masses. The swinging can be counterbalanced
by a servo on the suspension platform of the test mass, such that the suspending fiber
does not tilt. Possible systematic effects arising from mass distribution could be mini-
mized by choosing a plate as a test mass, which can be assumed as two-dimensional so
that mass distribution gets insignificant. Permanent rotation of the system additionally
reduces background noise. Fig.1.7shows a schematic view of the apparatus with the
rectangular shaped test mass in the center and the spherical source masses on a rotating
platform.
It is of course an appealing idea to preform aG measurement in space, where one



18 1.3 A gradiometer for the determination ofG

Figure 1.7:The torsion pendulum appara-
tus of the Washington group. A plate as a
test mass is accelerated by rotating source
masses and its swinging is balanced by a
servo [76].

could get rid of the big gravitational offset and noise floor down on Earth. Several pro-
posals have been made: SEE [89], GRAVCON, NEWTON, Galileo Galilei, (all [88]);
but without any definite decision.

1.3.3 G measurement with atom interferometry

The disagreement among the pastG measurements implies eithernew physicsor un-
known sources of systematic errorsin these experiments.

New theoretical models could explain the discrepancies, as for example the above
mentioned possible coupling between the electromagnetic field of the Earth and grav-
ity [87]. Every new measurement ofG could therefore be important to check the va-
lidity of such theories. If, in contrast, unknown sources of systematic errors would be
the reason for the discrepancies, a new measurement technique, which implies totally
different systematic effects, would be very important. During past, mainly all experi-
ments relied on the torsion pendulum, or at least on suspended source masses, while
the only free-fall experiment performed until now [72] has not reached high enough
accuracy.

These arguments justify a newfree fallexperiment with cold atoms, even if the targeted
accuracy of 100 ppm will not reach the value of the latest measurements. The big mass
difference between the microscopic source masses (87Rubidium atoms) and the very
heavy source masses (around 500 kg of tungsten), could also be of possible interest
for theory. Atom interferometry will include different systematic errors and might
exclude errors common to all suspended-mass experiments. Furthermore, the design
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of the MAGIA experiment will cancel out many of the expected systematic errors
and those remaining are mostly the same as in atomic clocks, where techniques for
their precise characterization are well known. In contrary to the torsion pendulum, the
limiting factor is expected to be the resolution rather than any systematic effect.
A further experiment for the determination of G to a precision of 10−3 with the existing
gravity gradiometer of M. Kasevich is in progress at Stanford University [43].

1.3.4 Experimental realization

The aim of the MAGIA experiment is the measurement ofG with an accuracy of
∆G/G = 10−4. A hollow disk of 500 kg ton of tungsten creates a vertical acceleration
of about 1· 10−7 g, which should be measured with an accuracy of 10−4 on the huge
background of the Earth acceleration. Adouble differential measurementwith two
clouds and two positions of the source masses (section3.4.1) eliminates systematic
effect such that an accuracy of 10−11 g on the source mass induced acceleration comes
into reach.

Figure 1.8: Schematic view of the experiment
MAGIA (Italian for ’Accurate Measurement ofG
with Atom Interferometry’). Two clouds of87Rb
atoms are collected in a 3D-MOT from either back-
ground gas or a 2D-MOT, cooled in moving mo-
lasses and launched up shortly after each other
into the interferometer tube to different heights.
The two clouds will be attracted in different man-
ner by heavy source masses and their accelera-
tion is measured with atom interferometry using
counter-propagating Raman lasers as beam-splitters
and mirror. After the return from the magneti-
cally shielded interferometer tube, the interferom-
eter signal is read out in the detection chamber and
a double differential measurement between the two
clouds and two source mass positions will lead to
the determination of G.

The double difference suppresses all common mode accelerations, to which an ac-
celerometer like the gravimeter is intrinsically sensitive. Nevertheless we put stringent
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limits on vibrations and laser phase-noise(section4.4), which are undistinguishable
from acceleration noise, to keep the possibility of measuringg and to better character-
ize the apparatus; having in mind that the theoretical suppression might in practice not
work as well as predicted.

An effect, which does not cancel out efficiently in this double difference is theSagnac
effect: a non-vertical launch implies the inclosure of an area in the atomic trajectories,
making the apparatus sensitive on rotations. A careful alignment of verticality and
eventual controlled rotations of the table are necessary.

The deleterious influence on the measurement signal of non-uniformmagnetic fields
is minimized first by the selection of magnetic unsensitivemF = 0 states and second
by a double layer magnetic shielding around the interferometer region.

A measurement with two clouds launched closely one after another requires a high
loading rate of the atom-trap, and therefore we envisaged a2D-MOT, which is cur-
rently being set up. Meanwhile, one can accommodate with thejugglingof two clouds
to gain some loading time (section5.2.3).

High demands are made on the source masses, which need to exhibit ahigh enough
densityfor both a big signal and an efficient compensation of the gravity gradient, a
necessity, which is described among other essential features of the masses in section
3.4. Since the distance between source and probe mass enters in Newton’s law, efforts
must be taken to provide an experiment-region of uniform potential as well as for
accurateposition controlof the masses. It is this point of positioning, which also
demands an environment with atemperature, stabilized to within 0.1 degrees.

Figure1.8shows the heart of the experimental setup: the vacuum chamber with MOT
cell, detection chamber and the interferometer region (described in section3.1). The
laser beams to manipulate the atoms are all delivered to the experiment through optical
fibers (section3.3.5) to enhance the reliability of the apparatus. A short description of
the apparatus is given in the caption of figure1.8, whereas a detailed description of the
various elements can be found elsewhere within this thesis.

1.4 Intuitive explanation of gravimeter and gradiometer

In this section, we will explain in an intuitive way the principle of atom interferometry
in twelve steps, leading us via the gravimeter to the understanding of a gradiometer
and ourG-sensor.
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Step One – Settings: A two level atom with ground state
|a〉 and excited state|b〉 is initially found in state|a〉 with en-
ergy zero. A local oscillator (LO) provides a frequencyωLO

close to the resonance frequencyωab of the atomic transition
|a〉→|b〉.

|a>

|b>

LO

Step Two – Excitation: A first pulse of radiation emitted by
the local oscillator will put the atom into a superposition of
state|a〉 and state|b〉:

|ψ〉 =
1√
2

(|a〉 + eiωabt|b〉) . (1.10)

The internal dipole operator of the atom starts oscillating with
frequencyωab. This kind of pulse is calledπ/2-pulse; – see
section2.1.1for a detailed explanation.

|a>

|b>

LO

wLO

wab

Step Three – Free evolution: While waiting for a timeT
without doing anything, the atomic wave-function evolves in
time with a frequencyωab, which is not necessarily the same
asωLO, thus introducing a phase difference

∆φ =

∫ T

0
(ωLO − ωab)dt . (1.11)

If during this time T the atoms move relative to the radiation
field generated by the local oscillator by a distance∆z, an ad-
ditional phase shift

∆φ = kLO · ∆z. (1.12)

has to be considered.

0 T

Step Four – Interferometer: Suppose now to apply a sec-
ond π/2-pulse to the atom. The final state of the atom will
depend on the relative phase between the two oscillators. The
atom will either be pushed into state|b〉 if the oscillators are
still perfectly in phase, or back into state|a〉, if they are out of
phase byπ. The probability of finding the atom in state|a〉 or
|b〉 after this pulse depends on the dephasing in the following
way:

Pa =
1
2

(1 + cos(∆φ)). (1.13)

As the result depends on the interference between two oscilla-
tors, we already built aninterferometer.

|a>

|b>

LO

wLO
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Step Five – Clock: Let us have a closer look at the phase
difference acquired during the timeT of free evolution:

∆φ = kLO∆z +

∫ T

0
(ωLO − ωab)dt . (1.14)

Let us assume that the atom is falling downwards along the
verticalz-axis, attracted by gravity. If thek-vector of the radi-
ation is orthogonal to the direction of propagation, the scalar-
productkLO ·∆z is zero and the phase difference only depends
on how accurate our LO frequency matches the atomic reso-
nance. With many atoms instead of one, the relative popula-
tion of the two states can be used as a signal, to lock the LO
frequency onto the atomic resonance; and in this case we have
anatomic clock.

Step Six – Gravimeter: Now let us shine in the radiation
along the verticalz-axis such that the scalar product becomes
kLO ·∆z = k∆z, 0. Let us furthermore assume that we exactly
match the atomic resonanceωab and the LO frequencyωLO.
The interferometer phase signal in a gravity field

∆φ = k · ∆z =
1
2

kgT2 (1.15)

is now proportional to the gravitational accelerationg. Since
we knowk andT very well, we can determineg. This is the
basic principle of agravimeter. We wonder, how easy this has
been and continue some further.

Step Seven – Gradiometer: Now we introduce a second
cloud of atoms (indicated as 2) below the first cloud (1), also
falling in the gravity field parallel to the k-vector of the radia-
tion. The difference signal between both interferometers

∆φ2 − ∆φ1 =
1
2

kLO (g2 − g1)T2 (1.16)

is proportional to the difference of gravity experienced by both
clouds and we can claim to have agradiometer.
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Step Eight – Mass: For curiosity, let us place a big mass
between the two atom clouds and see, what effect it has: The
upper cloud of atoms will be accelerated downwards towards
the masses by Newton’s law and the lower cloud upwards. The
difference between the two signals contains the gravity gradi-
ent and in addition will include twice the signal produced by
the acceleration of the source massφmass:

∆φ2 − ∆φ1 =
1
2

kLO (g2 − g1)T2 + 2φmass. (1.17)

Step Nine –G sensor: Now we remove the mass from its
original position between the two clouds (I) and place it above
the upper cloud. Then we place a second mass below the lower
cloud. In this new configuration (II), the upper cloud is at-
tracted upwards and vice versa. The difference between the
signals in configuration I and II yields the following result:

(
∆φI

2 − ∆φI
1

)
−

(
∆φII

2 − ∆φII
1

)
= 2φI

mass+ 2φII
mass. (1.18)

We expect this phase signal, provoked by the masses’ acceleration, to be around 0.4 rad
for the experimental conditions of the MAGIA experiment. The only signal remaining
after the double differential measurement is proportional to the accelerationa induced
on the atoms by the source masses. Froma, it is possible to deduceG, presuming the
knowledge of the density distributionρmassof the source massmmassand the geometry
of the experiment.

amass=

∫

mass
G
ρmass

r2

ram

|ram| d
3r (1.19)

Here,r is the distance between mass and atoms andram the vector pointing from the
atoms to the mass. We herewith understood the idea of aG sensor. It is important
to point out that besides gravity and the gravity gradient, all systematic effects cancel
out during this double differential measurement, except of those which are different at
both positionsandchange during the time between configuration I and II, typically 10
minutes.

Step Ten – Displacement∆z: By now we know how to get a
signal, but what about the size of the signal? The gravitational
force is very small, and the bigger the phase shift, the better
it is. The signal of one interferometer isk∆z, where∆z is
the displacement of the atoms in the gravitational field of the
source masses; and as we have seen, all other terms cancel out.
To realize a big displacement of the atom trajectories, the atoms need to be as long
and as close as possible to the (heavy) source masses, which implies a low velocity of
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the atoms. This can be achieved by launching the atoms up such that the maximum
attraction is located around the turning point of the atomic trajectory. We therefore
need anatomic fountain. If the goal of the experiment is to measureg and notG, a
fountain can nevertheless be useful to increase the interferometer timeT, which might
be limited by the size of the apparatus.

Step Eleven – Wave-vector k: In
87Rubidium, which is used in both exper-
iments, the transition frequency between
the two ground states is 6.8 · 109 Hz. This
microwave-frequency does not correspond
to big wave-vectork. To increase the phase
resolution, one can excite the atom with an
optical two photon Raman transition via
an intermediate state. For rubidium, the
transition can be performed by two photons,
each with a frequency off = 3.8 · 1014 Hz.

|a>

|b>

|i >

6,8 10  Hz
9

3,8 10   Hz
14

.

.

Using counter-propagating Raman beams, the atom will absorb one photon coming
from below (kick upwards) and do a stimulated emission downwards to get a further
momentum kick upwards. With this configuration, the effectivek-vectorkeff ≈ 2·2π f /c
is in the optical domain and we consequently gain a factor of 105 on the transferred
momentum and in the final phase shift∆φ.

Step Twelve – Three pulse interferometer:
As we explained before, the first Raman-
pulse will transfer the population initially in
state|a〉 in a coherent superposition of state
|a〉 and |b〉. The big momentum transferred
during the interaction with the light spatially
separates the atoms in state|b〉 from the ini-
tial trajectory. After a timeT, the wave-
functions will no longer overlap and one
needs to introduce an additional pulse in the
middle of the interferometer to redirect the
trajectories to a common point, acting like a
mirror in an optical interferometer.

0 T/2 T t

z

>|a,p

>|b,p+hk

>|b,p+hk

>|a,p

Simply speaking, the faster atoms will be decelerated and the slower ones accelerated.
The momentum transfer is coupled with a total population transfer and this kind of
population-inverting pulse is calledπ-pulse (see chapter2.1.1)5. To stay with the con-
vention, let us introduce this pulse at timeT such that the total interferometer time
becomes 2T (see image on right). Therefore, the separation accumulated during the
first T is compensated exactly at time 2T, the wave-functions will overlap again and

5In reality, the effect of the second pulse is not only the redirection of the trajectories, but also an
echo-effect that increases the resolution of the interferometer.
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the probability amplitudes related to the two interferometric paths will interfere. The
total interferometer sequence such consists of aπ/2, π and anotherπ/2 pulse. The
interferometer signal in now the difference between the dephasing during the first and
the second half of the interferometer:

∆φ =
(
∆φ(2T) − ∆φ(T)) − (∆φ(T) − ∆φ(0)

)

=
1
2

keffg
(
(2T)2 − T2 − T2 + 0

)
= keff gT2. (1.20)

This phase signal reaches∆φ ≈ 3.6 · 106 rad for a typical interferometer spacing of
T=150 ms.





Chapter 2

Theory of Raman light pulse
interferometry

Both gravimeter and gradiometer make use of the identical type of atom-interferometer,
which is based upon the interaction of Raman laser pulses with an atom at three dis-
tinct times, as was pointed out in the previous section1.4.
The present chapter will provide some tools for the calculation of this phase shift. The
first part will sketch the derivation of the temporal evolution of a two- and three-level
atom in a light field and we will use the results to calculate a three-pulse Raman inter-
ferometer in the second part. The third and last part of this chapter will explain, how
laser phase-noise will transmit onto the interferometer phase.

2.1 Atoms and Light

The scope of this section is to summarize the most important results of atom-light
interaction and give an insight of how and under which assumptions they are derived.
We will use these equations later as tools to describe and understand the interferometer.
We will not enter the theory of laser cooling, which can be found in many textbooks.
In our derivation, we will loosely follow [38]. Instead of atomic wave-packets, we will
consider plane-waves to describe the interaction. We will make some remarks about
this plane-wave approximation towards the end of this section.

2.1.1 Two level atom in a light-field

The time dependent Schrödinger equation for the atomic wave-function|ψ(t)〉 is

H|ψ(t)〉 = i~
|dψ(t)〉

dt
(2.1)

27
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with the total Hamiltonian
H(t) = H0 +H ′(t), (2.2)

whereH0 is the internal Hamiltonian with eigenenergiesEn = ~ωn andH ′(t) is the
interaction Hamiltonian of the atom with the light field fieldE of constant intensity.
We can expand the solution|ψ(t)〉 of (2.1) in terms of the eigenfunctions|ϕn〉 ofH0 and
factor out the rapid oscillating terms of frequencyωk to remain with slowly oscillating
coefficientsck:

|ψ(t)〉 =
∑

k

ck(t) |ϕk〉 e−iωkt (2.3)

Substituting (2.3) into (2.1) by using (2.2), multiplying from the left with〈ϕ∗j | and

integrating over d3r yields

i~
dc j(t)

dt
=

∑

k

ck(t)H ′jk(t) eiω jkt (2.4)

with H ′jk(t) = 〈ϕ j |H ′(t)|ϕk〉 andω jk = (ω j − ωk). The interaction termH ′ has only
non-diagonal matrix elements.

Our first approximationis to assume atwo level atomand to truncate the sum (2.4)
afterk = 2, naming the two remaining componentsa andb, respectively. This approx-
imation is reasonable if we have two states with a long lifetime, and if the detuning
of the coupling light field from the transition|a〉→|b〉 is far less than the distance to
another state. Equation (2.4) reduces to

i~
dca(t)

dt
= cb(t)H ′ab(t) e−iωbat (2.5)

i~
dcb(t)

dt
= ca(t)H ′ba(t) eiωbat

with ωba = ωb − ωa the atomic resonance frequency. The wave-function in the base
{|a〉, |b〉} is

|ψ(t)〉 = ca(t) |a〉 e−iωat + cb(t) |b〉 e−iωbt. , (2.6)

and the Hamiltonian (2.2) of this system is

H(t) = H0 + H ′(t)
= ~ωa |a〉 〈a| + ~ωb |b〉 〈b| − d · E(t)

(2.7)

with the interaction HamiltonianH ′. For simplicity, we abbreviated the electric dipole
operator of the transitiona↔ b with

d = d̂ab + d̂ba, where d̂i j = |i〉di j 〈 j|. (2.8)

The solution of (2.5) furthermore requires two approximations: the first one is the
rotating wave approximation (RWA), which implies a detuningδ of the laser frequency
ωL from resonance much smaller than the transition frequency:

δ = (ωL − ωba) � ωba. (2.9)
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In this case, one can neglect the rapid oscillating terms of the order (ωba + ωL) com-
pared with slowly changing termsδ.
The second approximation, thedipole approximation, assumes a homogeneous E-field

E(t) = E0 cos(ωLt + φL,0) (2.10)

within the location of the atom and is used when evaluating the integral〈ϕ j |H ′(t)|ϕk〉.
We define the Rabi frequency at resonanceΩ and out of resonanceΩr as follows:

Ω =
〈b|H ′|a〉

~
= −〈b|d · E0|a〉

~
(2.11)

Ωr =
√
δ2 + Ω2 . (2.12)

We can writed · E(t) = −~Ω cos(ωLt + φ0). The time evolution of the slowly varying
coefficients (2.5) becomes:

ċa(t) = −i
Ω

2
ei(δt−φL,0)cb(t) (2.13)

ċb(t) = −i
Ω∗

2
e−i(δt+φL,0)ca(t).

We write the new approximated Hamiltonian in the base of{|a〉, |b〉} (where we already
separatede−iωa,b):

H =
~

2

(
0 Ωe−i(tδ+φL,0)

Ωei(tδ+φL,0) 0

)
. (2.14)

The time dependence in (2.13) and therefore of the Hamiltonian can be eliminated
by a transformation into a rotating frame, turning with frequencyδ. In the new base
{|ā〉, |b̄〉} = {e−δt|a〉,eδt|b〉}, the Hamiltonian is

Ĥ =
~

2

( −δ Ωe−iφL,0

ΩeiφL,0 δ

)
. (2.15)

Light shift: The eigenvalues of the new Hamiltonian̂H , λ± = ± ~Ωr
2 are shifted from

the eigenvalues of the unperturbed Hamiltonian1 ∓~δ2 by

∆Ea =
~

2
(−δ + Ωr ) and (2.16)

∆Eb =
~

2
(δ −Ωr ).

For big detuning|δ| � Ω, the shift due to the radiation can be developed in series of
Ω/δ, which in second order gives

∥∥∥∥∥∥ ∆Ea = −∆Eb =
~

2
(−δ + Ωr ) =

~

2

−δ + δ

√
1 +

(
Ω

δ

)2
 ≈

~Ω2

4δ
. (2.17)

This shift, due to the radiation, is calledlight shift, or AC-Stark shift. If the light
intensity is not homogeneous, the energy will be position dependent, what is the origin
of the dipole force.

1The unperturbed Hamiltonian is equal to (2.15) without the off-diagonal matrix elements
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System evolution: To derive the solution for the time evolution of the coefficients
ci(t) (2.13) one has to do the following (see [38]): Calculate the eigen-states of the
new HamiltonianĤ , transform|ψ〉 into the rotating frame and project it onto the new
basis of eigen-states, write down the evolution during a timeτ and perform a back-
transformation. The solutions for the coefficients are the following:
∥∥∥∥∥∥ ca(t0 + τ) =
∥∥∥∥∥∥

{
ca(t0)

[
cos

(
Ωrτ
2

)
− i δ

Ωr
sin

(
Ωrτ
2

)]
+ cb(t0) ei(δt0+φL,0)

[
−i Ω

Ωr
sin

(
Ωrτ
2

)] }
ei δτ2

∥∥∥∥∥∥ cb(t0 + τ) =
∥∥∥∥∥∥

{
ca(t0) e−i(δt0+φL,0)

[
−i Ω

Ωr
sin

(
Ωrτ
2

)]
+ cb(t0)

[
cos

(
Ωrτ
2

)
+ i δ

Ωr
sin

(
Ωrτ
2

)] }
e−i δτ2 .

(2.18)
For zero detuningδ = 0, (2.18) simplify to

ca(t0 + τ) = ca(t0) cos

(
Ωτ

2

)
+ cb(t0) e−i( π2−φL,0) sin

(
Ωτ

2

)

cb(t0 + τ) = ca(t0) e−i( π2+φL,0) sin

(
Ωτ

2

)
+ cb(t0) cos

(
Ωτ

2

)
. (2.19)

Assumingca(0) = 1 andcb(0) = 0, we let the atom interact with the light for a certain
timeτ. The probabilityP of the atom being in statea or b is the following:

Pa(τ) = |ca(τ)|2 =
(

Ω
Ωr

)2
cos2

(
Ωrτ
2

)
=

(
Ω

Ωr

)2 1 + cos(Ωrτ)
2

Pb(τ) = |cb(τ)|2 =
(

Ω
Ωr

)2
sin2

(
Ωrτ
2

)
=

(
Ω

Ωr

)2 1− cos(Ωrτ)
2

. (2.20)

The probability is oscillating with the Rabi frequency and the amplitude depends on
detuning. For zero detuning, a pulse of lengthτ = π/Ω (Pi-pulse) will invert the
occupation probability (mirror) and a pulse of lengthτ = π/2Ω (Pi-half pulse) will
equally distribute the probability (beam-splitter).

2.1.2 External degrees of freedom

We now consider the external degrees of freedom of the atom and write the atomic
wave-function as a travelling plane wave as

|ψ(r , t)〉 = ae−i(ωt− pr
~ )|ψ0〉 (2.21)

with an amplitude factora and|ψ0〉 ≡ |ψ(r = 0, t = 0)〉. Including the external degrees
of freedom in our Hamiltonian (2.7) leads to:

H(t) = ~ωa |a〉 〈a| + ~ωb |b〉 〈b| +
p2

2m − d · E(r , t)
= H0 + Hmov + H ′(t), (2.22)
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whereHmov is the Hamiltonian of the free movement of the atom. The atomic plane-
wave is travelling in the light field

E(r , t) = E0 cos(ωLt − kr + φL,0). (2.23)

The interaction term with the light can be written using the closure relation:

1 · e±ik·r =

∫
d3p e±ik·r |p〉〈p| =

∫
d3p |p ± ~k〉〈p| . (2.24)

The internal and external degrees of freedom in our two level system are coupled; the
absorption and emission of a photon is correlated with a momentum change. The two
possible eigenstates|ϕk,pk〉 of this two level system are|a,p〉 and |b,p + ~k〉, which
correspond to a ground state|a〉 with momentump and an excited state|b〉 with an
additional momentum~k, acquired during the absorption of a photon.
According to (2.6), we write the wave-function in our new base|a,p〉, |b,p + ~k〉 with
time dependent coefficientsck,pk(t), which we decompose into

ca,p(t) = ca(t) e−i |p|
2

2m~ t cb,p+~k(t) = cb(t) e−i |(p+~k)|2
2m~ t, (2.25)

with theca,b being the same coefficients as in section2.1.1with the evolution (2.13).
The wave-function thus is:

|ψ(t)〉 = ca(t) |a, p〉 e−i(ωa+
|p|2
2m~ )t + cb(t) |b,p + ~k〉 e−i(ωb+

|p+~k|2
2m~ )t . (2.26)

The eigenenergies of the system are now

E|a,p〉 = ~ωa +
p2

2m
= ~ω̄a and (2.27)

E|b,p+~k〉 = ~ωb +
(p + ~k)2

2m
= ~ω̄b .

ω̄a,b is shifted from the originalωa,b (without motion) by the Doppler effect and the
photon recoil. To know the time evolution of the system, we simply need to replace
the laser detuningδ by the new detuning

∥∥∥∥∥∥ δ̄ = ωL −
(
E|b,p+~k〉 − E|a,p〉

~

)
= ωL − ωab +

k · p
m

+
~k2

2m
. (2.28)

in the equations (2.18) and (2.19).

2.1.3 Raman transitions

We have seen in section1.4 that Raman pulses are very suitable to drive transitions
between two long living states and to transfer a big momentum to the atoms. Let us
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assume an atom with two ground states|a〉 and |b〉 and an intermediate excited level
|i〉, interacting with two lasers

EL1(r , t) = EL1,0 cos(ωL1t − kL1r + φL1,0) and (2.29)

EL2(r , t) = EL2,0 cos(ωL2t − kL2r + φL2,0) (2.30)

with frequencyωL1 detuned by∆ai1 from transition frequencyωia and frequencyωL2

as shown in Figure2.1. ∆lmn are the detunings of the laser frequencyωLn relative to
the transition frequenciesωlm.
Like in the previous section, the external degrees of freedom are closely coupled to the

>

|a

wab

wL1

wL2

Dai1

d
12 |b

|i
Dbi1

Dai2

>

>

Figure 2.1:Four possible excitations of a three level system by two Raman lasers. For
big detuning∆ai1 of laser 1 (solid arrow) from transition|a〉 → |i〉, and small detuning
δ12, the only probable transition is the one indicated by thick arrows.

internal ones, because the atom can only change its state by absorption or stimulated
emission of the laser photons. The atom in state|a,p〉 can be exited to state|i〉 by laser
1 or laser 2, which implicates the following possible states:|i, p+~kL1〉 and|i, p+~kL2〉.
By stimulated emission the atom can finally transfer to state|b,p + ~kL1 − ~kL2〉. (see
Fig. 2.2). The energies of these states are shifted by the Doppler effect and the recoil
energy:

E|a,p〉 = ~ωa +
p2

2m
≡ ~ω̄a

E|b,p+~kL1−~kL2〉 = ~ωb +
(p + ~(kL1 − kL2))2

2m
≡ ~ω̄b (2.31)

and we define the detuningδ12 of the effective laser frequencyωeff from the transition
frequencyω̄ba = ω̄b − ω̄a as:

δ12 = (ωL1 − ωL2) − (ω̄b − ω̄a) = ωeff −
ωba +

p · keff

m
+
~k2

eff

2m

 . (2.32)



Theory of Raman light pulse interferometry 33

We used the definition the effective frequency, wave-vector and offset phase of both
lasers according to:

φL1(t) − φL2(t) = (ωL1 − ωL2)t −(kL1 − kL2)r +(φL1,0 − φL2,0)
= ωefft −keffr +φeff,0 .

(2.33)

We will suppose first that the beams propagate along the axis of the motion of the atoms
and second that the detuning∆ai1 of laser 1 from transition|a〉 → |i〉 is much bigger
than the detuningδ12; and that∆ai1 is also much bigger than the natural linewidthΓ of
level |i〉:

∆ai1 � δ12, ∆ai1 � Γ . (2.34)

In this case, the probability of a transition|a〉 → |i〉 is very small and no spontaneous
emission can occur. We will see that in this case of big detuning, the intermediate
state can be eliminated and the system treated as a two-level system with resonance
frequencyω̄ba and a momentum difference of~keff.

The total Hamiltonian of a three level system in the absence of spontaneous emission
is given by

H(t) = ~ωa |a〉 〈a| + ~ωb |b〉 〈b| + ~ωi |i〉 〈i|︸                                         ︷︷                                         ︸
H0

+
p2

2m︸︷︷︸
Hmov

−d · (EL1(r , t) + EL2(r , t))︸                         ︷︷                         ︸
H ′(t)

,

(2.35)
whered is again an abbreviation for all four different dipole operators, corresponding
to the four possible transitions|a〉 ↔ |i〉 and|b〉 ↔ |i〉 (see (2.8)). We define the Rabi
frequencies, corresponding to the excitation of the two transitions by either laser:

Ωai1 = −〈i|d · E0,L1 |a〉
~

, Ωbi1 = −〈i|d · E0,L1 |b〉
~

,

Ωai2 = −〈i|d · E0,L2 |a〉
~

, Ωbi2 = −〈i|d · E0,L2 |b〉
~

. (2.36)

We write the atomic wave-function|ψ〉 as a linear superposition of these four states ac-
cording to (2.26) and insert it in the Shrödinger equation (2.1) to get the time evolution
of the coefficientsca,p ≡ c̃a, cb,p+~(k1−k2) ≡ c̃b, ci,p+~k1 ≡ c̃i1 andci,~+~k2 ≡ c̃i2:

˙̃ca(t) = −i
Ω∗ai1

2
ei∆ai1t−iφL1,0c̃i1(t) − i

Ω∗ai2

2
ei∆ai2t−iφL2,0c̃i2(t)

˙̃cb(t) = −i
Ω∗bi1

2
ei∆bi1t−iφL1,0c̃i1(t) − i

Ω∗bi2

2
ei∆bi2t−iφL2,0c̃i2(t) (2.37)

˙̃ci1(t) = −i
Ω∗ai1

2
ei∆ai1t−iφL1,0ca,p+~k1(t) − i

Ω∗bi1

2
ei∆bi1t−iφL1,0cb,p+~k1(t) −

Γ

2
ci,p+~k1

˙̃ci2(t) = −i
Ω∗ai2

2
ei∆ai2t−iφL2,0ca,p+~k2(t) − i

Ω∗bi2

2
ei∆bi2t−iφL2,0cb,p+~k2(t) −

Γ

2
ci,p+~k2 .

From the intermediate state|i〉, we added a small loss channel due to spontaneous
emission to the coupling terms with the states|a〉 and |b〉, with Γ being the natural
linewidth of the state. This term would be important for small detuning∆ai1.



34 2.1 Atoms and Light

In the limit of ∆ai1 � Ω, the coefficientsc̃i1,2 can be adiabatically removed ([8, 33]),
reducing the four equations to only two equations similar to a two-level system (2.13):

˙̃ca(t) =

−i
(
|Ωai1|2

4∆ai1+2iΓ +
|Ωai2|2

4∆ai2+2iΓ

)
c̃a(t) − i

Ω∗ai1Ωbi2

2∆ai2+iΓeiδ12t+i(φL1,0−φL2,0)c̃b(t)

˙̃cb(t) =

−i
(
|Ωbi1|2

4∆bi1+2iΓ +
|Ωbi2|2

4∆bi2+2iΓ

)
c̃b(t) − i

Ω∗ai1Ωbi2

2∆ai1+iΓe−iδ12t−i(φL1,0−φL2,0)c̃a(t) . (2.38)

We define the following parameters using∆ai1 ≡ ∆:

Ωeff =
Ω∗ai1Ωbi2

2∆ + iΓ
(2.39)

ΩAC
a =

|Ωai1|2
4∆2

ai1 + Γ2
∆ai1 +

|Ωai2|2
4∆2

ai2 + Γ2
∆ai2 (2.40)

ΩAC
b =

|Ωbi1|2
4∆2

bi1 + Γ2
∆bi1 +

|Ωbi2|2
4∆2

bi2 + Γ2
∆bi2 (2.41)

δAC =
(
ΩAC

b −ΩAC
a

)
(2.42)

ΩR =

√
Ω2

eff
+

(
δ12− δAC)2 . (2.43)

Ωeff is the effective coupling frequency between the two ground states,~ΩAC
a,b are the

light shifts of the two levels and~δAC the shift of the two-photon Raman transition. In
the following, we will forget about the loss due to spontaneous emission (Γ � ∆). If
we do a substitution of the following parameters

Two level transition ωL φL,0 kL Ω δ Ωr

Raman transition ωeff φeff,0 keff Ωeff δ12* ΩR

*: δ is replaced in phase factors asδ12, in amplitude factor as(δ12− δAC); see (2.46).

we can use all equations derived before for a two level system, in particular (2.18),
(2.19) and (2.20). One can such deduce the probability to perform a transition during
a timeτ from (2.20) as

Pb(τ) =
Ω2

eff

Ω2
eff

+
(
δ12− δAC)2 sin2

(√
Ω2

eff
+

(
δ12− δAC)2τ

2

)
. (2.44)

Additional phase factor: The diagonal elements of the Hamiltonian of this system
are the AC-Stark shifts of the levels|a〉 and|b〉, equivalent to (2.14). This shift is not
any more symmetric as in the two-level case. Before transforming the system to the
rotating frame – according to (2.15) – to get a time-independent Hamiltonian̂H , we
shift the energy scale by the average Stark-shift∆EAC

ab = −~2(ΩAC
a +ΩAC

b ) of both levels,
which will re-symmetrize the problem. Once the system is shifted, one can findĤ and
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adopt the solutions (2.18). To account for the energy shift, we need to multiply the
solution with the phase factor

e−i 1
2 (ΩAC

a +ΩAC
b )τ . (2.45)

We write the equations (2.18) with the additional phase factor using the substitutions
from table2.1.3, yielding

c̃a(t0 + τ) = {
c̃a(t0)

[
cos

(
ΩRτ

2

)
− i (δ12−δAC)

ΩR
sin

(
ΩRτ

2

)]

+c̃b(t0) ei(δ12t0+φeff,0)
[
−i Ωeff

ΩR
sin

(
ΩRτ

2

)] }
ei(δ12−(ΩAC

a +ΩAC
b )) τ2

c̃b(t0 + τ) = {
c̃a(t0) e−i(δ12t0+φeff,0)

[
−i Ωeff

ΩR
sin

(
ΩRτ

2

)]

+c̃b(t0)
[
cos

(
ΩRτ

2

)
+ i (δ12−δAC)

ΩR
sin

(
ΩRτ

2

)] }
e−i(δ12+(ΩAC

a +ΩAC
b )) τ2 .

(2.46)
For a small detuning from the AC-Stark shifted resonance (δ12 − δAC) � ΩR, we will
find for aπ/2-pulse withτ = π

2ΩR
and for aπ-pulse withτ = π

ΩR
the coefficients

∥∥∥∥∥∥ c̃
π
2
a (t0 + τ) =

1√
2

(
c̃a(t0) + c̃b(t0)

Ωeff

ΩR
ei(δ12t0+φeff,0−π/2)

)
ei(δ12−AC) τ2

∥∥∥∥∥∥ c̃
π
2
b (t0 + τ) =

1√
2

(
c̃b(t0) + c̃a(t0)

Ωeff

ΩR
e−i(δ12t0+φeff,0+π/2)

)
e−i(δ12+AC) τ2

∥∥∥∥∥∥ c̃πa(t0 + τ) = c̃b(t0)
Ωeff

ΩR
ei(δ12t0+φeff,0−π/2) ei(δ12−AC) τ2

∥∥∥∥∥∥ c̃πb(t0 + τ) = c̃a(t0)
Ωeff

ΩR
e−i(δ12t0+φeff,0+π/2) e−i(δ12+AC) τ2 (2.47)

with AC ≡ ΩAC
a + ΩAC

b .

In the following, we will use the equations (2.46) often for the special case ofδ12 =

δAC = 0 andAC = 0 and omit the tilde on the coefficients:

∥∥∥∥∥∥ ca(t0 + τ) = ca(t0) cos
(

ΩRτ
2

)
− i cb(t0) eiφeff,0 sin

(
ΩRτ

2

)

∥∥∥∥∥∥ cb(t0 + τ) = cb(t0) cos
(

ΩRτ
2

)
− i ca(t0) e−iφeff,0 sin

(
ΩRτ

2

)
. (2.48)

Phase changes: A pulse of radiation starting at timet = 0 and of durationτ couples
the two atomic states and adds a phase factor to the wave-function, which differs,
depending on the initial state the atom. From equation (2.46) one can extract the phase
factor for the different possible transitions:
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Transition Momentum Phase factor

|a〉 → |a〉 p→ p (−AC + δ12) τ
2

|b〉 → |b〉 p + ~keff → p + ~keff (−AC− δ12) τ
2

|a〉 → |b〉 p→ p + ~keff (−AC− δ12) τ
2 − π

2 − δ12t0 − φeff,0

|b〉 → |a〉 p + ~keff → p (−AC + δ12) τ
2 − π

2 + δ12t0 + φeff,0

Let us have a closer look at the phase terms, which are added during a Raman pulse
in regard to their importance for an interferometer. Therefore, we anticipate for a
moment the three-pulse interferometer-signal, where the atom is initially in state|a〉
is split into a superposition of state|a〉 and |b〉 (π/2-pulse of lengthτ/2), reflected
(π-pulse of lengthτ) and superimposed (π/2-pulse of lengthτ/2). On the first path

I, the atoms perform the transition|a〉 π/2→ |b〉 π→ |a〉 π/2→ |a〉, on the second path II

|a〉 π/2→ |a〉 π→ |b〉 π/2→ |a〉. The interferometer signal depends on the phase difference on
both paths.

• ACτ
2 -Term:This phase factor due to the asymmetric light shift is added always

in the same way and such cancels out by the difference between two paths of
an interferometer. Since the AC-Stark shift scales in the same way as the Rabi-
frequency, this term does not even depend on the pulse length.

• δ12t0 andδ12
τ
2 -Terms:These terms accounts for the phase evolution between

the different momentum states until the middle of the pulse. We introduce the
time tc at the center of the pulsetc ≡ t0 + τ

2 such thatδ12t0 + δ12
τ
2 = δ12tc. We

separate the laser frequencyωeff from δ12 defined in (2.32) to keep the phase
term ωefft0, which considers an eventual frequency change of the laser. The
remaining terms contributing toδ12 are considered constant and will thus cancel
out in the interferometer. We can thus writeδ12tc = ωefftc+ const.

• π
2 -Term: If both paths start and finish in the same state|a〉, the constant factor
π
2 cancels out. In the final state|b〉 however, theπ2 add up to 2π.

• φeff,0 -Term: This term has the biggest importance, because it no longer stands
for a constant phase offset at time zero, but indicates the phase of the Raman-
laser at the position of the atomic wave-packet. We write

φeff,zc = −keffzc + φeff,0. (2.49)

It is here, where the plane-wave approximation of our calculation does not hold
any more. The effective laser-phase can be assumed to change linearly with
position during the (very short) pulse, so a good approximation is to use the
phase offset at the position of the center of the wave-packet at the center of the
pulse:zc ≡ z(tc).
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Conclusion: The important terms of the phase change during a pulse of lengthτ thus
are: ∥∥∥∥∥∥ ∆φ = ωefftc − keffzc + φeff,0 . (2.50)

wheretc is the time at the center of the pulse.

Light-shift compensation: By choosing the proper intensitiesE0,L1 andE0,L2 of the
Raman lasers, the light shifts∆EAC = ~ΩAC (2.40) and (2.41) can be matched to
compensate the total shiftδAC. We assumeΩai1 ≈ Ωbi1 andΩai2 ≈ Ωbi2.

δAC = 0⇔
(
IL1

IL2

)
=

( |E0,L1|2
|E0,L2|2

)
=

( |Ωai1|2
|Ωbi2|2

)
=

∆(∆ + ωab)
(∆ − δ12)(ωab− ∆ + δ12)

≈ (ωab + ∆)
(ωab− ∆)

for δ12� ∆ (2.51)

The usual parameters for our experiment are∆ = −2π · 3.3 GHz andωab = 2π · 6.8
GHz, which makes a relation ofIL1/IL2 ≈ 1/3 to cancel out the light shift.

2.1.4 Velocity selection

In a vertical experiment arrangement, with thek-vectors of the Raman lasers parallel to
atomic motion (free fall), one can choose between a configuration with co-propagating
or counter-propagating Raman lasers. We will discuss the effect of both arrangements
that are sketched in Fig.2.2.

|hk1|+|hk |2|hk1|-|hk |2

|hk |2

|hk |2

|hk1| |hk1|0

|2hk |2|hk1|

|hk1| |hk1|0

|2hk |2

|hk1|

Figure 2.2:Recoil kicks for co- (left) and counter-(right) propagating Raman beams.
Indicated are the momenta of photons and atoms (balls). From left to right: The atom
first absorbs one photon of laser 1 and then emits a photon stimulated by laser 2.
Co-propagating beams will transfer little momentum to the atoms, whereas counter-
propagating beams transfer two recoil kicks.
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Counter-propagating Raman-beams:Atoms with a certain velocity component par-
allel to the Raman beams (vertical z-axis) will be exactly in resonance when the
Doppler shift compensates the detuning. Atoms with different velocities will be off-
resonant and have a lower probability of performing the transition. According to
(2.32), the Doppler shift of the transition frequency isδ = p · keff/m = v · keff. A
velocity spread∆vz of the selected atoms is therewith related to the width of the Ra-
man transition∆δ by:

∆vz =
∆δ

keff

. (2.52)

The Raman linewidth can be very small, because both states involved have very long
lifetimes and because the frequency differenceωL12 can be stabilized very accurately.
In our experiment, the linewidth is mainly limited by the interaction time with the
Raman light, typically 50µs, which is equivalent to∆ f = 1/τ = 20 kHz. Forλ =

780 nm, formula (2.52) determines a velocity spread of∆v = 2.6 mm/s. (The recoil
velocity for rubidium is 5.8 mm/s.) For long interaction times, Raman transitions can
be used for velocity selection on the order of one Hz [8].
The recoil kick acquired by one Raman transition is~(kL1− kL2) = ~keff ≈ 2~kL1. The
velocity change∆v= ~keff/mRb due to the stimulated absorption and emission is 11.6
mm/s in our case2.

Co-propagating Raman-beams:If working with big detuning∆ � δ12, thenkeff ≈
2kL1 ≈ 2kL2, the Doppler-shift of the two Raman lasers will always be the same, no
matter how fast the atoms move and the transition will always be in resonance. (Of
course, the transition probability will decrease, if the Doppler shift becomes compara-
ble to the detuning∆.)
The interferometer signal is proportional to the effective wave-vectorkeff = |kL1|−|kL2|,
which, in the case of rubidium, is a factor of 105 smaller than the effective wave-vector
keff = |kL1| + |kL2| in the counter-propagating case. The co-propagating configuration
is useful for testing the interferometer, since it will provide a big signal and small
sensitivity to acceleration.

2.1.5 Comments on plane-wave approximation

The results of this chapter were obtained for atomic plane waves. Although we will
see that this assumption is not realistic, it can nevertheless be justified, if the result are
interpreted in the right way.

The plane-wave approximation implies a well defined laser phaseφ of the light field
during the interaction with the atomic wave-function. This is valid for wavelengths far
bigger than the extension of the atomic wave-packets, but no longer in our case, where
we deal with optical light fields ofλ =780 nm:

2mRb = 1.44 · 10−25 kg, ~ = 1.05 · 10−34 Js
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A temperature of the atom cloud in the order of 1µK corresponds to a velocity uncer-
tainty of ∆v< 10−2 m/s). The position uncertainty (∆x∆p = ~) is therefore∆x .100
nm, which means that the wave-function experiences different phases of the laser at
different positions. To account for velocity or momentum uncertainty, we can describe
the atom by a Gaussian wave-packet as the integral over momentum plane-waves:

ψ(r , t) = Ae−i(ωt− pr
~ ) ↔ ψ(r , t) =

∫ ∞

−∞
a(p)e−i(ωt− pr

~ )dp , (2.53)

wherea(p) denotes the width of the momentum distribution; in our case a narrow
Gauss centered atp0.
Our previous treatment for one plane wave withp0 (see (2.46)) resulted in a phase shift
(2.50), which is independentof p, which means that all momentum plane-waves will
contribute coherently to the phase-signal.
In all this treatment, we did not have the ambition yet to describe the total phase evolu-
tion of the atom in a light field in the presence of gravity plus gravity gradient, which
becomes very difficult. This calculation has been performed by Ch. Bordé and leads
to the conclusion that the plane-wave result is correct as a description of the pure in-
teraction and that one can consider the evolution independently to sum both effects on
the phase; as we will see in chapter2.2.
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2.2 Raman light pulse interferometer

Two main effects contribute to the output of a Raman interferometer: the interaction
with the light during the Raman-pulses and the free evolution in a potential. The first
parts of this section will evaluate these two contributions independently, according to
the ’classical’ approach used by Chu and Kasevich to describe an interferometer. The
result form the previous section of the interaction of plane-waves with (only) the light
field is used to to describe the interaction with the short laser pulses. The free evolution
will be treated separately. Towards the end of the chapter, a method introduced by
Ch. Bord́e will be sketched for comparison. This method solves the whole problem
for Gaussian wave-packets in the presence of a light field and an external quadratic
potential.

2.2.1 Principle

0 T 2T t

z

path II

path I

>|a,p

A

B'

B

C'
C

p/2 p/2p

>|b, p+hk

>|b, p+hk

>|a,p

Figure 2.3:Schematic illustration of a vertical, symmetrical light pulse interferometer.
The atom cloud originally in state|a〉 is split, reflected and recombined by three Raman
light pulses. Atoms either pass through path I (ABC) or path II (AB’C’).

We will analyze in the following the special case of a symmetric, vertical Raman light
pulse interferometer (see Fig.2.3). Atoms are interrogated by Raman pulses at three
different timest = 0, T, 2T to split, reflect and recombine the atomic wave-function.
The phase difference∆φ between the two paths of an atom interferometer can be de-
composed into two main parts:

∆φ = ∆φlaser+ ∆φevolution (2.54)
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The first contribution∆φlaser originates in the phaseφeff of the interrogation lasers at
the relative position of the atoms, which is imprinted onto the atomic wave-function
during the pulses according to (2.46). The second part∆φevolution is the dephasing
arising from the different evolution of the wave-function travelling along path I or II.
If the two paths are exposed to different potentials, a dephasing will be measured at
the end of the interferometer.

2.2.2 Phase contribution of Raman pulses

To calculate the occupation probabilityPa andPb at the end of a complete interferom-
eter sequence, we calculate the coefficientsca andcb for a sequence of aπ/2, aπ and
aπ/2 pulse at timest1 = 0, t2 = T andt3 = 2T, respectively. According to (2.50), the
important phase terms, imprinted onto the wave-function during the i-th pulse are

φeff(ti) = φeff(z(ti), ti) = ωeffti − keffz(ti) + φeff,0(ti). (2.55)

We abbreviate the phase at the space-time point A (see Fig.2.3) with φA = φeff(zI (0),0),
φB = φeff(zI (T),T), and so forth. To calculate the phase output of the whole sequence
of π/2, π andπ/2 pulses, we perform three iterations using the equations (2.48) and
starting with the atom in state|a〉, zero detuningδ12 and light shift compensation (see
section2.1.3) δAC = 0 ↔ ΩR = Ωeff. The pulse lengthτ for a π pulse isτ = π/ΩR.
The coefficients at the various times are:

ca(t < 0) = 1

cb(t < 0) = 0

ca(0 < t < T) =
1√
2

cb(0 < t < T) = − i√
2

e−i(π/2+φA
eff

) (2.56)

ca(T < t < 2T) = − 1√
2

e−i(π+φA
eff
−φB′

eff
)

cb(T < t < 2T) = − i√
2

e−i(π/2+φB
eff

)

ca(t > 2T) = −1
2

e−i(π+φA
eff
−φB′

eff
) − 1

2
e−i(π+φB

eff
−φC′

eff
)

cb(t > 2T) =
i
2

e−i(3π/2+φA
eff
−φB′

eff
+φC

eff
) +

i
2

e−i(π/2+φB
eff

) .
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We derive the following probabilities of finding the atom in state|a〉 and|b〉:

|ca(t > 2T)|2 =
1
2

(1 + cos(∆φa))

with ∆φa = (φA − φB)︸     ︷︷     ︸
pathI

− (φB′ − φC′)︸       ︷︷       ︸
pathII

and

|cb(t > 2T)|2 =
1
2

(1− cos(∆φb))

with ∆φb = (φA − φB + φC)︸             ︷︷             ︸
pathI

− (φB′)︸︷︷︸
pathII

. (2.57)

The end-pointszC and zC′ of the interferometer might be spatially separated in the
presence of an inhomogeneous potential. We will define a phaseφC̄ at the mean point
zC̄ =

zC+zC′
2 and a separation phaseφsepas

φC̄ =
p(zC + zC′)

2~
=
φC + φC′

2
(2.58)

φsep=
p(zC − zC′)

2~
=
φC − φC′

2
, (2.59)

wherep = ~keff is the momentum of the plane wave, so that we can write

Pa =
1
2

(
1 + cos(∆φ − φsep)

)

Pb =
1
2

(
1− cos(∆φ + φsep)

)

with ∆φ = φA − φB − φB′ + φC̄ . (2.60)

The phase shiftφsep can be understood as the phase-change of a plane wave over the
distancezC+zC′

2 . What we cannot see in the plane wave approximation, is the loss of
contrast of the interferometer, because of less overlap of the waves. We can introduce
the contrast factor A:

Pa = 1/2A(1 + cos∆φ) . (2.61)

To explicitly calculate this phase contribution, the equations of motion for the applied
potential must be solved to know the position of the atoms at the times of interaction.

Conclusion: The phase contribution of the Raman lasers to the interferometer is the
sum of the phase contributions of the laser pulses (see section2.1.3) of path one minus
the sum of those on path two. In an inhomogeneous potential, the end points of the
interferometer are not the same and we observe an additional phase term, which is of
opposite sign for state|a〉 and state|b〉 and is equal to the phase shift of a plane wave
over the shift of the end point:

∥∥∥∥∥∥ ∆φlaser= (φA − φB) − (
φB′ − φC̄

)
+

p (zC′ − zC)
2~

. (2.62)
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For constant laser phase offset and constant frequency, this simplifies to
∥∥∥∥∥∥ ∆φlaser= keff(zA − zB − zB′ + zC̄) +

p (zC′ − zC)
2~

. (2.63)

All the other phase terms, imprinted on the wave-function during the pulses cancel out.
In the case of uniform gravityz(t) = v0T − 1

2gT2 and∆φlaser= keffgT2.

2.2.3 Free evolution

We will now face the problem of how to calculate the dephasing between the two paths
I and II of the atom interferometer. To determine the evolution of the atomic wave-
function during the passage of one path, we will use the convenient approach of the
Feynman path integrals, valid for at most quadratic Lagrangians. In this paragraph,
we will provide the tools for calculating the dephasing, but will not derive everything;
it can be found in [33]. The problem we have to solve is the calculation of the wave-
function ψ(zb, tb) = ψ(b) at a certain positionzb and timetb. The evolution in the
given potential starts at a timeta < tb at the unknown positionza with ψ(za, ta) = ψ(a).
To solve this problem of evolution, we first give a short explanation of the Feynman
method:

Feynman path integral: The quantum evolution operatorK(zb, tb; za, ta) = K(b,a)
determines the evolution of a wave-function between timeta and timetb.
There is an infinite number of possibilities or pathsΓ for an atomic wave packet to
evolve from (za, ta) to (zb, tb). Feynman postulated thatK can be expressed as a sum
over all possible pathsΓ, where every path contributes the same amplitude and where
the phase of each contribution is the classical actionScl divided by~:

K(b, a) =
∑

all Γ

eiScl(Γ)/~ (2.64)

In theclassical limitof Scl(Γ) � ~, a small variation of the path∆Γ will change the
phase by a big amount and different paths will interfere destructively. In the vicinity of
the classical path, the action has an extremum and very close paths have similar phases
and interfere constructively, thus leading to the classical solution.
Let us assume a particle at timeta, whose amplitudeψ(a) indicates the probability with
which it can be found atza. To know the probability amplitudeψ(b) of finding this
particle atzb at timeb, wherever it has been at timea, we need to integrateK(b,a)ψ(a)
over allza:

ψ(b) =

∫
K(b,a) ψ(a) dza (2.65)

The sum in (2.64) can be written as an integral and simplified for the case of quadratic
Lagrangians [33] to take the following form:

K(b,a) = e
i
~Scl(b,a)F(tb, ta), (2.66)
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where the integral has been solved partially and the remaining integralF only depends
on time and no more on position.
If we insert (2.66) into (2.65), we still have an inconvenient integral in the evolution
term. To simplify the integral, it would be nice to know, if someza contribute to the
integral more than others. There is an infinite number of possible real paths from all
za finishing in zb, but if we use the knowledge of the initial momentump0, we will
find only one path, which, for a certain Lagrangian, leads tozb, tb. We call the initial
position (timeta) of this pathz0 and develop the actionScl around (z− z0), keeping in
mind the quadratic nature of the action:

Scl(zb, tb; za, ta) = Scl(zb, tb; z0, ta) (2.67)

+
∂Scl(zb, tb; z0, ta)

∂z0︸               ︷︷               ︸
=−p0

(za − z0) +
1
2
∂2Scl(zb, tb; z0, ta)

∂z2
0︸                   ︷︷                   ︸

=C(tb,ta)

(za − z0)2

If we insert (2.67) into (2.65) we see that in the case ofplane wavesψ(za, ta) = e
i
~ p0za,

the term withza cancels out and only points near the classical positionz0 contribute to
the integral, which can now be solved leading to

ψ(zb, tb) = F(tb, ta)

√
iπ~

C(tb, ta)
· e i

~Scl(zb,tb;z0,ta)ψ(z0, ta) . (2.68)

In the case of a particle of massm in a pure gravitational field we get

C(tb, ta) =
m

(2(tb − ta))
and F(tb, ta) =

√
m

2iπ~ (tb − ta)
(2.69)

what corresponds to
ψ(zb, tb) = ψ(z0, ta)e

i
~Scl(zb,tb;z0,ta). (2.70)

The validity of theplane wave approximationapplied right above can be once more
justified by the low temperature in the order ofµK of the atoms in the fountain (see
section2.1.5): A Raman pulse ofτ = 50 µs corresponds to a velocity selection with
width ∆v= ∆ω/keff, leading to∆v=8.3× 10−3 m/s (vertical temperature of 720 nK).
The wave-function can be written as a superposition on plane wavesψ =

∫
ape

i
~ pzdp,

where only waves within a∆p = mRb87∆v contribute significantly. An evaluation of
the phase contribution∆φ = Scl/~ (in a potential with gravity and gravity gradient) for
those plane waves within∆p will show the error of the approximation, which lies in
the range of< 10−15g in a typical gravimeter, which is far below our aimed precision.

Conclusion: The phase evolution between pointa andb in a quadratic potential is
∥∥∥∥∥∥ ∆φevolution a to b=

1
~

Scl(b,a). (2.71)

It is sufficient to calculate the classical action along paths I(ABC) and II(AB’C) and
take the difference between both:∆φ = φABC−φAB′C. In the case of spatially separated
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beam paths and a spatially inhomogeneous potential, the phase shift on both paths can
be different and the result non-zero. In contrary, the phase contribution is zero in the
case of uniform gravity.

Exemplary calculation of the phase due to free evolution: We use the result (2.68)
expressed in terms of classical action to solve the exemplary case of an evolution in a
gravity field:

We start with the plane wave at timeta, from which we only know the initial momen-
tum p0. We first need to find out the positionz0(ta), so that the wave withp0 passeszb

at timetb. The solution is found by solving the Lagrange equation.

For a particle in a gravitational potential the Lagrangian is:

L(z, ż) =
1
2

mż2 −mgz (2.72)

Solving the Lagrange equation
d
dt
δL
δż

=
δL
δz

(2.73)

and using the solutions

ż(t) = ż(ta) − g · (t − ta) z(t) = z(ta) + ż(ta) · (t − ta) − 1
2

g · (t − ta)2 (2.74)

to determine the necessary parameters, one can calculate the classical action

Scl(b,a) = Scl(zb, tb; za, ta)

=

∫ tb

ta
[L(z, ż)] dt =

∫ tb

ta

[
1
2

mż2(t) −mgz(t)

]
dt

=
m(zb − za)2

2(tb − ta)
− mg

2
(zb + za)(tb − ta) − mg2

24
(tb − ta)3 . (2.75)

To obtain the total dephasing∆φevolution of our interferometer (see Fig.2.3), we need
to take the difference between the phase evolution of path I and path II:

∆φevolution = ∆φI − ∆φII = (∆φAB + ∆φBC) − (∆φAB′ + ∆φB′C). (2.76)

According to (2.68), the phase evolution on patha → b is ∆φ = Scl(b,a)/~. We
therefore use (2.75), whose last term does not depend on position and falls out, and
insert the remaining two terms into equation (2.76); resulting in:

∆φevolution =
1
~

m
T

(zB − zB′)
(
zB + zB′ − zA − zC − gT2

)
. (2.77)
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By settingtA = 0, zA = 0 and v0 = 0 as it cancels out anyway, (2.74) gives us:

zB = −1
2

gT2

zB′ = −1
2

gT2 +
~keffT

m
(2.78)

zC = −2gT2 +
~keffT

m

Inserting these classical positions into (2.77) will give the contribution of the free
evolution∆φevolution = 0, as one would expect for a uniform potential.

2.2.4 TheBordé method

In the last years, an exact treatment for any kind of atom interferometer has been
developed by C. Bord́e. The Schr̈odinger equation is solved analytically for a wave-
packet in the presence of a time-dependent, quadratic Hamiltonian. The formalism
provides quite simple formulas that can be used as a tool to calculate the phase shift
of the interferometer to a high precision. We will not go into any detail here, but
summarize the most important features of this theory and give the results for the case
of our symmetrical three pulse interferometer. A more extensive description of this
approach can be found in the thesis of Marco Fattori [52]; detailed calculation in [54]
and references therein.

Free evolution: The task is the solution of the quantistic equation of motion for a
particle of massm in a quadratic potential. Bordé used the formal analogy of this prob-
lem with the propagation of a laser in a birefringent medium, which can be described
with the well known ABCD evolution matrices of Gaussian optics, to develop a simi-
lar ABCD law for atom optics. Therefore, the theory had to be expanded to 3 spatial
dimensions (ABC and D are now matrices of order 3).
The propagation of a wave-packet is described by the the quantistic evolution operator
K(b,a), which can be expressed it in terms of classical action through the Van Vleck’s
equation:

K(ta, qa, tb, qb) =

(
1

2πi~

)3/2 ∣∣∣∣∣∣det
∂2S

∂qi,a∂q j,b

∣∣∣∣∣∣ e
i
~ scl . (2.79)

The problem consequently reduces to the calculation of the classical action. We con-
sider a Hamiltonian including gravity waves, rotations, gravity and gravity gradients:

H =
1

2m
p ĝ(t) p

︸        ︷︷        ︸
gravitational waves

−Ω(t) (q × p)︸         ︷︷         ︸
rotation

−mg(t) q︸   ︷︷   ︸
gravity

− m
2

q γ̂(t) q
︸       ︷︷       ︸
gravity gradient

.3 (2.80)

3The general case considers relativistic masses m, which might be different on each path. We will just
consider equal rest masses.
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Some clever transformations and choices of parameters [54] lead to the following
ABCD-law for the evolution of the canonical variablesq andp:

(
qb

pb/m

)
=

(
Ub,a ξ

G−1
b Ub ξ̇

)
+

(
Ab,a Bb,a

Cb,a Db,a

) (
qa

pa/M

)
(2.81)

whereG is the matrix corresponding to the tensor ˆg, the vectorξ describes the clas-
sical trajectory with the initial conditionsξ(0) = 0 andξ̇(0) = 0 of a Hamiltonian,
where rotations have been eliminated by a unitary transformation [55] with the oper-
ator U(tb, ta). The ABCD matrices can be determined by solving an equation array
[54]. These ABCD matrices can be used to calculate the classical action. Knowing the
classical action allows the determination of the quantum propagator.K results to have
a Gaussian form and to solve the Schrödinger equation. A complete set of solutions
(Hermite-Gauss functions) can now be derived fromK. The Gaussian wave-packet
(WP) of lowest order with the form

ψ(q, ta) = WP(q, ta,qa, pa,Xa,Ya) =
1

detXa
ei m

2~ (q−qa)YaX−1
a (q−qa) ei m

~ va(q−qa) (2.82)

is centered inq0, has an average velocity v0 and complex width parametersX andY.
It’s evolution

ψ(q, tb) =

∫
K(q, tb,q

′, ta) WP(q′, ta,qa, ta,Xa,Ya)

= e
i
~Scl(tb,ta,qa,pa) WP(q′, tb, qb, tb,Xb,Yb) (2.83)

is governed by the ABCD laws forq andp (2.81) and forX andY:

(
Xb

Yb

)
=

(
Ab,a Bb,a

Cb,a Db,a

) (
Xa

Ya

)
. (2.84)

To summarize: To solve the problem of the quantistic evolution of a Gaussian wave-
packet in a quadratic potential, it is sufficient to calculate the matrices ABCD, from
which the classical action and the classical equations of motion can be obtained. The
phase evolution from timea to b is

∆φevolution =
1
~

Scl(tb, ta). (2.85)

Laser pulses: We have seen in section2.2.2how the interaction with the light affects
the atomic wave-function in the limit of the plane-wave approximation. An explicit
calculation of the evolution of spatial wave packets in the potential of a quadratic
Hamiltonian including the electro-magnetic field of a Gaussian beam confirms the
plane wave result [56, 54]: The interaction with the light for a certain timeτ can be
summarized by the multiplication of the wave-function with a phase and an amplitude
factor

ca,b eωtc−kqc+φ0, (2.86)
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where – in the case of temporal beam splitters –tc is the time at the center of the
pulseand qc = qcl(tc) the classical position of the center of the wave packet attc.
The coefficientsca,b depend on the duration of the pulse and on the detuning from
resonance and indicate the population probability of statea or b. The phase factor of
one pulseis the same as in table2.1.3, which is the effective phase of the laser light at
the point of the classical trajectory of the atom at timetc:

∆φlaser= ωefftc − keffz(tc) + φeff,0. (2.87)

The calculation assumed a two-level atom, a weak laser field, non-dispersive4 square
light-pulses and used the rotating-wave approximation.

Separation: The amplitude of the interferometer signal will decay with an amplitude
factor A≤ 1, if the center of both wave-packets are spatially separated. The phase shift
arising due to the shift is found to be exactly the phase shift of the plane wave from
the center of both end-points to the shifted point [55]

∆φsep=
p(zC′ − zC)

2~
. (2.88)

Interferometer: Let us consider the general case of a symmetrical N-pulse inter-
ferometer as shown in Figure2.4. The interferometer phase output is the differential

. . .

. . .
t1 t2 tN tb

k1

I
k2

I
kN

I

kN

IIk1

II

k2

II

z1

I z2

I

zN

I

z1

II

z2

II zN

II

zb

II

zb

I
Path I

Path II

Figure 2.4:N-pulse interferometer. The difference in action of both paths only de-
pend on the four end points of the interferometer. Indicated are positionszi of the
interactions with the light pulses with wave-vectorski at the timesti .

4A non dispersive pulse does not account for the momentum or energy uncertainty of the atomic wave
packet (different detuningδ) and leaves the form of the wave-packet unchanged. This would be equivalent
to assuming a plane wave during the interaction.
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phase shifts of all phase shifts acquired on path I and path II.

∆φ =

N∑

j=1

1
~

(
SII

cl (t j+1, t j) − SI
cl(t j+1, t j)

)

︸                                     ︷︷                                     ︸
evolution, (2.85)

+

N∑

j=1

(kII
j zII

j − kI
jz

I
j) − (ωII

j − ωI
j)t j − (φII

j,0 − φI
j,0)

︸                                                          ︷︷                                                          ︸
laser pulses,2.87

− 1
2~

(pII
j + pI

j)(z
II
j − zI

j)︸                        ︷︷                        ︸
separation, (2.88)

. (2.89)

This sum of all phase contributions can even be simplified by thefour points theorem
[53], which connects the difference of classical action between two paths with the four
end points of these paths:

Scl(ta, tb, z
I
a; pI

a) − Scl(ta, tb, z
II
a ; pII

a ) = (2.90)
1
2

(pI
b + pII

b )(zI
b − zII

b ) +
1
2

(pI
a + pII

a )(zI
a − zII

a ) . (2.91)

For the same starting pointzI
a = zII

a , the total interferometer phase shift reduces to

∆φ =

N∑

j=1

(kII
j − kI

j)
zI

j + zII
j

2
. (2.92)

Conclusion: With the assumptions of Gaussian wave-packets, a quadratic Hamilto-
nian, dispersion free light pulses and the same starting point for both interferometer
paths, we get the astonishingly simple exact phase shift for a N-pulse interferometer
of

∥∥∥∥∥∥ ∆φ =

N∑

j=1

(kI
j − kII

j )
(zI

j + zII
j )

2
. (2.93)

and in our case of three pulses with constant frequencyωeff, constant phase offsetφ0

and constantkeff:

∥∥∥∥∥∥ ∆φ = keff(zA − zB − zB′ +
zC + zC′

2
) . (2.94)

Thez(t) are the points of the classical trajectories in a quadratic Hamiltonian and can
be determined with the matrices ABC and D.
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2.2.5 Interferometer phase shift for certain potentials

Evaluating the exact equation (2.94) in the case ofconstant gravityfor our interferom-
eter, using (2.78), gives the result

∥∥∥∥∥∥ ∆φ = keffgT2. (2.95)

In the case ofgravity plus gravity gradientγ, the solution can be either obtained by
solving the Euler-Lagrange equation to get the classical path [46] or to use the ABCD
matrices [54]. Expanding the result in power series of the gravity gradientγ leads in
both cases to:

∥∥∥∥∥∥ ∆φ = keffgT2 + kγT2
(

7
12

gT2 − (v0 +
~keff

2m
)T − z0

)
+ O((γT2)2) . (2.96)

The first order term is – for typical experimental conditions – a factor of about 10−8

smaller than the zero order term whereas the second order term is smaller by about
10−16 and can be safely neglected.

Rotationswill introduce additional phase terms, the two most important of which are:
∥∥∥∥∥∥ ∆φrotation = 2 keff (v ×Ω)T2

︸              ︷︷              ︸
Coriolis

+ keff (Ω × (Ω × r ))T2R︸                      ︷︷                      ︸
Centrifugal

(2.97)

for Earth rotation = 2 keff,x T2Ωz vy + keff,z T2Ω2
y R (2.98)

where v is the velocity of the atoms,R is the Earth radius,Ω the Earth rotation rate in
the laboratory frame (x,y,z). In [34], the most significant correction terms for interfer-
ometers are given and evaluated for typical experimental values.

The phase shift is related to the state-population of state|a〉 via

Pa =
1
2

(1 + cos∆φ). (2.99)
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2.3 Sensitivity to noise

Noise is a natural enemy of precision measurements and the knowledge about an en-
emy is fundamental for a contest. We therefore will first introduce some basic tools
for the description of noise [48], followed by a treatment of the special problem of
phase noise on the Raman lasers. The phase fronts of the Raman lasers provide a ruler
for the acceleration measurement and any phase noise on the lasers will transfer onto
the interferometer phase noise with a certain weight, which images the response of the
phase of the atomic wave-function on the laser phase. To get an idea of the quality
of the necessary phase stability, we assume a typical interferometer timeT = 150 ms,
yielding a phase shift due to the Earth’s accelerationg of ∆φ = keffgT2 ≈ 3.6 · 10−6

rad. A measurement accuracy of∆g/g = 10−9 signifies a maximum phase noise on the
order of 1 mrad. In the second part of this chapter, we will derive the above mentioned
weight function for a gravimeter. It needs to be said that we will assume plane wave
fronts of the Raman beams as well as of the atomic wave-function in this section.

2.3.1 Definitions

Let us consider a laser with electric field

E(t) = (E0 + ε(t)) sin(2π f0t + φN(t) + φ0) , (2.100)

which shows frequency, phase and amplitude noise and where the instantaneous fre-
quency and phase noise are related byf (t) = f0 + φ̇N(t)/2π. In the following, we omit
the indexN of the phase noise for convenience, but it will reappear in chapter4. It
is useful to define the instantaneous fractional frequency deviationy from the center
frequencyf0 as

y(t) =
f (t) − f0

f0
=

1
2π f0

dφ(t)
dt

. (2.101)

The spectral Fourier analysis of the phase or frequency noise is often expressed in
terms of thespectral density of phase or frequency fluctuationsin radians square per
Hz bandwidth:

Sφ( f )

[
rad2

Hz

]
=

1
f 2

S f ( f )

[
Hz2

Hz

]
=

f 2
0

f 2
Sy( f )

[
1

Hz

]
. (2.102)

For
∫ ∞

f
Sφ( f ′)d f ′ � 1 rad2, one can define the Single Sideband Phase NoiseL( f ) as

L( f ) = 1/2 Sφ( f ) 5.

For a time-domain characterization of the noise aroundφ = 0, the one-sample variance
σφ,1(τ) (mean square phase modulation) can be employed, where we useφ̄ as the

5The SSB phase noise in [dBc/Hz]: L[dBc/Hz] = 10 log10
Sφ/2

1rad2
.
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average of the signalφ(t) over a timeτ:

σ2
φ,1(τ) =

〈
φ̄(ti)

2
〉

ti
=

〈∣∣∣∣∣∣
1
τ

∫ ti+τ

ti
φ(t′)dt′

∣∣∣∣∣∣
2〉

ti

=

〈∣∣∣∣∣
∫ ∞

−∞
φ(t′)h1(ti − t′)dt′

∣∣∣∣∣
2〉

ti

= lim
T→∞

1
2T

∫ T

−T
|(φ ⊗ h1)(t)|2 dt = lim

T→∞
1

2T

∫ ∞

−∞
|ΦT( f )|2 · |H1( f )|2d f

=

∫ ∞

0
Sφ( f )|H1( f )|2d f = 2

∫ ∞

0
Sφ( f )

sin2(π f τ)
(π f τ)2

d f (2.103)

We wrote the Fourier transforms in capital letters, whereΦT( f ) is the Fourier transform
of φ(t) and the subscriptT emphasizes thatφ(t) is defined only in the interval−T <

t < T. The subscript is not used on the so-called transfer functionH1( f ), sinceh1(t)
is per se only defined within this interval: it reaches the constant valueh1(t) = 1/τ
between t=0 andτ and zero else and therewith images a sample of durationτ. For
infinite sampling timeτ→ ∞, the variance is justσ2

φ =
∫ ∞
0

Sφ( f )d f .

One will find that this variance does not converge for certain types of noise (Random
walk and flicker frequency-noise; see below) and long measurement times. For this
reason the two sample variance without dead time, calledAllan Varianceσφ,2, has
been introduced. It takes the average over all timesti of the difference betweentwo
consecutive mean values̄φ with sample timeτ, and has the transfer function|H2( f )|:

σ2
φ,2(τ) =

〈(
φ̄(ti + τ) − φ̄(ti)

)2
2

〉

ti

=
1
2

〈[
1
τ

∫ ti+τ

ti
φ(t′)dt′ − 1

τ

∫ ti

ti−τ
φ(t′)dt′

]2〉

ti

=
1
2

〈[∫ ∞

−∞
φ(t′)h2(ti − t′)dt′

]2〉

ti

=

∫ ∞

0
Sφ( f )|H2( f )|2d f

= 2
∫ ∞

0
Sφ( f )

sin4(π f τ)
(π f τ)2

d f . (2.104)

The transfer function|H2( f )| is the Fourier transform of the functionh2(t), which cuts
out the two consecutive samples of the functionφ(t) and takes their difference:

h2(t) =


1/τ ,−τ ≤ t < 0
−1/τ ,0 ≤ t < τ
0 , t > |τ|

(2.105)

Types of noise: The spectral density plot of any real oscillator noise is a combination
of different noise processes. There is thediscrete frequency noise, which might for
example originate in mechanical resonances, and there is thepower-law noise. The
power-law model assumes the spectral density of phase (frequency) fluctuations to be
equal to a sum of terms, each of which varies with an integer power of frequency.
There will thus be two quantities, which completely specify the spectral noise density:
the slopeα on a log-log plot over frequency and the amplitudehα:

Sφ or y( f ) =

α=∞∑

α=−∞
hα f α.
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For power-law types of noise, the variance can be written as

σ2
φ(τ) = 2

α=∞∑

α=−∞
hα

∫ ∞

0
f α|H( f )|2 d f =

α=0∑

α=−4

hαaατ
µ. (2.106)

where we performed a power expansion ofσ2
φ,2 in τ to reveal the characteristic ex-

ponentµ of τ for each type of noise. Expression (2.106) does not converge for the
transfer function of the one-sample varianceH1 for αφ = −4,−3 andτ→ ∞, whereas
is does converge for the transfer functionH2 of the Allan variance.

Comment: The Allan variance shows the same dependence on Flicker and White phase noise, what makes it useless
for a careful analysis of limiting noise types. For this reason, amodified Allan variancehas been introduced, which
can also be found in [48].

There exist five common noise processes with the following exponentsα for the spec-
tral densities – orµ in case of the Allan variance. The following table contains these
exponents and Figure2.5shows the corresponding slopes of the spectral densities and
the Allan variance:

Noise type α for Sφ α for Sy µ for σ2
φ,2

Random walk frequency -4 -2 1
Flicker frequency modulation -3 -1 0
White frequency modulation -2 0 -1
Flicker phase modulation -1 1 -2
White phase modulation 0 2 -2

2.3.2 Weighting function

The phase noise of the laser will transmit via discriminators onto the interferometer
phase noise. In the Fourier space, the discriminators will apply some frequency de-
pendent weight onto the noise. We will assume a stable amplitude of the Raman lasers
and can state that also relative frequency fluctuations between the Raman lasers will re-
main small because of the phase-lock. Absolute frequency variations will be the same
for both lasers and will not change the Raman transition rate as long as the deviation
stays small relative to the detuning from resonance.

The Raman lasers are first of all discriminated by a shutter, which cuts three rectangular
pulses of lengthsτ,2τ andτ out of the continuous light. Let’s call this discrimination
functionh(t). The output of the discriminator is the convolution ofφ(t) with h(t) (for
h consisting of rectangular pulses the convolution is equal to the product).
Here, we will make the assumption that during these pulses the laser phase noise is
directly transmitted onto the atomic wave-function, which means, the interferometer
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Figure 2.5:Double-logarithmic plots of the spectral noise densities for common power
law noise sources. On the left the spectral phase noise density on top of the spectral
(normalized) frequency noise density and on the right the Allan Variance over sample
time.

performs phase measurements of the laser and combines them to the output (see section
2.2.2)

∆φ = φ̄A − 2φ̄B + φ̄C, (2.107)

which in turn is linked to the measured relative state population by

Na

N
=

1
2

A(1 + cos(∆φ)), (2.108)

where A is a contrast factor. We call̄φK the average phasēφK = 1/τ
∫ τ/2
−τ/2 φ(t)dt

during the pulseK = A, B or C. Section2.3.4will explain the difference between this
approximate- and the exact calculation of section2.3.3, which includes the interaction
of light and atoms during the pulse.
The link between∆φ and φ̄K signifies a further weighting of the phase noise by the
pulses with 1, -2 and 1, respectively, andh thus gets̄h(t) which is shown in Fig.2.66.

6The integral of each pulse is initially normalized. First and last pulse of lengthτ to 1/τ and the
second pulse of length 2τ to 1/2τ. The weight ofφA − 2φB + φC leads to Fig.2.6
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1/t

t

h(t)

T

t

T-t

Figure 2.6:The weighting function̄h(t). The atoms will be opposed to the convolution
of the phase noise of the Raman lasersφ(t) with h̄(t). We center the function in t=0 for
symmetry reasons. The whole length of the interferometer sequence is 2T, including
the pulses.

We calculate the varianceσφ of ∆φ (2.107) according to (2.103):

σ2
φ =

〈∣∣∣∣∣∣
1
τ

∫ ti−T+τ

ti−T
φ(t′)dt′ − 2

1
2τ

∫ ti+τ

ti−τ
φ(t′)dt′ +

1
τ

∫ ti+T

ti+T−τ
φ(t′)dt′

∣∣∣∣∣∣
2〉

ti

=

〈∣∣∣∣∣
∫ ∞

−∞
φ(t′) ⊗ h̄(ti − t′)dt′

∣∣∣∣∣
2〉

ti

= lim
T→∞

∫ ∞

0

2|Φ( f )|2
T

|H̄( f )|2d f

=

∫ ∞

0
Sφ( f )|H̄( f )|2d f , (2.109)

whereH̄( f ) is the Fourier Transform of̄h(t) and takes the form
∥∥∥∥∥∥ H̄( f ) = − 4

π f τ
sin(π f τ) sin(π f (T − τ)) sin(π f T)

∥∥∥∥∥∥ = − 4
f / f0

sin(π f τ) sin(π f (T − τ)) sin(π f T) (2.110)

|H̄( f )|2 is called the weighting function (or transfer function as in (2.103) and in control
theory), since it indicates the weight of the phase noise densitySφ( f ) at a certain
frequency. This function has a low frequency cutoff below f = 1/(πT) and a high
frequencies filtering abovef0 = 1/(πτ).

2.3.3 Exact calculation of the weighting function

We will now consider the the change of the atomic wave-function during the Raman
pulses (see equations (2.46)) to get a more accurate estimation of the weighting func-
tion. The whole formalism has been introduced to characterize atomic clocks, which
are driven by microwave pulses. Recently, these results have been applied to optically
driven atom-interferometers in [51] and [50].



56 2.3 Sensitivity to noise

According to [130], we introduce the sensitivity functiong(t) as the relative variation
of the transition probabilityδP due to a phase stepδφ occurring at timet:

g(t) = 2 lim
δφ→0

δP(δφ, t)
δφ

. (2.111)

We will determineg(t) aroundP = 1/2, where the interferometer is most sensitive to
phase noise and wherePa depends linearly on∆φ:

Pa =
1
2

(1 + cos(∆φ)) =
1
2

(1 + cos(π/2 + ε))

=
1
2

(1 + sin(ε)) ≈ 1
2

(1 + ε). (2.112)

To determineg(t), we have to calculateP or ∆φ for a phase jump at timet. We use the
equations (2.48) for zero detuning and compensated light shift. For optimum fringe
contrast, we assumeΩeff = π/2τ. We can proceed according to the calculation of
the interferometer phase shift (2.56), but need to add an additional iteration in the
following manner: If the phase jump happens during a pulse, we split the pulse into
two consecutive pulses with different phase offset. For illustration, we will do the
example of a phase jump fromφ = 0 to φ = δφ at time t during the first pulse,
−T < t < −T + τ, which we split into two pulses of durationT + t and−T + τ − t. We
again start with all atoms in state|a〉:

ca(−T) = 1
cb(−T) = 0
ca(t) = cos

(
Ωeff(T+t)

2

)

cb(t) = −i sin
(

Ωeff(T+t)
2

)

ca(−T + τ) = cos
(

Ωeff(T+t)
2

)
cos

(
Ωeff(−T+τ−t)

2

)

+ eiδφ sin
(

Ωeff(T+t)
2

)
sin

(
Ωeff(−T+τ−t)

2

)

cb(−T + τ) = ie−iδφ cos
(

Ωeff(T+t)
2

)
sin

(
Ωeff(−T+τ−t)

2

)

− i sin
(

Ωeff(T+t)
2

)
cos

(
Ωeff(−T+τ−t′)

2

)
.

The iteration continues to derive the coefficients after the second and third pulse, keep-
ing the phase offsetδφ. From the final probability amplitude of finding the atom in state
|a〉:

Pa =
1
2

(
1 + sin(δφ) sin

(
Ωeff(T + t)

))
(2.113)

follows the sensitivity-function in the time interval−T < t < −T + τ as

g(t) = 2 lim
δφ→0

δP(δφ, t)
δφ

= sin(Ωeff(T + t)) . (2.114)

We proceed in a similar way by introducing the phase step during the other two pulses
to find the sensitivity function for those time intervals.
It is easier to derive the sensitivity function for the times between the pulses. We
already found out thatPa = 1

2(1 + cos∆φ) with ∆φ = φA − 2φB − φC. To ensure
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Pa = 1
2 ± ε, we setφC = π/2. A phase jump between the first and second pulse

signifiesφA = 0, φB = δφ andφC = π/2 + δφ, what leads to

Pa =
1
2

(1 + sinδφ) and (2.115)

g(t) = 2 lim
δφ→0

1
2

cosδφ = 1 (2.116)

within this time interval.

We find the total sensitivity function to be (see Fig.2.7):

g(t) =



0 ,−Trep/2 < t < −T
sin(Ω(t + T)) ,−T ≤ t < −T + τ

1 ,−T + τ ≤ t < −τ
− sin(Ωt) ,−τ ≤ t < τ
−1 , τ ≤ t < T − τ
sin(Ω(t − T)) ,T − τ ≤ t < T
0 ,T < t < Trep/2

(2.117)

We definedg only between−Trep/2 andTrep/2 since the interferometer sequence will

1

t0

Tt T-t

g(t)

Figure 2.7:The sensitivity functiong(t) describes the sensitivity of the interferometer
phase on a small phase step of the Raman lasers.

be repeated with frequency 1/Trep.
To find the link betweeng(t) andσ2

φ, we will write the continuous phase noiseφ(t) as
a sum over many phase steps:

φ(t) = lim
∆t→0

Trep/∆t∑

N=1

δφ(N∆t) . (2.118)
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From the definition of the sensitivity function (2.111) and by using (2.112) follows

δP =
1
2
δ(∆φ) =

1
2

lim
∆t→0

δφ g(t)

=
1
2

lim
∆t→0

Trep/∆t∑

N=1

g(−Trep/2 + N∆t) δφ(−Trep/2 + N∆t)

=
1
2

∫ Trep/2

−Trep/2
g(t)

δφ

dt
dt =

1
2

∫ ∞

−∞
g(t)

δφ

dt
dt

∣∣∣∣∣if g=0 for
|t|>Trep/2

. (2.119)

It gets clear that our previoush(t) is the derivative ofg(t): h(t) = ∂g(t)/∂t. We thus
get the weighting function as the Fourier transform ofg(t) times 2π f , or as the Fourier
transform ofh(t), what is somehow easier to calculate:

∥∥∥∥∥∥ H( f ) = ωG( f ) (2.120)

=
2Ω2

eff

Ω2
eff
− ω2

(
cos

(
ω(T − τ)) − cos(ωτ) − ω

Ωeff

sin(ωT)

)

= − 4Ω2
eff

Ω2
eff
− ω2

sin(ωT/2)

(
sin

(
ω(T − 2τ)/2

)
+

ω

Ωeff

cos(ωT/2)

)

∥∥∥∥∥∥ = − 4

1− f 2/ f 2
0

sin(π f T)
(
sin

(
π f (T − 2τ)

)
+ f / f0 cos(π f T)

)
,

usingΩeff = π/(2τ) so that f0 = 1/(4τ). The second order pole in the denominator is
counterbalanced by the term in the big brackets. The relation between h(t) and g(t) is
also obvious if one calculates the one sample variance of the phase fluctuations using
equation (2.119) according to (2.103):

σ2
φ = 〈|δ(∆φ)|2〉ti = 〈|2δP|2〉ti

= 2

〈∣∣∣∣∣
1
2

∫ ∞

−∞
g(t − ti)

δφ(t)
dt

dt
∣∣∣∣∣
2〉

ti

= lim
T→∞

2
∫ ∞

0

1
T
|G( f )|2 |(2iπ f )Φ( f )|2 d f

=

∫ ∞

0
Sφ( f ) (2π f )2|G( f )|2︸           ︷︷           ︸

|H( f )|2
d f . (2.121)

2.3.4 Comparison of rough and exact result for the weighting function

Let us compare the results for the weight-function (2.110) and (2.120) of the previous
sections. Figure2.8shows g- and h-functions for the rough and accurate calculation.

The smoother (sine) h-function in the accurate calculation can be understood intu-
itively well in the Bloch picture: Imagine the atom being in state|a〉 and the atomic
wave-vector starting to rotate around the electric field vector. A phase fluctuation of
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1/t

p/2t

t

h(t)

T

t

T-t

1

t0

Tt T-t

g(t)

Figure 2.8:g- and h- sensitivity functions for the rough (dashed) and accurate (solid)
noise calculation.

the electric field will change the rotation axis, what results in a different population
probability at the end of the pulse. Obviously, a phase fluctuation at the beginning of
the pulse will have little effect, whereas the effect is maximum when the atom is in a
symmetric superposition of|a〉 and |b〉 (P ∼ cos(δφ)) and the Bloch vector lies in the
x-y plane.

This smooth reaction to the square pulses has as a consequence that the weighting
function (2.120) shows a higher contribution at middle frequencies and lower con-
tributions at very high frequencies if compared to the weighting function (2.110), as
can be seen in Figure2.9. The cutoff at high frequencies due to the finite duration of
the interferometer pulses lies in the square case atf0 = 1/(πτ), whereas in the exact
case the cutoff is earlier, atf0 = 1/(4τ). The higher contribution to the phase noise
at frequencies around 10 kHz of the weighting function (2.120) causes an increase
of the overall integrated phase noise (assuming white noise) by 25% relatively to the
weighting function (2.110). On the other hand, the low frequency part of both transfer
functions shows exactly the same behavior as a frequency filter belowf = 1/(πT),
determined only by the duration of the interferometer sequence.
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2.3.5 Dick effect

Our measurement will consist of a long sequence of measurement cycles to average
out noise. Aboutm = 10000 measurements will be taken with a fix repetition rate of
Trep, what gives rise to an aliasing phenomenon well known for atomic clocks, called
Dick effect [130], which will down-convert multiples of the frequency 1/Trep to low
frequencies and increase the sensitivity of the interferometer on these frequencies.

As we have seen in section2.3.1, the one sample variance (2.121) is no appropriate
description for long average times. We will thus calculate the Allan variance as the
variance of the difference between the average phase-noise of two consecutive mea-
surement cycles, each containing a certain numberN = τ̄/Trep of single measurements
(see Figure2.10).

* * * * * * * * * * * * * * * * * * * *
} } }
Trep

} }
t = TN rep

Fk Fk+1

0 mTrep

Figure 2.10: A sequence of interferometer measurements (stars), repeated m-times
with repetition rate 1/Trep. Each point is a variation of the interferometer phaseδ(∆φ) =

2δP as a response on the phase fluctuations on the Raman laserφ(t). To calculate the
Allan varianceσφ,2(τ̄), one groups the measurements in timeτ̄ to a cycle ofN = τ̄/Trep

single measurements and takes the difference between two consecutive average-values
of one cycleφ̄k.

With the average noise of N interferometer measurements at timetk

φ̄k =
1
N

N∑

l=0

δ(∆φ(t− lTrep)) =
1
N

N∑

l=0

∫ tk+(l+1)Trep

tk+lTrep

g(t−tk−(l+1/2)Trep)
dφ
dt

dt , (2.122)

the Allan Variance can be written as

σ2
φ,2(τ̄) =

1
2

〈
(φ̄k+1 − φ̄k)

2
〉

tk
=

1
2

lim
m/N→∞

1
m/N

m/N∑

k=1

(φ̄k+1 − φ̄k)
2 , (2.123)

where τ̄ = N · Trep, tk = k · τ̄, k = 0, . . . ,
m
N
.

For convenience, we shift theg-function, which is centered int = 0 according to
(2.117), by Trep/2 to begin int = 0, what can be done without loosing generality. We
define the functiongN,k(t) as the sum of all g-functions in one measurement cycle:

gN,k(t) =

N∑

l=0

g(t − kτ̄ − lTrep) (2.124)
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so that we can write

φ̄k =
1
N

∫ tk+τ̄

tk
gN,k(t)

dφ
dt

dt and (2.125)

φ̄k+1 − φ̄k =
1
N

∫ tk+τ̄

tk

(
gN,k+1(t) − gN,k(t)

)
︸                  ︷︷                  ︸

g̃k(t)

dφ
dt

dt . (2.126)

The new function ˜gk(t) represents the difference between two consecutivegN,k-functions.
For long enough averaging times ¯τ, there will be no correlation between the noise on
(φ̄k − φ̄k−1) and (̄φk+1 − φ̄k) and we can assume ˜gk ≡ g̃0:

gN,k+1(t) − gN,k(t) = g̃k(t)
!
= g̃0(t) =

N−1∑

l=0

(
g(t − τ̄ − lTrep) − g(t − lTrep)

)
. (2.127)

For clarity, the functions that are used here are shown in Figure2.11.

}
Trep

}
0 ( +1)Tk repkTrep

-gN,k(t)

g (t)k

~

gN,k+1(t)

mTrep

}
Figure 2.11:To calculate the Allan variance of the noise on the output phase signal of
an interferometer, we defined the functionsgN,k(t) andg̃k(t). The first is just the sum
over theg-functions in one measurement cycle of N single measurements and the latter
is the difference between two successivegN,k-functions.

We immediately calculate the Fourier transformG̃( f ) of g̃0(t), which will serve us later
on for the calculation of the Allan variance. We make use ofN = τ̄/Trep, the property
of the Fourier transform that a shift in time byt0 corresponds to a multiplication with
eiωt0 of the Fourier transform and some algebraic transformations7:

|G̃( f )|2 =

∣∣∣∣∣∣∣
N−1∑

l=0

(
G( f ) · e2iπ f (τ̄+lTrep) −G( f ) · e2iπ f lTrep

)∣∣∣∣∣∣∣

2

= 4|G( f )|2 · sin4(π f τ̄)

sin2(π f Trep)
. (2.128)

Here,G( f ) is the Fourier transform of the g-function (2.117) of the previous chapter.

The transfer function can be expressed according to the relationH̃( f ) = 2π f G̃( f ):

|H̃( f )|2 = 4
sin4(π f τ̄)

sin2(π f Trep)
|H( f )|2, (2.129)

whereH( f ) is the weighting function of the one-sample variance (2.120).

7∑N−1
l=0 eαl = −1+eαN

−1+eα
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Now we insert the difference (2.126) into the expression for the Allan variance (2.123),
which yields ∥∥∥∥∥∥ σ2

φ,2(τ̄) =
1

N2

∫ ∞

0
|G̃( f )|2(2π f )2
︸           ︷︷           ︸

=|H̃( f )|2
Sφ( f ) d f . (2.130)

In the limit of long averaging times̄τ, we can writeH̃( f ) as a sum

|H̃( f )|2 =
τ̄→∞−→ 2τ̄

T2
rep

∞∑

n=−∞
δ
(
2π( f − n/Trep)

) |H( f )|2 , (2.131)

and the Allan variance (2.130) simplifies to:

∥∥∥∥∥∥ σ2
φ,2(τ̄) =

1
τ̄

∞∑

n=1

∣∣∣∣∣∣H
(
2π n
Trep

)∣∣∣∣∣∣
2

Sφ

(
2π n
Trep

)
. (2.132)

Noise at multiples of the repetition frequency 1/Trep will limit the sensitivity of a long
interferometer measurement.

One can now examine the contribution of various types of noises. The easiest is to
watch the case of white phase noise, which has no frequency dependence (see section
2.3.1). One will find a linear dependence of the Allan variance on the inverse Raman
pulse length. But the longer the pulse, the stronger the velocity selection and the less
atoms will participate in the interferometer, what degrades the signal to noise ratio.
For the Paris gyroscope, the optimum pulse length was found to be 20µs [49, 50].





Chapter 3

Experimental setup

This chapter is divided into four sections. The first section describes the experiment
chamber of the gradiometer, motivates the choice of materials for the ultra-high vac-
uum (UHV) system and introduces the sealing techniques with lead and glue, we used
for this system. A short second section describes, how we ensure the proper magnetic
field configuration in the various parts of the apparatus. This description is followed
by a section that deals with the laser system for the gradiometer and the gravimeter.
We introduce the lasers on which the system is based and sketch the beam path, in-
cluding the fiber system that delivers the light to the experiment. An important aspect
of the MAGIA experiment are the source masses used for the determination ofG. We
will explain in the fourth section of this chapter first, how the double-differentialG-
measurement will be performed and how we optimize the atomic trajectories to reduce
sensitivity on launch imperfections. Then, we describe the source masses themselves
together with their support.

3.1 Vacuum System

In this section, we will mainly describe the vacuum system of the MAGIA experiment
(gradiometer for the determination of G), since it was constructed during this thesis.
The vacuum system for this atom interferometer had to fulfill several conditions:

• Vacuum:The experiment requires a vacuum that is good enough to prevent col-
lisions of the atoms with the background vapor to disturb the measurement. The
pressurep should be in the order of 10−9 mbar= 10−7 Pa, which corresponds to
(pV = NkT) 25 million particles per centimeter cube and a mean free path (for
N2) of around 70 km.

• Material: Necessary properties of the material used in the construction of the
vacuum system are: A low outgassing, a high resistance to prevent the formation
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of Eddy currents and a low permanent magnetization to prevent Zeeman shifts
during the interferometer. The whole apparatus should be heatable to at least
150◦C to clean the inner surfaces.

• Windows:For the manipulation of the atoms, the apparatus should offer good
optical access for laser beams without disturbing their wavefront curvature or
producing strong reflections.

• Spatial restrictions: For a G measurement, heavy source masses have to be
placed very close to the atoms to produce a reasonably high signal and therefore
the interferometer region needs to be kept thin.

• Alignment: The launch of the atom must be exactly vertical and the apparatus
should allow an easy alignment of the launch direction.

Figure 3.1:The MAGIA apparatus. The experiment is performed in the central part
where the atoms are cooled (MOT cell), manipulated and detected (Detection cham-
ber) and opposed to interferometer pulses (Interferometer tube). Vacuum pumps are
attached on the left and right of the detection chamber. The height of the whole appa-
ratus is about 1.5 m.
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3.1.1 Description of MAGIA apparatus

All the above considerations lead to the apparatus, which will be described in the
following paragraphs and which shown in Fig.3.1schematically and in Fig.3.3as it
is in reality. Manufacturing was done by HIGH VACUUM PROCESS, Parma.

MOT cell: The cell for the magneto-optical trap (MOT) is machined from titanium
and has the geometry of a cube with 15 cm side length, whose eight edges are cut
orthogonally to the principal diagonals to get 14 surfaces: 6 quadratic and 8 tri-
angular ones with holes for optical access of 50 mm and 35 mm diameter, respec-
tively. The cube is oriented with one principle diagonal along the vertical axis. The
MOT beams enter the cube by the holes in the 6 quadratic surfaces under an angle of
α ≈ 54.7◦(cosα = 1/

√
3) to the vertical (1-1-1 MOT configuration).

Figure 3.2:Cell for magneto-optical trapping of the atoms. Visible are the collimators
for the cooling beams, fixed rigidly to the square surfaces, the water-cooled MOT coils
and one free window. At the border of the image one can identify some compensation
coils.

The beams serve for trapping and cooling the atoms and a frequency detuning of the
3 beams entering the cell from below relative to the beams entering from above will
cause a vertical launch of the atoms. The vertical axis itself is left free for the Ra-
man beams, which enter through the bottom window, pass the whole apparatus, escape
through the top window and are reflected back by a mirror above the interferometer
tube.
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We installed rubidium dispensers in one access flange to create a rubidium background
pressure high enough to ensure an effective loading of the MOT. The fluorescence of
the trapped atoms is monitored through a further window and a last flange is left free
for the future connection of a 2 dimensional MOT.

Detection chamber: To ease the alignment of the launch, a flexible bellow connects
the MOT cell to the detection chamber, which is is is made of non-magnetic stainless
steel 316LN. It provides 6 AR coated windows of 60 mm diameter for optical access
and is connected by two CF100 flanges to a titanium sublimation pump and an ion
pump. The detection chamber is used for state preparation, state-sensitive detection
and in future for a further cooling of the atoms.

Interferometer tube: The interferometer region consists of a 1 m long titanium tube
(Ti90Al6V4) with a window at the top through which the Raman beams escape. The
tube has an external diameter of only 4 cm (internal: 3.5 cm) to permit a close posi-
tioning of the source masses. A coil is wrapped around the tube to apply a magnetic
field along the vertical axis that defines a quantization axis for the atoms. External
fields are shielded by a double layer magnetic shield (see section3.2.2).

Pumps: We use a 75 l/s ion pump(V VacIon 75 Plus Star Cell, driver MidiVac)
connected by large CF100 tubes to the detection chamber to ensure a high pumping
rate. It is placed far from the experiment (55 cm) to allow the strong magnetic fields
to decay sufficiently to below 0.5 Gauss. Nevertheless, a shielding of the pump is pro-
jected.
We mounted atitanium sublimation pump(THERMIONICS SB-1020 with driverV-
 9290023) for effective pumping of gases like H2 andN2. The combination with an
ion pump is important for the non-gettarable gases like Ar or CH4. The pump consists
of 3 titanium filaments (85% Ti, 15% Mo to prevent burnout). When sending current
through the filaments, the titanium evaporates and forms a thin layer on the wall of the
vacuum chamber, which can adsorb gas. The pumping speed varies from 9 l/s/cm2 for
CO over 3 l/s/cm2 for H2 to 0 l/s/cm2 for CH4. Assuming a dominant pressure of N2

(4 l/s/cm2) and the total coverage of the surface around the cell with titanium (1240
cm2), pumping speed is only limited by the conductance to the pump; e.g. 120 l/s in
the detection chamber. The Ti-layer saturates after a while and a new cover has to be
made. The cycles of operation depend on pressure and are typically 1 hour at 10−9

Torr and 8h at 10−10 Torr. Currently, the sublimation pump is not used, since the ion
pump alone already maintains a sufficiently low pressure.

Rubidium dispenser: Five rubidium-dispensers (SAESgetters 5G0807) supply the
MOT with atoms. Each dispenser is a 12 mm long container which enclose a reser-
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voir of rubidium-chromate (Rb2CrO4) that contains 4.5 mg of rubidium. A current
between 3 and 7 Ampere through the dispenser heats up the container to a maximum
temperature of 800◦C. The Rb starts to evaporate at 500◦C and escapes its container
through a slit. The atoms immediately scatter at the wall of the MOT cell and ther-
malize to ambient temperature. Those atoms with velocities lower than 30-40 m/s can
be trapped by the MOT. We usually work with a constant dispenser current between 3
and 4 Ampere. In the past one and a half years, we always used the same (and only
one) dispenser.

Figure 3.3:The MAGIA apparatus. We show a photo of the naked system in may 2003
to recognize all elements discussed in this section. In the present status they would no
longer be clearly visible.
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Bake-out of system: We baked our whole system for 5 weeks to evaporate all im-
pureness from the surfaces. The steel parts were heated to 200◦C and the more delicate
parts with lead and glue up to 140◦C, although higher temperatures had been tested be-
fore. Our final pressure in the MOT chamber is of the order of 10−10 Torr, the major
gas load consists of CO, N2 and H2. The lower the pressure, the more dominant gets
the fraction of Hydrogen.

Properties of Vacuum materials: Ultra-high vacuum chambers require the use of
low outgassing materials and good sealing techniques. The system needs to be baked
to clean the surfaces and therefore requires a good matching of the thermal expan-
sion coefficient at delicate junctions like metal-glass. Materials with low magnetic
susceptibility are important to exclude magnetic field contributions that would disturb
the measurement. What cannot be avoided are the magnetic fields of the MOT-coils,
which are switched off during the critical part of the experiment, but whose switching
can induce Eddy currents in materials with low electric resistivity, what makes also
this parameter important in the choice of materials. Table3.1presents some important
properties of the materials we use in our vacuum systems:

Material CTE OG baked unbaked Resistivity Magn Susc
µm/ m/ K Torr l/ s/ cm2 nΩ·m χ × 10−3

M TiAl6V4 7.6 2 · 10−12 5 · 10−10 1700 <1
e 316LN 16.2 3· 10−13 1 · 10−10 740 <5
t 304 17.8 3· 10−13 1 · 10−10 720 <10
a Al 23.6 5 · 10−13 1 · 10−10 26.5 +0.022
l Cu 16.2 1· 10−12 1 · 10−10 17 -0.010

Pb 28.9 1· 10−9 4 · 10−9 210 -0.018

BK7 7.5 5· 10−12 1 · 10−10 � 1010 < | − 0.01|
Graphite 3.8 5· 10−12 1 · 10−10 14000 -0.021

Hardness Tmax

Shore D ◦C

G Aremco 526 33 8· 10−10 8 · 10−6 89 300
l Aremco 631 49 1· 10−9 1 · 10−7 75 204
u Epo-Tek H72 42 81 >300
e Epo-Tek 310 soft 22 >250

Epo-Tek 353 54 87 >250

Table 3.1:Properties of all materials of our vacuum system. Values are taken from var-
ious references [106]. Outgassing values OG are assumed –not measured– values we
used to estimate the pressure. The thermal expansion of the glues can more than double
above the glass transition temperature, which is usually between 100 and 150◦C.
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The main experiment chambers are made of TiAl6V41 and stainless steel 316LN, parts
leading to the pumps of stainless steel 304; copper is used for sealing the CF-flanges,
lead and glue is used to connect the windows made of BK7, purified graphite is used
as a passive getter pump, whereas aluminium is just indicated for comparison.

3.1.2 Pressure estimation

One can model the gas flow in high vacuum with laws equivalent to current flow in
electronics. The outgassingOG is the equivalent to a current source generating the
currentI , the gas conductanceC through a tube or around a corner like the conduc-
tance 1/R for a current through a resistanceR, where the pressurep is the equivalent
to the electronic voltageU and the equivalent to Ohm’s lawU = RI can be written as
p = OG/C. Various books contain tables with conductances of holes and tubes of all
forms and sizes [99]. The conductance of a long tube of diameter d and length l (in
cm) for example isC = 12D3/L l/s. When designing the apparatus, we assumed the
approximative outgassing rates of table3.1, which in reality depend a lot on the con-
dition of the surface, the previous cleaning and the baking temperature and duration.
The equivalent to an electric circuit diagram for the gas flow and pressure of our appa-
ratus is shown in Fig.3.4. OutgassingOG (in Torr l/s/cm2) of the various materials of
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Figure 3.4:Circuit diagram of the vacuum apparatus. Outgassing of various materials
are indicated as parallel current sources, conductances of tubes are given in l/s with the
pumps indicated as conductances to ground. The numbers 1 to 4 refer to the positions
of the pressure values given in the following table: 1: in front of ion pump, 2: in
detection chamber, 3: in MOT cell, 4: at top of tube; see numbers in Fig.3.1.

1In contrary to the assumed value in table3.1, TiAl6V4 seems to show an outgassing 10 times lower
than 361LN and does not degas hydrogen according to [127].
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the chamber are sketched with filled circles, the conductances in liters per second (l/s)
are shown with resistance symbols and can be put in series in the same way as electri-
cal resistances. The pumps are indicated as a certain conductance (l/s) to ground. The
outgassing of the apparatus can be calculated by multiplying the outgassing values of
table3.1with the surfaces of the apparatus which are exposed to vacuum:

Surfaces of vacuum apparatus

Segment of apparatus Surfacecm2 Volume
316LN Ti BK7 Pb Glue cm3

Detection chamber 1660 250 3.4 3420
MOT chamber 165 1000 170 4.1 1.0 2067
Interferometer tube 1100 9.6 1.0 962
Cross pumps 1480 79 3850
Shield ion pump 40
Valve turbo pump 80 leakage 5× 10−10l/s
Ti-pump* 1240 235 2904
Tube 314 785

Total: 0.5 m2 0.23 m2 508 cm2 7.5 cm2 2 cm2 14 l

*: Surfaces of Ti-pump count only if the pump is inactive.

These values multiplied with the assumed outgassing rates of the various materials
(table3.1) allow the estimation of the pressure at various places of the system:

Pressure in vacuum chamber

Position 1 Position 2 Position 3 Position 4
Ion Pump Detection MOT cell Interf. tube

p (N2)× 10−10 Torr 5.3/ 1.0 7.4/ 1.3 11.7/ 6.0 10.13.8

The above table gives two pressure values calculated for N2: the first one (bold) in the
case that only the ion pump is used and the Ti-sublimation pump is considered as an
outgassing surface, and second if both pumps are active. The desired pressure of 10−9

Torr should be reachable even with our conservative outgassing assumptions. The H2

pressures are lower by a factor dependent on the mass ratios
√

MN2/MH2 ≈ 3.7 for
equal pumping speeds.
When designing the system, we always tried to use tubes with a diameter as big as
possible. We attached the ion pump and titanium sublimation pump at two different
flanges of the detection chamber to increase pumping speed. In the end, we measured
a pressure of the order of 3× 10−10 Torr in the MOT cell, pumping only with the ion-
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pump, which shows that we overestimated the outgassing. It had been a long story of
leak searching and re-assembling before we reached this pressure.

We can give anupper limit for the outgassingof the glue, if we assume that all out-
gassing originates only from the glue with its 2 cm2 total surface. We find the upper
limit for the outgassing rate to be

OGGlue, max= 1 · 10−9 Torr l/ s/ cm2. (3.1)

The same estimation for lead leads to an upper limit of

OGPb, max= 6 · 10−10 Torr l/ s/ cm2. (3.2)

3.1.3 Sealing with lead and glue

The lack of commercial flanges with good quality AR coated windows, the special
demands on small wavefront distortion and the reduced space of our vacuum chamber
made it necessary to use non-commercial sealing techniques. There are a few tech-
niques around, as for example copper sealing with a sharp edge (Stanford, Florence),
indium sealing – very popular but not bakeable at high temperatures – or glue (Paris).
When using standard flanges, the tight fixing of the screws transmit pressure onto the
window, which in turn might deform and lose its optical qualities. This drawback is the
main reason for using glue to attack windows. Gluing windows onto UHV chambers
is a topic, where few people have little experience. Also the replacement of indium
with lead to attach glass directly to steel or titanium on a UHV chamber seems to be
used scarcely if at all. This is the reason why we will describe our experience with this
technique in detail.

Figure 3.5:Lead sealing: The window is placed on a ring of lead wire. Left: 20 layers
of Al-foil are placed between the flange and the window to distribute the pressure. A
piece of paper (black) prevents them from falling out during the positioning. Right:
The screws of the flange are fixed with 3-4 Nm. After the baking, the aluminium foil
is cut out of from above the window.

Lead-sealing: BK7 windows of 50 to 70 mm diameter, 10 mm thickness and AR
coating on both sides were attached onto a smooth surface of stainless steel (316LN)
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or titanium (TiAl6V4). The procedure was done in the following way:

• All surfaces including the wire of pure lead (A, 99.99% purity, 0.5 mm
diameter) were cleaned with Acetone.

• We shaped the wire to a circle with overlapping ends, with a diameter about 1
cm smaller than the window; placed this ring onto the surface of the apparatus
and slightly fixed the overlapping ends.

• The glass window was placed on top of the lead ring.

• Now the flange needed to be positioned on top of the window. Of course, there
must be some soft material between the flange and the window. We first tried a
second lead ring, but as it is never exactly above the one below the window, there
might arise pressure gradients inside the window when tightening the flange.
We therefore cut 20 discs of aluminium foil and put them between flange and
window.

• Now we fixed the screws over cross, in steps of 0.5 Nm until the final value of 3
Nm. In fact, we had good results for pressures between 2.5 Nm and 5 Nm. (We
broke a test window at 8 Nm but in a silly way, applying single-edged pressure.)
After tightening the flange, the lead ring is squeezed to a width of about 2 to 3
mm.

• Bake-out of the system. Lead melts at 327◦C , a much higher temperature than
the well known sealing material indium (157◦C). We heated the system up to a
maximum temperature of 170◦C during a test and left it at 140◦C for five weeks.

• After the baking, the tightness of the screws was found to be reduced by 1 Nm
and we re-tightened them to the previous value.

• Finally, the aluminium foil, which still covered the window was cut out from
above the window with a scalpel.

Sealing with glue: The use of glue is a trade between the disadvantages of an un-
known outgassing rate, an unknown sealing quality and difficulties in exchanging the
window, against the hope for a small tension in the window and small required space.
In an atom interferometer, an undisturbed Gaussian wavefront of the Raman lasers is
very important (we need a surface quality ofλ/20) and windows fixed with standard
flanges have distorted surfaces that in turn distort the wavefronts. Gluing windows
implies the following problems:

The harder a glue, the less outgassing it has, but the more tension it puts on a window if
its own thermal expansion coefficient (TEC) is very different from glass. In contrary, a
soft glue mediates tensions resulting from different expansion of glass and metal. If the
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glue is hardened at high temperatures, what principally lowers its outgassing rates, one
must consider the expansion effects when cooling down to room temperature. There
exist glues especially designed for UHV applications like Torr Seal (V) or H77
and H27D (C), but they cannot be heated above 125 and 150◦C, respectively,
and therefore we decided to look for an alternative solution.

Our first test was done with the glueA 526N (see table3.1). We glued 6 windows
(25.2 mm diameter, 3.3 mm thickness) onto a tube of stainless steel 316LN. The gluing
was done at 160◦C, but the windows almost all broke after 2 weeks because of the
permanent stress provoked by the different thermal shrinking during cooling to room
temperature. We made another try with thicker windows (1 cm), a softer glue (A

631), titanium instead of steel (better match of TEC, see table3.1) and a lower gluing
temperature. Here a short summary of the gluing procedure, which finally proved to
work well:

• The two components of the epoxy-glue were mixed with a special mixing adap-
tor for a syringe and we made sure that there were no air inclosures in the glue.
For the mixing, glue and surface were heated to 40 to 50◦C to reduce the viscos-
ity of the glue and to simplify the mixing and distribution.

• A thin (<1 mm) end-to-end ring of warm glue (checked for air inclosures) was
poured onto the surface and the window put onto the glue inside a mould to
prevent the window from sliding all over the surface.

• The windows were pressed onto the glue inside their mould and put into an oven
to heat everything up to 80◦C for 2 hours to harden the glue. The higher the
temperature during the hardening, the better the later outgassing of the glue, but
the higher the tensions at room temperature.

• After one and a half years, the windows did show no problem. The outgassing
of the glue is< 10−9 Torr l/s/cm2 (see section3.1.2). The properties of some
glues, tested for UHV are listed in table3.12.

• The windows can be easily removed with a small knock after heating the glue
up to 350 - 400◦C.

2A vacuum test by Annie Gerard in Paris compared the relative outgassing of various glues under
the same conditions. The measured parameter was the pressure which was reached after the baking of
a system with one glued window. Some results are (in Torr):E-T H72: 6 · 10−10 , A 631:
9 · 10−10, E-T 310 (flexible): 4.5 · 10−9. Generally the harder the glue, the lower the outgassing.
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3.2 Magnetic fields

Magnetic fields are necessary to trap atoms in a MOT, to compensate external fields
and to define a quantization-axis for the atoms. A wrong field-component in the inter-
ferometer region would allow unwanted Raman transitions (see section5.2.4), what is
the reason why we need to shield this region well.

3.2.1 Coils

To achieve the proper magnetic configuration for the MAGIA experiment we imple-
mented various coils, which will be described here:

• MOT coils:A magneto optical trap for rubidium demands a magnetic field gradi-
ent of a few Gauss per cm at its center. Two coils in anti-Helmholtz configuration
create the following magnetic field along their symmetry axis (x-axis):

B(x) =
µ0NIR2

2

[(
1

(R2 + (x− d)2)
3
2

)
−

(
1

(R2 + (x + d)2)
3
2

)]
(3.3)

with the gradient at the center

∂B(x)
∂x

∣∣∣∣∣
x=0

= µ0NIR2 −3d

(R2 + d2)
5
2

(3.4)

N is the number of windings,I the current in the coil,R the coil-radius andd the
distance between the coils.
The geometrical constraints – allowed is only the light (yellow) region on the
figure below, made by Giacomo Lamporesi [100] – lead to following design of
the coils whose triangular cross section is highlighted in the figure:

– Number of windings of each coil is
N=50.

– Diameter of the copper wire of 2 mm
yields a total resistance for one coil of
R≈ 12.5 mΩ.

– Inner diameter of coil: 12 cm, relative
distanced between coils: 18 cm;

– Triangular cross-section of coil; alu-
minium mount is cut to prevent cur-
rent induction.

– A current ofI = 30 Ampere creates gradient of 10 G/cm in the center (see
Figure above, calculated for 20 A).
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– Water cooling prevents heating to far above 100◦C. The wire is covered
with thermally conductive and electrically isolating paste (L 5404)
for efficient thermalization.

• MOT compensation coils:An offset field like e.g. the Earth’s magnetic field will
spatially shift the center of the magnetic field zero of the MOT coils. Any shift
can be compensated with three pairs of Helmholtz coils around the cell, which
should be able to produce a stable field up to 3 Gauss in a region of 1× 1 × 2
cm. Our vertically oriented coils (horizontal field compensation) are rectangular
with 29× 38 cm side-length at a distance ofd =44 cm withN = 25 windings.
The horizontal coils are squares with 48 cm side-length at a distance ofd =28
cm and N=50 windings.

• Detection compensation coils:Again, the field in the detection region is shielded
by three pairs of compensation coils, which at the same time serve to define the
axis of quantization during another state of the experiment, and whose current
thus changes between two different values. The coils are wrapped around the
detection chamber withN = 30 for the coils creating the field along the axis
of the detection beam, andN = 20 for the other ones. The dimensions of the
vertical coils are 10× 8 cm at a distance ofd =8 cm, the horizontal ones are
round with diameter 18 cm andd =8 cm.

• Offset coil:We wrapped a coil withN = 687 windings around the interferometer
tube, to ensure a well defined quantization in vertical direction. The coil is
connected to a stable current source (laser driver), whose currentI creates a
field B = µ0NI/l, which, for the lengthl = 55 cm gives a dependence of 15
G/Ampere.

3.2.2 Magnetic shielding

Magnetic fields can cause Zeeman shifts of first and second order in the atomic tran-
sition frequencies, what would introduce a systematic effect in interferometer signal.
To exclude all fields, both DC and AC, from the interferometer region, we mounted
a double layer magnetic shield around the tube. The diameters of the two cylindrical
µ-shields of 1028 mm length are 74 and 95 mm. We left open the option of inserting
a third shield of 54 mm diameter into the existing mount. A magnetic shield consists
of a high magnetic permeability material, in which the microscopic magnetic dipoles
(atomic magnetic moments) can move freely. They will consequently follow the outer
field and compensate for it. The easier the magnetic moments can move, the more will
follow the outer field and the better the outer field is compensated for; but on the other
hand a saturation effect will happen earlier, leaving the magnetic moments fixed in a
certain orientation.
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Once the shield is saturated, it can be degaussed
by forcing the magnetic moments to follow a
very strong outer AC-field. The AC field forces
the magnetization to follow the hysteresis curve
and ramping down the field lets the magnetiza-
tion return to zero as sketched in the righthand
figure.

Experimental degaussing procedure:The usual degaussing is done by lengthwise wrapping of a coil around the
cylindrical shield. The field produced by the coil isH = NI

2πR. To degauss mumetal, H must be bigger than 1 A/ cm.
One ramps up an AC current (e.g. of a Variac) for 15 seconds, holds it for 15 s and ramps it down exponentially for
at least 15 s. Repeating the procedure three times degausses the shield.

Material: The magnetic shield is made of 0.76 mm thick Amumetal (fromA),
a special Nickel-iron alloy (80% Ni) with a very high permeability, which can reach a
value of 400 000 for optimum field strength inside the material of aroundBint =2500
Gauss. The high permeability signifies a low saturation point of 8000 Gauss of the
field Bsat, int inside the material. To calculate the maximum outer fieldBsat, out, one can
use the following approximative formula:

Bsat, out=
Bsat, intd

2R
(3.5)

with d the material thickness andR the shield radius. In our case, the maximum outer
field is 60 Gauss, above which saturation occurs.

Attenuation: The attenuationA of a single layer (SL) and double layer (DL) shield
for µ � 1 can be written as:
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Bout
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where index 1 denotes the inner shield and 2 the outer shield,Ro the outer radius and
Ri the inner radius. In our case the DC attenuations were calculated by the software of
the manufacturer (A) to be 6740:1 (76 dB) for radial fields over most of cylin-
der length, with reduced shielding within 74 mm of either open end and 2854:1 (69
dB) for the axial field over extended central portion of cylinders, with greatly reduced
attenuation at ends (for calculation of shielding see [145]). Above values are calcu-
lated based on conservative assumed relative permeability of 15000, and provided only
as an estimate of expected performance. Measurements of the B-field with the atoms
were not yet performed.
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Annealing Once all fabrication of the shield has been completed, materials like
Amumetal require hydrogen annealing to effect optimum shielding characteristics since
this process usually increase the material’s permeability by 40 times. The standard an-
nealing is done in dry hydrogen atmosphere by heating up to 1177◦C for four hours.
This procedure removes the carbon and other trace elements from the material and
relieves the mechanical stresses due to processing and fabrication. This allows the
grain boundaries of nickel’s crystalline structure to expand. This newly formed nickel
structure creates a low reluctance path for magnetic fields to follow, thus increasing
the material’s permeability. After the annealing cycle it is critical to avoid any rough
handling of the material as it is extremely sensitive to shock and vibration. The newly
formed crystalline grain structure of nickel is relatively fragile and any disturbance
will begin to destroy the material’s effective permeability.



80 3.3 Laser System

3.3 Laser System

We use the D2 transition between the 52S1/2 to 52P3/2 states of87Rb to trap, cool and
manipulate the atoms. Particulary suited is the closedF = 2→ F′ = 3 transition, if at
the same time the lost atoms are recycled by a repumper between theF = 1→ F′ = 2
levels (see AppendixA for the Rb level-scheme). These transitions lie around 780 nm,
which is easily accessible by laser diodes. After describing a few options to produce
this wavelength, we will present the workhorse of atomic physics, the extended cavity
diode laser. The laser system for both gradiometer and gravimeter are based on this
kind of laser and both systems will be described in the following sections. Finally, we
will present the fiber system,which delivers the laser light to the experiment.

Diode-laser sources at 780 nm: Light at the wavelength of 780 nm in usually gener-
ated by either high power and very expensive Titan-Sapphire lasers or by AlGaAs laser
diodes, taking benefit from the fast development of diodes for compact-disc writers at
785 nm. Here we give a selection of the most common diode-laser sources at 780nm:

• Fabry-Perot Diode lasersuse the front faces of the semi-conductor material as
a Fabry-Perot resonator. At 780 nm, diodes can emit up to 150 mW power and
cost between 20 Euro (commercial CD writing diodes) and 1000 Euro.
They show a very large gain profile of several
nanometers and linewidths of several hundred
MHz (length of internal resonator≈ 1 mm), which
can be reduced by a long external cavity. To
achieve single mode operation, the light is guided
within the chip in a rectangular region of 3 to 7µm
confined by wells of either lower refractive index
material (index guided) or material with optical loss (gain guided).

• Distributed Feedback(DFB) lasers are fixed wavelength single mode diode
lasers. The single mode emission is enforced by a Bragg grating within the
semiconductor material of the laser chip, defining the emitted wavelength.

DFB lasers can be frequency-tuned by tempera-
ture because thermal expansion changes the spac-
ing of the grating. Recent DFB diodes deliver 80
mW at 780 nm and cost around 1000−3000 Euro.
Their linewidth is around 3 MHz as was measured
by [108].

• Diodes can be produced with a broader emitter region of up to 50µm, which
means multiple mode operation, but a high power of up to several Watt (broad
area diodes).
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A tapered diodeconsists of a single mode
Fabry-Perot diode with small emitter region of
3 to 7µm at one end, a broad area diode at the
other end and a tapered region between both for
mode matching. The intensity distribution in
the chip is shown in figure, which is taken from
[125]. If the broad-area region is injected by the
single mode region, the whole chip emits single
mode up to 1.5 W power. The tapered chips usually have anti-reflection coated
surfaces and need to be injected by an external laser or an external feedback cav-
ity. The costs are between 1500 to 3000 Euro. A problem can be the relatively
intense spontaneous emission.

3.3.1 Extended cavity diode lasers

An extended cavity provides optical feedback to the laser, reducing the threshold cur-
rent, narrowing the linewidth and providing broad tunability. The linewidth of a diode
laser∆ν in a cavity of lengthl with small spontaneous emission and at room tempera-
ture can be written with the Schawlow-Townes formula [101]

∆νL =
π h νL ∆ν2

c

PL
(3.8)

with the laser frequencyνL, the cavity linewidth∆νc and the laser output powerPL
3.

To calculate the cavity linewidth, we start by writing down the power losses ofk round
trips through the cavity, each of durationt = 2nl/c, as the product of absorption losses
e−az with absorption parametera and transmittance of the two surfaces with reflectivity
R:

P (k · 2nl/c) = P(0) ·
(
R1R2ea2l

)k
. (3.9)

With P(τ) = e−1 follows for the mean lifetimeτ of a photon in the cavity

τ =
nl/c

al − 1/2 ln(R1R2)
. (3.10)

Typical values are for a laser diode arel = 250µm, n = 3, R1 = 0.95 andR2 = 0.3,
which lead to a lifetime ofτ=4 ps fora = 0 m−1.

When adding an external mirror with reflectivityR3 at distanceL from the diode sur-
face, the new lifetimeτEC is enhanced to

τEC =
(n l + L)/c

a l − 1/2 ln
(
R1(1− R2)4) R3

, (3.11)

which, in the typical case ofL = 2 cm andR3 = 0.2 leads to the mean lifetime of
τEC ≈ 40 ps, which is ten times bigger than without extended cavity. This signifies
that the addition of an external cavity reduces the linewidth by a factor of 100.

3There is an additional factor of 2 for the operation below threshold.
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The emitting wavelength of the ECDL is determined by the interplay of gain profile,
internal cavity modes and external cavity modes. If the gain profile of the laser is very
broad like in the case of diode lasers, several modes might experience similar gain and
multi-mode emission occurs. Introducing a frequency selective element into the cavity
will give different weight to adjacent internal cavity modes and there will usually be
one mode, which is the most favored. An internal cavity of maximum 1 mm length
corresponds toc/2L = 150 GHz (≈ 0.33 nm) mode spacing at 780 nm, what requires
a frequency selective element that shows considerable dispersion over this range.
The extended cavity offers the possibility of accurate frequency control by adjusting
the cavity length with a piezo-electric crystal (PZT) with frequencies up to a few kHz.
Faster frequency changes can by done by modulating the laser current.

Grating as frequency discriminator: A grating is the most common frequency dis-
criminator and it is placed behind the diode to feed back the first diffraction order into
the laser and to couple out the reflected light. The selected wavelengthλ = 2d ·sinα is
determined by the line spacingd of the grating and the incident angleα, equal to the
angle of the first order diffraction.
Since the intra-cavity power of the laser is limited, high feedback of the grating goes
with more frequency stability, but lowers the output power. A good compromise seems
to be a diffraction efficiency of 15 to 20%. We had some lasers running with only 3%
refraction efficiency and higher output power, but the single-mode operation was more
difficult.
The wavelength-selectivity depends on the distance of the grating from the diode and
the line spacing (angle of first order) but is definitely better than the required 0.3 nm.
Any wavelength within most of the several nm broad gain profile can be selected. This
configuration with the first order of a grating directly fed back into the laser is called
Littrow configuration. Its design often goes back to the design of Ricci et al. [102].

Remarks on grating efficiency: Gratings coated for visible light still achieve diffraction efficiencies of the order
of 70% for p-polarized light. Using the grating with s-polarized light results in efficiencies around 20 %. This
can become a problem for AR-coated diodes that tend to emit in both polarizations, as the unwanted and small
p-polarization component is reflected with higher efficiency into the diode.
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Etalon as frequency discriminator: Until
recently, etalons couldn’t reach the required
frequency selectivity and at the same time
did absorb too much light. At the gravime-
ter, we recently received Fabry-Perot etalons
from R E-O showing a
linewidth of 0.3 nm, what qualifies them to
replace a grating as frequency discriminator.
The wavelength of 780 nm is in resonance at
an angle of 8◦. The transmission curves on
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the right have been measured by turning the
angle of the etalon and converting it to wavelength. Frequency selection of the laser is
done by inserting the etalon into the extended cavity and adjusting the angle for trans-
mission at the desired wavelength. The extended cavity consists of a semi-reflective
mirror behind the etalon. In difference to gratings, wavelength tuning will not change
the beam pointing.

Anti-reflection coated diodes: The competition between different modes for dom-
inance in the laser can cause instabilities if two of them experience similar gain. It
would be desirable, if only the external cavity together with the grating or etalon would
determine the emission frequency. This can be realized by anti-reflection coating of
one diode surface, which usually has a reflectance of about 30% (n(AlGaAs)=3.3-3.6).
Various companies likeE, S or T offer AR coated diodes with a
reflectivity to below 5· 10−4 , which exhibit the following particularities [103, 104]:

• Threshold current increases such that the operational current remains below the
internal threshold current for extremely good gratings.

• A higher threshold current causes a higher carrier density inside the active region
of the diode, leading to a bigger splitting of the band gap, which in turn results
in a shift of the gain profile by about 20 nm towards the blue, increasing the
overall tunability of the frequency.

• Without the concurrence of the internal modes, the laser couples a lot better to
the external cavity and the mode-hop free tuning range is enhanced significantly
up to 30 GHz from the usual 1.5 to 4 GHz of an uncoated ECDL. Of course, the
tuning range cannot be bigger than the free spectral range of the external cavity,
in our case 5 to 10 GHz.

• In the vicinity of a mode hop, the laser changes its characteristic phase delay,
because the mean lifetime of a photon in the cavityτ changes. This poses prob-
lems, when the laser is used in a phase-lock. With the AR coating, the instable
regimes can be far away and we have a flatter phase response.

3.3.2 Laser setup of gradiometer

The weight of this section will lie on the laser system for the gradiometer, because a
lot of time has been invested in its setup. The frequency control of the lasers will be
described in the separate chapter4. The transition frequencies of87Rb can be found in
AppendixA.
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Figure 3.6:Schematic view of reference, cooling and detection laser of the gradiome-
ter. The reference laser is stabilized on a Rb transition and injects a tapered amplifier
(cooling laser) and a detection laser. The beams are all coupled into optical fibers,
which deliver the light to the experiment.

Reference, cooling and detection laser: We use an ECDL with aS diode
(GH0781JA2C) as reference laser. A lens of focal lengthf =4.5 mm (T C230TM-
B) collimates the beam to about 2 mm 1/e2 diameter. The frequency discriminator is a
holographic grating (E S NT-43 775) with 1800 lines per mm at a dis-
tance of 2 cm from the diode (FSR= 0 GHz). This laser reaches an output power of
30 mW from which we separate a small part for spectroscopy and frequency stabilize
the laser at−184 MHz distance from theF = 2 → F′ = 3 transition of the87Rb
D2 line (see AppendixA). A double pass acousto-optic modulator (AOM) shifts the
laser in frequency and at the same time modulates the light with 70 kHz to enable the
frequency lock (see chapter4.4). Another small part of the laser power is used for a
beat with the master Raman laser, a further part for injecting the detection laser and
the biggest part for the injection of a tapered amplifier (T TA 100). The light of
the tapered amplifier (450 mW) is split into to paths, each one controlled in frequency
and amplitude by its own double pass AOM and driver. Both beams are finally injected
into fibers, split into three parts (fiber splitter see section3.3.5) and lead to the MOT
chamber, where they serve as upper and lower cooling beams. To launch the atoms,
the upper laser is detuned relative to the lower one by the AOMs.

The detection laser is mounted similar to the cooling laser but without grating. Its
wavelength is defined by the injected light of the master. A double pass AOM shifts
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the frequency of the detection laser to either near resonance (F = 2→ F′ = 3) when
used to blow away wrong atoms during the state selection, or slightly red detuned
during the detection of the interferometer signal in a standing wave.

AOM
+80 MHz fix

Repumper
30mW
6496 MHz

AOM
- 149 MHz fix

Blow-away F=1 to F=0
4mW
6339  MHz

Spectroscopy
on Crossover
1mW
6496 MHz

8mW

2mW

MOT
4 mW
6568 MHz

MOT
4 mW
6568 MHz

14mW30mW

Detection F=1 F'=2g

2mW
6568  MHz

Figure 3.7: The repumper is locked on a Rb transition and split into four different
beams leading via optical fibers to the experiment.

Repumper: The repumper has to repump those atoms, which got lost during the
cooling cycle betweenF = 2 andF′ = 3 to the other hyperfine ground stateF = 1.
The repumper pumps fromF = 1 to F′ = 2, from where they can fall back intoF = 2.
The laser is mounted in the same way as the cooling laser, the frequency is locked
with the Doppler free DAVLL method (see section4.1.3) to the intercombination line
F = 1 → F′ = 1, 2. The frequency of this laser is shifted with a single pass AOM
by +78 MHz to theF = 1 → F′ = 2 transition to recycle the lost atoms in the
MOT and the detection region and with a double pass AOM by -150 MHz to the
F = 1→ F′ = 0 transition to blow away atoms inF = 1 during the state preparation
for the interferometer.

Raman lasers: The master Raman laser includes a Sanyo diode (DL7140-201-785)
and a grating for the extended cavity at a distance of 1 cm. Its output power is 25
mW. The old slave laser (Sharp) has recently been replaced with a new AR coated
diode (S SAL-0780-040) working extremely well for currents up to 66 mA. The
grating has an efficiency of 18% and the back reflection seems to be too strong for
higher currents, for which the laser becomes unstable. Below this value, we achieve a
mode-hop free tuning range of the piezo scan, which is only limited by the FSR of the
cavity to 9 GHz; a significant improvement compared to the 1 to 3 GHz of our diodes
without coating. The laser does not change mode when tuning the current by more
than 15 mA. The optical output power is 35 mW.
A loose phase-lock keeps the frequency of the Master laser at a difference of 3.3 GHz
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Master
Raman
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Raman
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Figure 3.8:Two phase-locked lasers inject a tapered amplifier, whose light is cleaned
from spontaneous emission in a heated Rb cell, before it is lead via an optical fiber to
the interferometer. Cubes oriented at 45◦ overlap two orthogonal beams. The second
phase lock will in future correct for the low frequency noise of the MOPA.

to the reference laser. The slave in turn is phase-locked tightly (see section4.4.4)
to the Master laser with a difference frequency of 6.8 GHz (Rb hyperfine splitting),
which during the experiment needs to be swept. The biggest part of the overlapped
beams injects a tapered amplifier (E EYP-TPA-0785-00000-3006), who, at
the moment, delivers no more than 250 mW due to thermal problems. To clean the
light from eventual spontaneous emission near resonance, we send the beam through
a heated vapor cell before injecting it into an optical polarization maintaining, single-
mode fiber. To switch the light on and off, we placed an AOM in front of the fiber and
inject the first diffracted order into the fiber.

3.3.3 Laser setup of gravimeter

The laser system for the Watt-balance gravimeter should enable transportation and
is designed for a high compactness. A breadboard of 60x60 cm contains the entire
setup but will be replaced by a 80x80 cm board since it got too full recently. For this
very reason of compactness, the number of laser sources is reduced as far as possible.
Bringing to mind that the cooling laser and the Raman lasers are never used contempo-
raneously, directs the thoughts to the idea of using the cooling laser and the repumper
to drive the Raman transitions, too. In this case a huge frequency shift of 2 GHz is
required between the two experimental stages. This tuning is realized by locking the
lasers with a frequency or phase-lock onto a stable reference laser and controlling the
offset frequency by electronics (see section4.3).
The lasers are ECDL in Littrow configuration withT diodes (LD-0785-0080-
1) and a grating at 4 cm distance, resulting in a smaller linewidth than the lasers for
the gradiometer of measured 270-500 kHz. The new laser with etalon and AR coated
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Figure 3.9:The laser system of the Watt-balance gravimeter uses one reference laser
locked on a Rb transition and two further lasers, which are frequency and phase locked
to the reference laser. These two lasers are used both for cooling and as Raman lasers
and are amplified by tapered amplifiers; one not yet mounted.

Figure 3.10:Photo of the breadboard of 60x60 cm side-length containing the laser
system for the gravimeter. The only missing element is a second tapered amplifier.
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diode (S EYP-RWE-0805-03000-0750) gives 40 mW output power but has a bad
mode structure.

3.3.4 Summary and new laser system gradiometer:

Summary: Laser technology is developing rapidly and new commercial diodes and
laser systems emerge quickly. We had the opportunity of testing a newN F

Littman laser (TLB-7000; 60mW) with very sophisticated mechanics and comparing
it to the newS Littman laser (TEC-520-780-100; 120 mW), which has a coating
on both sides of the diode and couples out the light on the opposite side of the grating
to avoid the conflict between high power or high feedback. We also received a new
1.5 W tapered chip, a new DFB 80 mW diode (E), a test version of the 1 W
S Tiger laser and theT 1 W DLX110. All these new lasers make work a
lot easier and allow to reduce the number of lasers and problems. We will give here
a table with the different lasers currently in use at the two experiments and also about
the ones already bought and ready to be mounted.

Diode Pmax PEC Imax ITh AR Use Where
mW mW mA mA as

SharpGH0781JA2C 120 35 167 30 No R, MC, D F
SanyoDL7140-201-785 80 27 140 30 No MR, F, P
RohmRLD78PZW1 80 30 150 30 No (1) F
EYP-RWE-0805-03000-0750 80 40 200 24 Yes - P
SacherSAL-0780-040 40 (2)120 27 Yes SR F
TopticaTA 100 MOPA 500 1400 Yes MC F
EYP-TPA-0785-00000-3006 400 2000 Yes R F, P
NewFocusTLB-7000-P-13 60 150 No (3)MR F
SacherTEC050-0780-080 DFB 80 200 50 Yes (4)R F
TopticaLD-0785-0080-1 100 25 120 28 No R P

Legend:EY= Eagleyard, R= Repumper, MC= Master laser Cooling, D= Detection
laser, MR= Master Raman laser, SR= Slave Raman laser, Pmax = maximum output
power, PEC = power out-coupling of extended cavity, ITh = Threshold current, Imax =

maximum current, AR= at least one diode surface Anti-Reflex coated, P= Paris, F=
Florence, (1)= all four broken after 1 year latest, (2)= over 67 mA multi-mode with
20% feedback, (3)= future master Raman, (4)= future repumper

New laser system: The MAGIA experiment is not yet mounted totally; in 2005 we
will install a 2D MOT for efficient loading of the trap and a new cooling system –
Raman sideband cooling in a lattice – to achieve lower temperatures of the cloud and
use more atoms for the interferometer. These extensions require more laser power and
we thought of a new setup relying on few but powerful lasers. Since the existent setup
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does not allow a big detuning of the cooling laser and we lose a lot of power with
double pass AOMs, we can correct for these points, too. We will summarize the main
features of the new setup, which also goes along with a new electronic control system:

• We will set up 1 stable reference laser, locked to theF = 2→ F′ = 3 transition
with frequency modulation spectroscopy.

• The reference laser will inject a tapered amplifier to create the light for the 2D
MOT. Its full power will be used without any AOM in between, resulting in a lot
shorter beam paths, which is important for stable fiber coupling.

• Instead of injecting the cooling laser with the fix frequency of the master laser
and doing all the necessary detuning during the cooling with AOMs, we will
lock the beat signal of a new high power laser with the reference laser to a signal
generator. In this case, bigger detunings will be possible without power losses.

• We will mount a high power DFB laser (80 mW) as new repumper.

• A new tapered amplifier will deliver higher power of the Raman lasers, allowing
for shorter pulses.

3.3.5 Fiber system

The use of optical fibers has several advantages:

• They physically decouple optics. Once the incoupling of a fiber is aligned, the
beam after the fiber is always the same and does not have to be realigned.

• The lasers can be mounted on a different table, which remains accessible for
work, while the sensitive parts of the experiment can be covered with the light
being delivered there by optical fibers.

• Single mode fibers clean the spacial mode of the laser beam. The higher order
Hermite-Gaussian modes need to propagate in the cladding of the single-mode
fiber because of their broader intensity distribution and are damped out totally
after a few meters of propagation.

We use single mode polarization maintaining Panda-core fibers fromS̈ &
K. All fibers are angle polished at 8◦ to prevent reflections and etalon ef-
fects. These fibers have low coupling between the two orthogonal modes; in the worst
case, we observe the coupling of half a percent of the intensity in one mode into the
other mode after 7 meters of propagation in the fibre. The beams leading to the optical
trap are split and combined with the repumper byintegrated fiber splitters(S̈

& K ), used both for the gradiometer and the Watt-balance gravimeter. The
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splitters are mounted in a very compact and hermetically closed way such that temper-
ature fluctuations have little effect on the coupling efficiencies. Polarization is cleaned
inside the splitters (1:10 000) and the relation of the light entering the splitter to the
light, coupled out of the escaping fibers is better than 60%. The splitting ratios can be
changed by half-wave plates in front of polarizing beam-splitter cubes.

At the gradiometer, the upper and lower cooling beams need to be detuned relative to
each other during the launch of the atoms. This requires two independent beam paths
and splitters. The intensity relation between both needs to be controlled constantly to
ensure an efficient launch. For this purpose, a photo-diode is included in the splitter,
monitoring a small part of the incoming light. The splitters split the upper or lower
cooling beam each into three parts of equal power, all of them cleaned in polarization.
The repumper is overlapped with one of the three outgoing beams.

Figure 3.11:The one-to-six splitter fromS̈ & K  used for the MOT
of the gravimeter. The intensity of the incoming laser beam is monitored on a photo-
diode (1% beam splitter) and is then divided into six beams with half-wave plates and
polarizing beam-splitters. Similar splitters are used at the gradiometer.

At the gravimeter, the atom cloud is just released and not launched, which allows
the splitting of one beam into six cooling beams, all with the same frequency. Fig.
3.11shows as an example the one-to-six splitter. The incoming beam consists of both
the cooling laser and the repumper with orthogonal polarizations. Consequently, the
splitting ration inside the splitter is different for the cooling beam and for the repumper
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but is of no importance for the latter. A second one-to-three splitter is used for the 2
dimensional MOT. We observe a stability of the splitting ration in the order of few per
mill on the scale of hours and of few percent a month. We realign the power ration
slightly about once in two months, whenever the relation changed by more than a few
percent.

The fibres leaving the splitters are
mounted into collimators made of
316LN, which are fixed to the MOT
cell. The mount allows a change of
the collimation lens for beam diame-
ters between 17 and 31 mm. In the
present configuration we inserted achro-
matic doublet lenses with focal length
f=120 mm. The fiber with numeri-
cal aperture NA=0.11 is collimated to a
1/e2 beam diameter of 22 mm.
4 We also have the freedom of small alignments of the beam angle and position to op-
timize the cooling. In the initial situation, each beam is coupled into the fiber at the
opposite end of the cube.

4The numerical aperture of the fiber 0.11 corresponds to the half angle radiation cone sinα = NA.
Since the numerical aperture is related to the 5% intensity level, we have to multiply by the factor 0.82 to
obtain the 1/e2 intensity level of 13.5 %:α13.5 ≈ 0.82 · 2NA180◦/π = 5.18◦.
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3.4 Masses

The principle of a G-measurement seems to be simple: A source masseM induces
an accelerationα on rubidium atoms at a distancer according toα = GM

r2 and the
interferometer measures the displacement due to the acceleration in the interferometer
time 2T (see interferometer phase shift (2.94)) as a variation ofg. As we expect, a
closer look will uncover some difficulties:

1. Small signal on noisy background:A source mass of 1 ton, placed as close to
the interferometer as possible for our geometry will create a maximum vertical
acceleration ofα = 10−6 ms−2 = 10−7 g, added to Earth gravity acceleration
g. Our targeted accuracy of∆G/G = 10−4 implies an absolute determination of
acceleration to 10−11g. In practice, a determination ofg is limited to an accuracy
of about 10−9 due to the noise on the frequency reference, of varying electric
or magnetic fields and of Earth gravity noise itself. To nevertheless reach the
desired accuracy onα, noise sources will be eliminated by a double differential
measurement, described in section3.4.1.

2. Gravity gradient: The Earth’s gravity gradientγ is about 3· 10−6s−2. A posi-
tion variation of∆s = 30 µm would therefore signify an error in the measured
acceleration ofγ · ∆s = 10−10ms−2 = 10−11g. Such a small position uncertainty
cannot be reached by our interferometer. A solution to this problem will be a
compensation ofγ by the source mass at the position of the measurement as
described in section3.4.2.

3. Trajectories: The non-uniform gravity field of the source masses will provide
an exact compensation ofγ only in two points in space. The sensitivity on
atomic position or velocity variations will depend a lot on the atomic trajectory.
Consequently, we numerically search the ”best” trajectories, which are the least
sensitive on fluctuations on the atomic position and velocity. A realistic value for
the launch precision is about 1 mm and we will see that there exist trajectories,
which allow for uncertainties of this order: see section3.4.3.

4. Source Masses:The source mass needs to posses a high enough density to com-
pensate Earth gradientγ, it must be well machinable, it should be of moderate
cost and exhibit good homogeneity. Our choice has been a Tungsten alloy, de-
scribed, together with its support, in section3.4.4.

5. Simulation of the signal:To get an analytic solution for the interferometer signal
(2.94), a quadratic potential is a necessary condition as we have seen in section
2.2. Unfortunately, the gravitational field of the source masses is not quadratic;
– but can be approximated with a linear and a quadratic time-dependent term
within the dimensions of the atomic wave-packet (≈ 100 nm) with a sufficiently
small error.
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The following description of the source masses is kept short and for a detailed treat-
ment in particular of the numerical simulations refer to the thesis of Marco Fattori
[52].

3.4.1 Double differential measurement

A double differential measurement eliminates a big number of systematic errors and
this enables a high accuracy measurement of the acceleration induced by the source
masses (SM). The first differential measurement is carried out between two atom
clouds, one above the other. The source masses are in configuration I (see Figure3.12)
and such accelerate the upper cloud 1 downwards and the lower cloud 2 upwards. For
the second difference, the masses are moved to configuration II, where the attraction
on the atoms is directed in opposite directions. The position of the atom clouds remain
the same during the first and second differential measurement.

Figure 3.12:Gradiometer with two atom clouds in configuration I (left) and II (right).
The atomic trajectories remain fix and only the masses are moved such that the source
mass’ induced acceleration points into opposite direction in the two positions. Indi-
cated are in addition interferometer beams and detection beam.
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We decompose the phase-shift signal of one interferometer∆φ into one position de-
pendent term originating from gravityφg(z), one term determined by the source masses
accelerationφSM(z) and one time and position dependent term containing systematic
effectsφSyst(z, t). In this section, the parameters (z, t) serve only as an indication of
the cloud positionz at the initial timet of the interferometer. We can thus write the
phase shift of the two interferometers indicated in Figure3.12 in position 1 and 2,
respectively, as follows:

∆φI
1 = φg(z1) + φI

SM(z1) + φSyst(z1, t1)

∆φI
2 = φg(z2) + φI

SM(z2) + φSyst(z2, t1)
= φg(z1 − ∆z) − φI

SM(z1) + φSyst(z1 − ∆z, t1)

∆φII
1 = φg(z1) + φII

SM(z1) + φSyst(z1, t2)
≈ φg(z1) − φI

SM(z1) + φSyst(z1, t2)

∆φII
2 = φg(z1 − ∆z) − φII

SM(z1) + φSyst(z1 − ∆z, t2)
≈ φg(z1 − ∆z) + φI

SM(z1) + φSyst(z1 − ∆z, t2)

A difference will eliminate gravity and spatially constant systematic errors:

(∆φI
1 − ∆φI

2) = φg(∆z) + 2φI
SM(z1) + φSyst(∆z, t1)

(∆φII
1 − ∆φII

2 ) = φg(∆z) − 2φI
SM(z1) + φSyst(∆z, t2)

A second difference will eliminate gravity gradient and temporally constant errors:
∥∥∥∥∥∥ (∆φI

1 − ∆φI
2) − (∆φII

1 − ∆φII
2 ) = 4φI

SM(z1) + φSyst(∆z,∆t)

(3.12)
We wrote∆z = z1−z2 for the distance between both clouds, we made use of the equal-
ity of the signalsφI (z2) = −φI (z1) and approximatedφII (z1) ≈ −φI (z1).
Apparently, the double difference eliminates effects of gravity, gravity gradients and
further effects like laser phase noise, which do not vary in time∆t = t2 − t1 over the
distance∆z = z1 − z2. The time∆t is in the order of 10 minutes.
This means that we are only affected by systematic effects that are spatially inhomoge-
neous and change in time∆t.

3.4.2 Gravity gradient

To measure a signal ofα = 10−6 m/s2 with an accuracy of 10−4, the error needs to stay
below 10−10 m/s2. In a gravity gradient ofγ = 3 · 10−6 m/s2, an error of this order is
provoked by a variation in position of only 30µm, and it would therefore be extremely
helpful to compensate the gradientγ over the whole area of the interferometer. The
compensation with electric or magnetic fields is not precise enough and would just
introduce further errors; instead, it seems to be a better idea to use the already well
characterized gravitational field of the source masses for compensation. Under which
circumstances will this be possible?
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Figure 3.13:Acceleration signalα of one of our source masses consistent of 12 cylin-
ders of 15 cm height and 10 cm diameter in hexagonal configuration. For densitiesρ

below 9 g/cm3, compensation of the Earth’s gradientγ is impossible; for increasing
density, the 2 points of compensation withα = γ above and below the center (z = 0)
approach the point of maximum accelerationαmax.

For fixed dimensions, the absolute signal of the mass as well as its gradient increase
with increasing density until for a certain critical density aroundρ = 9 g cm−3 a
compensation of the Earth’s gradient will happen at the center of the SM, where the SM
induced acceleration has a zero crossing and inflexion point. With a further increase
of the density, two points of stationary acceleration will move away from the center
of the SM towards the points of maximum acceleration as indicated in Figure3.13.
Obviously, we are interested in both a big signal and in a good compensation of the
gradient, what can be achieved with high density materials, which have their stationary
points very close to the points of maximum SM acceleration. Increasing the mass and
not the density will not let the signal scale in the same way, because in this case also
the distance to the center of the mass increases.

Each SM offers such two points of compensated gradient and reversed accelerationα.
Between configuration I and II, the two SM move in such a way that the stationary
gravity point will come to lie at exactly the same positions – and the atom position
will stay the same in both configurations; an important issue for the elimination of sys-
tematic effects. Figure3.14shows the acceleration of our source masses (see section
3.4.4), each with a mass of 240 kg. The masses are separated by 4 cm in configuration
I to leave space for their support, a 4 cm thick plate of titanium.
The knowledge ofG andγ to 10−2 will permit us to designate two regions of about 1

mm3 each, where gravity does not change by more than 10−11.
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Figure 3.14:Dashed: Acceleration along vertical axis induced by our source masses
alone in configuration I (upper curve) and II (lower curve). The position of the source
masses is indicated with grey boxes. Solid Line: Acceleration of source masses plus
gravity gradient. The atomic trajectories are highlighted, the turning point marked
with a dot. The trajectories lie around the maxima of the total acceleration to reduce
sensitivity on atomic position. Thanks to the high density of the SM, these stationary
points lie near the maxima of the SM induced acceleration.

3.4.3 Best Trajectories

Our atoms do not remain permanently in the compensated region described in the
previous section, but are falling. We underline that we will perform the interferometer
around the the turning point of the free-flight parabola of the atoms because in this
way the atoms can stay longer in the strongest field of the source masses. If now this
trajectory includes a (local) maximum of the overall acceleration, including the gravity
gradient (see Fig.3.14), an advantage will show up, described in the caption of Figure
3.15: the dependence of the interferometer phase on the initial positions of the atoms
is significantly reduced.

To evaluate the dependence on initial position and velocity of the atoms and to find the
trajectory which is less sensitive, numerical calculations of the phase shift have been
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Figure 3.15:Close-up of accelerationα(z). Atoms starting from different positionsz
will experience different accelerationα. Without a stationary point within the trajec-
tory (left curves 1,2), the different acceleration will sum up over the whole path and
the measured acceleration on trajectory 2 will be higher than the one on trajectory 1.
With an extremum included in the trajectories (right curves, A,B) the atom following
the trajectory B will experience higher acceleration than A at the beginning and lower
acceleration towards the end and the overall acceleration on both trajectories is very
similar and depends a lot less on the initial position.

performed, described in detail in [52] and to some extend in [96]. The simulations
have been performed for an interferometer spacing ofT = 150 ms in the following
order: First of all the points of stationary acceleration for mass configuration I are
determined. Once known, we find configuration II with coinciding stationary point of
oppositely directed acceleration. By varying the parameters of initial position and ve-
locity, we find those trajectories, which are least sensitive on the variation of the initial
parameters (indicated in Figure3.14).

Parameter Expected ∆G/G
Uncertainty ·10−5

Vertical position of atoms < 1.5 mm < 10
Vertical velocity of atoms < 5 mm/s < 10
Radial position of atoms < 1.5 mm < 10

Absolute distance between SM 10µm 2
Knowledge of distance between SM 5µm 2
Verticality of system < 2’ < 2

Mass of single cylinder < 20 mg < 0.1
Dimension of single cylinder 1µm 1
Radial positioning of cylinders 5µm 2
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The above table shows the maximum expected variations of the initial velocity and po-
sition of one atom and the corresponding error onG for the optimized trajectories. For
a whole cloud of atoms, we take a weighted (Gauss) average. The table additionally
shows further uncertainties related to the masses and support with their corresponding
errors on theG-measurement.
Including the points of stationary acceleration in the interferometer permits the identi-
fication of trajectories, which allow position uncertainties of the atoms of more than 1
mm in all directions.

3.4.4 Characteristics of Masses

Material: We decided for a material called INERMET 180, produced by the com-
panyP. It is sintered from a powder composed of 95% Tungsten, 3,5% Nickel
and 1,5% Copper with grain sizes of 10-50µm. The reasons for the choice were mainly
its high density of 18 g/cm3 (lead has 9 g/cm3) and its good machinability. It further
shows a resistivity of 1.2·10−7 Wm, a low thermal expansion of 5·10−6 m/m/K and
also low magnetic susceptibility.

Figure 3.16:One of the two test masses, composed of 12 single cylinders each.

Shape: Each of the two source masses consists of 12 cylinders in hexagonal arrange-
ment illustrated in Fig.3.16. One cylinder is 15 cm high, has a diameter of 10 cm,
weights around 20 kg and is machined with an accuracy of a few micron. The twelve
cylinders create a gravitational field with axial symmetry such that the resulting force
on the atom is vertical (plotted in Fig.3.14). The distance of the masses from the
center of the interferometer tube is 5 cm; large enough to allow for a broad Raman
beam and to be less sensitive on small scale density fluctuation on the material, but
also small enough to induce a sufficiently strong acceleration. The expected signal of
these masses in terms of interferometer phase is 0.4 rad.

Homogeneity: The sintering of the material is performed at temperatures of 1500◦C.
Ni and Cu melt and occupy the holes between the grains of W. An inhomogeneous
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cooling of the material might cause a migration of the Ni and Cu due to a volume
shrinking during solidification, leading to the creation ofholesin the material, as for
example on the microscopic image of Figure3.17. A further treatment calledHot

Figure 3.17:Microscopic image of holes as they can arise in the center of big blocks
of the sintered tungsten alloy INTERMET 180.

Isostatic Pressing(HIP) under high temperature (1200◦C) and pressure (1500 atm)
helps to reduce the holes. The density of a test cylinder increased by one part per
thousand (17.766 g/cm3 to 17.789 g/cm3) during the HIP treatment . An ultrasonic test
still indicates some kind of inhomogeneities, but the signal is not yet well understood.

Tests of homogeneity: We fabricated an aluminium mould, which basically is a
block of aluminium with a U-formed groove, whose diameter is just 200µm bigger
than the one of the cylinders (see Figure3.18). Compressed air is delivered to three

Figure 3.18:Air-cushion test: Masses are floating on an air cushion in a mould. Their
oscillation behavior indicates radial inhomogeneities in the material.

tiny holes at the bottom of the groove such that the cylinder within the groove will
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be elevated and floats freely. We observe a radial oscillation of the cylinder around a
certain zero-point. The air flow induces a pressure dependent torque on the cylinder,
why the zero-point of the oscillation changes with pressure. To find the true center of
the oscillation we do an extrapolation of the pressure dependent center-points to zero
pressure. If we assume that there is just one inhomogeneity at half radius responsible
for the oscillation, we can state that in contrary to the unHIPed cylinder, the HIPed one
indicates sufficiently low inhomogeneities on the order of 10−4 – causing variations of
the acceleration in the order of 10−5. In collaboration with the MGC in Torino (Istituto
di Metrologia ”G. Colonnetti”), we are currently performing destructive tests on a test
cylinder by cutting it into small pieces and comparing their density to obtain further
information about eventual spacial fluctuations.

Positioning: To ensure a reproducible exact positioning of the cylinders, three con-
ical holes are drilled into the bottom surface of each cylinder and three triangular
grooves in the titanium plate on which the cylinders are placed. Balls inside the con-
ical holes will enable a positioning of the masses within a few micron accuracy. A
control of the positioning will be done by a 3D-measurement at University of Padova
in January 2005. During the experiment, the 24 masses can be interchanged to check
eventual systematic errors arising from density fluctuations or positioning uncertain-
ties. Deformations of the 4 cm thick titanium support plate have been studied by

Figure 3.19:Simulation of deformations of the Ti-support, which carries the 12 cylin-
drical source masses. The biggest deformations os about 20µm occur at the outer
edges of the plate orthogonal to the points of suspension.

finite-element analysis and Figure3.19illustrates the deformation of this plate under
the weight of 12 cylinders. The simulation indicates a deformation of up to 20µm that
made us design a 10 cm high reinforcing aluminium ring, which can be seen in Figure
3.20. To model the gravitational field of the masses (and other moving elements of the
support) in three dimensions, we use the method of multipole expansion.
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Figure 3.20:Support for MAGIA source masses. Left: whole support without masses,
right: equipped with 24 lead masses. The vertical movement of the masses with four
step-motors is accurate to few micrometers and is controlled by a calibrated optical
ruler. The cylinders are placed 12 each on a 4 cm thick titanium plate, reinforced with
an outer aluminium ring.

Support: The development of the support to carry and move the SMs (see Fig.3.20)
has been carried out in collaboration with the Laboratori Nazionali di Frascati,LNF
and the companyR.M.P.in Rome. The positioning of the two SMs can be controlled
to 10 µm and their distance determined with an optical ruler to 1µm; whereas the
verticality is guarantied to at least 2 arc minutes. The functioning of the optical ruler
has been checked on small distances and will be checked on big distance with a laser
tracker. Each of the two Ti-plates, which support the altogether 24 cylindrical masses,
is attached to two slides, which are moved by two electric step-motors coupled in
velocity. To stabilize possible oscillations of the table due to its high center of mass,
the hole optical table is held by two floating U-shaped mounts.

Temperature stabilization: Thermal expansion of the support and the source masses
will change the mass distribution and therefore the expected gravitational potential.
This can lead to drastic errors in the determination ofG. To stay within the aimed
accuracy, the temperature must be controlled to a tenth of a degree. We will therefore
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stabilize the environment of the whole apparatus inside an independent chamber. At
the moment, we have to deal with temperature fluctuations of another magnitude and
we managed to push the temperature fluctuations from up to 8 degrees per day down
to ± 1.5 degrees. Construction work to better isolate the walls of the room from the
tremendous summer-temperatures of the outer walls and the unconditioned corridor
are presently under way.



Chapter 4

Laser frequency and phase control

A free running ECDL will jump or drift by up to a few GHz per day, far too much to
stay in resonance with the rubidium transitions with their natural linewidth of about
6 MHz. It is thus indispensable to stabilize the laser frequency to either an atomic
resonance or to an already stabilized laser, may it be in frequency or in phase, like
in case of the interferometer lasers that drive Raman transitions. A big variety of
techniques for frequency and phase control have been developed in parallel to use of
lasers in laboratory, many of which can be found in [109].

This chapter will present some methods that we implemented at the gravimeter and
gradiometer experiment. Some more space is dedicated to a new method, developed
at the MAGIA experiment in Florence, called Doppler-free DAVLL [116]. After the
introduction to these techniques, the experimental realization of frequency and phase
control for the Watt-balance gravimeter and the gradiometer will be described in detail,
since it has been one of the main topics of the work during the past three years.

4.1 Frequency stabilization

To stabilize a laser frequency to a reference, one needsinformation about the frequency
differencebetween both. Therefore, the frequency must somehow beconverted into a
voltagewith a zero-crossing at the lock point, such that it can be used to give afeedback
to the laser. The reference frequency must be of the order of the laser frequency and
can be either anatomic transitionor another laser.
The conversion of the frequency difference to a voltage can be done by:

1. the absorption or dispersion of an atomic transition or

2. a Frequency-to-Voltage converter.

103
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When using an atomic sample for spectroscopy, we distinguish between two different
classes of spectroscopic methods that differ in the generation of the dispersive signal
from atomic spectra:

1. The first class uses modulation and demodulation of light, such as Frequency-
Modulation (FM) spectroscopy [110, 111] or modulation-transfer spectroscopy
[112], to derive a dispersive signal from either absorption or dispersion induced
by the atoms. These techniques are very powerful and provide high signal-to-
noise ratios at the price of expensive optic modulators and electronic compo-
nents.

2. The methods of the second class do not include modulation and generally imply
less optical and electronic components, which makes them easier to implement.
Still, they are often able to fulfil the demands in atomic and laser physics. Polar-
ization spectroscopy [114], Dichroic Atomic Vapor Laser Lock (DAVLL) [115]
and side-locking on saturated absorption spectroscopy signals [120] (and more
general [117] and [119]) belong to this class.

4.1.1 Frequency modulation spectroscopy

Modulation of the spectroscopy-laser and the demodulation of the spectroscopy sig-
nal with the same frequencyωm is a trick to get around the big flicker noise at low
frequencies disturbing the signal. At the same time, this method delivers a dispersive
signal with a zero-crossing at the line-center, which is well suited for locking. In the
following, the field of the spectroscopy laser is

E(t) = E0 cos(ωLt + φ0) = E0 cosφ(t), (4.1)

with phase offset zeroφ0 = 0.

Frequency and Phase modulation: Let us first compare a phase-modulated signal

EPM(t) = E0 cos(ωLt + mcosωmt) = E0 cosφPM(t) (4.2)

and a frequency-modulated one:

EFM(t) = E0 cos[(ωL + m′ cosωmt︸              ︷︷              ︸
ω̄

)t]. (4.3)

We define the instantaneous frequency as

ω(t) =
dφ(t)

dt
↔ φ(t) =

∫ t

0
ω(t′)dt′ + φ0. (4.4)
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For the phase of a frequency modulated signal (4.3) with the modulated frequency ¯ω

follows with (4.4) andφ0 = 0:

φFM(t) =

∫ t

0
ω̄(t′)dt′ = ωLt +

m′

ωm
sinωmt + φ0 = ωLt + msinωmt = φPM(t) (4.5)

which shows the equivalence of frequency modulation with phase modulation of mod-
ulation indexm = m′

ωm
=

∆ωmax
ωm

.
We can write the modulated light fieldEM as

EM(t) = E0 cos[(ωLt+msinωmt)t] = E0[cosωLt cos(msinωmt)−sinωLt sin(msinωmt)]
(4.6)

A Fourier expansion of sin(msinωmt) and cos(msinωmt) in terms of Bessel-functions
of first kind 1 yields

EM(t) = E0 [J0(m) cosωLt − J1(m) (cos(ωL − ωm)t − cos(ωL + ωm)t)

+ J2(m) (cos(ωL − 2ωm)t + cos(ωL + 2ωm)t)

− J3(m) (cos(ωL − 3ωm)t − cos(ωL + 3ωm)t)

+ . . . ] . (4.7)

After the modulation, the laser beam passes a spectroscopy cell, in our case a rubidium
vapor cell of length L and absorption coefficientα. We define the attenuationa j =

α jL/2 and the phase shiftφ j = n jL(ωL− jωm)/c, wherej = 0, ±1, ±2, . . ., denote the
frequency components asωL,ωL±ωm, ωL±2ωm, . . . , respectively, with the frequency
dependent refractive indicesn j . The transmitted fieldET is therefore:

ET(t) = E0
{
J0(m)e−a0 cos(ωLt + φ0)

− J1(m)
(
e−a−1 cos

[
(ωL − ωm)t + φ−1

] − e−a+1 cos
[
(ωL + ωm)t + φ+1

])

+ . . . } . (4.8)

In the following, we will only consider the case of small modulation indexm � 1,
neglect higher order sidebands than the first ones and drop terms with orderm2 and
higher. The slowly varying (average over terms oscillating withω � ωm) intensity
envelopeI (t) of the light on the detector is then given by

I (t) =
1
2

cε0ET(t)2 (4.9)

=
1
2

cε0E2
0e−2a0

[
J2

0(m) + J0(m)J1(m)(a−1 − a1) cosωmt

+(φ1 + φ−1 − 2φ0) sinωmt
]
.

We assumed that|a0 − a±1| � 1 and|φ0 − φ±1| � 1 to approximate the exponential
with the first order expansion term. Form� 1, J0(m) ≈ 1 andJ±1(m) ≈ m/2.
The detector voltage signal is proportional toI (t) and contains a beat signal atωm, if

1 cos(xsins) = J0(x) + 2
∑∞

n=1 J2n(x) cos(2ns) and sin(xsins) = 2
∑∞

n=1 J2n−1(x) sin((2n− 1)s)
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one of the two last terms of expression (4.9) is not zero. This signal can be detected by
demodulating it on a mixer withωm and filtering out higher frequencies.

The cosωmt-term of (4.9) is proportional to the difference inamplitudeloss of both
first order sidebands whereas the sinωmt-term is proportional to thephasedifference
experienced by the carrier and the average phase shift of the side-bands.

• In case thatωm is smallerthan the investigated transition, the cosωmt-component
is proportional to thederivative of the absorptionand the sinωmt-component to
thesecond derivative of the dispersion. If we do not want to superimpose these
signals, the relative phase of the demodulation frequency needs to be adjusted
before the mixer to either get a pure absorptive or a pure dispersive signal. One
can use both signals for spectroscopy. The absorptive signal is bigger for very
small frequencies (ωm < 0.1× FWHM of spectroscopic line) and in this case
one often speaks ofLock-In technique. On the contrary, when using the disper-
sive signal, which gets stronger for higher frequencies, one often speaks ofFM
spectroscopy, even though the distinction is not clear.

• If ωm is biggerthan the spectral feature (ωm up to 50× FWHM), just one side-
band will probe it and the cosine and sine components are directly proportional
to absorption and dispersion. In this regime, only the dispersive signal shows a
sharp zero crossing and can be used for locking [111].

When demodulating with the third harmonic, the signal is proportional to the third
derivative of the absorption and not only the flat but also slightly curved background
of the spectroscopy signal is suppressed.
For Doppler free spectroscopy on a vapor cell, one uses a pump-probe setup, where
either the pump beam, the probe beam or both can be modulated. In the case of pump
beam modulation, the modulation is transferred onto the probe beam by four-wave
mixing. We use the FM-spectroscopy with a modulation frequency ofωm = 5 MHz
at the gravimeter (see section4.3.1) and the Lock-In technique with a modulation at
ωm =70 kHz at the gradiometer (see section4.4.2).
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4.1.2 DAVLL

The Dichroic Atomic Vapor Laser Lock (DAVLL) was used at the gradiometer during
the first year to lock the cooling laser. The underlying idea of DAVLL is illustrated
in Fig. 4.1a). Two Doppler broadened Gaussian line profiles are shifted in frequency
relatively to each other. The difference A-B between the two signals results in a dis-
persive curve. The slope at the zero-crossing reaches its maximum at a relative shift of
half the Doppler broadened linewidth.
The DAVLL scheme [115] has got a large capture range of the size of the Doppler-
broadened linewidth and a slope comparable to that of saturated absorption spec-
troscopy. The locking point can be chosen anywhere within the Doppler-broadened
profile. However, if not locking on the exact zero-crossing, the method is very sensi-
tive on power fluctuations and drifts. This results in a change of the lock point that can
exceed several MHz for ordinary diode-lasers. Furthermore, it is hard to determine the
actual frequency.

4.1.3 Doppler free DAVLL lock

A B A - B

A B A - B

a)

b)

Figure 4.1:a): The subtraction of two relatively shifted Doppler-broadened Gaussian
line profiles generates a DAVLL signal. b): The subtraction of two relatively shifted
saturated absorption lines generates a Doppler-free DAVLL signal.

We encountered the necessity of locking a laser to an atomic transition without mod-
ulating the beam. The DAVLL method resulted to be too noisy, because the desired
locking point was not located at the center of the Doppler broadened line, which im-
plies a big offset and therefore noise in the locking signal. Polarization spectroscopy
was not sensitive to the desired transition and this lead us to the development of a
Doppler-free spectroscopic method, which can be described as acombination of sat-
urated absorption spectroscopy and DAVLL. Compared to the DAVLL, Doppler-free
DAVLL ([ 116], [122]) offers higher frequency accuracy and a bigger slope of the sig-
nal but enables locking only at certain frequencies.
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Idea: Doppler free DAVLL relies on the same idea as the DAVLL, but uses two
relatively shifted Lorentzian dips in the Doppler profile. The difference signal will
be a narrow dispersive signal on top of a very low and broad DAVLL background as
illustrated in Fig.4.1b). To get a difference signal with maximum slope, both Doppler-
free lines should be shifted one against the other by 0.58 times their linewidth2. At
zero crossing, the difference signal hence has got a slope twice as big as the slope of
the absorption dip and a magnitude of 1.6 times the magnitude of the Doppler-free dip.
To generate such a relative shift in frequency between two saturated absorption signals,
we usemagnetically induced dichroism. A vapor cell is exposed to a magnetic field
along the propagation axis of two counter-propagating pump- and probe beams. The
σ+ andσ− components of the linearly polarized probe beam are both generating a
saturated absorption profile, each Zeeman-shifted by the same amount but in different
directions from the center frequency. By separately detecting the two components and
subtracting their signals from each other, a Doppler-free DAVLL signal is created.

l/2

B

S1 S2

l/4

l/2

Laser

S1-S2

PI

Figure 4.2:Setup of the Doppler-free DAVLL. The laser is split into pump and probe
beam and theσ+ andσ− components of the probe beam are detected independently
after the passage through a rubidium vapor cell. They are subtracted from each other
and the resulting signal is used to lock the laser frequency. The spectroscopy signal is
amplified and cut at voltages bigger± 0.7 Volts to protect the laser.

Description of the setup: Our setup for the Doppler-free DAVLL is shown in Figure
4.2. A variable part of our laser power is taken off for spectroscopy, split into counter-
propagating pump and probe beam and sent through a 70 mm long cell of rubidium
vapor (see photo4.3).
The cell is slightly tilted relative to the beam propagation to avoid reflections of the
pump going to the detectors. Around the cell, we fixed a coil with N=144 windings,
diameter 24 mm and 90 mm length (see Fig.4.2) to be able to apply a magnetic field
up to 40 Gauss along the propagation axis of the beams. We additionally wrapped a
heating foil around the cell to heat the vapor to about 40◦C, which increases the pres-
sure and therefore the absorption signal.

2The maximum slope of a Lorentzian is found at 1/
√

3 ≈ 0.58 times its linewidth.
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Figure 4.3: Photo of saturated ab-
sorption spectroscopy with couter-
propagating pump- and probe-
beam on a Rb vapor cell. A coil and
a heating foil are wrapped around
the cell.

We consider the linear polarized probe beam
as a superposition of clockwise and counter-
clockwise circularly polarized light. Inside the
vapor cell, these two components are affected
by magnetically induced dichroism. The pas-
sage through a quarterwave-plate behind the va-
por cell transforms the two circular polarized
components into two orthogonal linear polar-
ized beams, which are separated by a polarizing
beam-splitter and detected independently with
two detectors. The difference between these two
signals forms a dispersive Doppler-free DAVLL
signal. The detection and subtraction is done
within a single unit. We experimentally opti-
mize the total power used for spectroscopy and
the power ratio between pump and probe beam
on a maximum size of the signal. We find the
following values: pump power 480µW, probe
power 220µW (beam diameter of 2.5 mm). The
magnetic field has been optimized to a value of
11 Gauss in order to obtain a maximum slope of the dispersive signal.

Results on the rubidium D2 line: To study Doppler-free DAVLL on the87Rb D2

line, we will use the notation of Fig.A.1 in Appendix A for the rubidium transi-
tions and cross-over (CO) transitions. The natural linewidth of the D2 transition is
6 MHz and the power of 480µW in the pump beam of 2.2 mm diameter is equiva-
lent to a saturation parameter S=7.9, corresponding to a power broadened linewidth
(∆νPB = ∆νnat

√
1 + S) of 18 MHz.

We apply a magnetic field such that the Zeeman-splitting remains smaller than the
power-broadened linewidth. The magnetic field defines the quantization axis, which
is slightly tilted respect to the beam propagation by the Earth magnetic field (≈ 0.5
Gauss). Dividing the component of the Earth magnetic field orthogonal to the prop-
agation axis by the total magnetic component parallel to it, one obtains the reduction
factor of the signal.
With perfectly balanced offset, the zero-crossing of the spectroscopic signal corre-
sponds to the unperturbed transition-frequency and is neither altered by stray magnetic
fields nor by power fluctuations, which both only vary the size of the signal3.
Fig. 4.4shows, how the spectroscopic signal is generated on the87Rb D2 transition.

3Fields parallel to the propagation axis will shift the two signals into opposite directions leaving the
zero crossing unaffected, whereas fields perpendicular to the propagation axis will reduce both signals
and just change the size of the signal.
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Figure 4.4:Spectroscopic signal of the upper (left) and lower (right) hyperfine transi-
tion of 87Rb. The signals S1 and S2 are shifted in opposite directions and the subtrac-
tions delivers a dispersive spectroscopic signal with low background. Notations are
according to Fig.A.1. We used the lock first on the cooling transition 2-3. Presently,
we lock the repumper laser on a slope near the transition CO1-01, indicated as locking
point. The dotted lines and black dots correspond to the center of the transitions. In the
right picture, we added the dashed lines of the spectroscopy without magnetic field.

The two symmetrically shifted saturated absorption signals S1 and -S2 add to give a
dispersive spectroscopic signal S1-S2.

• Cooling transition: Initially, we used the Doppler-free DAVLL to lock on the
cooling transition F=2 to F’=3, in our notation the transition 2-3, left on Figure
4.4. We have a locking bandwidth of only few kHz and within this bandwidth the
error signal indicates frequency fluctuations of around 120 kHz. An estimation
from frequency-jitter on the spectroscopy signal indicates noise smaller than
100 kHz, so that the value of the error signal is a good estimation within its
bandwidth.

• Repumper transition:At present, we use our method to lock the repumper with
an offset on the transition CO1-01, as indicated in Fig.4.4, right. With the 80
MHz shift of an AOM, the laser frequency arrives near the repump-transition
1-2 (see Fig.3.7). Since the absorption signal of this line shows not only dips
but also peaks, the difference signal either has a zero crossing or an extremum
at the position of the resonance; but shows a nice slope with zero crossing at
the frequency we need. The lock error signal as well as the estimation from the
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jitter on the spectroscopy signal indicate frequency fluctuations less than 350
kHz, what is perfectly all right for the repumper, where fluctuations up to 1
MHz would be within the requirements.

Closer look on the line shape:The formation of a peak or dip in the spectroscopic signal depends
on various competing effects: 1: The depopulation of the resonant level by the pump beam leads to
less absorption of the probe, resulting in a dip. 2: With a loss channel in the transition to the other
hyperfine state, depopulation is increased and the dip deepens (e.g. transition CO2-23). 3: If the
pump is in resonance with a transition of∆F = +1, atoms are pumped to the extrememF-states, from
where the transition probability is higher. This effect increases absorption. 4: A dark state like the
mF = 0 in the 1-0 transition, which in addition is closed (atoms cannot escape into F=2), accumulates
atoms by redistribution effects between themF during the excitation with the pump beam and a probe
beam with access to the dark state (1-2 or 1-3) will experience increased absorption. This means a
greatly increased absorption for transitions like the CO1-01. Result of these effects is a more or less
pronounced dip or peak.

Background: The differenceS1 − S2 does not totally cancel out the background,
because also the Doppler-broadened profiles are slightly shifted in opposite directions.
This will underlay the signal with a broad and flat dispersive signal of the same origin
(see Fig.4.1b)). Heatingthe cell will not only increase the number of atoms but also
broaden the Doppler-profile and flatten the background. To evaluate the maximum
background, we assume the Doppler broadening to be Gaussian with a width of 570
MHz (corresponding to 30◦C). Taking the difference between two Gaussian profiles,
each shifted by half the Doppler-free linewidth of 18 MHz, we find the maxima to be
reduced by a factor of 60 compared to the height of the Doppler broadened profile.

Noise: Assuming the power fluctuations of the laser to be the dominating noise, we
can state that the noise is proportional to the background and also greatly reduced by
taking the difference. A further source of background is the slight rotation of the probe
beam by the Faraday effect. By adequately rotating also the last quarterwave-plate and
polarizing beam-splitter (see Fig.4.2), this effect can be compensated.

4.1.4 Further modulation-free locking techniques

We will shortly mention two alternative techniques for locking to an atomic transition
without modulation and compare them to the Doppler free DAVLL:

Side-locking of saturated absorption signals: Side-locking on a spectroscopy sig-
nal has the intrinsic disadvantage of being sensitive on effects that change the size of
the signal like varying stray magnetic fields. To evaluate the noise on a lock signal, we
consider the Doppler-background to be subtracted from the Doppler-free signal and
we assume the power-fluctuations of the laser to be the limiting noise source. Then,
the noise is directly proportional to the size of the signal at the lock point. This point
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is at half height of the absorption dip, whereas with Doppler-free DAVLL the signal at
the lock-point is determined by the background. For absorption dips bigger than the
thirtieth part of the size of the Doppler line, Doppler-free DAVLL offers lower noise
and in addition a steeper slope, a bigger signal and a larger capture range of the lock.

Polarization spectroscopy: Instead of using absorption, polarization spectroscopy
([114, 121]) makes use of dispersion to generate spectroscopic signals, which can
reach high signal-to-noise values. Generally, one can remark that polarization spec-
troscopy exhibits its full potential and superiority for small peaks on a big background
and for thin or low-pressure samples.
In spite of this fact, we set up a simple polarization spectroscopy apparatus using the
same large vapor cell and standard optical components as in DAVLL, in order to com-
pare the methods under the same conditions. For a better understanding, we first give
a small review on polarization spectroscopy:
The classical pump-probe configuration is used, the pump being circularly polarized.
The circular polarization pumps the atoms into an extreme magnetic hyperfine sub-
level, what results in a macroscopic polarization of the sample, causing an optically
induced dichroism. Theσ+ andσ− components of the linear polarized probe beam ex-
perience different amounts of absorption and dispersion around a transition frequency;
in contrast to a relative shift of the transition frequencies as it is generated by the mag-
netically induced dichroism in Doppler-free DAVLL. The difference in dispersion of
the two components results in a rotation of the linear polarization of the probe beam.
On each side of the transition, the rotation has got a different sign and the detection of
the rotation gives a dispersive-like spectroscopic signal. The difference in dispersion
depends a lot on the amount of polarization the pump is able to induce, what again
depends on the particular transition.
If atoms are pumped into an atomic state, which allows a decay into a different ground
state, like e.g. transition 1-2, the probe beam reveals a smaller polarization of the
sample. The resulting signal is smaller than that of a pure two-level system. In87Rb,
the only pure two level systems are 2-3 and 1-0 and our experiments showed that
these transitions produces by far the strongest spectroscopic signal. The crossover res-
onances CO2-23 and CO2-13, which show the biggest absorption dips in saturation
spectroscopy, are very small using polarization spectroscopy and of predominantly ab-
sorptive character. In our 7 cm long vapor cell, big differences in absorption between
theσ+ andσ− components can arise, giving a symmetric contribution to the disper-
sive signal, thus adding an offset to the lock point and shifting the zero crossing. Stray
magnetic fields reduce the polarization of the sample and the signal is reduced.
The detection of transitions with small difference in dispersion and small rotation of the
polarization requires good quality polarizers and beam-splitters. Their imperfections
contribute to a flat background, which also exists for Doppler-free DAVLL, where it is
adding to the small characteristic curved background.
Again assuming the power fluctuations on the laser light to be the limiting noise, the
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noise of the zero-crossing of the signal depends only on the size of the background.
Considering this, we conclude that in a setup with standard, economical optical com-
ponents and for the same absolute size of the signal, the noise of Doppler-free DAVLL
is comparable to that of polarization spectroscopy, but the first method offers good
signals for more transitions and shows a bigger slope of the dispersive signal.

4.1.5 Frequency Lock with f-to-V converter

When we do not use the natural frequency to amplitude or phase conversion of an
atomic sample, but compare a laser frequency to the frequency of a reference laser,
the difference can be directly converted into a voltage signal by a frequency-to-voltage
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I(t)

tOS

I(t)

t

T

Figure 4.5:Simplified scheme of f-
to-V converter (top) and current in-
jected into integrator (bottom).

(f-to-V) converter. The converter compares the
incoming frequency-difference signal with an in-
ternal voltage and triggers a current pulse when-
ever the input voltage exceeds the threshold of
the comparator. The length of this pulse can
be adjusted and the current is injected into an
integrator (see Fig.4.5). A periodic triggering
will charge the capacitance to a relatively steady
mean value, – the output voltage – which shows
a ripple at the input frequency. The shorter the
current pulses, the higher the possible input fre-
quency, but the bigger also the ripple. An in-
crease of the integrator capacitance will better
smooth the output signal, but at the same time
it slows down the reaction speed. A f-to-V con-
verter is used in the frequency control system of the gravimeter (see section4.3).

4.2 Phase Stabilization

To perform Raman transitions between the two fundamental hyperfine levels of87Ru-
bidium (F=1↔F=2), the beat signal between the two lasers must be locked to the
hyperfine transition frequency of 6.834 GHz. For the interferometer, the relative phase
of the Raman lasers is an extremely important variable, since it determines the inter-
ferometer signal (see chapter2.2) and a phase-lock between both is a basic necessity4.
Again, like in the case of frequency, we have several possibilities to convert a phase
into a voltage signal for the feedback:

1. by an analog Mixer,

4Small frequency offsets in contrary will be off no importance, as long as they do not change the
transition probability.
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2. by a digital phase and frequency detector or

3. by a phase difference counter.

Before describing these three phase detectors, which are actually used in the experi-
ments, we will give a very brief introduction to phase-locked loops.

4.2.1 Phase-locked-loop

k [ ]l rad Hz/V

e(t) [ ]V

-FRF (t) [ ]rad

k [ ]PD V/rad

r(t) [ ]V

+FLO(t) [ ]rad

[ ]1/Hz

e'(t) [ ]V

Figure 4.6:Phase-locked-loop: The phase difference between a LO and an RF signal
(φLO−φRF) is converted into an error signale(t) with gain kPD on a phase detector (PD).
The loop adds noiser(t) and the feedback signale′(t) is converted into a frequency with
gainkl to correct the phase error.

The goal of a phase-locked loop (PLL) is the stabilization of the phase of a noisy radio-
frequency (RF) source onto a clean local oscillator (LO) signal with the following
instantaneous frequencies and phases:

ωLO = 2π f0; φLO(t) = 2π f0t + φLO,0 (4.10)

ωRF(t) = 2π f0 + 2π fN(t); φRF(t) = 2π f0t + 2π
∫ t

0
fN(t′) dt′ + φRF,0 .(4.11)

The RF-signal shows the frequency noisefN(t) and we define the resulting phase
noise5 as

φN(t) = 2π
∫ t

0
fN(t′)dt′ . (4.12)

A phase-locked-loop (PLL) consists of a Phase Detector (PD), who converts the de-
tected phase difference (φLO(t)−φRF(t)) into a voltage with a certain gainkPD [V /rad].
We assume here an ideal PD with linear gain. We call the voltage signal at the PD
output error signale(t):

e(t) = kPD
(
φLO(t) − φRF(t)

)
. (4.13)

A noiser(t) is added by the loop, e.g by the laser driver, to the error signale(t):

e′(t) = e(t) + r(t) . (4.14)

5We omitted the indexN labelling the noise in chapter2.3, but will keep it here for clarity.
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This error signal is used as a feedback to correct for the noise of the RF signal. In our
case, the feedback is directed to a laser driver, who converts the voltage signal with a
gainkl [ rad Hz/V] into a frequency changeδ f (t)

δ f (t) =
kl

2π
e′(t) (4.15)

within timeτ, where the timeτ depends on the locking bandwidth. By inserting (4.15)
into (4.11) we can write the RF-phase at timet + τ as

φRF(t + τ) = 2π f0(t + τ) + kl

∫ t+τ

t
e′(t)dt + φRF,0 . (4.16)

It is important to note that the loop includes a natural integrator, due to the fact that a
phase change is corrected with a feedback on frequency.
After the timeτ, the error signale′(t) will include the reaction to the noise at timet = 0
and – using (4.13) and (4.16) – will change by:

e′(τ) − e′(0) = (e(τ) + r(τ)) − (e(0) + r(0))

= kPD (φLO(τ) − φRF(τ)) − kPD
(
φLO,0 − φRF,0

)
+ r(τ) − r(0)

= . . . = −kPDkl

∫ τ

0
e′(t)dt + r(τ) − r(0) . (4.17)

To pull the phase error efficiently to zero, both gains need to be as high as possible.
We can switch tofrequency spaceby a Laplace transform of (4.17). After four steps
of basic calculation we find the following relation between error signal and noise:

E′( f ) =
R( f )

1 + kPDkl/i f
(4.18)

for f , f0 and where the Laplace-transforms are indicated by capital letters. The unity
gain frequency of the loop isf1 = kPDkl . The loop behaves like a first order filter. In
reality, we add integration stages to increase the low frequency gain.

4.2.2 Analog Phase Detector

An analog phase detector consists of a mixer, which multiplies the RF signalsRF(t) =

ARF cosφRF(t) with the LO signalsLO(t) = ALO sinφLO(t) with a certain gainkm

[1/Volt]. With the phases (4.10) & (4.11) and by settingφLO,0 = 0 andφRF,0 = π/2 we
can write the signalm(t) after the multiplication as:

m(t) = kmARFALO sin(φLO(t)) cos(φRF(t))

=
1
2

kmARFALO

(
sinφLO cosφRF + sinφLO cosφRF + sinφRF cosφLO − sinφRF cosφLO

)

=
1
2

kmARFALO

(
sin(φLO(t) − φRF(t)) + sin(φLO(t) + φRF(t))

)

=
1
2

kmARFALO

(
sinφN(t) + sin(2ω0 + φN(t))

)
, (4.19)
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where we substituted the phase noise according to its definition (4.12) into φRF(t) of
(4.11).
A low pass filter with gainkLP [V /V] will filter out the second term, which oscillates
with 2ω0 and the remaining first term of (4.19) is proportional to the phase difference
between RF- and LO signal, the latter of which we set to zero in the last step of4.19.

For small phase differences(actually small deviations fromπ/2), the sine can be lin-
earized yielding:

e(t) = kPD (φRF(t) − φLO(t)) . (4.20)

We introduced the phase detector gain [Volt/rad] askPD =
kmkLPARFALO

2
1

rad to have the
same notation as in section4.2.1.

Forbig phase fluctuations(|∆φ| > π), the sinusoidal error signal inverts its sign and the
feedback will increase the phase difference to relock again at 2π distance. The locking
point thus jumps whenever the phase difference exceedsπ (phase slip), limiting the
total locking range to±π.
The advantage of an analog mixer is its fast response and its low noise.

4.2.3 Digital Phase and Frequency Detector

For the gravimeter, the phase lock relies on a digital Phase and Frequency Detector
(PFD) integrated in a single chip (ON S MCH12140). This chip com-
pares the digitalized RF and LO signals and generates an output signal on its two
output channels UP and DOWN, if the phase or frequency of both signals differs. The
pulse difference of the rising edges of both signals is directed to channel UP, if the LO
phase is leading and to channel DOWN, if the RF phase is leading. In this way, the
smoothed (low pass filter) difference between both channels is positive in one case,
negative in the other and zero for zero phase difference (for details see [126]). Obvi-
ously, the proportional dependence on the phase difference of the output voltage holds
only in the range|∆φ| < 2π, where we can again write

e(t) = kPD (φLO(t) − φRF(t)) . (4.21)

For differences in frequency, the chip again puts the signal on either UP or DOWN
channel, depending on which frequency is higher to be able to correct also for fre-
quency deviations and to ensure a big capture range. The digitalization brings about
certain introduction of noise (aliasing effect, AD converter), which though is below
our requirements.

4.2.4 Digital Phase Difference Counter

The heart of the digital PD at the gradiometer is a Phase Difference Counter (PDC),
included together with other logic on a programmable chip (A EPM7064-J44).
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The initial position of the counter is in the center of its range. It will count upwards
with every RF pulse and downwards with every LO pulse and goes into saturation,
once reached its limits. Its output voltage is proportional to the difference to the initial
value. We use an 8 bit counter (counts from 0 to 256 with initial position 128). the
filtered output signal will have a linear slope over a phase difference of±128 · 2π;
which in our case is reduced to±112 for. technical reasons. The PDC thus keeps the
phase lock for fluctuations up to±112 · 2π and then goes into saturation, where it is
still able to recapture the lock. The gravimeter uses a combination of an analog and
digital phase detector (see section4.4.4).

4.2.5 Locking bandwidth and capture range
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The locking bandwidthfBW of a phase-
lock is limited by the time delayτ,
which the signal acquires during one
loop: fBW,max <

1
2τ . A major part of

the delay is caused by the laser diode.
The picture on the right shows a typ-
ical measurement of the phase delay
of a diode6. The locking bandwidth
should be more or less 3-5 times the RF
linewidth to be able to lock a large frac-
tion of the total power.

If the lasers show a frequency differ-
ence∆ f , a phase difference of 2π is acquired in a timeT = 1/∆ f . In the case of
an analog PDwith its sinusoidal response, the error signal will average to zero dur-
ing this time. If we want to catch the lock, our loop needs to recapture the frequency
to stop the phase deviation before it arrives at 2π. This means that we need a locking
bandwidth (unity gain frequency) offBW ≈ ∆ fmax, or, the other way round, ourcapture
range∆ fmax is no bigger than the locking bandwidthfBW.

The capture range of the saturatingdigital PD is limited on one side by the LO fre-
quency and on the other side by the working range of the PD.

6The measurement has been done by recording the transmitted light when the laser is locked onto the
slope of a Fabry-Perot line. A fast oscillation imposed on the laser frequency will express as a modulation
of the transmitted light, whose delay can be compared to the original oscillator signal. For equal path
lengths before the mixer, the delay will be the one of the laser current driver plus diode.
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4.3 Frequency control for gravimeter

The setup of the frequency control system was one of the main topics during of the
work on the gravimeter. The ambition to use no more than two lasers for cooling,
repumping and to drive Raman transitions makes it necessary to develop a reliable
electronic control system to ensure the necessary detuning [124]. The scheme we
realized is sketched in Fig.4.7. Many of the components are assembled in a box,
shown in Fig.4.8.
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Figure 4.7:Electronic scheme of the three frequency locks for the gravimeter. The ref-
erence laser is locked on Rb vapor with FM-spectroscopy, the repumper is frequency-
locked onto the reference laser and the cooling laser is frequency- or phase-locked on
the repumper. Repumper and Cooling laser also serve as Raman lasers in the phase-
locked mode.

4.3.1 Lock Reference Laser on rubidium transition

The reference laser is locked to the87Rb |5S1/2, F = 2〉 → |5P3/2, F′ = 3〉 hyperfine
transition. The spectroscopy cell is magnetically shielded to prevent Zeeman-shifts
and broadening of the line. All further lasers are locked relative to this well defined
frequency by beat signals.
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Figure 4.8: Box including electronic components for frequency locks at the Watt-
balance gravimeter.

FM-spectroscopy: An electro optical modulator (EOM,N F 4001) modulates
the phase of the reference beam withωm = 5 MHz before entering the vapor cell.
The signal of the saturated absorption spectroscopy (see section4.1.1) is detected by
a polarized passive photo-detector (photo-diode:H 5973). Its AC-output is
filtered with a first order high pass filter with cutoff frequency of 330 kHz. The signal
is fed into a Lock-In amplifier, where it is amplified and demodulated by the same 5
MHz oscillator, which is also used to supply the EOM. The signal, which supplies the
EOM is amplified to reach the desired modulation depth (EOM: 0.15 rad/V) of around
0.5 rad (≈ 90% of power in carrier, 10% in 1st order sidebands).

Feedback: The demodulated signal is delivered to a PI-controller, which sends the
integrated and amplified signal to the current-driver of the laser (conversion of 146
MHz/V, optional 16 MHz/V) and the doubly integrated and amplified signal to the
PZT-driver (conversion of 680 MHz/V). The locking bandwidth of the reference laser
is 160 kHz, limited by the filtering of the 2ωLO = 10 MHz component, but could
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principally be extended some more by optimizing the filters of the loop.

4.3.2 Lock Repumper on Reference

Since the repumper will serve not only as repumper but also as Raman laser, it will
have to be detuned by about 2 GHz between the release of the atoms and the first
Raman pulse within a time of about 20 ms. The beat signal at the difference frequency
between reference laser and repumper needs to be locked to an oscillator, which must
be tunable by 2 GHz. To prevent the laser from mode-hopping during the frequency
change, the laser current must be corrected during the sweep to remain in the middle
of the laser’s mode-hop free tuning range.

Detection: The beat signal between the repumper and the reference laser of either
6.567 GHz (cooling and repumping) or around 4.834 GHz (Raman pulses) is detected
by a fast photodiode (H G4176), which is polarized with 9 V from a battery
via a Bias-Tee (P BT-26-463115). After amplification (AML 48L2701), a small
part of the beam is split for monitoring by a directional coupler (B T.
251-014-020), and the rest is mixed (M-C ZMX-7GR) with a signal from a
tunable microwave oscillator.

YIG : The tunable microwave oscillator is based on a YIG (Yttrium iron garnet) sphere,
which shows low phase noise (<-100 dBc/Hz at 10 kHz), linear tuning and low fre-
quency drift (3 MHz over 70◦C). However, the YIG will in future be locked on a stable
absolute reference. Our YIG (M I. MSO-0307-1) is tuned by a current,
which is provided by a modified laser current driver. The laser current driver either
delivers a fixed, very stable current equivalent to a YIG frequency of 6.7 GHz plus an
optional (less stable) offset controlled by a computer voltage (equivalent to about 4.97
GHz) or – with minor changes of the controller – can be switched between two stable
current values by a TTL signal. In the first case, the tuning by a computer-controlled
voltage (0-10 V) has a conversion factor of 106 MHz/V.

Frequency to Voltage converter:: After the mixing with the YIG, the signal either
has a frequency of (6.7-6.567 GHz)=133 MHz or of (4.97-4.834 GHz)=133 MHz.
This frequency is divided by a factor of 256 down to 520 kHz, which comes to lie in
the middle of the frequency range of 0 to 1 MHz of a frequency to voltage converter
(A D AD650) with a conversion factor of 10 V/MHz.
In section4.1.5, we have seen that the output signal of a f-to-V converter will show
a ripple at the frequency of the input signal. The faster the desired reaction of the
converter, the bigger the ripple will grow. Our requirements of first, a capture range
of at least 100 MHz, second, a resolution of at least 100 kHz and third, a locking
bandwidth of at least 10 kHz to compensate for acoustics, lead to a design of the
converter that results in a cutoff frequency at 23 kHz and a ripple bigger than 500
mV at the signal frequency around 500 kHz. This ripple is equivalent to a frequency
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fluctuation of (0.5 V× 100 kHz/V × 256=) 12.8 MHz at 500 kHz.

Bessel-Filter: To cut the ripple above 300 KHz efficiently without changing the am-
plitude or phase of the signal within the locking bandwidth too much, we designed a
4th order Bessel filter [123] with cutoff frequency at 55 kHz. In this design a ripple at
300 kHz is already suppressed by 45 dB. This reduces its amplitude from 500 mV to
2.8 mV, which is equivalent to a sufficiently low residual frequency fluctuation of 72
kHz. At the same time, the phase shift of this filter at 10 kHz is only 23 degrees.

Feedback:The signal from the converter is compared to an offset voltage around 5 V
from the computer and the laser will catch the lock anywhere within the capture range
of 1 MHz × 256= 256 MHz. We reach a locking bandwidth of 16 kHz7. The beat
signal between the reference laser and the repumper shows a FWHM of 270 kHz when
locked.

4.3.3 Lock Cooling Laser on Repumper

The cooling laser is locked onto the repumper with a frequency offset between 6.534
and 6.834 GHz. During the cooling, the laser is stabilized by a frequency lock with
tunable offset using a frequency-to-voltage converter similar to the one described in
the previous section. After the cooling, the frequency lock is converted into a phase
lock.

Detection: The detection is done with a high speed detector (N  1431), the
signal is amplified (N F 1422), split (M-C ZFS-2-9G) and sent to a
mixer (M-C ZMX-10G). The local oscillator signal at 7.034 GHz is generated
by a DRO (Dielectric Resonance Oscillator), locked to a stable 100 MHz signal. A
switch (M-C ZASWA-2-50DR), controlled by a TTL signal directs the signal
to either the frequency-to-voltage converter or to the phase and frequency detector,
which will be described in section4.2.3.

Frequency Lock: During the cooling process, the beat frequencies lie between 480
and 500 MHz, which after a division by 512 result in frequencies between 900 and
1000 kHz. These frequencies are converted into a voltage by a f-to-V converter, whose
ripple is filtered with a 4th order Bessel filter (see Lock Repumper on Reference). The
signal is compared to a variable offset voltage to control the lock frequency.

Phase-Lock: During the frequency scan, the cooling laser stays frequency-locked to
the repumper, and when we actually switch from frequency- to phase-lock, the fre-
quency is already at exactly the hyperfine transition frequency of 6.834 GHz and the
phase-lock catches rapidly. The switching is done with a TTL signal by directing the
mixer output signal - in this case 200 MHz - to the PFD (see section4.2.3) instead of to

7At 16 kHz, phase shift of 1st order filter in converter is -27◦, of 4th order Bessel filter -43◦ and of
PI-controller -90◦, which makes -160◦.
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the f-to-V converter. The local oscillator of the PFD will in future be a Direct Digital
Synthesis oscillator (DDS,A D, AD 9852). The phase-lock has not been
fully implemented during my stay in France but has meanwhile been installed, tested
and optimized. The error signal indicates a noise contribution of less that 1 mrad to
the interferometer phase.

Feedback: The current feedback of the phase-lock is added to the supply current
directly at the laser, whereas the frequency lock adds the feedback to the current-
controller unit. In contrast, both locks have a common PZT-line. The feedback signals
are added in the PI-controller of the frequency lock before the last integrator. Dur-
ing the short switching process, the charge of the integrator remains and ensures a
smooth switching without any frequency hop. In frequency-locking mode, we achieve
a locking bandwidth of 18 kHz and the beat signal has a FWHM of 460 kHz.

Frequency scan:The desired frequency sweep between the cooling stage and inter-
ferometer stage is determined by a programmable computer output voltage. To avoid
abrupt frequency changes, the voltage has the form of a smooth sinusoidal ramp. The
YIG will follow this ramp with its frequency that in turn determines the difference
between reference- and cooling laser, since this difference is locked onto the YIG fre-
quency. If the lock tries to stay behind the frequency change of 2 GHz, it is probable
that the laser will mode-jump. What we do to prevent this jump is to change the current
and PZT offset during the scan in a controlled way, such that the laser already follows
the YIG frequency quite well even without activated lock. Figure4.9shows the effect
of this offset by demonstrating the small error signal in spite of the big detuning of
the YIG. The remaining frequency error is mainly due to a slow thermal response of
the laser to a current change. When switching the lock on, the error signal is added
to the offset voltage and the electronics just has to compensate for small frequency

Figure 4.9:Frequency deviation of lasers from the YIG frequency during a sweep of
2 GHz in 2 ms. Left: both lasers are unlocked, frequency is regulated by a signal to
current and PZT. Right: Repumper is locked and cooling laser unlocked.
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deviations. The repumper is stabilized onto the cooling-laser, it also he has to follow
the ramp and obviously it will receive similar current and PZT-offsets to stay far from
any mode-hops. In the left picture of Figure4.9, both lasers are unlocked and one can
see the slightly different sweep behavior of the YIG and the laser, whereas in the right
picture the repumper is already locked to the YIG and only the cooling laser follows
without active feedback.
In Figure4.10(left), the feedback was added also to the cooling laser and one observes
a small spike on the error signal of± 1 MHz during the scan. This spike grows to±
2.5 MHz, when the scan is accelerated from 2 ms to 0.8 ms duration (see Fig.4.10,
bottom). The rms frequency noise of the error signal is 150 kHz for the repumper
and 210 kHz for the cooling laser. The swinging of the Piezo crystal emerges from
the noise when averaging the signal, as can be seen in Fig.4.10. The PZT resonance
frequencies are 1.8 kHz for the repumper and 1.3 kHz for the cooling laser. The lasers
stay locked very reliably for long periods of fast frequency sweeps. A typical picture
is shown in Fig.4.10, bottom.

Figure 4.10:Top: Frequency deviation during sweep of 2 GHz in 2 ms, both lasers
with active feedback. Left: Frequency noise during sweep, right: averaging the signal
64 times let Piezo-oscillations emerge from noise. Bottom: Frequency error during
repeated 2 GHz sweeps in 0.8 ms.
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Figure 4.11: Electronic scheme of the frequency stabilization for the gradiometer
lasers. The repumper and the reference laser are locked on Rb transitions; the cooling
and detection lasers are injected by the reference laser. The Master Raman laser is
loosely phase-locked to the reference laser with a difference of 3.5 GHz and the Slave
Raman laser is phase-locked onto the Master with a difference frequency of 6.8 GHz.
Symbols are identical to Fig.4.7.

4.4.1 Lock Repumper on rubidium transition

The repumper laser is locked with an offset onto the crossover-transition CO 1-01
with the Doppler free DAVLL (see section4.1.3). Two photodiodes register the two
relatively shifted spectroscopy signals and subtract them. The voltage limited signal is
fed into a PI-controller and gives feedback to the PZT with a locking bandwidth (BW)
of 1 kHz and optionally to the current controller (BW around 10 kHz). The absolute
frequency stability is better than 500 kHz.

4.4.2 Lock Reference Laser on rubidium transition

The reference laser is locked to the rubidiumF = 2 → F′ = 3 transition with the
Lock-In technique (see section4.1.1). A modulation of 70 kHz is imposed onto the
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pump and probe beam of a saturated absorption setup by an AOM in double pass, who,
at the same time, shifts the light by -184 MHz (see section3.3.2). The locking band-
width of the PZT feedback is 1 kHz and of the current loop around 12 kHz, which
stabilizes the laser frequency to around 150 kHz.
The reference laser injects the cooling laser (MOPA), which is split into two parts,
each independently controlled in frequency by an AOM. Each part is split into three
beams (see section3.3.5), which serve as upper and lower trapping and cooling beams.
During the MOT, both AOMs shift the light by the same frequency, which is given
by one single voltage controlled oscillator (VCO). With the start of the launch, a
switch assigns the frequency control to two phase-locked frequency generators (A-
 33120A). The difference between both frequencies determines the launch veloc-
ity of the cloud and their common center frequency the detuning from resonance. A
trigger (FSK) can switch both frequencies to a second value to increase the detuning
during the cooling.
The detection laser is locked by injection to the frequency of the reference laser.

4.4.3 Lock Master Raman laser

A fast N F 1580 12 GHz photo-detector registers the beat signal between the
reference laser and the master Raman laser, which is then mixed (M DM0104LA1)
with a LO (M 2024) at 3.3 GHz (1.1 GHz in third harmonic) down to an inter-
mediate frequency of 10 MHz. After amplification (M-Cs ZFL 1000LN), this
signal enters a PDC (see section4.2.4), where it is compared to a 10 MHz signal and
converted into a correction voltage. The phase-lock is very loose and gives feedback
only to the PZT within a band of 1 kHz.

4.4.4 Phase-Lock Slave Raman laser

We detect the beat signal between masterAL1 cos(ωL1t−φN,L1(t)) and slaveAL2 cos(ωL2t−
φN,L2(t)) laser. We use the notation introduced in (4.11) and (4.12), set the offset
φL1,0 = φL2,0 = 0 but consider the noise termsφN,L1 andφN,L2 so that the beat signal
is:

AL1AL2

2

(
cos((ωL1 − ωL2︸      ︷︷      ︸

=∆ωL

)t + (φN,L1 − φN,L2︸          ︷︷          ︸
=∆φ

)) + cos
(
(ωL1 + ωL2)t + (φN,L1 + φN,L2)

))
︸                                          ︷︷                                          ︸

filtered out

.

(4.22)
This beat has a frequency of∆ωL =6.834 GHz and is recorded with a photo-detector
(N F 1002, 60 GHz). The signal is amplified (JCA 48-301) and mixed (mixer
M M0408) with a signal generator (A MG3692A, ultra low phase noise
option) down to an intermediate frequency of∆ωL − ωLO =40 MHz according to
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(4.19) 8 what results in:

Acos
(
(∆ωL − ωLO)t + (∆φ − φLO)

)
. (4.23)

We already cut out the filtered term at frequency∆ωL + ωLO.
After splitting (M-C ZFDC-10-2) and a further amplification (MINI-CIR-
CUITS ZFL-500LN) the signal is registered by a combined analog and digital phase
detector. AnA 33250A 80 MHz arbitrary waveform generator, whose internal
quartz oscillator is phase-locked to theA oscillator, provides the LO signal at
about 40 MHz.

Combination of analog and digital phase detector:For the gradiometer, a joint
digital and analog phase detector has been designed by Marco Prevedelli [128]. It has
the ambition of combining the advantage of velocity and low noise of an analog mixer
on the one hand with the big capture range for phase and frequency of a digital system
on the other hand. The PDC described in section4.2.4is used in parallel to an analog
mixer. As long as the phase difference∆φ is bigger thanπ, the PDC is active and
generates an error signal. In this stage, the LO signal leading to the analog mixer is
switched off by the PDC chip. As soon as the phase difference∆φ − φLO is equal or
smaller toπ, the PDC itself delivers signal zero and switches on the LO for the analog
mixer, adding the 90◦ phase shift this mixed requires. In this case, only the analog part
is active and delivers an error signal to the feedback electronics.

Feedback to laser:The error signal of the PD is split into three different paths. The
first path delivers low frequency feedback (f< 1 kHz) onto the Piezo-crystal (PZT)
with a conversion of around 400 MHz/V. The signal is integrated twice and the gain
matched. The second path (gain and integration) leads to the current driver and covers
the mid-frequency feedback between approximately 1 and 800 kHz. The conversion is
around 10 mA/V× 100 MHz/mA. The third part is delivered only by the analog phase
detector and is added directly to the laser current for a feedback up to a few MHz. To
compensate for delay, a phase advancer is introduced in this branch.

8The reasons for using an intermediate frequency are the following: 1) Our DPC works only for input
signals between 20 and 90 MHz, 2) the Anritsu is not capable of phase continuous sweeps, which will
be necessary, 3) the generation of exactly the resonance frequency will emit radiation and might drive
unwanted hyperfine transitions between the ground-states.
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4.4.5 Noise on phase-lock
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Figure 4.12:Beat signal of the Raman lasers, recorded by a spectrum analyzer. Clearly
visible is the strong noise suppression of the mid-frequency current feedback up to the
servo bump at 800 kHz. The high frequency loop determines the total bandwidth,
which is of 3 MHz during this particular measurement. The amplitude suppression at
a certain frequencyf relative to the carrier must be divided by the resolution BW (here
10 kHz) and multiplied by 1 rad2 to obtain the phase noise in rad2/Hz.

The phase noise on the laser beat note transfers to the interferometer signal with a
certain weight according to the description in section2.3.2 and 2.3.3. Phase noise
on the Raman lasers can not be distinguished from accelerations of the atoms and
therefore leads to a systematic error of a gravimeter. In contrary, thedifference signal
in a gradiometer measurement with two clouds suppresses laser phase noise. However,
considering the possible use of the gradiometer also as a gravimeter, we put severe
restrictions on the phase noise, which should not exceed few mrad integrated over the
relevant frequencies. Figure4.12shows the power spectrum of our phase lock, and the
corresponding spectral density of the phase noise is found in Fig.4.13. One recognizes
the bumps at the bandwidth of the mid- and high frequency branch of the PLL.
The most important contributions to the noise on the Raman lasers originate in:

• Local oscillator:Local oscillator noise transfers 1:1 onto the laser signal within
the locking bandwidth, because there is no way of compensating for it without
a comparison to a better oscillator. The high-frequency LO of the gradiometer
is anA MG3690B, its SSB phase noise is measured by comparison with
two equal units (see Fig.4.13, right).

The measurement shows big noise at low frequencies due to a bad internal os-
cillator. In our case, we lock the Anritsu onto an external 10 MHz oscillator but
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Figure 4.13:Left: Free running phase noise density of the two Raman lasers (extended
cavity length: 1 and 2 cm, respectively). The lasers were loosely locked onto the side
of a fringe of a Fabry-Perot cavity and the noise on the transmitted signal was converted
into first frequency noise and then phase-noise. The lower curve is the residual phase-
noise on the lock signal and one can see the strong suppression of the initial noise.
The plateau at around -110 dB rad2/Hz is limited by amplitude fluctuations of the light
and above 10 kHz by insufficient loop gain. Right: Phase noise of either LO Anritsu
MG3690B and LOA 33250 exceed the residual phase noise of the PLL.

did not measure its noise. For better stability, the Anritsu will in future be sub-
stituted by a frequency chain based on one (10 MHz) or two (10 & 100 MHz)
quartz oscillators. This HF-source mixes down the beat signal to an intermediate
frequency, which is then mixed with the second LO, anA 33250A, which
unfortunately has extremely bad noise characteristics (see Fig.4.13, right) even
at higher frequencies. We will either substitute the bad internal PLL, which
locks its 800 MHz oscillator onto a (in this case external) 10 MHz signal or will
be substituted in future by a DDS (AD 9854, setup by M. Prevedelli).

• Phase-locked-loop:Noise sources within the loop are suppressed with the closed
loop gainkPDkl (see section4.2.1and Fig. 4.13). Since this gain is finite, all
noise sources like e.g. laser current noise, intrinsic laser phase-noise, amplifier
noise or Johnson noise should be reduced as far as possible. Following advices
from the Paris gravimeter group, low frequency noise could be further reduced
by a higher LO level on the PLL, mid frequency noise by a higher light-power
level on the PD and high frequency noise by introducing a further (third) inte-
grator into the feedback-loop.

• Tapered Amplifier:The tapered amplifier in the beam path (see Fig.3.8) is
injected by both lasers. Amplitude fluctuations as well as mechanical or ther-
mal noise can translate into phase noise to a certain amount. We measured a
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noise contribution at frequencies around 100 Hz. We will in future add a low
frequency feedback to the Piezo to correct for those fluctuations.

• Beam path:The displacement of a mirror by a distance∆s results in a phase
change of the beat signal between laser 1 and laser 2 by∆φ = (kL1−kL2)∆s. With
our effective wave-vector for co-propagating beamskeff = kL1−kL2 = 142 rad/m,
a displacement of 7µm signifies a phase-change of 1 mrad. We can convert
acceleration noise (Sa in [m2/s4/Hz]) into phase noise with the relationSφ in
[rad2/Hz]: Sφ = k2

eff
/ω4 Sa. We did not yet measure horizontal accelerations as

we did for vertical ones; but if we assume same amplitudes, the effect of mirror
vibrations can have a big effect – without vibration isolation of the optical table.
Also air fluctuations caused by the air-conditioning will have similar effect (see
Figure4.15).
Further disturbances could originate in dispersive elements in the beam-path
like the rubidium vapor cell and the optical fiber. We could not measure any
significant contribution to the phase-noise, which would be visible on the big
background.

Figure 4.14:Vibration isolated up-
per mirror to reflect the Raman
beams. The mirror is suspended
by a curved metal-blade and a feed-
back loop can be closed by sending
current through coils whose mag-
netic field induces a displacement
of the mirror. At the moment, the
feedback is deactivated.

• Upper Mirror: If both lasers are superimposed, all fluctuations are converted
into phase with∆φ = (|kL1| − |kL2|)∆s. If the paths are separated, the fluctuations
convert into phase withkeff∆s = kL1,L2∆s, which is a factor of 105 bigger. Un-
fortunately, the beam paths have to be separated at a certain moment, because,
as we have seen in previous chapters, the atoms need to absorb one photon from
below and one from above, what implies a separation of both beams. In our
case, the only element which affects just one beam is the mirror above the in-
terferometer region. We received an isolation platform from the VIRGO project
in Pisa that we adopted to hold our mirror, who is suspended by a blade with
a resonance frequency of 2 Hz. In a later stage, an accelerometer can be fixed
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to the mirror and the feedback loop of the platform can be activated to actively
suppress vibrations.
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Figure 4.15:Measurement of relative phase noise introduced on the Raman laser beam
path at various places. The MOPA introduces noise at low frequencies. At high fre-
quencies we reach the plateau of the white noise of the detection system. The huge
noise at frequencies below 300 Hz is not fully understood and is investigated further.

Figure4.15shows a measurement of the phase noise, introduced on the beam path.
Figure4.16demonstrates the setup for the measurement showing the components used.
The spectra were recorded by a Fast-Fourier Transform Analyzer (HP 3561A) in dB
V/
√

Hz and are converted into dB rad2/Hz each with its according conversion factorC
(Sφ[dB rad2/Hz] = SV[dB V/

√
Hz]−20· logC [V /rad]).

The lowest curve in Fig.4.15(RF1-RF2) is obtained by mixing a RF signal of 6.8 GHz
with itself and shows basically the noise of the mixer (see Fig.4.16). The curve (PL-
Before MOPA) is the beat of the Raman lasers we use for the lock (PL) with the same
signal recorded with another photodiode about 1 m away from the first one. It shows
the noise of both detection systems (detector, amplifier, mixer) at high frequencies but
is largely dominated by the vibration-noise of the optical elements at low frequencies
as well as by air fluctuations. For the next measurement (PL-After MOPA), the second
photodiode is placed behind the MOPA and one notices again a significant increase of
the noise between 3 and 300 Hz. After the vapor cell (PL - After Vapor Cell) and after
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Figure 4.16:Setup for noise measurement of mixer (left), of noise introduced by de-
tection electronics on the beam path (center) and of the noise introduced by the fiber
(right).

a 0.5 m long polarization maintaining single-mode fiber (PL - After Fiber) no further
increase could be measured. To measure the noise of only the fiber, we recorded the
difference between one photodiode before and one after the fiber (curveBefore Fiber
- After Fiber). No noise contribution of the fiber could be measured9

Conclusion: The contribution of the different noise sources with their spectral phase
noise densitiesSφ (in rad2/Hz) to the interferometer phase noise is calculated accord-
ing to (2.121) as

σ2
φ =

∫ ∞

0
Sφ( f ) |H( f )|2 d f , (4.24)

whereH( f ) is the weighting function of our experiment (2.120) plotted in Figure2.9.
Its weight lies between 10 Hz and 10 KHz.
The measurement curves presented in this section yield the following phase noise ¯σ2

φ

between 10 Hz and 10 MHz and its contribution to the interferometer phase noise,
weighted withH( f )2, σ2

φ, all in mrad:

Noise Source σ̄2
φ σ2

φ Comment

Lock 105 1.1 H( f ) cuts high noise contrib. above 100 kHz
LO Anritsu HF 4 9 Main contrib. 1Hz-1kHz due to bad internal quartz
LO Agilent RF 2 6 Main contrib. around 10 kHz, amplified byH( f )
Beam Path 2.2 4.5 Noise almost all below 300 Hz

The phase-lock itself could still be improved but is already sufficiently good as it is
now for the targeted 1 mrad phase noise. The Anritsu oscillator, which supplies the
6.8 GHz, would be fine when locked to a low noise quartz because its noise is mainly
at low frequencies; above 1 kHz it would give a contribution around 1 mrad to the
interferometer noise. The Agilent local oscillator, which provides the 40 MHz signal,

9In this measurement, one observes a lower white phase-noise, which indicates that the photodiodes
used in this measurement (Hamamatsu) show less noise than the New Focus detector of our phase-lock
signal.
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will be changed soon and the noise introduced on the beam path, including vibrations,
MOPA, fibre and the upper mirror, is still under investigation.



Chapter 5

Experimental procedure and first
results

During the stay at the gravimeter experiment, we set up a 2D-MOT and its charac-
terization will be presented in the first section of this chapter. With the intension to
present the 2D-MOT as a closed unit, also its setup and some theoretical tools are part
of the description although this might not properly fit into this chapter. The MAGIA
experiment (gradiometer) allowed some preliminary measurements and the observa-
tion of interference fringes in summer 2004. The single elements of the experiment
will be described in the order of their complexity starting from the three-dimensional
MOT, mentioning the velocity selection and state preparation and finishing with the
observation of Rabi oscillations and interferometer fringes.

5.1 2D-MOT

Both experiments, gravimeter and gradiometer require ahigh loading rateof the MOT:

• Gravimeter: The higher the repetition rate of a gravimeter, the faster the inte-
gration towards a high precisiong-value can proceed. The integration velocity
is important to resolve temporal varying accelerations originating for example
from tides, air pressure changes or movement of nearby masses. A high repeti-
tion rate of> 3 Hz with a nevertheless high initial number ofN = 108 atoms in
the cloud requires an effective loading of the MOT.

• Gradiometer: The gradiometer relies on a simultaneous measurement on two
atom-clouds at different positions. The time between the two launches is of the
order of 100 ms or less, which leaves little time for trapping the atoms of the
second cloud. Because the desired resolution per shot requires an initial number

133
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of 108 to 109 atoms in each cloud. Again, an effective loading of the MOT is a
crucial experimental requirement.

In an interferometer,ultra-high vacuum conditionsare required to minimize deleteri-
ous interactions with the background vapor, which additionally can cause phase fluc-
tuations of the Raman laser beams. This requirement is opposed to a fast loading of
the MOT, where a high background pressure is advantageous below the limit where
collisions dominate. As a consequence, it is desirable to have a region dedicated to the
production of a beam of cold atoms, which will feed the MOT. These requirements are
met by the following techniques:

1. Zeeman-Slower:A Zeeman slower decelerates a beam of thermal atoms along
the propagation axis by radiation pressure, while spontaneous emission pro-
cesses give rise to a transverse heating of the atoms. This results in a strongly
diverging beam with a flux of up to 1011 atoms/s with a mean velocity down to
20 m/s. In our case, the geometrical size of this slower does not fit into the gra-
diometer experiment and would confine the transportability of the gravimeter.
In addition, the strong magnetic fields and the broad beam on axis are disadvan-
tageous.

2. 3D-MOT Sources:MOT sources provide better collimation of the beam, are
smaller and have a lower background of thermal atoms. Atoms can be extracted
either pulsed with an integrated flux of up to a few times 109 atoms/s or contin-
uous with a dark channel in one of the laser beams. A flux of 5· 109 atoms/s has
been reached with the latter method, called LVIS (Low Velocity Intense Source)
[134].

3. 2D-MOT sources:The approach of using two-dimensional cooling is relatively
new [131]. It has the advantage of a simple and compact setup, a high flux of
collimated atoms (≈ 1010 atoms/s) and the liberty to leave the propagation axis
free from light. One can distinguish three variations:

(a) Ordinary 2D-MOT:The basic setup of a 2D-MOT implies two orthogonal
pairs of laser beams to transversally cool atoms in a vapor cell (see Figure
5.1). Four elongated coils provide a quadrupole magnetic field for the
MOT with zero field along the z-axis, on which the atoms are confined.
They will escape the trap at both sides quickly, since they are not cooled in
longitudinal direction; therefore collisions will not limit the flux up to high
background pressures. A flux of up to 6· 1010 atoms/s has been achieved
[133] and geometrical filtering can limit the mean longitudinal velocities
to below 30 m/s.

(b) 2D-MOT+: The ’plus’ stands for an additional beam pair along the z-axis
to cool the atoms also longitudinally. The mean velocity along this axis
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decreases to below 10 m/s, which means that more atoms can be captured.
But since on the other hand the longer stay in the trap will increase the
collision probability, the optimum pressure will be lower than in an ordi-
nary 2D-MOT. This kind of atom source is chosen, when the longitudinal
velocity of the atoms is of importance [132]; the flux has been found to be
on the order of. 1010 atoms/s.

(c) 2D-MOT with pusher:A thin red-detuned pushing beam along the z-axis
added to the 2D-MOT will accelerate the atoms towards the hole, particu-
lary those with negative or small longitudinal velocity components. This
beam can increase the atomic flux by a factor of 2 to 5 and it is this con-
figuration that we use at the gravimeter and are presently mounting for the
gradiometer.

Figure 5.1:Scheme of a 2D-MOT. Atoms in an elongated vacuum cell with a high
rubidium background pressure are transversally cooled by 4 laser beams, indicated by
arrows. A thin collimated beam of atoms will escape the 2D-MOT on both sides, on
one side onto the window and on the back side through a small hole towards the UHV
region. The 2D magnetic quadrupole field is provided by 4 coils outside the cell.

5.1.1 Experimental setup

Atoms evaporate from a heated rubidium reservoir and, through a 15 mm diameter
tube, access a vapor cell with dimensions of 25x25x90 mm (see Figure5.2). The cell
is machined from titanium and 4 rectangular windows (15x80x3 mm) are glued to its
sides for optical access. Two sets of coils are attached to the cell to provide the desired
magnetic gradients of about 20 Gauss/cm. Two orthogonal beam pairs of the cooling
laser – with the repumper overlapped – enter the vapor cell through the rectangular
windows and radially cool the atoms. For the sake of compactness of the optical setup,
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each beam is split into three circularly polarized parts with 24.5 mm beam-diameter.
An atom beam of about 40 mrad divergence is coupled out through a 2 mm long hole
of 1.5 mm diameter at the back surface of the cell.
After the out-coupling, the atom beam passes through a tube of purified graphite with a
conical hole for differential pumping, before entering the UHV chamber, whose center
is at 38 cm distance from the 2D-MOT.

Figure 5.2:Lengthwise cut through the 2D-MOT for the gravimeter. Each of the two
cooling laser beams, superimposed with the repumper, is split into three retro-reflected
beam pairs to save space-consuming optics for elliptical beams. A push beam aug-
ments the atom flux through a hole, which is followed by a conical graphite tube to
assure differential pumping between the 2D-MOT cell and the UHV region. After 38
cm of flight, the atom beam is interrogated by a probe beam and analyzed by fluores-
cence and absorption measurements.

A pushing beam with the same frequency as the MOT beams (red detuned from reso-
nance F=2↔ F’=3) enters the cell along the z-axis. It is in resonance with atoms with
a certain negative z-velocity component vz and pushes them back into the opposite di-
rection towards the outcoupling hole. By adding the pushing laser, a notable increase
of the flux is achieved, last but not least, because accelerating the slow atoms reduces
the possibility that a scattering event will throw them out of the beam. We will see in
the following discussion that scattering will be important at the high pressures of the
2D-MOT. The pushing beam is experimentally optimized to a power of 350µW and a
diameter equal to the hole diameter. To address efficiently all atoms in the beam, the
zero of the magnetic field must be well aligned with the pushing beam.

5.1.2 Tools to describe a 2D-MOT

Capture velocity: The capture radiusrc is usually defined as the position, where
the detuningδ of the laser from the atomic resonance is similar to the Zeeman shifted
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transition frequency:

δ =
1
~
µBgrc gradB. (5.1)

Our cell allows for a maximum capture radiusrc of about 10 mm.
With a constant cycling rate on resonanceΓ = 2π ·6 MHz, an atom with radial velocity
component vr needs the time

τ =
2mvr

~kΓ
(5.2)

to be slowed down to zero velocity by the absorption ofτ ·Γ/4π photons with momen-
tum ~k. The fastest atoms to be captured will come to rest only after the transit of the
whole capture area 2rc in a timeτmax = 2rc/vc. With (5.2) follows a maximum capture
velocity vc in our cell of

vc =

√
rc
~kΓ

m
≈ 47 m/s≡ vc0. (5.3)

Above a critical longitudinal velocity vz, which we call vz,crit , the longitudinal prop-
agation transition timeτz = z/vz will be shorter than the radial transit timeτmax and
will limit the capture velocity vc0. For a trap lengthL, the maximum cooling time is
reached for atoms atz = L. The critical velocity at each positionz in the cell is the one
for whichτz = τmax:

vz,crit (z) =
~kΓ

2m
z

vc0
. (5.4)

For atoms with vz >vz,crit the radial capture velocity vc depends on vz and we can
summarize the following position dependent capture velocity:

vc(z) =



√
rc
~kΓ
2m = vc0 for vz < vz,crit

~kΓ
2m

z
vz

=
vz,critvc0

vz
for vz > vz,crit .

(5.5)

To describe the asymptotic behavior of the capture velocity, we can model vc according
to [133] as

vc(vz) =
vc0

1 + vz/vz,crit
. (5.6)

Description of cloud: We will in the following consider an atom with one ground
state and an excited state, which is split into three magnetic sub-levelsmF = 0,±1
to enableσ+ andσ− transitions. Multi-photon processes are thus neglected. We will
further neglect collisions with the background gas and between trapped atoms (low
density limit). Also the decreasing light intensity due to absorption will not be con-
sidered (low saturation limit). Although these approximations are not realistic, it is
sufficient for a rough description of the system. The force due to the scattering of
photons is~k times the cycling rate:

Fsc(r ) = ~kΓ
s(r )

1 + s(r ) +
(
δ−k·v

Γ

)2
(5.7)
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where we use the saturation parameter

s(r ) =
2Ω2(r )

Γ2
=

1
2

(
d E0(r )
~Γ

)2

=
I (r )
Isat

with (5.8)

I (r ) =
1
2
ε0E2

0(r ) and Isat = ε0

(
~Γ

d

)2

=
πhcΓ

3λ3
.

d the dipole moment of the transition. As in the previous chapters,δ is the laser
detuning from resonance andΓ the natural linewidth of the transition. We examine
the one-dimensional case in radial direction, on which we find a magnetic fieldB(r) =

r · gradB. Two counter-propagating, red-detuned and circularly polarized light beams
will – in linear approximation ofs(r) – exert the average force of

F =
1
2
~kΓs ·

(
1

1 + 4(δ − kvr − ωLar(r))2/Γ2
− 1

1 + 4(δ + kvr + ωLar(r))2/Γ2

)
(5.9)

with the Larmor frequency in the position dependent B-field

ωLar = µBgFr gradB/ ~ (5.10)

and the Land́e-factorgF . For slow atoms near the center (small vr and r), (5.9) reduces
to a friction force and a harmonic restoring force

F = −mβvr,0 −mω2
trapr (5.11)

with friction coefficientβ and oscillation frequencyωtrap defined as

β = 8 sωrec
2|δ|/Γ

(1 + 4δ2/Γ2)2
and ω2

trap = β
µBg gradB

~k
. (5.12)

ωrec = ~k2/2m is the recoil frequency . An atom inside the trap will perform a damped
harmonic oscillation according to

r̈ + βṙ + ω2
trapr = 0 . (5.13)

For our experimental parametersωtrap ≈ 1 kHz andβ ≈ 6 kHz. The restoring force,
together with a diffusion coefficient (see [136] and references therein for details on
the diffusion tensor) fully define the steady state atom velocity and spatial distribution.
According to the steady state solution of a one-dimensional Fokker-Planck equation,
the atomic transversal distribution is Gaussian

w(v, r) =
1√
2π u

e−v2
r /2u2

r · 1√
2π s

e−r2/2s2
(5.14)

with the transversal width of velocity and position

ur =

√
kBTr

m
ands =

√
kbTr

mω2
trap

, (5.15)
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where the transversal temperatureTr of the trapped atoms is defined as

Tr =
1 + α

8
~Γ

kB

(
2|δ|
Γ

+
Γ

2|δ|
)
. (5.16)

α is the diffusion coefficient along the r-axis for circular polarized light and has the
value 2/5 (see [136]). The minimum temperature is reached forδ = Γ/2 and is in the
order of the Doppler temperatureTr,min ≈ TD = ~Γ/2kB, about 140µK for 87Rb.

Description of Flux The loading rateR of the 2D-MOT can be written as the flux
through the surface of the capture volume of atoms with a radial velocity below the
capture velocity vr < vc. We therefore multiply surface (A), density (B) and radial
velocity (C) with the Maxwell-Boltzmann distribution as a weight (D), writing the
velocity in cylinder coordinates (E):

R(n, vz) = 2πrc︸︷︷︸
A

n︸︷︷︸
B

∫ vc(vz)

0
vr︸︷︷︸
C

((πv2
max)

−3/2 e−(v2
r +v2

z)/v2
max︸                           ︷︷                           ︸

D

vr2π︸︷︷︸
E

dvr

=
4
√
π rcn

v3
max

e−(v2
z)/v2

max

∫ vc(vz)

0
dvr v2

r e−v2
r /v

2
max , (5.17)

where vmax =
√

2kBT/m is the most probable velocity of the Maxwell-Boltzmann
distribution1. R depends onzvia vc.
The total flux at a certain velocity can be written as (see [131])

Φ(n, vz) =

∫ L

0
R(n, vz)e−Γcollz/vzdz

1 + Γtrap(ntot)/Γout
, (5.18)

where we introduced the loss rate of the trapped atoms due to collisions with the back-
ground gasΓtrap, the out-coupling rate from the 2D-MOT through the holeΓout and
the exponential loss term due to light assisted collisions of the cold atoms on their way
to the holeΓcoll. n is the density of87Rb andntot is the density of all rubidium isotopes
(n = 0.28ntot). Together with (5.17), we can write for a meanz = L/2:

Φ(n, vz) =
4
√

2π rcn

v3
max

vz

Γcoll(1 + Γtrap/Γout)
e−(v2

z)/v2
max

(
1− e−ΓcollL/vz

) ∫ vc

0
dvr v2

r e−v2
r /v

2
max

(5.19)
where for simplicity we omitted the dependencies. The whole flux is the integral over
all velocitiesΦtot =

∫ ∞
0

Φ(n, vz)dvz

Γtrap is usually of the order of 10 s−1 at pressures of 10−7 mbar. The typical cooling
time is in the order of few ms (we will see later that the mean vz is below 30 m/s) and
thereforeΓout ≈ 103 s−1. Γcoll is given by

Γcoll = ntotv̄σeff, (5.20)

1In a Maxwell-Boltzmann distribution one will find the average velocityv̄ = (8kBT/πm)1/2, the root

mean squared velocity
√

v̄2 = vrms = (3kBT/m)1/2 and the most probable velocity vmax =
√

2kT/m.
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whereσeff is the effective collision cross section (σeff ≈ 3 · 10−12 cm2 according to
[131, 133]) and v̄ the average velocity in the vapor (v̄ =

√
8kBT/πm=270 m/s), what

leads toΓcoll ≈ 102 s−1. The experimental curves can be fitted with (5.19) to receive
information about the actual scattering rates.

We conclude that the following atoms contribute to the beam:

• Only those atoms within the capture radius of the MOT, which have a radial
velocity component vr smaller than the maximum capture velocity vc(z, vz), can
be captured and confined on the z-axis. Since the radial capture velocity is
inversely proportional to vz, atoms with high vz will not be captured and confined
to couple through the hole. The mean velocity of the atoms in the beam is small
not because of cooling, but because of this filtering effect. The mean thermal
velocity vmax is about 270 m/s, whereas the mean velocity in the beam isv̄z ≈ 30
m/s. We will see later, how this mean velocity scales.

• Fast thermal atoms, which by chance hit the small hole under the right angle,
will also arrive at the detection region and provide a thermal background of
fast atoms, which however is very small with the severe spatial filtering by the
narrow hole and is not even observable in our case. The bigger the background
pressure, the higher the number of these atoms.

By playing with the equations of the last paragraphs, one could optimize the setup of
the 2D-MOT, which in our case is more based on experiences from previous experi-
ments: match the cloud size 2s to the hole diameterd = 1.5 mm (it might be useful to
define a velocity dependent cloud sizes if one wants to chose only the coldest atoms)
and find the optimum detuningδ and gradient gradB for a certain light power. We will
see in the following, how the theoretical results of the previous section will help to
understand the measurements.

5.1.3 Characterization of 2D-MOT

Cell size: The capture velocity vc (5.5) increases with the distance of the atoms from
the hole. A long cooling regionL allows to capture more atoms with higher veloci-
ties. The increasing mean vc will lead to an increased fluxΦ, as one can read from
equation (5.19). Elongating the cell, more and more atoms will be captured and the
flux increases, as well as its mean velocityv̄z. This effect will invert, when the length
L of the cell will become of the order of the mean free path of the atoms, because the
distant atoms will be kicked out of the trap before arriving at the hole (factore−ΓcollL/vz

in equation (5.19)). In addition, light power is usually limited, making a too long cell
unfavorable.
A radially larger cell will increase the possible capture volume. For the same detuning,
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a lower magnetic gradient is required, which would create a broader flux with hotter
atoms.

Hole size: A bigger hole results in a bigger flux (if the hole radius in the order of
beam radiuss), a bigger beam divergence and a higher mean velocity. In addition, the
thermal background will increase. From previous experiences [129, 131, 132, 133], a
hole size between 1 and 2 mm seems to be a good compromise between velocity, flux
and pressure difference.

Pressure: A high Rb background pressure in the 2D-MOT cell will not only increase
the background as mentioned before, but also the number of trapped atoms. As long as
the pressure is small andΓtrap < Γout, the flux increases linear with pressure or density
n (see equation (5.19)). The higher the density, the less slow atoms will survive, since
those atoms, which stay longer in the trap, have a higher collision probability.
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Figure 5.3:Pressure dependence of the flux at our 2D-MOT with the theoretically pre-
dicted curve of equation (5.19) corrected in amplitude. Pressure was measured by the
absorption of a probe beam, traversing the MOT-cell, and calibrated on a spectroscopy
cell. A further increase of the pressure was not possible in our system, but would show
a point of maximum flux, which was found to be around2 ·10−6 mbar at a comparable
system [133], what agrees with the point of saturation of equation (5.19).

With a further increase of the pressure will arrive a situation, where atoms from the
border of the capture range will not reach the hole any more because of the high colli-
sion rate. NowΓtrap > Γout and the flux will start to decrease, since alsoΓcoll depends
on the pressure. This effect is not considered by equation (5.19), which just predicts a
saturation, no decline. One will find an optimum pressure when the mean free path is
of the order of the size of the cooling region. Since we can not heat the cell itself, our
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pressure limit is slightly below the room temperature pressure of 3· 10−7 mbar (see
AppendixA FigureA.5 for Rb pressure-temperature dependence).

Laser power: Increasing laser power signifies a higher Rabi-frequency, and a faster
cycling time means a more efficient confinement (see equation (5.12)). The cloud
size s of equation (5.15) will decrease and more and faster atoms will be coupled
through the hole. Furthermore, a high intensity power-broadens the transition. The
laser can thus be detuned further and by a simultaneous increase of the magnetic gra-
dient a larger transversal capture range and higher (transversal) capture velocities are
obtained. Here, the mean longitudinal velocity remains unchanged. Figure5.4shows
the dependence of the flux on the laser power for fixed parameters of detuning (-7.5
MHz = -1.2 Γ), power in pushing beam (350µW) and radial magnetic field gradient
(20 G/cm). For a total power of 140 mW and above, what means at least 70 mW for
the vertical and 70 mW for the horizontal, retro-reflected beams (> 3 Isat), we reach a
flux of about 1· 1010 atoms.
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Figure 5.4:Dependence of the flux on the power of the cooling laser (left). Detun-
ing and magnetic field remain unchanged. An uncalibrated measurement with higher
power (top right) shows a saturation of the flux above 160 mW total power. The power
in the repumper should be at least 3 mW not to limit the flux (bottom right).

Detuning: For a certain fixed laser power, which in our case is about 60 mW per
beam (120 mW total power in the beams and 240 mW in the 2D-MOT considering
the retro-reflection), one finds the corresponding optimum magnetic field gradient and
detuning. A small detuning signifies a small capture radius, which means few atoms
but a strong confinement of the atoms near the axis. This favors the capture of atoms
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with a high velocity, which at higher detunings are harder to focus onto the z-axis
within the available cooling time.

We find an optimum detuning at around -7.5 MHz distance from resonance as can be
seen in Figure5.5, left. A very big detuning will result in a high radial temperature,
see (5.16), which increases the extensions of the beam such that a part will not pass
the hole any more. Only slow atoms which are cooled sufficiently long will be coupled
into the hole, yielding a lower mean velocity. This dependence is illustrated in Figure
5.5, right.
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Figure 5.5:Dependence of flux intensity on the detuning of the laser from resonance
(left) and the corresponding longitudinal velocity (vmax=velocity of biggest flux) in the
beam. The spread is due to the sensitivity on the push-beam alignment.

Characterization of atomic flux: For our standard parameters of a light intensity of
2×4 mW/cm2 (retro-reflection), detuning of -7,5 MHz, field gradient of 20 Gauss/cm,
presence of a pushing beam of 350µW power and 1.5 mm diameter and a pressure of
around 1· 10−7 mbar, we find a flux of up to 1010 atoms/s with a velocity distribution
as shown in Figure5.6. The beam contains few slow atoms first, because they have
a higher chance to be scattered out of the beam by the high background pressure,
second, because they will be accelerated more than faster atoms by the pushing beam
and third, because they will be filtered out spatially by gravitation. Equation (5.19)
does not account for the second and third of these effects and a theoretical fit of Figure
5.6would require a more sophisticated model.
From the measured flux density per velocity classΦ(vz) we calculate a mean velocity
of the atoms in the beam̄v and a rms velocity variation vz,rms of

v̄ =

∫
dvz vzΦ∫
dvz Φ

= 29.3 m/s and (5.21)

vz,rms = 〈(vz− v̄z)
2〉1/2 =


∫

dvz (vz− v̄z)2Φ∫
dvz Φ


1/2

= 15.08 m/s. (5.22)
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Figure 5.6:A typical velocity distribution in the atom beam. The curve is obtained
by scanning the frequency of the probe beam, which hits the atom beam under 45◦

to the propagation axis. The velocity of maximum flux vmax is around 20 m/s. For
calibration, the flux at velocity zero is considered zero.

We considered velocities between 0 and 85 m/s. The mean velocitȳv = 29.3 m/s is
shifted against the velocity of maximum flux vmax = 20 m/s by 10 m/s because of
the long tail of hot atoms. However, we find 75% of the total fluxΦtot =

∫ ∞
0

Φ dvz of
9.9·109 atoms/s below vz=35 m/s, what is roughly the capture velocity of the 3D-MOT,
loaded by the atom beam. Experimentally, one finds a loading rate of the 3D-MOT of
3 · 109 atoms per second (see Figure5.7), which was recorded after my stay in Paris.
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Figure 5.7:Loading of the 3D-MOT from the 2D-MOT. The loading rate is3 · 109

atoms/s and the number of trapped atoms reaches a steady state value of2 · 109 atoms.

A radial examination of the flux reveals the dependence of vmax on position as the
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measurement on Figure5.8 shows. Assuming the origin of this dependence in the
residual radial velocity of the atoms, one can estimate it from the beam size and the
distance from the hole to vr = 0.4 m/s.
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cm of propagation in UHV. The FWHM of 16 mm corresponds to a full divergence
angle of about 40 mrad. Right: Dependence of vmax (velocity class with maximum
flux density) on radial position. Slow atoms had more time to diverge from the center.

5.1.4 2D-MOT for gradiometer

We currently assemble the vacuum system for the MAGIA 2D-MOT system. Its de-
sign is based on the Paris design and contains minor changes of details that have
proven inconvenient. To push the flux up a little higher compared to the gravimeter,
we have foreseen a heating of the whole
cell to obtain higher Rb pressures and
we extended the width of the cell, win-
dows and optics to have a bigger po-
tential capture range. The high flux is
necessary, because we only have be-
tween 60 and 100 ms of loading time
for the second cloud of the interferom-
eter and we would like to load the MOT
with 109 atoms during this time. The
operation of the 2D-MOT will be con-
tinuous and with a resonant orthogonal
laser beam acting as a shutter right in front of the UHV-cell, which begins at about 30
cm distance from the escape-hole of the 2D-MOT cell. A 1 Watt (Toptica DLX110)
laser will supply the 2D-MOT with the necessary laser power.
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5.2 Sample preparation and analysis gradiometer

For the proper performance of the gradiometer experiment, we need two samples of
109 cold rubidium atoms with a narrow vertical velocity distribution and all in the
samemF = 0 sublevel of the ground state. To prepare such samples, the rubidium
atoms need to be trapped in a MOT, cooled, velocity selected and prepared in the
right state. This section will describe this procedure as well as the final state-sensitive
detection of the atoms.

5.2.1 3D MOT

At the beginning of the experiment sequence, the MOT is switched on for a duration
between 1 and 2.5 s. It is loaded from the background pressure that is created by the
rubidium dispensers. We usually work at relatively low background pressures to have
a loading timeτ of the MOT of about 2.5 s (4 A current in dispenser), during which
we capture about 109 atoms. When switching off the dispensers, the pressure in the
cell decays exponentially with aτ of 8 s; on the contrary it rises with a time constant
of around 40 s after the switching on (measurement curves in [100, 52]). The loading
time of the MOT is equal to the mean lifetime of the atoms. For a low dispenser current
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Figure 5.9: Loading curves of the MOT for different currents through the Rb-
dispensers (Usually, we use 4 A for the interferometer) in logarithmic scale. The
background is due to the fluorescence of the background-gas. This measurement has
been done for∆ = 3Γ andI = 6.4 Isat.
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of 3 A, the MOT has a loading time constant of more than 5 seconds, from which we
concluded the background pressure in the MOT-cell to be of the order of 10−10 mbar:
according to (5.20), Γcoll = ntotv̄σ, wherev̄ is the mean velocity of the Maxwell-
Boltzmann distribution̄v =

√
8kBT/πm, ntot the gas density andσ the collision cross

section. With the loading rateR into the volumeV

R =
1
2

nV2/3 v4
c

v3
max

(5.23)

we can fit the exponential loading curve with the solution of the rate equation

N(t) =
R

Γcoll
(1− e−Γcollt) (5.24)

to get a pressure estimationp = nkBT/V. Here the capture velocity vc can be estimated
as in section5.1.2 with the number of scattering events necessary to stop an atom
within the beam diameter.
A further characterization of our MOT has been done in the diploma-thesis [100].

5.2.2 Launch

After a sufficiently long loading time, the quadrupole magnetic field is switched off,
the cloud is launched and at the same time cooled down further in a moving molasses.
The constraints of our present experimental conditions allow for no more than three
different laser frequencies and three different intensity levels during one cycle and we
optimized our system within these restrictions for an effective launch on the one hand
and a low final temperature on the other hand. The switching between different power
levels is done smoothly across a low-pass filter. We presently use the following cooling
and launching sequence, which is illustrated in Figure5.10:

Experim. Time after Laser Detuning∆ MOT Comp.
stage MOT On Intensity from Trans.2-3 Coil Coils

MOT t1 = 0 s I = 5Isat −3Γ On Config. 1
Launch t2 ≈ t1 + 1 s I = 5Isat −4.5Γ ± 2.2MHz Off Config. 2
Molasses 1 t3 = t2 + 3.7 ms I ≈ 2.5Isat −7Γ ± 2.2MHz Off Config. 2
Molasses 2 t4 = t3 + 2 ms I < 1Isat −7Γ ± 2.2MHz Off Config. 2
Switch off t5 = t4 + 0.5 ms I = 0 – Off Config. 2

Since the cooling region is magnetically shielded only by compensation coils, we do
not have a uniform field over the whole cooling region, which makes the final tem-
perature very sensitive on changes of the magnetic field. We found it advantageous to
load the MOT with a non perfectly compensated magnetic field and to leave an offset,
which shifts the position of the MOT downwards (B configuration 1), such the during
the molasses, the cloud stays longer in the spatially limited region of a well compen-
sated field (switch to configuration 2).
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Optimization of the temperature is done by observing the spacial spread of the cloud
when it returns from its flight through the detection chamber through a Time-of-Flight
(TOF) measurement. The temperature of the cloud when it passes a thin sheet of light
can be calculated from the fluorescence signal by expressing the cloud as a Gaussian
distribution in velocity and position according to (5.15) in three dimensions. With the
time and temperature dependent variance of the spatial distribution

σ2
x,y,z(t,T) ≡ σ2(t,T) = s2 + u(T)2t2 where u(T)2 =

kBTcloud

m
, (5.25)

the probability to find an atom at position (x,y,z) at a timet can be written as

p(x, y, z, t,T) =

(
1

2πσ(t,T)2

)3/2

e
− 1

2σ(t,T)2
(x2+y2+(z−gt2/2)2)

. (5.26)

This yields to the following expression for the TOF-signal passing a rectangular sheet
of the probe beam along the y-axis of height 2a and width 2b and uniform light inten-
sity:

N(t,T) =

∫ d−a

d+a

∫ ∞

−∞

∫ b

−b
p(x, y, z, t,T) dx dy dz , (5.27)
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The integral simplifies for certain probe beam geometries (see [137]) and can be solved
numerically else.
The crucial parameters for the experimental optimization of the temperature are:

• alignment of the trapping beams,

• current in compensation coils of trapping and detection region,

• intensities and detuning of cooling beams in various stages of the launch,

• duration of the cooling stages and

• launch direction.

The experimental optimization let us reach a minimum cloud-temperature around 3.5
µK; however we usually work at temperatures of the cloud between 4 and 5µK. Our
launch efficiency lies between 50 and 100%; a more accurate number cannot be given
because of the errors in the estimation of the number of atoms in the MOT (fluores-
cence) and in the launch (fluorescence time-off-flight signal).
A detuning of both lasers byδω from the central frequencyωc will result in a launch
velocity vl given by the Doppler formulaδω = k · vl . Taking into account the angleα
betweenk andvl , we can determine the maximum launch height as

zmax =
vl

2g
=

(
δω

kcosα

)2 1
2g
. (5.28)

Figure 5.11:Fluorescence signal of the cloud in the detection chamber when returning
from a flight up to the upper window at a height of about 1.3 m above the cooling
region. The part of the cloud, which hits the window, thermalizes and does not return.
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Figure5.11shows a launch up to the upper window of the interferometer tube about 1.3
m above the MOT. The upper part of the cloud is cut by the contact with the window.

5.2.3 Juggling

A gradiometric measurement requires two clouds at a distance of about 35 cm, which
means that they must be launched with a time difference of 100 ms and less. The
number of atoms, which can be loaded in the MOT in this 100 ms is low (< 108)
for reasonable low background pressures. Our 2D-MOT is only in the stage of con-
struction. Therefore, we thought of an intermediate solution, juggling: Since the time
between two consecutive measurements is not limited, one could load an important
number of atoms into a first cloud, launch it and take advantage of this reprieve of up
to one second to load the second cloud, which must be launched right before the arrival

Figure 5.12:Juggling: The upper curve indicates the trajectories of the two clouds,
the lower curves show the (measured) fluorescence signals of the MOT and detection
region. After a long loading time of 1 s, cloud 1 is launched up to 45 cm to gain time
to load cloud 2, which is thrown up to a height of 70 cm. Subsequently, cloud 1 is
recaptured and launched after only 50 ms loading time. Both clouds now move with
the same velocity at a distance of 35 cm until they pass the detection beam.
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of the first one in the MOT capture region. The velocity of the first cloud on its arrival
is below 10 m/s and the major part of the atoms can be reloaded into the MOT, which
therefore fills immediately and can be re-launched shortly after the previous one. Fig-
ure5.12shows how this juggling of two balls with one hand (MOT) is performed.
To provide the right frequencies to the upper and lower cooling beams during the three
launches, we need several oscillators: one VCO (Voltage controlled oscillator) which
provides the frequency for trapping (in our case 80 MHz), two oscillators (one for
upper- one for lower cooling beams) that provide each two frequencies for the cool-
ing during the launch of cloud one and two oscillators for cloud two, since the time
between the two last launches is insufficient to reprogram the frequencies. We switch
between the frequencies and oscillators with trigger pulses (see Fig.5.13).
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Figure 5.13:Five oscillators provide the necessary frequencies for the juggling se-
quence. One VCO at 80 MHz and four frequency generators, whose frequencies
around 2 MHz are multiplied by 40. Each of these four generators can be rapidly
switched between two frequency-values (FSK), which can be reprogrammed within
160 ms.

5.2.4 Velocity selection

To prevent spacial spreading of the atom cloud during the interferometer and to ensure
the same transition probability for all atoms during a Raman pulse, we need to perform
a velocity selection of the atoms. The selection is performed with a pulse of counter-
propagating Raman lasers (see section2.1.4), and its width is governed by equation
(2.44). Figure5.14shows a measurement the transition probability versus frequency.
Equation (2.44) further shows a dependence on the light shiftδAC and from definitions
(2.39), (2.40) and (2.41) follows the linear dependence of the light shift on the intensity
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Figure 5.14:Transition probability of a Raman pulse over the detuning of the effective
frequencyωeff/2π using co-propagating Raman beams and a pulse time of 100µs.

difference between lasers 1 (IL1) and laser 2 (IL2):

δAC = (ΩAC
b −ΩAC

a ) ∼ (Ω2
ai1 −Ω2

bi2) ∼ (IL1 − IL2) (5.29)

Figure5.15, left, shows a measurement of this dependence, in which the main error
comes from the intensity measurement, which is just the readout of the peak trans-
mission through a scanning Fabry-Perot interferometer. The right curve of the same
Figure5.15has been taken for the transitions between themF = ±1 levels in a varying
magnetic field.

Two Raman lasers can in principle drive all transitions with non-zero transition prob-
ability indicated in table5.1. The best choice for the experiment is a Raman transition
between the magnetically insensitive levels|F = 1,mF = 0〉 → |F = 2,mF = 0〉 to
avoid systematic errors from the first-order Zeeman shift.
Laser 1 with frequencyωL1 couples the ground stateF = 1 to the upper statesF′ =

0,1, 2 and laser 2 withωL2 the ground stateF = 2 to F′ = 1, 2,3. Only the interme-
diate statesF′ = 1,2 are involved in a Raman transition and we consider the detuning
∆ of the Raman laser of about 3 GHz as much bigger than the spacing of the hyperfine
levelsF′ = 1 and 2 of about 160 MHz. We therefore write the effective Rabi frequen-
cies (2.39) of the transitions between|F = 1,mF〉 and|F = 2,mF〉 via the intermediate
state|F′,mF′〉 all with the same detuning∆, what makes them easy to sum up:

Ωeff;|F=1,mF〉→|F=2,mF〉 =
∑

|F′,mF′ 〉

Ω∗L1;|F=1,mF〉→|F′,mF′ 〉 ΩL2;|F=2,mF〉→|F′,mF′ 〉
2∆

. (5.30)

The Rabi-frequencies (2.36) for each transition between themF-sublevels can be cal-
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Figure 5.15:Left: Relative light shift of resonance frequency versus the relation of
power in both Raman-lasers. Right: Resonance frequency of transition|F = 1,mF =

−1〉 to |F = 2,mF = −1〉 (circles) and|F = 1,mF = +1〉 to |F = 1,mF = +1〉
(squares). One finds a dependence of 1.4 MHz per Gauss as one expects fromh∆ν =

µBmF(gF=2 − gF=1)B.

culated and written as multiples of certain ”reduced matrix elements”, which only
depend on the quantum number J as explained in AppendixA, PictureA.4.
Table5.1gives the multiple of the reduced matrix element for J=1/2 and J’=3/2 mod-
ulo 120.

To calculate the transition probabilities for the three possible transitions|F = 1,mF =

0〉 → |F = 2,mF = 0〉 indicated in table5.1, one has to do the sum of the transition-
probabilities including all possible intermediate states|F′ = 1, 2,mF′ = 0,±1〉 acces-
sible by the absorption and stimulated emission ofσ+, σ− or π-light. One finds first
that theπ − π transition (via|F′ = 1,mF′ = 0〉 and|F′ = 2,mF′ = 0〉) is forbidden by
the selection rules, and second that the probabilities for the transitionσ+σ+ andσ−σ−

add to zero, if none of the following conditions is fulfilled:

1. Laser 1 and laser 2 areidentically circularly polarized. To ensurekeff = kL1+kL2,
the beams should come from opposite directions.

2. Laser 1 and laser 2 arelinearly polarized and retro-reflectedin orthogonal linear
polarization PLUS non-zero atom velocity. In this case, the stimulation of laser
1 and laser 2 from opposite directions is automatically ensured2.

In our experiment, we have chosen the second geometry by introducing a quarter-
wave plate in front of the retro-reflecting mirror and for this case we calculated the

2The incident and reflected light can each be decomposed into two contrarily rotating circularly polar-
ized components:L1 = σ+

L1,up +σ−L1,up +σ+
L1,down−σ−L1,down andL2 = σ+

L2,up +σ−L2,up +σ+
L2,down−σ−L2,down.

The transition probabilities only add up to a value, 0 by absorption of eitherσ+
L1,up, σ

+
L2,down and

σ−L1,up,−σ−L2,down or by absorption ofσ+
L1,down, σ

+
L2,up and−σ−L1,down, σ

−
L2,up, but not both.
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|F = 1,mF〉 Abs Em |F = 2,mF〉 ∆mF ∆ EZeem Prel Comment
σ− – – – –

σ+ π +2 +1 -3 10
√

6 *
σ+ +1 0 -2 10

√
3 wrong energy

σ− +2 +1 -3 –1 x−10
√

6 *
+1 π π +1 0 -2 0 *

σ+ 0 -1 -1 10 *
σ− +1 0 -2 –1 x 10

√
3 wrong energy

σ− π 0 -1 -1 −10 *
σ+ -1 -2 0 −10

√
3

σ− +2 +2 -2 –1 x 0
σ+ π +1 +1 -1 −10

√
3 *

σ+ 0 0 0 −20 desired
σ− +1 +1 -1 –1 x−10

√
3 *

0 π π 0 0 0 0 *
σ+ -1 -1 +1 10

√
3 *

σ− 0 0 0 –1 x 20 desired
σ− π -1 -1 +1 10

√
3 *

σ+ -2 -2 +2 0
σ− +1 +2 0 –1 x 0

σ+ π 0 +1 +1 −10 *
σ+ -1 0 +2 −10

√
3 wrong enery

σ− 0 +1 +1 –1 x −10 *
-1 π π -1 0 +2 0 *

σ+ -2 -1 +3 10
√

6 *
σ− -1 0 +2 –1 x−10

√
3 wrong energy

σ− π -2 -1 +3 −10
√

6 *
σ+ – – – –

Table 5.1: Raman-transitions from F=1 to F=2 of the 87Rb ground state52S1/2.
Abs(orption) and Em(ission) indicate the kind of transition stimulated by laser 1 and
2, respectively.∆E is the Zeeman shift of the transition frequency in multiples of the
Zeeman-splitting∆E = N · µBgF Bz. Since our beams are parallel to the B-field, the
π-transitions marked with * are suppressed. The last column specifies the relative tran-
sition probabilitiesPrel modulo 120 using the values called ”Multiple” in (A.4), which
are related to the Clebsch-Gordan coefficients (see AppendixA). The probabilities are
calculated for Raman beams in a lin-perp-lin configuration, for which the minus-sign
of the secondσ− transition is added. To obtain the total probability for a transition
|F = 1,mF〉 → |F = 2,mF〉, one has to sum the probabilities of all possible transitions
between these two states.
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relative transition probabilities in table5.1. All transitions includingπ-transitions are
suppressed, since the axis of our B-field is parallel to the z-axis and a magnetic shield
reduces disturbances. The transitions from the levelsmF = ±1 with nonzero transition
probability can be avoided by the application of a strong enough Zeeman splitting.
The relative probability for the transition between themF = 0 is the sum of all possible
transitions from table5.1:

P(mF = 0→ mF = 0) ∼ (−1)·σ+σ++σ−σ−+ππ = (−20−20+0)/120= −1
3
. (5.31)

and one then calculates from (5.30) a Rabi frequency of

ΩR

δAC=0
δ12=0

= Ωeff =
∑

|F′,mF′ 〉

Ω∗F=1→F′ΩF=2→F′

2∆

=
2
√

IL1IL2

cε02∆~2

∑

|F′,mF′ 〉
〈F = 1,mF |er |F′,mF′〉〈F′,mF′ |er |F = 2,mF〉

=
2
√

IL1IL2

cε02∆~2A
〈J = 1/2||er ||J = 3/2〉2︸                       ︷︷                       ︸

=(3.58·10−29C·m)2

∑

|F′,mF′ 〉
Modulo(|F′,mF′〉)︸                 ︷︷                 ︸

see AppendixA, FigureA.4

≈ 29 · 1/3 ≈ 10 kHz (5.32)

for a light power of 10 mW per beam of 25 mm diameter and a detuning∆ of 3 GHz.
In the non-shielded region of our apparatus,π-transitions are allowed and we observe
the seven different equally spaced transition frequencies∆E = 0,±1, 2,3.

5.2.5 State preparation

The interferometer needs to start from a cold sample of atoms, which are all in one
state, either|F = 1,mF = 0〉 or |F = 2,mF = 0〉. This situation can be brought about
in the following ways:

Old method: Until recently, we were pumping the atoms into the state F=2 after
the launch by simply switching off the repumper laser 3 ms after the cooling laser.
At the moment of the velocity selective Ramanπ-pulse, which transfers atoms of one
velocity class from|F = 2,mF = 0〉 to |F = 1,mF = 0〉, the atoms are in a region with
a defined B-field along the z-axis3. Immediately after the selection, a strong B-field
is applied along the transversal (!) x-axis with the coils around the detection chamber
for an efficient blow-away of the remaining not selected atoms in state F=2 by a 5
mm high sheet of circularly polarized, near-resonance light on the closed transition
F = 2 → F′ = 3, which enters the detection chamber along the x-axis (see state-
preparation scheme in Fig.5.16). The atoms will follow the B-field adiabatically from

3In reality also strong transversal B-components are present, what would allowπ-transitions between
mF , 0-states, but since the field is strong enough, these transitions are Zeeman-shifted out of resonance.
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Figure 5.16:State-preparation of Rb atoms for the interferometer. After the cooling,
atoms are pumped into the state F=2 by the repumper. Then a velocity selection pulse
transfers atoms of a narrow velocity class with a Raman transition into|F = 1,mF = 0〉.
The remaining atoms in F=2 are blown away with a vertical on-resonance blow-away
beam.

the x-axis to the z-axis (no point of B=0 which would allow spin-flips), when they
enter the interferometer tube. We find a small background of warm atoms in state F=1
because first, the repumper power is very weak and not all atoms are really pumped
into F=2 and second, because the non-resonant absorption of the far-detuned Raman
lasers is non-zero. The fraction of atoms falling into F=1 by spontaneous emission is
small compared to the total number of atoms in F=2, but can be a significant fraction
of the number of velocity-selected atoms in F=1.

New method: To both eliminate the background and to be able to apply the blow-
away on two clouds contemporarily, we set up a new blow-away system along the
vertical axis. A linearly polarized beam resonant with theF = 1→ F′ = 0 transition

F=2

F=1

2) v-selection 3) blow-away
F=1

5) blow-away
F=2

4) p-pulse

v-class

p
o
p
u
la

ti
o
n

1) pumping
in F=1

Figure 5.17:Recent scheme of vertical state-preparation. Atoms are first pumped into
the state F=1 by the cooling lasers, then a velocity selection pulse transfers atoms
into |F = 2,mF = 0〉, together with a small background of unwanted atoms. The
remaining atoms in F=1 are blown away, while some will fall into F=2 and increase
the background. A further velocity selective pulse transfers the already selected atoms
into the clean state F=1 and a final blow-away removes the background in F=2.
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and a circularly polarized beam on theF = 2→ F′ = 3 transition enter the beam path
of the Raman lasers. Since theF = 1→ F′ = 0 transition exhibits a big loss channel
to theF′ = 1 level, some atoms can fall into the ground state F=2. For this reason we
need to apply the more effective blow-awayF = 2 → F′ = 3 last (see Figure5.17).
With this method of vertical blow-away beams, we can keep the B-field constantly
along the z-axis.

5.2.6 Detection

On their way back from the interferometer region, the atoms pass the detection cham-
ber, where two light sheets will reveal their state (see Figure5.18).

Figure 5.18:Detection chamber to scale. The atom cloud passes two sheets of light
at 2 cm distance to stimulate fluorescence of state F=2 and F=1. The fluorescence
is recorded by two photodiodes. The lenses of aperture 48 mm at a distance of 130
mm from the center image the detection region with a magnification-factor of 0.6 onto
the 6 mm high photodiodes. The lowermost blow-away serves only during the state-
preparation.

The atoms first pass a 14 mm broad and 5 mm high retro-reflected circularly polar-
ized beam, slightly red detuned from theF = 2 → F′ = 3 transition to probe the
population of stateF = 2. Immediately after this beam, they encounter a 5 mm high
blow-away beam of the same width, which essentially is the same light, but without
retro-reflection. Only the atoms inF = 1 continue to the next light sheet of same
dimensions, which consists of the same beam as the first light sheet, but overlapped
with a repumper to transfer the remaining atoms all to theF = 2 level. The light sheets
are sufficiently far apart (2 cm) to avoid any considerable crosstalk between the two
photodiodes, which detect the fluorescence. Figure5.19shows a typical fluorescence
signal after an interferometer sequence. The signals are automatically analyzed nu-
merically after each shot: the background is subtracted and the remaining peaks are
integrated and related to the sum of both integrals to obtain a value for the relative state
populations.
We use two Hamamatsu S7510 photodiodes (active area 11 mm width x 6 mm height)
for detection, which we protect with interference filters for 780 nm from the back-
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Figure 5.19:Fluorescence signal of the atom cloud passing the detection region. The
two peaks are integrated to determine the relative population of state F=1 and F=2.
The signal F=1 is underlaid with a background of warm atoms due to the imperfect
state preparation.

ground light. The photo-current is amplified on an operational amplifier OPA627AP
with a transimpedance of 100 MΩ and the signal cut with a first order low-pas filter at
40 kHz4.

4The capacitance across the transimpedance to cut the gain peaking consists of a piece of wire at one
end of the resistance, bent closely to the resistance until the right capacitance value in the order of tenths
of pico-Farad is reached.
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5.3 Interferometry

We applied the interferometer sequence with co- and counter-propagating Raman beams.
In the first case, the sensitivity of the interferometer on accelerations is very low but
the proper operation of the apparatus can be tested. In the second case, the sensitiv-
ity on accelerations is vastly increased but it is more difficult to obtain a good signal
because of the velocity selectivity of the Raman-pulses.

5.3.1 Velocity insensitive Interferometer

In the presence of both Raman-lasers and without retro-reflection, the Raman transition
between|F = 1,mF = 0〉 and |F = 2,mF = 0〉 can be driven only, if both lasers
are circularly polarized (σ+σ+ or σ−σ−-transition, see table5.1). In this case of co-
propagating Raman lasers, there will be no velocity selection and the effectivek-vector
is small (see chapter2.1.4). Since atoms of all velocity classes are addressed, the
resulting signal will be big; and this configuration has consequently been the first
application of the Raman lasers in our experiment. A Raman-pulse of variable length
has been applied to the atoms after the launch and we observed the Rabi-oscillations
of Figure5.20.
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Figure 5.20:Rabi-oscillations for co-propagating Raman beams, red-detuned by∆ =

3.3 GHz from resonance. The curve shows the relative population of state F=2 for
varying pulse length. The oscillations (f ≈ 4 kHz) are fitted with a damped sinus.
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The application of the total interferometer sequence comprising aπ/2,π andπ/2 pulse
– as was explained in chapter2.2 – leads to a signal which is sensitive on gravitation
according to∆φ = keffgT2. Scanning the phase of the interferometer makes the fringes
visible, shown in Figure5.21. According to the relationNa ∼ (1 + cos∆φ), we fitted
the fringes with a cosine. With the value ofk = 1.4 cm−1 for the effectivek-vector in
the co-propagating case, the according resolution of Earth gravityg is embarrassingly
low for this measurement:

g = (10.3± 0.6)ms−2 ; (5.33)

but is at least consistent with the expected value.
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Figure 5.21:Interferometer fringes for co-propagating Raman beams for aπ/2-pulse
length ofτ = 50µsand a detuning of∆ = 3.3 GHz. The sensitivity is about10−1 g.

5.3.2 Velocity selective Interferometer

For the velocity selective interferometer we make use of the lin-perp-lin beam-confi-
guration described in section5.2.4. After the velocity selection and state preparation
in the ”old” configuration (see section5.2.5) we apply a further Raman-pulse in the in-
terferometer tube to observe the Rabi oscillations. The longer the pulse, the less atoms
will be addressed and the oscillations are damped rapidly as Figure5.22shows.
The interferometer pulses are performed in the magnetically shielded tube a few hun-
dred milliseconds after the first selection pulse. To stay in resonance with the hyperfine
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Figure 5.22:Rabi-oscillations for counter-propagating Raman beams with an effective
k-vector ofkeff = 1.5 ·105 cm−1. A fit with a damped cosine leads to a Rabi-frequency
around 4 kHz. The measurement was done for a detuning of∆ =3.3 GHz and around
36 mW total power in both Raman beams, which makes 9 mW in each circularly
polarized beam component.

spacing, the Raman lasers need to compensate the Doppler effect during this time inter-
val or will be far out of resonance by the time of the second pulse. A linear frequency
ramp is applied to one of the signal generators (Agilent 33250A, see section4.4.4),
which controls the difference of both Raman lasersωL1 − ωL2 and we adjusted the
ramp experimentally to be exactly in resonance at the moment of the velocity selection
pulseT1 and the time of the interferometerT2 = T1+200 ms. Obviously this frequency
matches exactly the hyperfine transition frequencyωHF betweenF = 1 andF = 2 for
zero velocity of the atoms.

Just for curiosity we can have a look at theg-value, which results from this frequency
matching:

2π∆(t) ≡ ω′L1(t) − ω′L2(t) = ωL1,0(1 +
v(t)
c

) − ωL2,0(1− v(t)
c

) (5.34)

= ωL1,0 − ωL2,0︸          ︷︷          ︸
ωHF

+
v(t)
c

(ωL1,0 + ωL2,0︸          ︷︷          ︸
≈2ωL

) (5.35)

= ωHF +
2ωL

c
(gt + v0). (5.36)

For a conservatively assumed frequency uncertainty of∆ f = 15 kHz and a timing
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uncertainty of∆T = 5 µs follows

g =
(∆(T2) − ∆(T1))λ

2(T2 − T1)
= 9.802± 0.030 ms−2, (5.37)

which is consistent with the value measured by areversion pendulumof (9.807±
0.005) ms−2 and thecalculated valueof (9.805046± 0.000009) ms−2 (for geophysical
calculation see AppendixB).
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Figure 5.23:Interferometer fringes for counter-propagating Raman beams for a con-
trolled phase shift of the Raman beamsφeff,0 during the interferometer. The total in-
terferometer time2T is 40 ms; the length of aπ-pulse 100µs. The sensitivity is about
5.46 · 10−6 g per shot.

The actual interferometer signal for counter-propagating beams is shown in Figure
5.23for a pulse spacing of 20 ms. Since our effectivek-vector is a factor of 105 bigger
than in the co-propagating case, the resolution of the g-measurement should now be
around 10−6 g. In fact, a fit of the fringes of Fig.5.23with

PF=2 = A
(
1 + C cos

(
φeff,0 + N · 2π + φOffs︸          ︷︷          ︸

=∆φI

))
(5.38)

leads to an uncertainty of the interferometer phaseδ(∆φI) of 0.0287 rad, which corre-
sponds to an uncertainty ing of

δg =
δ(∆φI)
(keffT2

= 9.1 · 10−7 g. (5.39)
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The contrast is 0.14. The whole measurement of 36 shots has been performed in 90 s
what means a sensitivity of

∆g
g

= 9.1 · 10−7 ·
√

90
1√
Hz

= 8.6 · 10−6 1√
Hz

(5.40)

or 5.46 · 10−6 1/
√

Hz per shot.

To give an absolute value ofg, one would have to know the factorN in (5.38): a phase
difference of 2π corresponds to∆g = 2 · 10−4 g 5.
An absolute measurement ofg can be performed by scanning the interferometer time
T and adjusting the frequency ramp of the Raman lasers until one comes to lie in the
minimum of the quadratic dependence of∆φ on g, at which point one has reached an
exact compensation of the gravitational acceleration with the frequency ramp.
However, also this value would be useless without a careful study of the systematic
effects, which has not been performed yet.

For longer pulse spacings than 20 ms, the contrast of the fringes dropped drastically
such that forT = 60 ms the fringes were already almost invisible. Generally, the
conditions of the experiment were very unfavorable for a good sensitivity:

• The optical table neither had neither an activated vibration isolation nor a pro-
tection from air fluctuations. Activating the pneumatic stabilization system did
not reduce the noise significantly.

• During the measurements, we had to artificially degrade the phase lock by re-
ducing the high frequency gain to avoid a jump out of lock during the frequency
scan of the local oscillator. This problem has been fixed now.

• The missing amplitude control of the Raman lasers enables fluctuations in the
Rabi frequency and – more important – do not allow to make the velocity se-
lection pulse much longer than the interferometer pulses to first do a strict v-
selection and then address all atoms during the interferometer.

• The biggest problem is the strongly fluctuating number of atoms and the temper-
ature from one launch to another. Calculating the relation between two popula-
tions does not eliminate all errors introduced by these fluctuations. The problem
depends on the beam alignment of the cooling beams, magnetic fields and the
power stability of the lasers (we noticed some fibers with badly aligned po-
larization). We plan a magnetic shielding around the whole apparatus and an
amplitude control of all lasers.

5For an interferometer time ofT = 20 ms, gravityg will provoke a phase signal of∆φ = 6.3 · 104rad.
For the final aimed interferometer time ofT = 150 ms, this signal increases to∆φ = 3.6 · 106 rad.





Chapter 6

Conclusion

At this point, we will summarize the work that has been described within this thesis and
that has been carried out in the group of the gravimeter for the new BNM Watt-balance
during my presence there, and in the group of the MAGIA gradiometer experiment.
A small outlook on the milestones of the two experiments will bring this thesis to a
termination.

6.1 Summary of work on gravimeter experiment

At the gravimeter experiment, we have assembled atwo-dimensional magneto-optical
trap (2D-MOT) to produce a cold beam of transversally cooled atoms. A factor of
four in the flux could be gained by the implementation of an on-axis pushing beam.
Fluorescence and absorption measurement on the atom beam indicate a flux of up to
1010 atoms/s which escape the 2D-MOT cell in a beam of 40 mrad full divergence
angle. The atoms travel with a mean longitudinal velocity of 29 m/s, which means that
almost all atoms can be trapped by a 3D-MOT. In fact, a loading rate of a 3D-MOT
with 3·109 atoms/s could be observed.
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A first version of a laser system for the gravimeter has been completed on a 60×60
cm breadboard. We stabilized an extended cavity diode laser (ECDL) to an atomic
transition frequency and realizedtwo tunable frequency stabilization systems, which
lock both, the difference frequency between the first and a second ECDL laser in the
range of several GHz, and the difference frequency between the second and a third
ECDL laser in the same frequency range. A particularity of this system is the ability
to perform frequency sweeps of 2 GHz in less than 1 ms without loosing the lock or
provoking mode-jumps on the one hand, and the ability to switch between frequency
and phase lock on the other hand.

6.2 Summary of work on gradiometer experiment

At the gradiometer experiment, we designed and mounted the UHV apparatus with
the experiment chamber by applying new sealing techniques. A system of optical fi-
bres and fiber-splitters delivers the laser light that is required for the manipulation of
the atoms and which is produced by alaser systeman a separate optical table, to the
experiment chamber. At the gravimeter as well as on the gradiometer, we made ex-
periences with various ECDL-configurations like the implementation of interference
filters in the extended cavity or the use of new anti-reflection coated diodes. For the
frequency stabilization of one of the lasers, we developed a new modulation-free spec-
troscopy method.
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Beat note between Raman lasers

Gravimeter and gradiometer both employ the same Raman light-pulse interferometer,
which requires thephase stabilizationof the two lasers that drive the Raman transi-
tions. The reason is the transmission of the laser phase-noise onto the interferometer
signal with a certain weight during the interaction of the light with the atoms. This
weight-function has been calculated to evaluate the frequency dependent importance
of the laser phase-noise, which, for the high resolution that our experiments aim at,
must remain on the order of 1 mrad. At the gradiometer, a combination of a digital and
analog phase-detector assures low noise and a big capture range of the lock.
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Under typical conditions, we loaded 109 atoms into a magneto-optical trap (MOT)
within one or two seconds and launched the cooled atoms with a temperature of< 4µK
up into the interferometer region. We were able to launch two clouds of 5· 108 atoms
right after another at a temporal distance of 100 ms byjuggling. After a velocity selec-
tion and state preparation on one cloud, we applied a Raman pulse of varying length
to observeRabi oscillations. By the application of the whole interferometer sequence
we were able to see theinterferometer fringesfor co- and counter-propagating Raman
beams. A scan over the fringes was done by changing the phase of the Raman lasers.
The phase resolution in the counter-propagating case corresponds to a resolution of
accelerations of 5.5 · 10−5 m/s2 per shot.
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To proceed versus a measurement of the Newtonian constant of gravitation, we stud-
ied the effect of the gravitational acceleration ofmassesof 500 kg tungsten near the
atoms. We theoretically optimized the relative positions of source masses and atoms
to be the most insensitive on fluctuations of the atomic positions, making use of the
compensation of the Earth gravity gradient by the source masses’ acceleration. A dou-
ble differential measurement to eliminate many systematic effects requires a support,
which is able to move the heavy source masses with high accuracy. This support is
ready to be mounted on the experiment and is equipped with preliminary lead masses
until the final masses will be characterized. This projected mounting leads us smoothly
to a small outlook on the future milestones of the two experiment.

6.3 Milestones of gravimeter

In the year 2005, the first interference fringes are expected, and a careful study of
systematic effects and elimination of noise sources will begin to enable a high accuracy
measurement ofg.

As soon as the accuracy reaches the order of∆g/g = 108, the experiment could prin-
cipally be transported to the location of theWatt balancefor preliminary tests of the
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whole ensemble of apparatuses involved in this measurement.Comparisonswith other
absolute gravimeters like the FG5 are projected. To finally arrive at the desired accu-
racy of∆g/g = 10−9 will require some more time and effort.

6.4 Milestones of gradiometer

At a certain point, the temperature and corresponding spatial spread will limit the per-
formance of the gradiometer and we already designed the apparatus in view of the
future implementation ofRaman sideband coolingin a moving lattice. This technique
has been successfully applied in a Cesium fountain [144] and we expect to reach tem-
peratures well below 1µK also in the case of rubidium [146].

For 2005, we preview the first differential interferometer signals with two clouds. We
will mount the source masses and their influence on the signal should be visible. Then
the long work of improving the resolution doing systematic studies will begin to obtain
a value forG within our targeted accuracy of∆G/G = 10−4.

The differential measurement of the MAGIA apparatus will allow a determination of
thegravity gradient(see AppendixB). Once reached a sufficiently high accuracy, one
could also think of measuring the effect of curvature of gravitational attraction(see
AppendixB) not of the Earth but of nearby heavy objects like the optical table. Our
apparatus offers the advantage of a relative insensitivity to the launch parameters due
to the partial compensation of the gradient by the gravitational potential of the source
masses at the position of the measurement.







Appendix A

Rubidium Data

This appendix will supply some numbers about the D2-transition that are useful for
rubidium-experiments. One will find the line-spacing together with the spectroscopy
signals to identify the transitions, the numbers to calculate the transitions probabilities,
the temperature-pressure dependence besides some further data. Most information in
this section is taken from [118].

A.1 Rubidium spectroscopy signals

FigureA.1 shows the level diagram of85Rb and87Rb with information about frequen-
cies, Land́e-factorsgF and the Zeeman splitting energy as a multiple of the quantum
numbermF . Below we see the corresponding Doppler-free saturated absorption signal
with the one-photon transitions allowed by the selection rules.

The spectroscopy setup with counter-propagating pump- and probe beams enables so-
called Cross-Over (CO) transitions: atoms that have a certain velocity along the prop-
agation axis of the beams will experience a Doppler shift of the light. If pump- and
probe beam are counter-propagating, their frequencies will be Doppler-shifted by the
same amount but to opposite directions in the reference system of the atom. If such
the laser frequency is centered between two transition frequencies, atoms of the right
velocity class may absorb photons of both beams, each on another transition. Our
notation is the following: TransitionF = A ↔ F′ = B is called A-B and crossover
transitions in resonance withF = A↔ F′ = B andF = A↔ F′ = C are called CO
A-BC.

Figure A.3 shows all87Rb and85Rb D2 transitions seen by Doppler-free saturated
absorption spectroscopy in absolute frequencies.
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Figure A.1: Rubidium D2 transitions from the upper hyperfine-level of the ground
state. Indicated are transition frequencies, information about the levels and below
the corresponding saturated absorption spectroscopy signal. The indications for the
Zeeman shift need to be multiplied by themF quantum number.
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Figure A.2: Rubidium D2 transitions from the lower hyperfine-level of the ground
state. Indicated are transition frequencies, information about the levels and below the
corresponding saturated absorption spectroscopy signal.
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Figure A.3:Doppler-free saturated absorption spectroscopy signal of rubidium vapor.
Frequency deviation from cooling transition 2-3.
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A.2 Transition probabilities

For the calculation of the Rabi-frequencyΩ, one needs to know the dipole matrix ele-
ments〈FmF |d = er |F′m′F〉 coupling two hyperfine sublevels|FmF〉 and|F′m′F〉. One
usually factors out the angular dependence and writes the matrix element as a product
of a Clebsch-Gordan (CG) coefficient and a reduced matrix element (see [138]):

〈FmF |erq|F′m′F〉 = 〈F||er ||F′〉 〈FmF |F′m′Fq〉︸           ︷︷           ︸
CG

(A.1)

= 〈F||er ||F′〉(−1)F
′−2+mF

√
2F + 1

(
F′ 1 F
m′F q −mF

)

Here,rq denotes the component ofr in a spherical basis and the double bar|| indicates
that the matrix element is reduced. The CG has been expressed using the Wigner 3-j
symbol, which describes the coupled angular momentum of two quantum systems. If
we further simplify the matrix element by factoring out the dependence onF, the re-
maining further reduced matrix element only depends on L, S and J quantum numbers

〈F||er ||F′〉 = 〈JIF||er ||J′I ′F′〉 (A.2)

= 〈J||er ||J′〉 (−1)F
′+J+1+I

√
(2F′ + 1)(2J + 1)

{
J J′ 1
F′ F I

}

︸                                                           ︷︷                                                           ︸
Multiple

We introduced the Wigner 6-j symbol, which is a generalization of Clebsch-Gordan
coefficients and the Wigner 3j-symbol that arise in the coupling of three angular mo-
menta. Its form is of no importance here, it can be found in quantum mechanics text-
books like [147] and can be calculated in Mathematica with the function
”SixJSymbol[{J,J’,1},{F’,F,I}]”. The numerical value of the reduced matrix
element for the87RbD2 transition is

〈J = 1/2||er ||J′ = 3/2〉 = 3.58 · 10−29 C m. (A.3)

PictureA.4 indicates the multiples of the matrix element (A.3), indicated as ”Multiple”
in (A.2) according to reference [138].
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Figure A.4:Multiples of dipole matrix elements〈J = 1/2||er ||J′ = 3/2〉 for the87Rb
D2 transition from|FmF〉 to |F′mF′〉. The indicated values are the squares of the right
value ”Multiple” modulo 120 with the right sign. One therefore has to divide the
indicated value by 120, take the square-root and then apply the indicated sign to get

the actual value. Example:−
√

20
120 = −

√
1
6 is indicated in the picture as−20.

A.3 Temperature dependence of pressure

The temperature dependent rubidium pressure in Torr can be estimated sufficiently
well by:

pRb,vapor(T) = 10−4208/T+7.331 Torr (A.4)

with the temperatureT in K. The melting point of Rb is at 312,6 K (39.31◦C) at a
gas-pressure ofp = 1.56 · 10−4 Pa and the boiling point at 961 K (688◦C).
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Figure A.5: Vapor pressure of Rb. The picture taken from [135] has been processed
for the sake of clarity.

A.4 Further useful numbers on87Rb

Natural linewidth FWHM Γ= 2π · 6.065 MHz
Recoil velocity vrc= ~kL

m 5.88 mm/s

Recoil energy ~ωrc=
~2k2

L
2m ~ · 2π · 3.77 kHz

Recoil temperature Trc=
~2k2

L
mkB

362 nK
Doppler temperature TD= ~Γ

2kB
146µK

Effective Saturation Intensities Isat,σ± =
cε0Γ2~2

4|e·deff, far,π |2 1.67 mW/cm2

Isat, iso.=
cε0Γ2~2

4|e·deff, iso.|2 3.58 mW/cm2

Isat, farπ =
cε0Γ2~2

4|e·deffσ± |2 3.58 mW/cm2

[118]. Here, kB is the Boltzmann constant,kL the wave-vector of the laser light,e
the unit polarization vector of the light field anddeff the effective dipole operator of
all possible transitions in the particular cases of isotropically polarized light field, far
detuned,π-polarized light andσ±-polarized light. In these three cases, the sum over
all matrix elements (A.1) simplifies and allows an easy calculation of|deff|2. In these
cases, the atom behaves like a two-level atom (considering only the D2-transition) and
the saturation intensities can be calculated according to the above expressions or (with
I = 1/2 cε0E2

0)

I
Isat

= 2

(
Ω

Γ

)2

. (A.5)

We specified the saturation intensitiesIsat,σ± for circular polarized light on the cooling
transition|F = 2,mF = ±2〉 → |F′ = 3,mF′ = 3〉, Isat, iso.for an isotropic polarization
on the transitionF = 2→ F′ = 3 andIsat, farfor π-polarized light, which is far detuned
from the D2-line. All intensities are given for the steady state condition. In these cases,
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we can also calculate the scattering cross-sections from the saturation intensities by the
relation

σ =
σ0

1 + 4(∆/Γ)2 + (I/Isat)
, (A.6)

where∆ is the detuning of the laser frequency from resonance,Γ the natural linewidth
andσ0 the on-resonance scattering cross section

σ0 =
~ωΓ

2Isat
. (A.7)
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Geophysical determination of
gravity

B.1 Predicted value ofg

International Gravity Formula: In 1930, the International Union of Geodesy and
Geophysics adopted the international gravity formula, which allows to calculate the
gravity value on Earth in dependence on the geographical latitude, taking into account
an ellipsoid shape of the Earth [139]. The most recent update is the formula of the
Geodetic Reference System (GRS) 1980, which leads to the World Geodetic System
1984 (WGS84), the base on which also GPS is working:

g0 = 9.7803267714
1 + 0.00193185138639 sin2 λ√
1− 0.00669437999013 sin2 λ

ms−2 (B.1)

whereλ is the geographical latitude. The coordinates (coordinate conversion: [142])
for our laboratory are read out from a detailed satellite image with a precision of± 5
meters [143]:

• In Universal Transverse Mercator (UTM):
Easting: (676427±5) m,
Northing: (4854119±5) m

• In Degrees:
Latitudeλ: 43◦49’(8.7±0.2)”= (43.819083±0.000050)◦,
Longitude: 17◦11’(37,9±0.2)”= (17.193861±0.000050)◦

and it follows with (B.1) a gravity value on the GRS80 ellipsoid of

g0 = (9.805130737± 0.000000050) ms−2 (B.2)
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Figure B.1: Satellite image of physics
department and LENS in Florence under
construction. The web-site indicates the
curser position in the image with a pre-
cision of 10 cm when choosing a closer
zoom.

Free Air Correction: Since our laboratory floor is located (36.5±2) m above the
ellipsoid and the experiment 1.5 m above the floor, we need to apply the free air cor-
rection (FAC)[140] for a height ofh = 38 m above the GRS80 ellipsoid1:

δgFAC(h) = −(0, 3087691− 0, 0004398 sin2 λ)h + 7, 2125· 10−8h2 mGal

≈ (−11.725± 0.61) · 10−5 ms−2 (B.3)

The factors of this equation are calculated from the WGS84 values for the equatorial
gravity on the ellipsoid, the Earth’s flattening coefficient, the semi-major axis radius of
the ellipsoid and the centrifugal force at the equator.

Bouger-correction: Finally, one has to add the so-called Bouger-correctiongBC(H),
which takes into account that a part of the height above the ellipsoid is filled with solid
earth. We had access to the ground data taken during the construction of the department
[141], which indicate a mean weight per volume of (20.5±0.6) kN m3 of 119 samples
taken between 1.5 and 44.5 meters depth. With the standardizedg = 9.80665 ms−2

for the conversion to mass densityρ = (2090± 61) kg/m3, we find a correction for
H = (36.5± 1.5) m of

gBC(H) = 2π G ρ H

≈ (3.20± 5 · 0.13) · 10−5 ms−2 (B.4)

We increased the uncertainty by a factor of 5 to consider varying humidity of the
ground.

1The height above the ellipsoid GRS80, used for example by the GPS system, is not identical to the
height above sea-level or geoid. It also is slightly different form the height above the previously used
ellipsoid GRS67, still present in many maps.
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Theoretical gravity value: Adding up all the above contributions tog

g = g0 + gFAC + gBC

= (9.805046± 0.000009) ms−2 (B.5)

should predict the measured gravity value in our laboratory with an uncertainty of
∆g ≈ 1 · 10−5 ms−2 or ∆g/g ≈ 10−6.

Nearby masses will provoke minor changes of the acceleration which have no influence
on the given uncertainty; the gravitational acceleration of for example a 200 kg mass
at 1 m distance is

a200 kg = 1.4 · 10−8 ms−2 = 10−9 g (B.6)

B.2 Predicted value ofγ, γ′ and γ′′

The Earth’sgravity gradientin free air ath = (38± 2) m height and for our latitude of
λ = (43.819083± 0.000050)◦ is

γ(h) =
∂g(h)

dh
=
∂gFAC(h)

dh
= −(0,3087691− 0,0004398 sin2 λ) + 2 · 7, 2125· 10−8h mGal

≈ (−3.08555543± 0.00000144)· 10−6 s−2

= (−3.08555543· 10−6 ± 1.44 · 10−12) s−2. (B.7)

Obviously, the biggest uncertainty will arise from effects, which have not been con-
sidered yet like the gradients arising from nearby masses as for example the optical
table.

A mass of 200 kg would create a gradient of

a′200 kg = 2.7 · 10−8 s−2 = 10−2 γ per meter (B.8)

at 1 m distance and we therefore should realistically write the theoretical gradient as

γ = (−3.09± 0.1) · 10−6s−2. (B.9)

Thecurvature of the Earth’s gravity gradientis

γ′(h) =
∂γ(h)

dh
= 2 · 7, 2125· 10−8 mGal

= 1.44 · 10−12 m−1s−2

= 4.66 · 10−7γ m−1. (B.10)

Nearby masses like the optical table show much bigger curvatures: the gravity field of
a 200 kg mass at 1 m distance has a curvature of

a
′′
200 kg = 8 · 10−8 m−1s−2 = 105 γ′ , (B.11)

which would come into the range of sensitivity of the MAGIA gradiometer.
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Men ...

I would like to thank so many kind people I met during my time in Florence and Paris
but I don’t really know where to start and where to end with my acknowledgements.
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That is why I have chosen not to mention all the nice and not so nice people that
were around and whose equipment I borrowed and with whom I was discussing physi-
cal and other problems, or the whole technical and electronic stuff that helped so much,
by name. I rather place a photo of the innermost circle of the two experiments. I could
not imagine a better ambiance in (and out of) laboratory than what I encountered with
those people:

Marco Fattori (ex-PhD student, will go to Stuttgart now; don’t forget your cellular
phone, oh, and think of your purse, I think I have seen it on the ion pump...),Giacomo
Lamporesi (first diploma and now PhD; it’s YOUR experiment now) andJuergen
Stuhler (Post-Doc during first two years) as the hard core of the MAGIA experiment of
Guglielmo Tino. There are furtherMarella de Angelis (researcher from Naples) and
Marco Prevedelli (expert for everything, let’s say almost everything; without photo)
helping the gradiometer to evolve.Luigi Cacciapuoti has gone almost before we re-
alized he came - an example of the Italian brain drain and big loss for the MAGIA
experiment. Without photo are also the guests we received for a few months from
Poland (Maria Ma̧czyńska) and France (Vincent Jacques).

We were very close to the Strontium group (gli stronzi) withNicola Poli (with photo;
perhaps this is a good way to tell that we need this f=200 lens back),Gabriele Fer-
rari , Robert Drullinger , CostanzaandFiodor.

Franck Pereira (by now with research position; could by pure words convince a
grown up physicist to believe to be a horse - and vice versa...) andPatrick Cheinet
(PhD student, the horse thing doesn’t work on him any more) are the heart of the
gravimeter in the group ofArnaud Landragin (his manner of speaking is more ve-
locity orientated than Pereira-style gesticulation... ) andAndr é Clairon, who is the
accumulated collective knowledge of the Observatoire.

What are the ’stronzi’ for the MAGIA group, are the gyroscope people for the gravime-
ter team: here and there we have two experiments belonging to the same group and
having a large flux of equipment in both directions, averaging out over (very) long
timescales.

I am also glad that I have foundChristophe Salomonas a tutor andTilman Pfau
andErnst Rasel (who always asks me to send him new PhD students...) as referees;
thank you that you do this time-consuming work.
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I saw two children growing during these three years; one of steel in laboratory and one
of flesh and bones at home. That there are differences is not astonishing – and that
there are common points, neither.

The machine grew to 1,50 m, a little higher than the real child and the vacuum pumps
assure that also here, the stomach always seems to be empty. I try to feed the real
one well, whereas the machine is set on a diet with only fewµg of rubidium a day,
however it tries to suck in some more tasty molecules through every little slit. The
most obvious common point is the talent of testing your nerves. Luckily nerves adopt
to extreme situations – with a certain delay.

Both children are sensitive on gravity but both are still too young to give any pre-
cise, absolute number. When I bring them to bed the evening, I switch out the light,
which the machine prefers coherent and – a quite surprising choice for a favorite color
– infrared. Both are shy and need some time until they accept strangers to touch them
and follow their orders, instead of doing what they want. But, remember: violence is
no adequate instrument of education; high voltage or currents must be used very punc-
tual. When children grow older, you realize how many things they need; the whole
household is full of puppets, signal generators, cables and laundry.

I finally realized that it is too difficult for me to raise both children and dedicate them
only half the time they demand, so I decided to leave our machine in the hands of
Giacomo and the new papa Andrea.
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