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Summary

A method to measure local gravity using an atomic fountain gravimeter is presented. The

system enables high sensitivity gravity measurements and combines them with a mobile

setup which allows measurements to be taken at geographically interesting sites. This

work is concerned with the development and design of interferometer subcomponents and

a measurement of tidal gravity variations.

The accuracy of the existing setup has been improved significantly from 3× 10−6 g to

5× 10−8 g per single measurement with the implementation of an active vibration isolation

system. Due to the increased sensitivity of the instruments, measurements of tidal gravity

variations are now possible. These measurements have been compared to tidal predictions,

which have been carried out using advanced geophysical models, over a period of six days.

Additionally, a new subsystem for more accurate detection has been designed which

measures the atomic states after the interferometer sequence .
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Deutsche Zusammenfassung

Ein Experiment zur Messung der lokalen Erdbeschleunigung g mittels Atominterferome-

trie wird vorgestellt. Am Anfang der Arbeit (Kapitel 2) werden das Experiment und die

theoretischen Grundlagen des Experimentes erläutert und ein intuitives Verständnis des

Messprozesses vermittelt.

Im Schwerpunkt dieser Diplomarbeit stehen verschiedene Subsysteme des Atomin-

terferometers welche hinzugefügt und verbessert wurden. Insbesondere wurde eine ak-

tive Schwingungsisolationsplattform entwickelt um eine Schlüsselkomponente des Aufbaus

von mechanischen Vibrationen zu entkoppeln. Diese Vibrationen limitierten zuvor die

Auflösung des Atominterferometers. Das Messrauschen des Interferometers aufgrund von

Vibrationen vor und nach Implementierung der Schwingungsisolationsplattform wird theo-

retisch untersucht. Die Resultate der theoretischen Betrachtung werden daraufhin mit der

gemessenen Empfindlichkeit verglichen.

Die Empfindlichkeit der g-Messung konnte durch die Implementierung des aktiven

Schwingungsisolators von 3× 10−6 g auf 5× 10−8 g pro Einzelmessung gesteigert werden.

Durch die gesteigerte Auflösung ist es nun möglich durch Gezeitenkräfte verursachte Varia-

tionen der Schwerkraft zu messen. Die gemessenen Variationen werden vorgestellt und mit

einer theoretischen Gezeitenvorhersage verglichen. Das zugrundeliegende Gezeitenmodell

basiert auf fortgeschrittenen geophysikalischen Modellen und wird ebenfalls kurz erläutert.

Das nächste Kapitel (Kapitel 3) stellt die Arbeitsweise und die theoretischen Grundla-

gen der Schwingungsisolation ausführlich dar. Dies beinhaltet die Grundlagen der passiven

Schwingungsisolation und eine Behandlung der Regelschleife, welche zur Implementierung

eines aktiven Systems führte und die Leistungsfähigkeit des Isolators stark steigerte. Am

Ende des dritten Kapitels wird die Performance des aktiven Isolators anhand von Mes-

sungen charakterisiert und diskutiert.

Das vierte Kapitel stellt die Entwicklung eines neuartigen Detektionssystems vor. Das

Detektionssystem misst die atomaren Zustände der Atome nach der Interferometersequenz,

aus welcher unmittelbar die Phase des Interferometers ermittelt wird. Die theoretischen

Grundlagen der Detektionsmessung werden im Kapitel vorgestellt. Das entwickelte Sys-

tem basiert auf einem rauscharmen Detektor aus [Gre09]. Durch diesen Detektor kann

die Empfindlichkeit der Detektion potentiell bis an die Grenze des quantenmechanischen

Projetkionsrauschens gesteigert werden. Dies kann in Zukunft die Auflösung des Interfero-

meters verbessern und die Analyse von systematischen Fehlern in Gravitationsmessungen

vereinfachen.
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Chapter 1

Introduction

The exact magnitude of the gravitation on the surface of the earth is subject to a variety

of temporal and spacial fluctuations. The magnitude of these fluctuations ranges from

1× 10−6 g on a global scale to 1× 10−9 g on a regional scale, caused by changes in the

local mass distribution around a site. Table 1.1 lists some of these variations.

Effect Magnitude/µgal

Geographical Gravity Variation

global scale 1 gal

regional scale 1 mgal

Geological Effects

tidal effects 200µgal

tectonic plate movement 1µgal

Environmental Effects

atmospheric pressure 0.3µgal/mbar

free air gravity gradient 3µgal/cm

Man Made Changes

trucks, people 1µgal

buiildings 10µgal

Table 1.1: Gravitational Variations on the Earth and their magnitude in gal. The

µgal is the preferred unit in gravimetry, the conversion is 1µgal = 10−8m
s2 ≈ 10−9g

Gravity fluctuation measurements are relevant for a number of scientific and non-

scientific applications. Geodesists and geophysicists are interested in the exact value of

g to verify and improve models of the earth’s shape, composition and dynamic response

to tidal forces. Precision force measurements exist to determine the mass of a body

by supporting its weight using a very well known force [PSWR07]. The value of the

determined mass can only be as accurate as the value of the gravitational acceleration.
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2 Introduction

The exploration of natural resources like oil and water also makes use of local gravity

fluctuations.

Two types of instruments exist for measuring g; relative and absolute gravimeters.

The atomic-fountain gravimeter presented in this work belongs to the latter group. To

appreciate the value of absolute measurements, however, it is beneficial to understand the

principle of relative gravimeters.

Relative gravimeters need to be calibrated to a well known reference and measure

a relative offset of g. Simple versions usually consist of a very well characterized spring

which supports a constant weight against gravity. Monitoring the spring extension yields a

value for the gravity fluctuations. A problem in these devices is drifts, which make frequent

recalibration necessary and complicate comparing gravity readings taken at different times.

The most precise relative gravimeters to date are cryogenic gravimeters which levitate

a superconducting sphere in a magnetic field. A force-feedback mechanism counteracts

gravity changes and yields the signal. Drift rates in these devices are much lower than in

spring-type instruments, but vibration induced flux-jumps make readings taken at different

places less comparable. Therefore they have to be calibrated for every measurement site

using an absolute gravimeter.

Absolute gravimeters do not need a known reference and are required for applications

which compare gravity values taken over long periods and distances. To date, the highest

precision instruments of this type are falling corner cube gravimeters. They measure g by

dropping a corner cube and monitoring its position during the fall with an interferometer.

These instruments have existed since the 1950s and after many improvements have reached

a sensitivity of about 2× 10−9 g per single measurement [Pet98]. In the last twenty years

this sensitivity has been limited by a number of systematic effects which are difficult to

control. It has therefore not been significantly improved.

The first experiment which used cold atoms in a fountain to measure local gravity

was set up in 1992 at Stanford University [KC92]. The basic principle is quite similar

to a falling corner cube gravimeter. The position of a cloud of atoms during free fall

is monitored and used to determine g. To reach the high accuracy needed for precision

gravity measurements, the idea of matter-wave interferometry is employed. Common

interferometers use the phase of electromagnetic radiation which has traveled along two

different paths and is then recombined to deduce information about the difference in

optical path length. Atom interferometers rest on the same principle. However, atoms

are the medium carrying the phase information and the mirrors and beam-splitters are

implemented by light pulses interacting with them. In effect, this approach works by

measuring the atomic positions during free fall using the local phase of a coherent light

field as a “meter stick”. The underlying physical mechanism is the atom-light interaction

which imprints the local light phase into the phase of the atomic states during absorption

or emission.
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Atom interferometry can be used to build state of the art inertial sensors as well as

to test fundamental physical theories. Experiments exploiting this technique quickly ad-

vanced from the first proofs of principle and were employed for precision measurements in

which they challenged or exceeded the performance of the best available competing meth-

ods. This includes measurements of local gravity [Pet98], rotations [MGW+09] and grav-

ity gradients [Mah09] as well as measurements of physical constants [WYC94], [FFMK07].

The principle can also be applied to tests of fundamental physical theories. This year the

most precise test yet of the gravitational redshift was provided by reanalyzing the atom

interferometer data taken at Stanford University by Achim Peters in the 1990s [MPC10].

This work is concerned with a transportable atom interferometer. Due to its mobile

setup it can perform high precision gravity measurements at a number of interesting sites.

It alleviates the shortcoming of most other atom interferometers to date which are confined

to a laboratory and is therefore an exciting step towards establishing inertial sensors using

atom interferometry in a broader scientific community.

The development and construction of subsystems of the interferometer has been carried

out in the course of this work. To reach the required high sensitivity in g, an active low

frequency vibration isolation system is needed to isolate one key component of the setup

from ground motions. Such a vibration isolator has been constructed. The resulting

measurements of tidal gravity variations have been compared to tidal predictions by using

advanced geophysical models. Additionally, a new detection system for the interferometer

setup has been designed.





Chapter 2

Atomic Fountain Gravimeter using

Atom Interferometry

The first matter-wave interferometer using neutrons was realized in 1974 by Rauch and

Bonse at the Österreichische Hochschule Vienna and the Universität Dortmund. It ob-

served interference between neutron beams which were separated and then recombined us-

ing Si-crystals. In 1991 the first atom interferometers were realized using micro-fabricated

slits [OJ91] and gratings [DCQD91]. The wider availability of atoms compared to neutrons

opened up a wide range of possible applications. In the same year at Stanford University,

light pulses interacting with atoms in an atomic fountain were used to build an atom

interferometer [KC92]. This work was the first to use an atom interferometer as inertial

sensor and set the basis for the setup described in this work.

2.1 Theory

2.1.1 Stimulated Raman Transitions

To coherently manipulate the atoms during an interferometer sequence, our setup uses a

two photon process called stimulated Raman transition. During this process, the internal

atomic state changes through excitation or de-excitation as well as the external state due

to the associated momentum recoil. Exhaustive information about Raman transitions can

be found in a variety of works [WYC94], [MWKC92]. The principle is illustrated in figure

2.1 and can be summarized as follows:

An atom is placed in two laser beams with the wave vectors ~k1 and ~k2 and with a

frequency difference }ωeff = }(ω1 − ω2) equal to the hyperfine splitting of the atom.

A Raman transition occurs when the atom absorbs a photon from one light fields and

adds a photon to the other light field by stimulated emission. The energy difference and

5



6 Atomic Fountain Gravimeter using Atom Interferometry

momentum absorbed or emitted during this process is given by:

}ωeff = ±}(ω1 − ω2)

}
∣∣∣~keff ∣∣∣ = }

∣∣∣~k1 − ~k2

∣∣∣
It will be shown in the next section that the phase sensitivity of the atom interferometer is

directly proportional to the effective wave number keff . Counter-propagating beams can

be used to maximize the sensitivity, resulting in an effective wave number of keff = k1+k2.

Our setup drives stimulated Raman transitions of 87Rb between the F = 1 and F = 2

states of the D2 transition ground-state 52S1/2. The transition frequency between these

two states is 6.8 GHz which belongs to the microwave range. Driving this transition

directly using a microwave source transports a relatively small amount of momentum due

to the small corresponding wave number. By driving stimulated Raman transition with

two counter propagating optical beams, the effective k-vector in each transition is in the

optical domain the order of keff ≈ 2ω1/c and about five orders of magnitude larger.

weff 

2p.6.109Hz

w1

2p.3.1015Hz
w2

|1	>

|2	>

|3	>
D

|1	> |1	>|2	>

ℏkeff
|2	>

|1> to |2> |2> to |1>

w1

w2

ℏkeff

Figure 2.1: Raman transition atom between two hyperfine levels using counter-

propagating beams.

2.1.2 Interferometer Sequence

Three Raman pulses are arranged in our setup to create a Mach-Zehnder type interfer-

ometry sequence which is illustrated and described in figure 2.2. Two π/2 pulses at the

beginning and end of the sequence split and recombine the atoms. One π pulse in between

acts as a mirror and switches the populations. Note that all movements and accelerations

of the atoms are vertical and not horizontal as might be suggested at the first glance by

the space-time diagram. Along the two paths of the interferometer, the internal state of

the atoms evolves separately. A phase difference ∆Φ between the two paths can therefore

occur. Two main contributions exist during the interferometer sequence, one is caused by
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I 1 I 3I 2
SS/ S/

Input: Laser-cooled
cloud of ultra-cold 
Rubidium atoms in 

F=1 hyperfine ground 
state

t

z
beam
splitters

beam
splitters

mirror

Figure 2.2: Interferometer sequence using light pulse to split and recombine a cloud

of laser cooled 87Rb atoms in a space-time diagram. The blue arrows represent the

Raman pulses. The first pulse has an area of π/2 and transfers half of the population

to the other state. Due to the associated momentum transfer the excited atoms

separate from the ground state atoms. A π pulse then flips the atom populations from

the excited into the ground state and vice versa, making the two clouds approach each

other again. When they overlap, a second π/2 pulse transfers the excited population

back to the ground state, depending on the phase difference between the two paths.

Figure by IQO Hannover

the internal state evolution along the path ∆Φpath and the other one by the atom-light

interaction with the Raman-pulses ∆Φlight:

∆φ = ∆φpath + ∆φlight (2.1)

The first contribution ∆Φpath is due to the evolution of the atomic wave function Ψ(z, t)

along an interferometer arm. As shown in [SCT94], it acquires a phase shift during this

evolution which depends on the classical action along the traversed path. The correspond-

ing phase shift between the two interferometer arms can therefore be written as:

∆φpath =
1

}
(
SBcl − Sacl

)
=

1

}

∫ 2T

0
L (zB, żB)− L (zA, żA) dt (2.2)

When considering uniform gravity fields, ∆φpath can be shown to vanish [SCT94]. Note,

however, that this is not the case when gravity gradients are taken into account.

The second contribution is due to the atom-light interaction. Every time the atom

interacts with the Raman pulse and changes its state it acquires an additional phase that

depends on the local phase of the light phase ±φi. The sign of this additional phase

depends on the initial state of the atom. Since the Raman phase depends on the position,

the atoms will acquire different phases in the two interferometer arms. When using the
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T T

t

z

acceleration

Raman beams

A B

I II III

Figure 2.3: Space-time diagram of the interferometer paths with gravity (dashed

line) and without gravity (solid line). Note that with gravity, the atoms fall 3 times

as far in the second half of the sequence as in the first. The additional phase picked

up by the atoms during the Raman pulses is denoted as Φ. The resulting phase shift

between both arms is deduced in the text.

notation from figure 2.3, the resulting phase shift ∆Φ at the end of the interferometer

sequence is given by:

∆Φlight =
(
Φ1 − ΦA

2

)
−
(
ΦB

2 − Φ3

)
(2.3)

For atoms in free fall with a gravitational acceleration g, the phase Φ seen by an atom at

time t is given by:

Φ(t) = ~keff · ~z(t) (2.4)

= ~keff ·
~g

2
t2 (2.5)

We will now deduce the individual phase shifts terms in equation 2.3 from the atomic

positions throughout the interferometer sequence, as illustrated in figure 2.3. An additional

phase offsets ΦI ,ΦII and ΦIII due to an arbitrary initial phase of the Raman beams will
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also be taken into the account.

Φ1 = ΦI (2.6)

ΦA
2 = ΦII + ~keff · ~vrecT − ~keff ·

~g

2
T 2 (2.7)

ΦB
2 = ΦII − ~keff ·

~g

2
T 2 (2.8)

Φ3 = ΦIII + ~keff · ~vrecT − ~keff ·
~g

2
(2T )2 (2.9)

Combining equations 2.9 and 2.3 yields the result for the light induced phase shift. To-

gether with equation 2.1 we have:

∆Φ = −~keff~gT 2 + ΦI − 2ΦII + ΦIII︸ ︷︷ ︸
Raman laser phase

(2.10)

If the phase of the Raman lasers is known and stable, equation 2.10 can be used to

determine the magnitude of g along the vector ~keff . The equation describes the system

very well and only has to be modified if gravity gradients and Raman pulses with a finite

length are taken into account. [Pet05] and [Pet98] provide a detailed description of these

effects.

∆Φ can be measured by determining the population of the two atomic states in the

atom cloud. As shown in [Pet98] or [Pet05], the interferometer phase ∆Φ is related to the

population of the upper fine structure state through the following equation:

P|2> =
1

2
(1 + cos(∆Φ)) (2.11)

2.1.3 Summary

A Mach-Zehnder type atom interferometer has been described. It uses stimulated Raman

transitions to coherently manipulate the atoms in their internal state and their momentum.

The phase difference between the atomic wave-functions in the two arms can be used to

measure local gravity as shown by equation 2.10. It can be detected by measuring the

population of the atomic states after the interferometer sequence as described by equation

2.11.

To estimate the expected uncertainty when measuring g we can use the known value for

keff and a typical Raman pulse separation of T =150 ms. With these parameters and an

expected error of 0.10 rad in measuring the interferometer phase, the relative uncertainty

in the determined gravity value for a single measurement would be:

∆g

g
= 2.8× 10−8

This is a very accurate value and competes with the best available absolute gravimeters

available today based on different measurement principles. Phase noise introduced by
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mechanical vibrations of optical elements, however, effectively reduce the sensitivity of

the interferometer without vibration isolation to a much lower value of ∆g
g = 10−3. The

active vibration isolation platform described in chapter 3 removes this limitation and

allowed us to achieve an accuracy of ∆g
g = 7× 10−8 in a single measurement.

2.2 Experimental Setup

The atom interferometer works in pulsed operation. One operational sequence can be

divided into preparation of the atom sample, the interferometer pulse sequence and the

detection of the atoms afterwards. The entire procedure is carried out in a vacuum chamber

with a pressure of 1× 10−10 mbar.

In the first step about 108 87Rb atoms are loaded into a magneto-optical trap (MOT)

from background vapor which is created by a heated dispenser. The atoms are cooled

to a temperature of approximately 40 µK in the MOT. After loading time, the atoms

are launched upwards using moving molasses by detuning the MOT-lasers. On their

way to the interferometry zone, a state selection sequence is carried out by velocity-

selective Raman pulses and optical pumping. It transfers the atoms in the hyperfine

ground state |F = 1,mF = 0 > to make them insensitive to Zeeman shifts due to residual

magnetic fields. The vertical velocity distribution of the atoms is also reduced to an

effective temperature in the vertical direction of a few nanokelvin which is necessary to

narrow the Doppler line-width of the atoms. After state selection, the atoms enter the

magnetically shielded interferometry zone. The π
2 -π-π2 Raman-pulse sequence which splits,

flips and recombines the atom cloud is described in section 2.1.2.

Both Raman beams enter the vacuum chamber at the top of the interferometry zone

and are retro-reflected by a mirror below the MOT-zone outside the vacuum. By chirping

both Raman lasers according to the Doppler shift of the moving atoms it is possible to

select one upward and one downward traveling beam for the Raman transition.

Retro-reflection is used to tackle the problem of phase noise between the two Raman

beams introduced by mechanical vibrations of optical elements. This phase noise directly

couples into the interferometer phase and completely washes out the interferometer fringes

for longer pulse separations if not addressed. If both beams are guided into the vacuum

chamber by separate optical elements, the whole apparatus needs to be isolated from

vibrations. This is illustrated in figure 2.5. By using the same optical elements for both

Raman beams and using retro-reflection, vibrations of most optical elements are common-

mode and cancel out. Only vibrations of the retro-reflecting mirror at the bottom of

the vacuum chamber induces phase noise as illustrated in figure 2.8. Therefore, only

this mirror therefore has to be isolated against floor vibrations. Constructing a vibration

isolation platform capable of delivering sufficient performance has been the main task of

this work and is described extensively in chapter 3.
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Figure 2.4: Functional elements of the vacuum chamber with a sketch of the atom

trajectory during an interferometer sequence. Courtesy of A.Senger

After the interferometer sequence the atoms enter the detection zone. During detection,

a resonant laser beam drives the F = 2→ F ′ = 3 transition of the atoms. By measuring

how much light is absorbed or emitted by the atoms, the population in the F = 2 state

can be detected. The atoms in the hyperfine ground state F = 1 are then transferred to

the F = 2 state using an additional laser beam. Another detection then measures the

total number of atoms.

The mechanical part of the setup consists of the vacuum chamber in a mobile cart and

the vibration isolation system which isolates the retro-reflection mirror against ground

motions. The electronic and optic parts of the interferometer are mounted in two 19”

racks. One rack houses the complete laser system and another has all the electronic and

computer systems necessary for operation built in. All components are small enough to

fit through a standard sized door. See figures 2.6 and 2.7 for an overview of the system.
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Floor

a) b)

Vibrations

Figure 2.5: Different schemes for suppressing vibration induced Raman phase noise:

a) without retro-reflection b) with retro-reflection. Two different frequency com-

ponents (blue, red) drive Doppler-sensitive Raman transitions depending on their

propagation direction,.

Figure 2.6: Overview over the setup. The completed vacuum system in a mobile

cart with the vibration isolation in the bottom is shown on the left. The picture on

the right shows the system just before it was moved into the cart.
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Figure 2.7: Overview of the electronics rack and the optics rack housing the laser

system. All electronics and lasers necessary for atom interferometry is provided by

the modules in the rack, including the Raman-, MOT- and repumer-laser and a spec-

troscopy locked reference. This was achieved by using custom designed micro-optics.

For more information on the laser system, see [SPG+10]. Courtesy of M.Schmidt.

2.3 Vibration Noise in the Atom Interferometer

Many noise sources exist in the atom interferometer and decrease its sensitivity if not

addressed. These noise sources have been studied extensively in other works [LMK+08]

[Pet98]. Only vibrations of the retro-reflecting mirror are discussed here because they are

the most relevant to this work and currently limit the sensitivity of the atom interfer-

ometer. Before the implementation of the active vibration isolation, phase noise due to

vibration motions of the retro-reflecting mirror limited the sensitivity of the interferom-

eter to ∆g = 2 · 10−6g for a single measurement. After implementation the sensitivity

has improved by almost two orders of magnitude and is in the range of ∆g = 6 · 10−8g.

As the issues (discussed in chapter 3) in the current active vibration isolation system are

rectifiable, we are confident that the sensitivity of the interferometer can be improved even

further.

As mentioned in section 2.2 vibration induced displacements of most optical elements

are common to both beams and cancel out. Only vertical vibrations of the retro-reflecting

mirror underneath the vacuum chamber will translate into interferometer phase noise

and lower the sensitivity of the instrument. We therefore investigated the effect of these

vibrations on the interferometer phase and estimated the benefit of the active vibration

isolator.
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Figure 2.8: Vibration induced phase noise. The relative phase between Raman laser

I and II changes depending on the displacement δz which are depicted by black/grey

lines.

The effect of Raman phase noise on atom interferometer fringes has already been stud-

ied in [CCD+05] and [LMK+08]. A transfer function of the interferometer is introduced

which relates the input Raman phase noise spectrum Sφ(ω) to the interferometer phase

standard deviation σrmsΦ :

(σrmsΦ )2 =

∫ ∞
0
|Hφ(ω)|2Sφ(ω)dω (2.12)

Here, Sφ(ω) is the power spectral density of the Raman phase noise in rad2/Hz. Hφ(ω) is

the transfer function of the Interferometer. It is given by the oscillating function:

Hφ(ω) = −4 sin2 ω

2
T (2.13)

With T being the time between two interferometer Raman pulses. Equation 2.13 assumes

infinitely short Raman pulses and large effective Rabi frequencies Ωeff � ω. Since we are

interested in large pulse separations of about T =150 ms and short Raman pulses with a

duration of τ =100 µs, the approximation is valid here. The effective Rabi frequency Ωeff

is given by:

Ωeff =
π

2τ
≈ 5000× π

The influence of ground vibrations on the interferometer phase decreases quickly for higher

frequencies as can be seen in figure 2.10. Effectively, only frequencies with ω ≤ 60rad/s

contribute to the interferometer phase noise. The second assumption in equation 2.13 is,

therefore, also valid.



2.3 Vibration Noise in the Atom Interferometer 15

As illustrated in figure 2.8, vertical displacements δz of the retro-reflecting mirror

correspond to a phase shift δφ/keff between the two Raman beams. The vibration induced

Raman phase noise is therefore:

Sφ(ω) = k2
effSz(ω) =

k2
eff

ω4
Sa(ω) (2.14)

Sa(ω) is the power spectral density of vertical mirror vibrations in units of (m/s2)2/Hz.

The corresponding Interferometer phase noise is then given by:

(σrmsΦ )2 =

∫ ∞
0
|Hφ(ω)|2

k2
eff

ω4
Sa(ω)dω (2.15)
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Figure 2.9: Interferometer phase noise versus pulse separation T , derived from

vibration noise spectra taken in our laboratory. The blue and green line show the

improved phase noise after the implementation of the active vibration isolator as

measured using the feedbackloop error signal or a direct measurement using a 2nd

sensor. All measurements were made in a typical lab environment in a busy university

building.

Figure 2.9 shows a plot of σrmsΦ from equation 2.15 versus the interferometer pulse

spacing T . The phase noise obviously increases as T is increased. Without vibration

isolation, the resulting phase noise completely washes out the interferometer fringes for

pulse spacings of more than a few microseconds. The passive vibration isolator allows

for pulse spacings smaller than approximately 40 ms. Only the active system, however, is

capable of controlling the phase noise well enough to see fringes at T = 100 ms and more.

The error in g is related to the interferometer phase noise using formula 2.3:

σrmsg =
σrmsΦ

keffT 2
(2.16)
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Figure 2.10: Vibration sensitivity function of the atom interferometer with a pulse

separation T = 150ms. Frequencies below 10 Hz clearly have the strongest influence

whereas at higher frequencies the amplitude decreases proportional to ω−2. Note

that the corner frequency depends on T .

Combining equations 2.14, 2.15 and 2.16, we find the standard deviation of g and

define a second transfer function Ha which relates it to the input vibration spectrum and

is shown in figure 2.10:

(σrmsg )2 = (
σrmsΦ

keffT 2
)2 =

∫ ∞
0
|Hφ(ω)|2 1

T 4ω4︸ ︷︷ ︸
=:|Ha(ω)|2

Sa(ω)dω (2.17)

As shown in figure 2.10, the magnitude of the transfer function decreases for higher

frequencies. The interferometer therefore works as a second order low-pass filter and is

most sensitive to low frequency vibrations below 10 Hz.

This effect is shown in figure 2.11. It plots the residual vibration noise on the active

vibration isolator shown in yellow. The red line shows the same spectrum weighted by

the interferometer transfer function for T = 150 ms. The third line in blue displays

the accumulated measurement error from low to high frequencies and shows in which

frequencies the noise spectrum contribute most to the error. Vibrations with frequencies

above approximately 10 Hz are negligible for the atom interferometer due to its decreased

sensitivity at higher frequencies. Between 1 Hz and 10 Hz residual vibrations add about

3× 10−8 g of measurement noise to the signal. Note that without active vibration isolation,

the resonance peak of the passive platform at 0.5 Hz would add more than ten times as

much noise to the system. Lower frequencies in the sub-Hertz range account for the rest

of the measurement noise.
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Figure 2.11: Vibration noise spectrum raw and weighted by the interferometer

transfer function on the active vibration isolator. Shown in blue is the accumulated

error in g due to the vibration noise.

Using equation 2.17 we predict the sensitivity limits of our gravimeter given the vi-

bration noise measured in our lab and on the vibration isolator and compare it to the

measured phase noise. Table 2.1 shows the improvement introduced by the passive and

active vibration isolator and shows that the theoretical values are in agreement with the

measured shot to shot noise level of the interferometer.

2.4 Prediction of tidal Gravity Variations

Tidal variations of g reach an amplitude of up to 200µgal or 2× 10−7 g as shown in table

1.1. Since the sensitivity of most gravimeters is better than that, the tidal fluctuations

are usually subtracted from gravimeter data to obtain one stable gravity value for a given

site. Accurate prediction of these fluctuations is a field of research in itself and geophysical

tide models for this purpose are available. We will give a short insight into these models

and then present the obtained corrections for our location in central Berlin.

Tidal accelerations result from the dynamics of the celestial bodies in the solar system.

The earth and the moon, for example, rotate around their common center mass in about

one month’s period. Only in their common center of mass, which is located inside the

earths body due to its bigger mass, the attracting gravitational force and the repelling

centripetal force cancel each other out. Every other site like the earths surface is subject

to residual gravitational or centripetal forces called tidal forces. The same holds true for

the sun and on a much smaller magnitude for the other planets in the solar system. For
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Spectrum T in ms predicted σg/g measured σg/g

lab floor 1 1× 10−3 1× 10−4

passive vibration isolator 30 3.3× 10−7 4.5× 10−7

passive vibration isolator 40 3.1× 10−7 4× 10−7

active isolator feedback loop output 100 1.3× 10−8 2× 10−8

active isolator feedback loop output 150 0.7× 10−8 1.65× 10−8

active isolator, measured with 2nd sensor 100 1.4× 10−8 2× 10−8

active isolator, measured with 2nd sensor 150 1.3× 10−8 1.65× 10−8

Table 2.1: Theoretical sensitivity improvements achieved by improving the vibra-

tion isolation system. The measured noise levels were obtained by scanning through

an interferometer fringe within 65 measurements and fitting the phase of the fringe.

Predicted and measured values are in good agreement, residual differences can be

due to measurement artifacts or differences in the fit errors used for determining the

experimental values. The values also show that residual vibrations are still limiting

the sensitivity of the sensor.

a perfectly rigid earth without oceans, liquid core etc., the resulting acceleration ~at is

usually described in terms of the tidal potential Vt:

~at = ∇Vt

A derivation for the tidal potential can be found in [Tor03]. It can be calculated directly

using the positions of the celestial bodies, also called ephemerids. For practical purposes,

however, it is usually expanded into a quickly converging series, more details can be found

in [Tor03]. The spectral components of this expansion are called tidal waves and are

classified by their period into long semi-diurnal, diurnal and long-period waves. Some

tidal waves can also be referred to a certain celestial body and have an according name.

The semi-diurnal wave which is created by the moon is called “M2”, the diurnal wave by

the sun “S0” etc. A more exhaustive list of tidal waves can also be found in [Tor03]. They

vary in amplitude and phase for different sites on earth.

The rigid earth model is a crude approach, however, and many deviations from the

resulting tide predictions are present in real measurements. More sophisticated earth

models consider a rotating, elastic, isotropic and elliptic earth with a liquid outer core.

Oceanic tides, which are very different from earth tides, have also been modeled. This

includes an effect called ocean tide loading, which induces a height change off the continents

due to shifting water masses caused by oceanic tides. The water literally pushes the

continents down.

To include these more realistic models into the tidal potential, the tidal waves are

modified by the amplitude factors δ and phase factors ∆φ, called tidal parameters. These
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tidal parameters are obviously site dependent and can be determined for a given position

by fitting gravimeter data to the tidal waves [Tor03] or by synthetic models. Since we did

not have the means yet to gather enough gravimetric data to determine these parameters

at our location, we calculated synthetic tidal parameters.

Global earth and ocean tide models are available to predict the tidal parameters for

a given station [TW94] and are often distributed in a 1◦ by 1◦ grid. Synthetic tide

parameters can then be calculated by interpolation from the grid for a given site. It was

shown that these values usually deviate from the measured tidal parameters by less then

one percent [Tor03], [ZJS05] and provide a very good approximation of the measured tidal

parameters.

Figure 2.12 shows two sets of tidal corrections data for the same period. The set in the

black line uses tidal parameters meausured for the Geodätisches Observatorium Wettzell

in southern Germany, the blue line represents synthetic parameters calculated for Berlin.

The resulting predictions differ by about 10 µgal at some points, but agree very well in the

general appearance and timing. In fact our current gravimetric data does not yet allow

us to determine which tide predictions fit our measured data better.

All tidal corrections presented in this work were calculated using the “predict” from

the earth tide data processing package “Eterna 3.3”. The suite bundles various DOS

programs to take and process gravimeter data, fit tidal parameters to the data and to

predict future tidal corrections. The synthetic tidal parameters were interpolated using

the program “wparex”, which is also part of the Eterna package.
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Figure 2.12: Comparison of Wettzell tide predictions and the synthetic tide model

for central Berlin

2.5 Measurement of Tidal Gravity Variations

Figure 2.13 shows a plot of three gravity measurements in our laboratory in central Berlin

taken between May 31st and June 5th 2010.

The gravity values were obtained by adjusting the Raman laser phase from equation

2.10 to scan through an interferometer fringe within 65 consecutive measurements. The

interferometer phase ∆Φ was then determined by fitting the phase of the obtained fringe

to equation 2.11. Equation 2.10 was used to determine a corresponding gravity value.

The blue data points in figure 2.13 represent averages of 5 individually obtained gravity

values. Therefore, 5 ∗ 65 = 325 interferometer sequences created one measurement point.

An offset of several hundred µgal had to be added to the obtained gravity values to bring

them to agreement with the calculated tidal predictions. This is necessary because the

tidal corrections do not include an absolute gravity value and only represent a relative

correction. Apart from the offset the predicted tidal gravity variations are in good agree-

ment with our measured data. The tidal model used is based on synthetic parameters

calculated for Berlin and should be in very good agreement with the actual tides. This

shows that our interferometer actually reached the predicted sensitivity of 7× 10−8 g per

single measurement and approximately 1.65 g when averaging over 65 measurements.
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Figure 2.13: Long term gravity measurements taken over a period of six days

showing tidal gravity variations. The blue dots are the measured gravity value, the

calculated tidal corrections are shown in red. Note that the prior to implementing

active vibration isolation, the measurement error was twice as large as the displayed

y-axis range.

The offset of the data changed for the three measurement periods taken on different

days shown in figure 2.13 which indicates that changing systematic effects influence the

measured gravity value. The most likely cause of this deviation is misalignment. The

instrument had been realigned between these measurements and the tilt possibly deviates

by several hundred µrad in the current setup.

Several other systematic effects also exist in our setup and will have to be controlled

in the future to obtain reliable absolute gravity measurements. An extensive treatment of

these numerous effects can be found in [Pet98].

2.6 Conclusion and Outlook

The principle of atom interferometry has been described and an introduction of our exper-

imental setup has been given. Vibrations of the retro-reflecting Raman-mirror have been

identified as the main source of measurement noise. Their influence has been theoretically

described and estimated using measured vibration spectra. As shown in table 2.1, the
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estimated noise levels compare well to the observed measurement noise which shows that

the atom interferometer is currently still limited by residual vibration.

The implementation of an active vibration isolation system throughout this work has

significantly increased the resolution of the measured gravity data. It is now possible to

observe tidal gravity variations. A multi-day measurement of tidal gravity data has been

presented and shown to be in agreement with geological tidal models.

Further improvements of the active vibration isolator are on their way to increasing

the sensitivity of the atom interferometer. To obtain a reliable absolute gravity value,

the control of systematic effects will have to be improved. Improvement of the vertical

alignment of the interferometer is the first step. Many other systematic effects which are

described extensively in [Pet98] also have to be considered.



Chapter 3

Very Low Frequency Vibration

Isolation

As derived in chapter 2.3, appropriate vibration isolation of the retro-reflecting mirror

is crucial for achieving clean atom interferometer fringes at long pulse separations. In

addition our mobile setup requires that the vibration isolator used to achieve this goal

has a small enough footprint to be easily transportable. As a starting point for such a

system we chose a high performance passive vibration isolator which meets these mobility

requirements. Since the performance of this isolator was still not good enough, it was

modified and extended to an active system in the course of this work.

3.1 Passive Vibration Isolator

We used a passive vibration isolator 50BM-10 fabricated by MinusK Technology Inc. as the

starting point for our vibration isolation system. It has a net payload of 16 kg to 25 kg and

is easily transportable with dimensions of approx. 30×30×12cm and a weight of 16 kg. By

employing a patented mechanism using negative stiffness elements, it provides vibration

isolation in 3 spatial directions with a low vertical resonance frequency of 0.5 Hz and a

horizontal resonance frequency of 1.5 Hz. The platform works with mechanical springs

and does not require electrical power. To gain deeper insight into the performance and

limitations of the isolator, we modelled the system as single degree-of-freedom oscillator

with viscous damping.

A mass m can be decoupled from ground motions by suspending it on a spring with

stiffness k and damping β as seen inf figure 3.1. By analyzing the system we get a well

known linear 2nd order dynamic equation with constant coefficients:

z̈ + 2mω0ζ0(ż − żg) + ω2
0(z − zg) = 0 (3.1)

23
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Figure 3.1: Damped spring mass system. Vibrations travel through a rigid support

structure and the spring. The system is characterized by the natural resonance

frequency ω0 =
√

k
m and the damping ratio ζ0 = β

2mω0

z is the position of the mass, zg the ground position, ω0 =
√

k
m is the undamped natural

frequency and ζ0 = β
2mω0

is the damping ratio. ζ0 = 1 denotes a critically damped system,

ζ0 = 0 corresponds to zero damping.

Note that the floor does not act as a reference point to the coordinate system but

is actually an active moving element in the dynamic system. The coordinate system is

rather defined as a inertial frame fixed to the laboratory. This is an important difference

in comparison to, for example, the harmonic oscillator hinged to a fixed reference point

which changes the solution of the system.

3.1.1 Absolute Transmissibility

We transform equation 3.1 into the frequency domain. By writing the the Fourier trans-

form of mass and ground motion as z̃ and z̃g we end up with the result:

Gpassive =
z̃

z̃g
=

2(iω)ζ0ω0 + ω2
0

−ω2 + 2(iω)ζ0ω0 + ω2
0

(3.2)

This is the transfer function of the system. The absolute value of this function is often

denoted as absolute transmissibility in the context of vibration isolation. Figure 3.2 shows

the measured transmissibility of the MinusK passive vibration isolation platform. It shows

the following general features:

• Frequencies lower than the natural frequency will pass through the isolator un-

changed.

• At the natural resonance frequency, the transmissibility shows a resonance peak at

which the isolator will amplify the vibrations. The resonance peak will be very
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Figure 3.2: Measured performance of our spring-mass passive vibration isolator.

Due to the small damping ratio the transmissibility declines proportionally to ω−2

as described in the text. The minor peaks at 0.15 Hz and 1.7 Hz are spurious and

due to cross-coupling in the platform and the sensor.

sharp for systems with very little damping and becomes smaller and broader as the

damping increases.

• For higher frequencies the system, will attenuate vibrations with a factor of ω−2

directly behind the resonance peak and with ω−1 further away from the resonance.

The weaker the damping ratio, the further the ω−2 slope extends.

This simple model describes our vibration isolator reasonably well and resembles the mea-

sured and specified performance of the isolator. Figure 3.2 does not, however, correspond

exactly to a plot of equation 3.2. The reason is that it was deduced by taking the ratio of

the spectral densities on and off the platform. The input excitations are not normalized

and can vary during the day e.g. due to changing activity in the laboratory. Tilt modes

excited on the platform also couple into the spectrum, see section 3.1.3. For a reliable

transmissibility measurement, a controlled ground base excitation in a well-defined direc-
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tion has to be used. A similar measurement using voice coil actuators will be presented

in section 3.4.1 and yields the expected results.

Since the presented model does not consider internal structural modes and hysteretic

damping, minor deviation could be expected. They only play a role at higher frequencies,

however, whereas the main concern of this work is isolation of low-frequency vibrations.
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Figure 3.3: Vibration spectrum measured in the 8th floor of our building at Hum-

boldt University in central Berlin. The dotted lines are spectra taken in the basement

of the building. See table 3.1 for a list of known excitations visible in the spectrum

Source Direction Frequency

Micro-Seisms Vertical and Horizontal 0.1 Hz to 0.5 Hz

Building Eigenmodes Horizontal 1.7 Hz

Laboratory Floor Vertical approx. 20 Hz

Air Conditioning Vertical and and Horizontal 48 Hz

Table 3.1: Typical Vibration Sources in our Laboratory

When looking at the transmissibility, it is clear that passive vibration isolators can only

isolate against ground motions at frequencies above their internal resonance frequency. To

get an overview of the vibrations present in our laboratory, table 3.1 enlists some vibration

sources we have identified in our lab. A plot of the acceleration spectral density measured

on our lab floor at Humboldt University can be seen in figure 3.3. The most prominent
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part of the spectrum ranges from frequencies of about 10 mHz to the mid-acoustic range at

several hundreds of Hertz. Micro-seisms which are generated by ocean waves striking the

continental plates typically occur at around 0.07 Hz and constitute the lowest frequency

contribution [HPCI99]. Buildings typically have eigenmodes at frequencies ranging from

0.1 Hz to 2 Hz. In the eighth floor of the physics building the frequency is around 1.7 Hz

and has been identified by taking vibration spectra at different places. A measurement

from the basement, for example, has not been found to show any horizontal excitation

at 1.7 Hz. The lab floor in this building oscillates at a frequency of about 20 Hz. Plenty

of excitations also occur around 50 Hz. Our lab typically suffers vibrations at 48 Hz.

We suspect they are induced by the air conditioning units since their DC motors typically

oscillate at that frequency. Excitations from mechanical and electronic devices and human

movements add a very broad contribution to the spectrum and can rarely be connected

to a single frequency.

To isolate against all of these vibrations with a single passive vibration isolator, one

would require a system with an internal resonance frequency of 0.07 Hz. A mechanical

spring system with this resonance frequency would be prohibitively large, as it needs to

support its payload against gravity. The natural resonance frequency is given by f0 =
1

2π

√
g/L. Here L is the extension of the spring and g is the acceleration due to gravity. A

system with a 2 Hz resonance frequency would need a spring with about 6 cm. A system

with a resonance frequency of 0.07 Hz, however, needs a prohibitively large spring with

50 m extension. The performance of a vertical vibration isolator is therefore limited by its

dimension.

3.1.2 Tuning the Resonance Frequency with Negative Stiffness Elements

To improve the situation and provide a low natural frequency in a compact package,

negative stiffness elements are part of the MinusK vibration isolator. Negative stiffness

literally means that the stiffness kn is a negative number. This has been realized using

a horizontally loaded bar as illustrated in figure 3.4. The force exerted by this element

according to Hooke’s law F = −kz is therefore pointed in the direction of the extension

of the element. If combined with a positive stiffness element kp as shown in figure 3.4,

the resulting system has an effective stiffness keff = kp + kn. Both contributions kp

and kn can be tuned in the MinusK platform, which enables the isolator to reach a low

total stiffness and a resulting resonance frequency of 0.5 Hz. When trying to lower the

resonance frequency even further, the platform becomes unstable and drifts against its

dynamic range limiters.
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Figure 3.4: The principle of a negative stiffness vibration isolator. The payload

with mass m is sitting on a conventional spring kp. The negative stiffness is achieved

by the horizontal bars under the load P. From [Pla93]

Figure 3.5: Tilt Mode at a frequency of 25 Hz with and without the compensating

rubber tilt pad.

3.1.3 Isolator Tilt Motions

As shown in the blue line in figure 3.5, the platform shows an internal resonance at 25 Hz.

We suspect that this is caused by tilt modes existing in the complex internal structure of

the isolator platform. When left unaddressed, they severely compromise vibration isolation

performance at this frequency.

To filter out this tilt mode, a soft rubber pad is placed between the vertical vibration

isolator and the top plate in a central position. Due to its elasticity and small size in

comparison to the top plate, only low frequency tilts can travel through the pad which, is

therefore called ”‘tilt pad”’ by the manufacturer.

At the low frequencies relevant to our atom interferometer, however, the tiltpad ac-

tually enhances tilt motions due to its own resonance peak. These low frequency tilt
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motions effectively enter the gravity measurements of the atom interferometer as a sys-

tematic effect by misaligning the measurement axis. Therefore, we removed the tiltpad

from the platform at first. The vibration isolation performance around 25 Hz decreased so

far, however, that it was put back in to decrease vibration induced interferometer phase

noise.

3.1.4 Horizontal Vibration Isolator

Figure 3.6: Inverted pendulum horizontal vibration isolator. from [Pla91]

Although the atom interferometer is mainly susceptible to vertical vibrations, the

passive vibration isolator also features isolation against horizontal ground motions. The

horizontal stage uses four columns in an inverted pendulum configuration as shown in

figure 3.6. The horizontal resonance frequency can be tuned by adding or removing mass

from the platform top plate. More weight on the platform will tune the system to lower

the resonance frequency. Adding more and more weight eventually makes the isolator

unstable which results in drifting towards the dynamic range limiters.

In the original configuration, the isolator could be tuned to a minimal horizontal

resonance frequency of 1.5 Hz. As shown in figure 3.3, this coincides with a large excitation

peak at 1.7 Hz in the horizontal spectrum taken in the 8th floor of our building. The

coinciding resonance takes effect in a large horizontal excitation, which also coupled into

vertical motions. To alleviate this undesirable effect, we requested weaker custom ground

columns from the manufacturer, with a lower resonance frequency of 0.5 Hz. As shown

in figure 3.7, the new columns greatly improve the situation and reach an attenuation of

approximately a factor 6 at 1.7 Hz. The vertical spectrum no longer shows an excitation

at this frequency, which indicates much smaller cross-coupling.
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Figure 3.7: Performance of the passive vibration isolator in vertical(solid) and

horizontal(dashed) directions. The vertical isolator is tuned to a resonance frequency

of 0.75 Hz, the horizontal isolator to 0.45 Hz. The associated resonance peaks are

clearly visible. Note the building wobble mode in horizontal peak direction at 1.7 Hz.

3.2 Theoretical Foundations of Active Vibration Isolation

As pointed out in section 3.1, the performance of the commercial passive vibration isolator

is not sufficient to enable atom interferometry at long pulse separations. This limits the

interferometer’s sensitivity in measuring g. The active feedback system developed during

this work eliminates this limitation and will be presented here. The performance gain

is achieved by reducing the stiffness of the system and lowering the effective resonance

frequency from 0.5 Hz to 0.025 Hz by exerting an additional force to the payload mass.

The active system follows many ideas given in [HPCI99] and [Pet98] and adapts them to

make the system fit into a smaller package and to be more easily usable. The feedback

loop is implemented as shown in the block diagram 3.8. It measures the residual vibrations

on the isolation platform, and feeds them back into the vibration isolator using voice coil

actuators which exert a force between the platform base and its payload.
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Figure 3.8: Feedbackloop for active vibration isolation. Mechanical components

are shown in round boxes whereas electronic parts are squared

3.2.1 Open-Loop and Closed-Loop Transfer Function

To derive the effect of the feedback on the system, we reconsider the dynamic equation of

the passive isolator. By adding a feedback force Fa = −Hz̈ proportional to the residual

acceleration on the isolator to the left side of equation 3.1, we end up with a slightly

different transfer function:

Gactive(ω) =
z̃

z̃g
=

2(iω)ζ0ω0 + ω2
0

−ω2(1 +H(ω)) + 2(iω)ζ0ω0 + ω2
0

(3.3)

This is the transfer function of the active system, also labeled closed-loop transfer function.

It is shown in [HPCI99], that if the feedback gain H is a constant, the closed loop system

will show a decreased resonance frequency but also less damping. To compensate for the

loss of damping, a velocity term proportional to 1/ω can be added to H. The resulting

closed-loop system would show instabilities, however, due to the limited bandwidth of the

accelerometer and other effects.

To fully understand the system and to make the feedback loop stable, stability criteria

for H(ω) were derived by analyzing the frequency response of the open-loop transfer

function. The has been coined “frequency response feedback design method”. We find the

open-loop transfer function of the system by rearranging equation 3.3:

Gactive(ω) =

2(iω)ζ0ω0+ω2
0

−ω2+2(iω)ζ0ω0+ω2
0

1 + −ω2

−ω2+2(iω)ζ0ω0+ω2
0
H(ω)

(3.4)

Gactive(ω) =
Gpassive(ω)

1 +Gforce(ω)H(ω)
(3.5)
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Several parts of equation 3.5 can be identified with independent parts of the feedback

loop, and the same result could also have been derived using the block diagram shown in

figure 3.8. Gpassive is the well-known transfer function of the passive vibration isolator as

derived and measured in section 3.1. Gforce is the transfer function from the voice-coil

excitation to acceleration on the platform. Note that this is different from the platform

transfer function from ground vibrations to isolator vibrations. It is derived and verified by

a measurement in section 3.4.1. The feedback function H(ω) corresponds to the product

of the various elements in the feedback path shown in the block diagram:

H(ω) = mS(ω)F (ω)Kvc (3.6)

m is the moving mass of the vibration isolator, S(ω) and F (ω) are the frequency responses

of the accelerometer and feedback filter, and Kvc is the constant gain of the current source

and voice coils. We can now write down the open-loop transfer function Gol by looking at

equation 3.5. A complete list of elements contributing to Gol is shown in table 3.2.

Gol(ω) = GforceH(ω) (3.7)

Symbol Element

S(ω) accelerometer gain and frequency response

Gforce(ω) platform frequency response to voice coil excitation

Kvc frequency response/gain of the voice coil actuator and its current source

F (ω) adjustable frequency response of the feedback filter

Table 3.2: Functional elements of the open-loop transfer function of the system

shown in the block diagram 3.8

.

3.2.2 Frequency Response Design

As already pointed out, the frequency response design method provides criteria for the

open-loop transfer function Gol to provide a stable closed-loop system. An extensive

treatment of this subject is given in [FPEN01]. Here, we will discuss the use of the Bode

Plot to determine the gain- and phase margin by using an example. Bode plots generally

show the magnitude versus frequency on a double logarithmic scale, and the phase response

versus frequency on a simple logarithmic scale. Figure 3.9 shows the Bode Plot of an active

vibration isolation with simple proportional feedback. In this case, the feedback force is

proportional to the measured acceleration on the isolator, and the gain of the feedback filter

F (ω) is constant. The open-loop magnitude response therefore resembles the platform

excitation response Gforce(ω) for most frequencies. It increases from low towards medium

frequencies, shows a resonance peak at the platform resonance frequency, and then stays
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at a constant value. The measurement bandwidth of the accelerometer extends from

0.0027 Hz to 100 Hz, outside of this bandwidth the open-loop response decreases due to

filter elements internal to the sensor. The unity gain points, the points at which the
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Figure 3.9: Instable active vibration isolation system shown as an exemplary Bode

Plot. The feedback is flat and proportional to input acceleration. a) the blue line

shows the open-loop transfer function Gol(f) b)the red line shows the constant feed-

back gain F c)The brown line shows the corresponding closed-loop frequency re-

sponse Gactive(f). It indicates an under-damped system with a resonance frequency

of 0.05 Hz. This system would NOT be stable in closed-loop operation due to the

missing phase margin at the lower and upper unity gain point.

open-loop magnitude response crosses unity gain, are 0.1 Hz and 1000 Hz for the given

feedback gain factor. The phase response at the unity gain points minus 180◦ gives the

phase margin of the active system. The phase margin states how out of phase the fed back

signal is with respect to the disturbance that is to be compensated for frequencies ω with

Gol ≥ 1. A phase of 180◦, or a phase margin of zero, states that the feedback signal is in

phase with the disturbance which is then amplified. The phase margins in the Bode Plot

shown in figure 3.9 are both smaller than 45◦ which means that this closed-loop system

would be unstable.

3.2.3 Design of the Stable Feedback Filter

To increase the phase margin and ensure a stable closed-loop system, the feedback filter

response F (ω) was customized through a choice of several additional filter elements. The

goal of the design process is to make the proportional feedback as high as possible to

lower the effective resonance frequency of the closed loop system without making the
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system unstable. In addition, integral gain has to be provided to raise the damping ratio

of the closed-loop system. Finally, to ensure stability the feedback path has to suppress

frequencies outside of the sensor bandwidth and maintain a sufficient phase margin. These

goals were achieved by using a high-pass filter and three lag-compensators as functional

elements in the feedback filter.

To remove any residual offsets from the signal which survived the internal high-pass in

the accelerometer, a high-pass element was also added to the filter. Its transfer-function

is given by

HHP (ω) = KHP
i(ω/ωHP )

i(ω/ωHP ) + 1
(3.8)

with the corner frequency ωHP and GainKHP . Its frequency response is flat for frequencies

above ωHP and decreases as 1/ω for lower frequencies. A corner frequency of 1 mHz

was chosen to eliminate residual signal offsets without reducing the feedback gain at low

frequencies.

Figure 3.10: Transfer function of a Lag Compensator with parameters K = 1,

ω2 = 1Hz, ω1 = 10Hz. Between ω1 and ω2 the gain decreases proportional to 1/ω

which is equivalent to an integrator. The phase dip around ω1 has to be watched as

it can decrease the phase margin and create instability of the closed loop system if

ω1 is too large.

Lag-compensators act as integrators in a limited frequency range and have a flat fre-

quency response outside of this range. Their frequency response is shown in figure 3.10;

it is given by:

HCD(ω) = KCD
i(ω/ω1) + 1

i(ω/ω2) + 1
(ω1 > ω2) (3.9)

Their gain approaches a constant value of KCD for ω � ω2 and KCD
ω2
ω1

for ω � ω1.

Between ω2 and ω1 the slope is proportional to ω−1, so the lag compensator there acts as

an integrator.

To limit the system response at its resonance frequency and prevent it from running

out of dynamic range, additional damping has to be applied to the active system. The lag

compensator “lag1” has been added to the low-frequency part of the feedback loop for this
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purpose. The integrator between its breakpoints creates a velocity dependent feedback

force which provides additional viscous damping.

At higher frequencies beyond the resonance peak of the passive isolator, the open-loop

frequency response has to fall off quickly enough to go below unity gain before the ac-

celerometer runs out of bandwidth. This occurs at approximately 100 Hz. Two additional

lag-compensators ”‘Lag2”’ and Lag3”’ starting just beyond the resonance peak and extend-

ing to high frequencies have been added for this purpose. To reduce the associated phase

dip (see figure 3.10) and conserve the phase margin, ω1 of one lag compensator should end

before the unity gain point. Based on the ideas described above and suggestions made
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Figure 3.11: Predicted closed-loop and open-loop response with the customized

feedback filter. a)Red: Frequency response of the feedback filter alone b) Blue:

Open-loop frequency response including the platform response, the accelerometer,

voice coil actuators and the feedback filter. c)Brown: Resulting closed loop frequency

response. The filter element Lag 1 provides additional damping at low frequencies.

Lag 2 and 3 ensure stability by bringing the unity gain point to lower frequencies

and a phase margin large enough for a stable system.

in [HPCI99] we chose an initial set of parameters for the functional elements described

above. To test the resulting open- and closed-loop response, the frequency response of the

other elements in the feedback loop, listed in 3.2, was determined as described in section

3.3. The parameters were then optimized using the predicted closed-loop response. The

result of that optimization is plotted in figure 3.11, the used parameter set is shown in

table 3.3.
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Element Gain f1 in Hz f2 in Hz

Highpass 0.1 0.001

Lag1 32 0.064 0.002

Lag2 50 20 0.8

Lag3 3 110 0.8

Table 3.3: Parameter Sets used for the feedback filter as shown in figure 3.11.

3.3 Implementation of the Active Vibration Isolation Setup
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Figure 3.12: Active vibration isolator setup. Residual vibrations on the commercial

vibration isolator are measured by the accelerometer and given to a digital feedback

filter. The filters’ voltage output is transformed to a proportional current and then

output to two voice coil actuators which implement the feedback force.

Several modifications of the existing passive vibration isolation platform were per-

formed, and new components were added to implement the active vibration isolation

system. A schematic overview of the completed system is shown in figure 3.12. A detailed

description of the performed modifications and the installed components will be given in

this section.

3.3.1 Integrating the Voice Coil Actuators and LVDT Displacement

Transducer

Implementing the feedback transducers into the passive isolator was challenging due to the

compact design of the commercial platform. It was engineered to provide high-performance
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passive vibration isolation in a very small package and all functional elements of the verti-

cal and horizontal isolator are packed tightly inside. The correct operation of the passive

vertical isolator system is necessary, however, for closed-loop operation and to isolate

against high frequency vibrations beyond the feedback bandwidth. The same holds true

for the horizontal vibration isolator which effectively reduces cross-talk into the vertical

direction by attenuating horizontal ground motions. It was therefore necessary not to

disturb the passive parts of the isolator when integrating the actuators and the displace-

ment transducer. A position which meets these requirements was found in the center of

Figure 3.13: Inside the modified vibration isolator. The two voice coil actuators

and the LVDT transducer are placed next to the central coil spring, which supports

the payload mass against gravity. The flexure elements seen on the side are part of

the passive system to ensure mechanical stability and provide the negative stiffness

required for high isolation performance.

the vertical isolator stage, as seen in figure 3.13. Since the horizontal isolator sits on top

of the vertical isolator, the system at this point has only one degree of freedom. This is

important for the voice coil actuators as additional horizontal movements would induce

mechanical friction in the tiny air gap between coil and magnet. No additional friction is

created by the LVDT displacement transducer either, the horizontal and vertical passive

isolators therefore function normally after all modifications.
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Voice Coil Actuators

Voice coil actuators create a force by running a current through a solenoid, embedded in

a magnetic field which is created by a permanent magnet. Due to an air gap between

the moving coil and the magnet, the actuators do not create physical contact between the

platform base and top plate in our bearing-less version. The bearing of the actuators is

done by the passive vertical isolator system alone.

Due to size restrictions inside the vertical vibration isolator, small actuators manufac-

tured by PBA with a diameter of 16 mm and a mid-stroke length of 31 mm were chosen.

For symmetry reasons, and to avoid tilt excitation, the two actuators were arranged di-

agonally around the passive isolator’s central coil spring. The maximum force required

for active vibration isolation was also considered. The residual RMS acceleration in the

frequency band from 0 Hz to 100 Hz can be assumed to be lower than 10−3 g, compare

figure 3.3. To cancel out this residual acceleration of a mass of 20 kg, a net force of 0.2 N

is needed. The two voice coils chosen for our setup are capable of exerting a force of 6 N

when given a current of 1.5 A, which is a force more than one order larger than needed.

LVDT Displacement Transducer

In addition to the voice coil actuators, an LVDT displacement transducer Solartron OP6

was integrated into the small space inside vertical isolator stage. It measures the current

elongation of the vertical isolator within its dynamic range. It was originally intended to

use the displacement signal to keep the active isolator from running out of dynamic range

and reduce the effect of transient responses when switching on. Transients could become

a problem since the active system has much less stiffness than the passive system. A very

small force or acceleration can therefore lead to very large displacements of the isolator.

This can be a problem when closing the feedback loop with an initial acceleration. The

resulting transient response can make it very hard to switch on the system as reported

in [HPCI99]. Our initial approach to tackle this problem was to reduce the feedback gain

progressively when the isolator approaches the end of its dynamic range as indicated by

the LVDT displacement transducer.

The LVDT functions using three solenoids. One central sending coil is excited by a

5 kHz AC voltage, two receiving coils at top and bottom of the sensor pick up the flux

from the sending coil. A ferromagnetic core is connected to the moving mass and slides

up and down through the sensor case. More of the magnetic flux reaches the top or

bottom receiving coil, depending on the core position. A signal analyzer unit provides the

excitation AC signal and determines the current sensor displacement analyzing the signal

of the receiving coils.

Like the voice coil actuators, the sensor does not have any bearing and is only guided by

the vertical isolator stage. An approximately 1 mm air gap between the transducer casing
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and the moving core avoids friction and guarantees that the sensor does not decrease the

performance of the vibration isolator.

After implementing the feedback loop it turned out, however, that transients were not

a problem with our active system. This might be due to the negative stiffness mechanism,

which shows strongly non-linear behavior as shown in a measurement in figure 3.17. The

passive isolator on its own effectively makes the active system stiffer when it approaches

its dynamic range limiters. For this reason, we do not use the displacement signal except

for monitoring purposes. It could, however, still be useful for future improvement of the

feedback loop design.

3.3.2 Accelerometer

The residual vibrations on the isolator platform are measured by an accelerometer. Since

isolation of low frequency vibrations is particularly important for the atom interferometer,

the measurement bandwidth of the sensor has to prolong to low frequencies in the order of

10 mHz. In order not to be limited by sensor noise, its self noise level must be well below the

residual vibrations expected, considering the modeled closed-loop transfer function. Since

active stabilization will only be implemented in the vertical direction, careful alignment

and high rejection of cross talk from horizontal directions is required to keep them from

coupling into the system.

We decided to purchase a customized force-feedback seismometer to meet all of the

above mentioned requirements. This type of sensor is usually used to monitor weak seis-

mological motions as part of a seismological network. It works with test mass connected

to a spring with a single degree of freedom. The position of the test mass in the sensor

is measure with a capacitative position sensor. A feedback loop with high gain counter-

acts deviations of the test mass from the center position by applying a force through a

transducer coil. The test mass effectively does not move due to the high feedback gain.

The current through the feedback transducer is proportional to the force necessary for

compensating the acceleration and thereby proportional to the acceleration itself.

Our sensor is a Guralp CMG-3VL uni-axial force-feedback accelerometer. It features

very little sensor noise, specified to be below the seismological signal observed at the

quietest geological sites known. A specification of the sensor noise floor can be found in

the appendix. The produced output is proportional to acceleration with a flat bandwidth

extending from 0.0028 Hz to 100 Hz which covers all frequencies that are interesting for

our application. The cross-coupling rejection is specified to be better than −65 dB.

We ordered a customized compact version, specialized for use in a laboratory environ-

ment, with the feedback electronics housed in a separate control unit to keep the sensor

small. The sensor itself is housed in a cylindric mild steel casing.
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3.3.3 Voltage Controlled Voltage Source and Voice Coil Actuators

The solenoids of the voice coil actuators possess an inductance L, which creates an ad-

ditional frequency dependent term in the open-loop transfer function. The relationship

between the voltage uexc(t) connected to the two poles of a solenoid and the solenoid

current isol gives the result:

uexc(t) = L
disol(t)

d(t)
(3.10)

⇔ Isol(ω) =
1

ωL
Uexc(ω) (3.11)

The force exerted by the actuators will therefore decrease proportional to 1/ω. To avoid an

additional compensating element in the feedback filter, the voice coil actuators are driven

through a voltage controlled current source, denoted as V.C.C.S.. As its name suggests it

drives a current proportional to the input voltage though the solenoid, corresponding to a

flat response. It has a gain of 0.1 A/V in the current configuration which corresponds to

a current of 1 A for the maximum output voltage of the D/A card. The bandwidth of the

V.C.C.S. has been limited by an internal low-pass filter with a corner frequency of 1 kHz.

This is still at least one order of magnitude faster than the fastest element of the feedback

loop. The response can therefore be considered flat for the feedback design process.

A picture of the circuitry and a measurement of the V.C.C.S. transfer function is shown

in the appendix.

3.3.4 Feedback Filter Electronics

The feedback filter described and modeled in section 3.2.3 was implemented as a digital

filter to provide the required flexibility to tune the feedback parameters and to carry out

additional tasks, e.g. logging. A National Instruments compactRIO Real-Time Computer

System with an FPGA backplane was purchased for this purpose. All programs were

written in NI Labview 2009, including the digital filter itself and a program for control-

and logging purposes. The system is controlled remotely via Labview which allows easy

access from the main control computer of the atom interferometer.

The program consists of the digital filter running on the FPGA chip and a control

and monitoring program implemented on a 400 Mhz CPU which is also part of the cRIO

system. To fit the system seamlessly into the rest of the atom interferometer setup, the

cRIO system together with the V.C.C.S and the LVDT signal conditioner were mounted

in a 19” subrack shown in figure 3.14.

Implementation of the IIR Filters

To implement the transfer functions of the high-pass and the lag-compensator from equa-

tion 3.8 and 3.9, they were transferred to the discrete z-plane by means of the Tustin
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transformation. It is carried out using the substitution:

s =
2

T

z − 1

z + 1
(3.12)

T is the sample period, s = iω is the position on the imaginary axis of the continuous

s-plane and z is the position on the z-plane. See [FPEN01] for more information on

the discretization of continuous system, the Z-Plane and the Tustin transformation. The

resulting transformed version of the high-pass transfer function from equation 3.8 on page

34 is:

HHP (z) = kHP
1− z−1

(1 + T
2 fHP ) + z−1(T2 fHP − 1)

(3.13)

= kHPaHP
1− z−1

1 + bHP z−1
(3.14)

With aHP = 1
1+TfHP /2

and bHP = TfHP /2−1
TfHP /2+1 . The discrete lag compensator transfer

function is:

HLag(z) = k
f2

f1

Tf1+2
Tf2+2 + z−1 Tf1−2

Tf2+2

1 + z−1 Tf2−2
Tf2+2

(3.15)

=: g
a+ bz−1

1 + cz−1
(3.16)

These discrete transfer function can now be transformed to linear constant-coefficient

difference equations in the discrete time domain by using the inverse z-transformation

[FPEN01]. The results for the high-pass and the lag-compensator are:

uHP (n) = KHPaHP (e(n)− e(n− 1))− bHPu(n− 1) (3.17)

u(n)Lag = gae(n) + gbe(n− 1)− cu(n− 1) (3.18)

With the output u(n) and input e(n). The coefficients in equations 3.17 and 3.18 corre-

sponding to the frequency response parameters from table 3.3 on page 36 are displayed

in table 3.4. The resulting implementations have an infinite impulse response (IIR) due

to their dependance on former output values u(n − 1). These difference equations were

implemented in Labview, corresponding to filter structure ”‘the Direct-Form I”‘. Since

this filter-structure is prone to numerical instability due to rounding effects and because

the FPGA only supports fixed-point arithmetics, care had to be taken to perform the filter

operations with sufficient precision. This was achieved through close examination of the

necessary fixed-point variable size at each point in the program.

Data Sampling and Logging

The FPGA samples the accelerometer signal with a rate of 1000 samples per second and a

precision of 24 bits, and feeds this rate to the filter elements. The filter signal is then given
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Element Gain a b c

Highpass 0.1 0.999997 -0.999994

Lag1 1 1.00019 -0.999793 -0.999987

Lag2 2 1.06017 -0.934819 -0.994986

Lag3 0.02 1.3422 -0.652784 -0.994986

Table 3.4: IIR filter parameters used for the IIR filter as derived in equations 3.17

and 3.18 for the feedback filter configuration shown in table 3.3

out by an 16 bits analog output card at the same samplerate. For monitoring and logging

purposes the FPGA also sends a down-sampled version with 100 sps of the input and

output channels to the cRIO controller CPU, which transmits the signal over an Ethernet

connection to an SQL server. The data is stored on the server together with the rest of

the information taken during an atom interferometer sequence. To avoid aliasing effects in

the downsampled signal, it is first filtered by an FIR filter with a passband edge frequency

of 40 Hz, a stop-band edge of 60 Hz and a stop-band attenuation of −80 dB. The data is

then transferred into the controller’s main memory via Direct Memory Access in order to

be accessible by the CPU. The cRIO processor uses a datasocket connection to the main

interferometer control computer which then saves the vibration data into the database

together with the rest of the interferometer sequence measurements.

3.4 System Validation and Adjustment

After completing the modification of the commercial vibration isolator and implementing

the rest of the feedback loop, the performance of the individual components was verified

experimentally. This includes measurements of:

• the frequency response of the passive vibration isolator to a voice coil excitation

using a network analyzer to validated the harmonic oscillator model.

• the frequency response of the digital feedback filter

• nonlinearities and hysteresis effects of the passive isolator due to the negative stiffness

elements.

• the cross-coupling rejection of the accelerometer

3.4.1 Platform Excitation Response Measurement

In contrary to what might be expected at first glance, the frequency response Fforce(ω) of

the passive isolator to a force exerted by the actuators is different from its transmission
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Figure 3.14: A 19”’ Subrack houses all external components of the active vibration

isolation. The components are 1) the cRIO controller with analog input and output

channels, 2) the LVDT signal conditioning unit, 3) V.C.C.S. to feed the voice coils

4) one ±15V and one +24V power source for all components of the feedback loop.

See figure 3.12 for a schematic overview of the internal connections.

of ground base accelerations. It was deduced in section 3.2.1, equation 3.5. The transfer

function from voice coil force F̃vc to acceleration ã on the platform is given by:

Gforce(ω) =
−ω2

−ω2 + 2ω0ζ(ıω) + ω2
0

(3.19)

The predicted frequency response was measured in a sine sweep measurement. A HP3562A

spectrum analyzer outputs a varying frequency to the V.C.C.S. and takes accelerometer

signal as input. A plot of the predicted and measured frequency response is shown in

figure 3.15. They agree very well up to a frequency of about 50 Hz. At higher frequencies,

the rubber tilt pad in the passive isolator shows a second resonance peak at roughly

100 Hz. The purpose of the measurement was to verify the response of the negative-

stiffness isolator. Therefore, the tilt-pad was not included in the model and its resonance

is not predicted in the model. It was verified, however, that it vanished as expected when

taking the tilt-pad out of the isolator.

The good agreement at low frequencies shows that the simple model of an oscillator

with viscous damping is justified for the passive isolator.
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Figure 3.15: Frequency Response of the passive vibration isolator to a force exerted

by the voice coil actuators as described in Equation 3.19. The fitted values of the

damping ratio and resonance frequency were ζ = 0.03 and f0 = 0.88

3.4.2 Frequency Response of the Digital Feedback Filter

To verify that the intended frequency response is indeed realized by the feedback filter,

its response has also been measured using the sine-sweep measurement mode of a HP

spectrum analyzer. A Bode plot of the filter has been obtained whose magnitude part

is shown in figure 3.16. As expected, the measured magnitude response resembles the

desired frequency response very well.

3.4.3 Nonlinearities and Hysteresis Effects

Stability criteria for feedback control are only valid if the underlying dynamic system is

linear and time-invariant. The negative-stiffness element of the passive vibration isolator,

however, potentially contributes significant nonlinearities to the system. These nonlinear-

ities were studied to check the feasibility of a stable closed-loop system.

Due to the nonlinear behavior of the negative stiffness element, the stiffness of the

platform increases as it travels away from the central position towards its dynamic range

limiters. In passive operation, the platform only moves a couple of micrometers and the

effect is negligible. With the feedback loop closed, however, the stiffness of the system is

greatly reduced. The platform then travels away from its middle position by 1 mm or more

in normal operation, which is significant compared to the dynamic range of about 6 mm.

We measured the stiffness change by deflecting the platform from its middle position using

the voice coil actuators.
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Figure 3.16: Frequency response of the feedback filter. The blue dashed line shows

the measured response and agrees very well with the underlying model.

The result of the measurement is shown in figure 3.17. It shows the physical extension

of the platform from its middle position plotted versus the external force exerted by the

voice coils. When tuned to the lowest possible resonance frequency of 0.5 Hz, the platform

shows a progressive stiffness increase and significant hysteresis effects. The strength of the

nonlinearity decreases when the passive platform is tuned to higher resonance frequencies

than 0.5 Hz and is almost completely eliminated at 0.9 Hz. To find a compromise between

good passive vibration isolation performance and small nonlinear effects, we tuned the

passive isolator to a frequency of 0.7 Hz when using the active vibration isolation.

3.4.4 Position and Alignment of the Accelerometer

Correct alignment of the accelerometer axis is a critical issue for a one axis feedback loop

like in our system since it introduces cross coupling between the vibration axes. The

sensor’s internal cross coupling rejection is specified as −65 dB. The measurement axis

perpendicular to which the rejection takes place, however, does not necessarily coincide

to the physical axis of the sensor casing, as illustrated in figure 3.18. It is therefore not

sufficient to align the sensor body with enough precision. We tackled the problem by

determining the exact orientation of the sensor axis. Two possible methods were used to

perform this measurement.
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Figure 3.17: Force extension curve of the negative stiffness mechanism vertical

vibration isolator. If the isolator is tuned to a resonance frequency lower than f0 =

0.7Hz, it shows a strongly nonlinear behavior due to the negative stiffness element

and hysteresis effects. Tuning to higher resonance frequencies diminishes the effect

off the negative stiffness elements and yields a more predictable behavior.

Sensor Alignment Measurement by Vertical DC Acceleration

To determine and verify correct sensor alignment, we first made use of an auxiliary output

of the accelerometer called mass position. This output is proportional to acceleration at

very low frequencies and DC. To determine the correct measuring axis, the sensor was

tilted and the DC output was monitored. As the angle α between gravity axis and sensor

axis increases, the sensor output decreases with:

cosα ∼= 1− α2 (3.20)

The alignment can therefore be optimized by maximizing the mass position output. The

result of this measurement is shown in figure 3.19. It shows the DC output of the ac-

celerometer versus the tilt shown on the x-axis. The tilt was measured using an electronic

tilt sensor. Due to a possible offset of the tilt-sensor casing, the origin of the x-axis could

be shifted by as much as 5 mrad.

The offset parallel to the x-axis has a value of 6 mrad which could be explained by

measurement noise and a tilt sensor offset. The parabola on the y-axis has a tilt offset of

18 mrad, which is very large considering that the sensor is specified to provide excellent
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Figure 3.18: Cross coupling between vibration directions can occur due to mis-

alignment of the accelerometer. Note that the sensitive axis of the sensor does not

necessarily coincide with the outer axis of the instrument.

alignment properties and cross-coupling rejection. This can only be explained by either a

flaw of the mass position output or an internal defect inside the sensor.

Sensor Alignment Measurement by Direct Horizontal Excitation

To exclude the possibility that the mass position output did not indicate the sensor align-

ment correctly, we measured the sensor cross-coupling in a second measurement. It was

performed by directly creating horizontal acceleration in a controlled manner and moni-

toring the resulting cross-talk in the vertical sensor. If correct alignment was performed,

any signal arriving in the vertical measuring axis should vanish within the limits of the

sensor’s cross coupling rejection.

For this idea to work, it is crucial that the movement is friction-less and purely horizon-

tal. This was ensured by using a high precision air-floated turntable which has been used

for a modern modern Michelson-Morley experiment in our research group [HSM+09]. The

axis of rotation of the table is aligned with gravity to better than 100 µrad. This implies

a cross-talk between horizontal and vertical movement of 10−4, well below the specified
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Figure 3.19: DC acceleration signal versus sensor tilt in two dimensions. The

maximum value occurs at a x-axis tilt of 6 mrad and a y-tilt of −18 mrad . The

offset on the y-axis is very large and can only be explained by an internal sensor

misalignment or error. The flex-pivot mentioned in the plot titles is the internal

joint of the acceleration sensor and is mentioned to be able to assign the axis to the

sensor.

cross-talk of our sensor. A well-defined acceleration was created using springs connected

to the laboratory walls. After an initial excitation, the turn-table swung back and forth

with a period of T0 =3.4 s. The movement was monitored using a signal provided by

the table. Using this setup, the cross-coupling coefficient was determined in terms of the

transfer-function magnitude between table acceleration and sensor signal at the oscillation

frequency T0.

The result is shown in figure 3.20. As in the previous measurement the sensor showed

significant cross-coupling on the y-axis direction when standing upright. As the red line

indicates, the measurement axis is tilted by −18 mrad with respect to the sensor case.

This confirms that the sensor has either been assembled without appropriate precision or

that a defect exists inside the sensor. The manufacturer of the instrument was therefore

contacted and a sensor defect was confirmed. The sensor has been shipped back was not

available for final measurements at the end of this work. Several improvements such as
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Figure 3.20: Cross coupling efficiency of the CMG-3 accelerometer versus sensor

housing tilt.

the correction of an error in the feedback filter response can therefore not be presented

here.

Accelerometer Position and Tilt Coupling

The absolute position of the accelerometer on the vibration isolator also plays an important

role for the performance of the active vibration isolator because of tilt modes. If the

accelerometer has a horizontal offset from the tilt axis, it will register a spurious signal

and couple it into unwanted vertical motion. It is therefore crucial to position the internal

sensor of the accelerometer directly above the tilt axis. To determine the optimal position

of accelerometer on the vibration isolator platform, the exact position of the sensor inside

the accelerometer was measured. This was done by putting the sensor on a rocker board

and tilting it back and forth around a well-defined axis. The vertical sensor signal then

shows a linear relation to the distance between sensor and tilt axis and can be minimized.

Concluding from this measurement, the cross-coupling turns out to be lowest if the sensor

casing sits centrally above the center of the vibration isolator platform. The most balanced

and symmetric position is, therefore, also the best in terms of cross-coupling.
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Figure 3.21: Cross coupling of tilt motions into vertical acceleration depending on

the sensor position on the rocker board.

3.5 Results and Discussion

Figure 3.22 shows the spectrum of residual vertical vibrations on top of the active vibration

isolation platform and figure 3.23 shows the corresponding transmissibility of the active

platform. Two separate measurements are displayed, one taken using the error signal of

the sensor inside the feedback loop and the second measurement taken by an additional

independent sensor. Since both show significant differences and are subject to different

disturbances, they will be discussed separately in this chapter.

3.5.1 Feedback Sensor Error Signal

The feedback sensor spectrum in figure 3.22 indicates a slightly under-damped system with

a resonance frequency of about 0.03 Hz, which was confirmed by the transient response

of the system. Behind the resonance peak the spectrum falls off sharply until it reaches

the sensor noise floor at about 4× 10−9 g/
√

Hz. Between 0.8 Hz and 8 Hz the spectrum

rises again to approx. 1× 10−7 g/
√

Hz with the same slope as the floor spectrum. This

is probably due to the decreasing suppression efficiency also shown in figure 3.11. Due to

the anti-aliasing low-pass filter with 10 Hz corner frequency built into the data-logger as

described in section 3.3.4, the spectrum rapidly decreases for higher frequencies.

If the preliminary model presented in section 3.2.3 holds true, the transmissibility

measured by the feedback sensor should resemble the modeled closed-loop transfer function

shown in figure 3.11. Due to an error in the implementation of the feedback filter response,

the actual closed-loop response of the system changed. The black dotted line in figure
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Figure 3.22: Residual vibrations measured on the active vibration isolator platform.

The black and grey lines show the vibrations present on the passive isolator and the

floor for comparison. The red and blue lines show residual vibrations on the active

platform and show that the system significantly decreases residual vibration between

0.03 Hz and 20 Hz.

3.23 shows the expected closed-loop response when taking the implementation error into

account.

The measured system shows the expected resonance frequency of about 0.02 Hz which

is in agreement with the model. It also shows a small resonance peak which indicates a

slightly under-damped system, which was confirmed by the system’s transient response.

The slope behind the resonance peak is also in agreement with the model, except of a

frequency range between 0.1 Hz and 1 Hz where the measured transfer function is about

one order of magnitude larger. This is probably due to the relatively broad resonance

of the horizontal vibration isolator at 0.5 Hz. Due to the cross-coupling of the faulty

feedback sensor, it is coupled into the vertical spectrum and therefore appears in the

transfer function. Between 1 Hz and 10 Hz, the measured transfer function agrees with the

model again.
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Figure 3.23: Transmissibility of the active vibration isolator measured with the

feedback sensor error signal (red) and with and additional independent sensor (blue).

The black line shows the measured transmissibility of the passive vibration isolation

platform.

Since the input and output data of the shown transfer function were taken at a different

time and the measured vibration spectra are not constant due to changing activities in the

immediate surroundings, the shown measurement is subject to deviations. Additionally,

the input spectra had to be taken with a different sensor subject to considerable directional

cross-coupling. This makes it difficult to identify single features of the transfer function

measurement. The general shape of the closed-loop transfer function should, however, be

in agreement with this measurement. This shows that the active vibration isolator works

as expected despite showing internal cross-coupling.

3.5.2 Measurements by the Additional Sensor

Sensor cross-coupling due to misalignment and tilt motions are not visible in the feedback

sensor error signal shown in figure 3.22, and are only partly identifiable in figure 3.23.

Therefore we measured the residual vibrations on the active isolator platform with a

second independent sensor. The results are shown by the blue line in figures 3.22 and

3.23.
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The resulting spectrum looks very different from the internal sensor spectrum which

indicates that cross-coupling is indeed present in the system. The spectrum stays on a

roughly constant value of 1× 10−7 g/
√

Hz between 0.03 Hz and 0.5 Hz. This is more than

one order of magnitude higher than the feedback sensor spectrum. Between 0.5 Hz and

1.5 Hz it shortly dips to 3× 10−8 g/
√

Hz and then shows a peak again at 2 Hz. Between

2 Hz and 8 Hz the spectrum approaches the spectrum taken on the passive vibration iso-

lator and is practically identical to it above 10 Hz.

The measurement shows that the feedback control bandwidth ends around 10 Hz which

is in agreement with our theoretical model. The peaks in the spectrum at 2 Hz and 0.4 Hz

correspond to typical horizontal excitations caused by the building and the horizontal

vibration isolation. We therefore assume that crosstalk from the horizontal directions takes

place either inside the independent second sensor or in the feedback loop. If the latter is

the case this obviously decreases the performance of the active vibration isolator. Since we

found significant crosstalk in the Guralp CMG-3 feedback sensor as described in chapter

3.4.4, we assume that at least some of the crosstalk happens inside the feedback loop. It

should be noted, however, that the second sensor used for the independent measurement

is very prone to cross-coupling between the horizontal and vertical directions as well. The

shown measurement is therefore not entirely reliable. A third sensor with low internal

cross-coupling would be required for this purpose. Although we do not have access to a

third accelerometer featuring low internal cross-coupling, the increase in sensitivity of the

atom interferometer is a strong indicator that the performance of the system is significantly

better than represented by the blue line in figure 3.22.

3.5.3 Conclusion and Outlook

Figures 3.22 and 3.11 indicate that an active vibration isolation system was successfully

implemented. This is supported by the greatly improved atom interferometer fringes

at long pulse separations T . Consequently the sensitivity of the interferometer gravity

measurements was improved by two orders of magnitude from 7× 10−6 g to 7× 10−8 g for

a single measurement. This increase agrees with the expected theoretical improvements

calculated using the atom interferometer sensitivity function and vibration spectra taken

by an additional sensor.

The presented measurements, however, also show that cross-coupling from horizontal

to vertical vibrations is present in the system. We found the accelerometer in the feedback

loop to be the source for this cross-coupling. The sensor is currently being repaired by the

manufacturer. Due to the long duration, however, no measurements can be presented in

this work with the improved instrument.

In the future, the crosstalk between the vibration axes will be decreased. After elim-

inating the implementation error in the feedback design filter, is should be possible to



54 Very Low Frequency Vibration Isolation

extend the feedback bandwidth on both the high and low frequency sides to values of

10 mHz and 60 Hz. If stability problems caused by the tilt-pad in the vibration isola-

tor and by an internal mechanical resonance of the feedback sensor can be solved, this

bandwidth could be increased even beyond that.

The system will then provide similar isolation to other high-performance low-frequency

vibration isolators like the one discussed in [HPCI99]. This system currently provides

higher performance due to the slightly lower resonance frequency of about 0.01 Hz and

assumable reduced cross-coupling. Major advantages of the system presented here are that

the same potential performance is provided in a small transportable package. Additionally,

transient responses are much less of a problem in our system which greatly increases the

usability of the system.



Chapter 4

Detection System Development

As pointed out in chapter 2, the phase shift ∆φ of the interferometer is determined by the

number of the atoms in the upper fine structure after the interferometer sequence. This

is stated by the formula 2.11:

P|2> =
1

2
(1 + cos ∆φ)

The detection system, which measures P|2>, is an important subsystem of the interfer-

ometer as measurement noise directly introduces noise in the interferometer signal. This

potentially lowers the sensitivity in measuring g. Since the atomic states are projected

from a superposition state onto a single state during detection, the accuracy of the de-

tection is limited by the quantum mechanical uncertainty of this projection. The goal in

designing a good detection system is to keep other technical noise sources small enough

so that the measurement is limited by the quantum mechanical projection noise.

This chapter will give an overview over two different detection schemes, fluorescence

and absorption detection. The benefits and shortcomings of these two principles will be

described briefly. Various noise sources which have to be considered to design a high

sensitivity detection system will be discussed. A new absorption detection system which

overcomes several traditional limitations will then be introduced. An optical setup im-

plementing this approach on our atom interferometer has been designed during this work

and will then be presented.

4.1 Overview of common Detection Schemes

The basic idea of all common detection schemes is to illuminate the atom sample to be

detected with a laser beam driving an atomic transition. The atoms absorb light from

the laser beam and emit light caused by spontaneous emission. Fluorescence detection is

based on measuring the intensity of the emitted light, absorption detection on measuring

how much intensity is missing in the detection beam due to absorption.

55
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Figure 4.1: Principle of fluorescence detection. By courtesy of S. Grede

Our current atom interferometer setup uses a fluorescence detection scheme which is

illustrated in figure 4.1. As described in section 2.2 on page 10, the detection happens

after the interferometer sequence when the atoms are on their way back down to the MOT

chamber.

At the time of detection the atoms are moving downwards perpendicularly to the plane

of projection in the drawing. A detection laser beam is then switched on and illuminates

the atoms from the window on the left, driving the 87Rb D2 transition from F = 1 to

F = 2. A detector is situated perpendicular to the laser beam and is carefully screened

off so that practically no light reaches the detector directly. It then measures only the

isotropically emitted fluorescent light of the atoms. The number of emitted photons is

directly proportional to the number of atoms.

Several limitations to this scheme exist. Due to geometrical limitations of the vac-

uum chamber in most atomic fountain experiments, only light from a small solid angle

around the atoms can be focused on the detector. This ratio is typically in the range of

0.25 % to 1 %. The measured signal level is therefore a priori attenuated by about 40 dB

which causes problems due to low signal levels.

One atom emits about 2.5 fW of light when driven with saturation intensity on the

described transition. With about 106 atoms being detected, a very small optical power

in the order of Picowatts results. Detecting this is practically unachievable with usual

photo diodes. Instead avalanche photo diodes or photo multiplier tubes, PMTs, have to

be used. These devices create secondary electrons from photo electrons to amplify the
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signal. Due to their high amplification, they are subject to a variety of nonlinear effects

such as temperature dependent amplification factors, hysteresis effects etc. These limit

the signal-to-noise ratio of the measurements.

vacuum chamber

Focussing Lens

Photodiode
Detection Beam

atoms

Figure 4.2: Principle of absorption detection. By courtesy of S. Grede

Absorption detection is an alternative detection principle. Instead of measuring fluo-

rescent light, one measures the number of atoms in F = 2 by monitoring how much light

is taken out of the detection beam by absorption. The scheme is illustrated in figure 4.2.

In this simple form, however, it is not a very sensitive detection method. The absorption

signal is very small compared to other intensity modulations due to technical noise in the

detection beam, also called excess laser noise. In this simple form absorption detection

can not deliver the high performance required to enable quantum limited detection mea-

surements. Several improvements of this principle exist which and make it possible to

perform very accurate measurements. They will be thoroughly discussed in section 4.3.

The next chapter will give a more complete discussion of the relevant noise sources

which have to be considered during detection measurements.

4.2 Detection Noise Sources

Noise inherent to the detection system limits the minimum optical power and therefore

the minimum number of atoms which can be detected. It is therefore important to develop

an understanding of the most important noise sources.

While some noise sources have technical causes like imperfect electronic or optical

components, others have more fundamental sources. The most common noise sources to

be discussed in this chapter are listed below:

• quantum projection noise

• photon shot noise of the laser
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• excess noise in the laser caused by i.e. temperature fluctuations, input current

instabilities or mechanical vibration of the laser cavity

• electronic noise introduced by the detector

• scattered light, e.g. from atoms in thermal background of the vacuum chamber or

light reflected off the vacuum chamber walls.

4.2.1 Quantum Projection Noise

After the last interferometer pulse, the atomic wave functions are in a superposition of

the lower and upper state used for interferometry:

|Ψ >= a|1 > +b|2 > (4.1)

Here |1 > denotes the ground and |2 > the excited state. We also have |a|2 + |b|2 = 1 due

to the normalization of the wave function.

The fundamental laws of quantum mechanics state that the probability of finding an

atom in state | F = 1〉 is given by |a|2, the probability of finding it in | F = 2〉 by |b|2.

The outcome of the measurement is therefore uncertain due to the random projection onto

one of the states. This results in a fluctuation of the atom numbers measured for each

state and thereby induces measurement noise, usually called quantum projection noise or

atomic shot noise. This was first experimentally confirmed by W.M.Itano [IBB+93]. He

also shows that for N atoms in a thermal cloud with the same state, the variance due to

the projection noise is given by:

σ2
atom = N |a|2|b|2 (4.2)

The standard deviation of the measurement is hence proportional to ∝
√
N .

The projection noise is a fundamental limit to the sensitivity of the atom interferom-

eter. The goal of the detection system is therefore to be limited by quantum projection

noise. Note that it would be possible to push the sensitivity beyond this point by using

entangled atoms or squeezed states. Up to this point this has not been an issue, however,

as other noise sources limit the sensitivity of the interferometer.

4.2.2 Laser Noise

An ideal laser in single-mode operation creates a coherent light field corresponding to a

plane wave:

~E(~r, t) = ~E0 sin(~k · ~r − ωt+ φ) (4.3)

with an intensity I ∝ | ~E0|2, which shall be constant during the detection. When counting

the photons in the light field with a detector, the probability of of measuring n photons
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within a certain period is given by a Poisson distribution:

P (n) =
n̄n

n!
e−π (4.4)

with n̄ being the average number of photons. The variance of the probability distribution

4.4 is given by

σ2
n = n̄ (4.5)

The standard deviation of the number of photons counted on a detector within a certain

period is therefore proportional to
√
n. Since the variance is constant and does not depend

on the frequency, the resulting noise spectrum will be flat in the frequency domain. This

is also called white noise. The above described noise due to the Poisson statistics is

often referred to as photon shot noise in the literature. The flat part in the spectrum,

shown in figure 4.3, is a good example of its appearance in a measurement. Figure 4.3
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Frequenz und Amplitudenrauschen des Detektionslasers

Ein idealer Laser müsste nach Gleichung 4.1.3 ein weißes Rauschen aufweisen.
Die Rauschamplitude sollte also über den Frequenzbereich konstant sein. Dies
ist in der Realität aber nicht der Fall. Jeder Laser weist bei kleinen Frequenzen
ein erhöhtes klassisches Amplitudenrauschen auf. Dieses wird vor allem durch
Fluktuationen des Laserstromes und mechanische Vibrationen der optischen
Resonatoren erzeugt. Dieses Rauschen wird im folgendem auch als technisches
Rauschen bezeichnet. Abbildung 4.5 zeigt das typische Frequenzspektrum eines
realen Lasers. Es weist, wie beschrieben, ein erhöhtes Rauschen bei niedrigen

Abbildung 4.5: Rauschspektrum eines realen Lasers bei einer Detektorband-
breite von f3 dB

Frequenzen auf. Bei höheren Frequenzen wird das Schrotrauschen erreicht.
Weiterhin ist der Einfluss der Bandbreite schematisch dargestellt. Ab einer
Frequenz von f3dB fängt die Übertragungsfunktion des Detektors an, abzu-
fallen. Das Rauschen sinkt damit unter das Schrotrauschlevel. Das Amplitu-
denrauschen des Lasers ist gerade bei einer Absorbtionsmessung sehr störend,
da die Amplitudenschwankungen nicht vom Messsignal unterschieden werden
können. Eine Möglichkeit dies zu umgehen ist, das Laserlicht in der Frequenz
zu modulieren. Damit kann die eigentliche Messung in einen Frequenzbereich
verschoben werden, in dem der Laser das Schrotrauschlevel erreicht. Mit einem
Filter kann dann das niederfrequente Rauschen aus der Messung herausgefiltert
werden. Wie im letzten Teil dieses Kapitels gezeigt wird, kann in der Optik bei
der Frequenzmodulation des Laserslichtes eine Amplitudenmodulation auftre-
ten. Diese wird auch als Etaloneffekt bezeichnet. Sie wird hervorgerufen durch
Reflexionen an den verwendeten optischen Elementen. Durch diese Reflexe
bildet die Optik Resonatoren aus, durch die der Laserstrahl in der Amplitude
moduliert wird. Diese Modulationen können so groß sein, dass sie das Errei-
chen eines guten SNR bei kleinen Signalleistungen unmöglich machen. In [21]
wurde dadurch die Absorbtionsdetektion auf ein SNR von 100:1 limitiert.

noise
laser excess noise

shot noise limit

Figure 4.3: Typical noise spectrum of a real world laser.

shows the noise spectrum of a real laser with significantly increased noise levels at low

frequencies. This additional low frequency noise is often denoted as laser excess noise σexc

and can be caused by many sources such as mechanical vibrations of the laser cavities

or power supply instabilities. Towards higher frequencies the noise level decreases and

reaches the shot noise limit at a frequencies of typically several kilohertz. At the edge of

the measurement bandwidth the signal then decreases below the shot noise limit due to

the decreasing detector response.

When performing absorption detection, the laser excess and shot noise needs to be

kept below the quantum projection noise caused by the atoms to keep it from limiting the

performance of the detection system:

σatoms > σn + σexc
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4.3 Double-Beam Absorption Spectroscopy

Traditional absorption spectroscopy systems are usually limited by laser excess noise in the

detection beam which effectively introduces an intensity modulation of the beam. This can

not be distinguished from the atomic absorption signal. A simple absorption detector is

therefore typically incapable of performing a projection noise limited measurement without

additional measures to alleviate the excess noise.

Several approaches exist to improve this situation. The first is to lower the laser excess

noise below the photon shot noise limit by implementing a feedback loop to control the

laser source current. Due to the nonlinear system response of the laser to a changing

input current, however, this is difficult to implement. Additionally, the high cancellation

required for reaching the photon shot noise can usually only be realized for a very narrow

bandwidth.

An alternative approach is to modulate the frequency of the laser signal in order to

perform the detection measurement at higher frequencies where laser excess noise becomes

negligible. A drawback of this approach is that frequency modulations are translated to

amplitude modulation by some optical elements. This effect is also called etalon effect and

is caused by optical cavities between elements with parallel optical surfaces. These etalon

effects can be large compared to the measured signal, and make it unfeasible to reach the

photon shot-noise limit.
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Figure 4.4: Principle of double-beam absorption detection.

A third approach reducing laser excess noise is to perform a differential measurement

by using two detection beams to subtract the excess noise from the measured signal. The

principle of the measurement is shown in figure 4.4. The detection beam coming from the

laser is split by a 50/50 beam splitter into a signal and a reference beam. The signal beam

traverses the detection zone and gets partially absorbed by the atom sample before being

detected. The reference beam follows a similar path but is not subject to absorption before

being detected. By subtracting the photo current of the two photo-diodes, the expected

resulting current is close to zero. The large signal background is therefore removed from

the measurement which is beneficial for detecting weak absorption signals. Additionally,
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the excess noise of the laser can be removed from the signal since it effectively acts as

an intensity modulation and is the same in both beams. Note, however, that this is not

the case for the photon shot noise. The beam-sampler distributes the photons randomly

between both beam paths, making the photon shot noise is uncorrelated and impossible

to cancel out.

One problem with this method is that the intensity between both beams has to be

balanced very carefully to achieve an effective cancellation. As calculated in [Gre09], the

detection laser used in our setup needs a cancellation performance of −50 dB to reach the

photon shot noise limit. To achieve this performance by subtracting the photo current of

both beams, the intensity has to match within a 0.03 % margin, which is impractical. The

cancellation performance using this simple method is therefore limited to approximately

20 dB in real world measurements [HH91].

An improved detector introduced in [HH91] and [Hob97] alleviates the beam-balancing

problems and achieves a cancellation performance of up to 65 dB. It works by internally

adjusting the balance between the two photo currents with an internal feedback loop

before subtraction. All deviations between the two beams are therefore canceled out

within the bandwidth of this feedback loop which extends up to frequencies where excess

noise becomes negligible.

Such a noise-canceling detector was built and characterized in another recently carried

out work [Gre09]. Measurements in a test setup confirm that the detector is indeed

limited by quantum projection noise within a certain range of measurement parameters.

The detection system designed in this work is based on this detector. It will therefore be

discussed in great detail in the following section.

4.4 Predicted Performance of the Noise-canceling Absorp-

tion Detector

The performance of an absorption measurement with the detector described in [Gre09]

depends on numerous system parameters, including the detection beam intensity, the

number of atoms to be detected and the detection time.

In order to estimate the expected atom projection and detection noise, we introduce

the signal-to-noise ratio (SNR):

SNR =
Psignal
Pnoise

(4.6)

with the noise power Pnoise and the signal power Psignal. We will now deduce the signal-

to-noise ratio resulting quantum projection noise and the SNR introduced by the detection

system in the absorption measurement.

We define the power absorbed from the detection beam by the atoms as Pa. The power

absorbed by each atom is then given by Pa/N . As deduced in section 4.2.1, the deviation in
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determining the atom number from the quantum projection error is given by σquant =
√
N .

The resulting noise power is then given by Pa
N

√
N . The resulting signal-to-noise ratio will

be denoted as SNRquant and is given by:

SNRquant =
Pa

Pa/
√
N

=
√
N (4.7)

Since the noise-canceling detector effectively eliminates the laser excess noise, the

signal-to-noise ratio of the detector alone is limited by photon shot noise. Note, how-

ever, that two laser beams are detected and contribute to the measured signal, which

effectively doubles the shot noise in amplitude. The signal-to-noise ratio of the absorption

measurement heavily depends on the detection beam intensity, the atom number and the

measurement time over which the signal is integrated. In only a limited range of these

parameters can quantum noise limited absorption detection be realized.

A brief assessment of these parameters will be carried out. We will assume, that laser

shot noise is the only noise left in the detected signal and that additional excess noise has

been canceled out by the detector.

The size of the detected signal depends on the optical power absorbed by the atoms

which in turn depends on the intensity of the detection beam. As the intensity increases,

the atoms will absorb more photons until a saturation takes place. The maximum absorp-

tion rate is given in the limit of infinitely large intensity where the the atoms are excited

exactly half of the time. With increasing intensity, however, the photon shot noise also

increases. We therefore expect a maximum at a signal-to-noise ratio of the detector at a

certain intensity. As shown in [Gre09], this maximum is given by the saturation intensity

of the atomic transition:

Isat =
}ω3γ

12πc2
(4.8)

with the spontaneous emission rate γ and the transition frequency ω.

Other parameters influencing the signal-to-noise ratio are the atom number and the

measurement time over which the signal is integrated. A detailed simulation of signal-to-

noise ratio of the detector has been performed in [Gre09]. The result is shown in figure 4.5

which shows the SNRquant and the SNR of the detector for a set of measurement times tm

plotted versus the atom number. The projection noise limit is reached in a measurement

when SNRquant is lower than the SNR of the detector and crosses the respective line in

the plot. For 106 atoms the minimum detection time is given by tm = 100µs whereas 105

atoms already need an integration time of tm = 2ms to reach this threshold. The red line

in the plot corresponds to a measurement time of 2 ms and represents an improved version

of the detector. This version reduces the increased shot noise introduced by the second

laser beam [Gre09] and reaches the projection noise limit faster.
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R

Figure 4.5: Signal to noise ratio of the balanced absorption detector versus the

atom number to be detected. The colors represent different detection times, the

intensity is assumed to be the saturation intensity. From [Gre09].

Since the atom number is determined by the atom interferometer, the detection system

has to be designed in order to allow a for along enough detection time to reach the

quanutom projection noise limit.

4.5 Implementation of the Balanced Absorption Detector

System

During the design process of the new absorption detection system for the atom interfer-

ometer, several limitations of the detector and the geometrical limitations of the vacuum

chamber had to be taken into account. As short assessment of the resulting design deci-

sions will be carried out here.

When performing a measurement with the balanced absorption detector presented

in [Gre09], the absorption signal has to be detected at a frequency outside of the detector

bandwidth in order to keep the feedback loop from canceling out the desired signal. In

order to achieve this, the laser frequency is modulated during measurements and results

in an amplitude modulation of the absorption signal from the laser being tuned in and

out of the atomic line-width. Experiences from the test setup shown in [Gre09] made

clear, however, that this frequency modulation induces an amplitude modulation caused
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by etalon effects also described in 4.3. This significantly decreased the noise cancellation

performance of the detector.
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Figure 4.6: Beam collimation and separation using a Wollaston prism to avoid

etalon effects

In order to avoid etalon effects in the detection system for the atom interferometer,

parallel optical surfaces and normal incidents therefore had to be avoided in the optical

design process. Since the windows of the vacuum chamber are such a parallel optical

surface, we chose a tilted beam geometry to avoid normal incidence. The light traverses

the vacuum chamber on an angle of 5◦ as shown in figure 4.7 and 4.10. This leaves

a diamond shaped overlap region shown in figure 4.9(c) in which the detection can be

performed.

The angle of the detection beams furthermore results in a vertical component of the

k-vector which does not cancel out. The atoms then receive a net momentum pointing

upwards during detection. A schematic overview of the resulting geometry is shown in

figure 4.7.

Another measure to reduce etalon effects is to avoid optical elements with parallel

optical surfaces. Instead of a beam splitter cube, a Wollaston prism is used in the detection

system to separate the signal and reference beams. Although Wollaston prisms have two

parallel surfaces were the beam enters and leaves the prism, the outgoing beams have an

angle of 5◦ to 10◦ degrees with respect to the surface normal. This is sufficient to suppress

the etalon effects. All other optical components behind the Wollaton prism have been

carefully placed to avoid parallel surfaces and normal incidence wherever possible. Figure

4.6 gives an overview of the beam collimation and separation optics.

4.6 Detection Sequence

We currently have F = 2 to F ′ = 3 light available for detection in our setup, compare

figure 2.7. In order to determine the ratio of atoms in F = 2, the population in F = 2

and the total atom number is being measured. The population ratio is then given by:

P|2> =
N2

Ntotal
(4.9)
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Figure 4.7: Modified double beam absorption detection setup to avoid etalon effects

between the vacuum chamber windows. Note that in the real setup, the reference

beams are placed on an orthogonal plane to save space, see figure 4.10

We first measure the number of atoms in F = 1. Afterwards the total atom number is

determined by pumping the atoms in F = 1 to F = 2 by using MOT-repumper light and

then doing another measurement.

As described in section 4.3, a net upward force acts on the atoms during detection by

the new system. The size of net acceleration is about 6 km/s2 and is derived in appendix

A. The atoms enter the detection zone with an initial velocity of approximately 2 m/s.

The acceleration due to the light force stops the atoms after approximately 300 µs. If the

detection beam is switched on for any longer they start moving upwards again and pass

their initial position after 600 µs. The detection time is therefore limited by the recoil

force of the atoms

Since the signal-to noise ratio of the detected measurement increases with increasing

measurement time, a compromise of a good signal-to-noise ratio and an acceptable recoil

of the atoms has to be found. In a preliminary sequence designed for the new detection

system we chose a detection time of 0.3 ms.

4.7 Description of the Optical and Mechanical Design

The optical and mechanical design was modeled using a computer aided design program.

The program also supports basic geometric optics which was helpful to determine the
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Figure 4.8: Space-time diagram of a preliminary detection sequence: The blue line

represents the position of the first part of the atoms which arrives in F = 2 with an

initial velocity of about 2 m/s. The atom number in this part is measured in the first

0.3 ms detection period which also gives the atoms a kick upwards and brings them

to a halt. The second part of atoms in F = 1, displayed in red, is then transferred

to F = 2 using the re-pumper. Once all atoms are inside the detection zone and in

F = 2, a second 0.3 ms detection pulse measures the total number of atoms. This

second detection gives the ”‘fast”’ atoms another kick upwards with approx. 2 m/s.

The slow atoms are simply stopped during the second detection sequence.

exact position and angle of the mirrors shaping the beam path. A rendered picture of the

system is shown in figure 4.10.

4.7.1 General Remarks

The atom cloud contains between 4× 104 and 10× 106 atoms at the time of detection

and has a 1/e size of about 30 mm in the xy-plane and a height of only 3 mm. Due

to geometrical constraints set by the vacuum chamber and the restricted incident angles

of the beams, the dimensions of the beam were chosen to be 13 mm times 6 mm. This

only allows us to fit about 46 % of the atoms into the detection beam. Despite losing

half of the atoms, this actually creates a potential advantage for our gravimeter as the

interferometer phase in the outer parts of the atom cloud are intrinsically more affected

by rotations and Coriolis forces. By not detecting these atoms, we lower the effect of these

systematic effects on our measurement. We chose circular polarization for the detection

beams, despite the difficulties this induced regarding the preservation of the state during

the course of multiple reflections. This drives the atoms into the magnetic sub-levels

|F = 2;mF = 2 > and |F ′ = 3;m′F = 3 >. By doing so we prevent them from decaying
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into the |F = 1 > state where they would be lost for the detection. The F = 1 ground state

only has magnetic sub-levels with |mF | ≤ 1 which are not reachable via dipole transitions

for atoms in the |F ′ = 3;m′F = 3 > excited state.

To alleviate polarization changes due to reflection, we use protected gold mirror

throughout the system. All mirrors are mounted on stable miniature flexure mounts

to ensure that the beam paths can be properly adjusted and remain stable.

4.7.2 Beam Paths

(a) Beam preparation and Detection (b) The Retroreflector

(c) Detectionzone

Figure 4.9: Detailed images of the detector optics, the retro-reflector and the detec-

tion zone. The black arrows depict the model beam directions. Red: signal beams;

Blue: reference beam

The light enters the detection system behind a polarization-preserving single mode

fiber. At first it passes a polarizer to ensure proper linear polarization and a rotatable

λ/2 wave plate. This ensures a proper and adjustable linear polarization which serves
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to adjust the intensity ratio between signal and reference beam later in the polarizing

Wollaston prism. The diverging beam is then collimated using a single chromatic lens

with a relative aperture of f/4.8. To ensure a similar intensity throughout the beam

profile, only the middle of the beam with more than 20 % of the maximum intensity is

collimated. The beam is then stopped down to its intended size of 6 mm times 13 mm. This

is done using three consecutive apertures to minimize diffraction. Behind the apertures,

a Wollaston prism separates the beam into two beams according to its polarization. The

intensity ratio between signal and reference beam can therefore be adjusted by the λ/2

wave-plate behind the fiber output. The two beams then pass a λ/4 wave-plate to get

circularly polarized light.

The signal beam is then reflected into the vacuum chamber using a gold mirror. Its

k-vector is entirely contained in the vertical xz-plane, the beam path can be seen in

4.10. After passing the detection zone the beam is focused on a photo-diode of the noise-

canceling detector.

The reference beam is reflected onto a different path and passes the vacuum chamber

on the horizontal plane, perpendicular to the signal beam. This plane is offset from the

detection zone by about 1 cm in order to keep the reference beam from from absorbing

any atoms during detection. After retro-reflection and a second pass through the vacuum

chamber it is focused on the second photo-diode of the detector.

The system has been set up on a test bench using a tube with the same optical length

as the vacuum chamber. A picture is shown in figure 4.11

4.8 Conclusion and Outlook on the Detection System

This system provides a method for performing double-beam absorption detection of atoms

in an atom interferometer setup by combining an optical setup that alleviates etalon effects

and beam clipping with the sophisticated detector presented in [Gre09]. It therefore

potentially provides a method for performing the atomic state detection in our atom

interferometer setup limited by quantum projection noise. When using the optimum

intensity for the signal beam, however, the net atomic recoil pointing upward limits the

detection time to about 0.3 ms and somewhat reduces the detector efficiency. According to

simulations carried out in [Gre09], this still allows us to perform projection noise limited

detection for more than 6× 105 atoms which is in the typical range for our setup. Internal

improvements of the noise-canceling detector could further alleviate this problem by giving

another 3 dB advantage in the detection noise which would lower the threshold atom

number to approximately 3× 105 [Gre09]. As an additional measure, the incident angle of

the detection beams could be lowered from 5◦ to e.g. 2◦. Despite possibly increasing the

impact of etalon effects onto the measurement, this would reduce the net atomic recoil and
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allow for a detection time of 0.8 ms. 9× 104 atoms could then potentially be measured

projection noise limited.
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Figure 4.10: Sectional view of the completed double-beam absorption detector. The

components shown are: a) the atom cloud on the way down in the vacuum chamber

b) the Wollaston prism for separation into signal and reference beams c) the detector

including 2 photo diodes and the electronics for common mode noise cancellation d)

MOT chamber e) interferometer region f) beam collimator g) 3 aperture stops
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Figure 4.11: The absorption detection system designed during this work in a test

setup.



72 Detection System Development



Appendix A

Light Force

Due to the momentum recoil associated with photon absorption or emission, atoms acquire

a net velocity when excited by light coming from a single direction. We will here derive

how large the effective force on each atom is depending on the atomic transition and the

light intensity. We will assume a plane wave with frequency ω and wave vector ~k.

According to [Mes08] chapter 11.6, the resulting force on the atoms derived by the

optical Bloch equations is given by:

~F light = }~k
γ

2

s0

1 + s0 + (2δ/γ)2
(A.1)

Here s0 is the intensity of the light field normalized to saturation intensity I0: s0 = I/I0.

The detuning between the resonance frequency of the Bloch-oscillator ω0 and the light

frequency ω is given by δ = ω−ω0. The spontaneous emission rate of the atomic transition

is given by γ. For small intensities the force increases linearly with s0 and then saturates

towards the saturation intensity s0 = 1.

It was shown that the noise characteristics of the detection measurement is optimal if

the atoms are illuminated with saturation intensity [Gre09]. Due to the detection scheme

geometry with reflected beams, the beams pass the detection region twice and the detection

intensity is twice as large as the beam intensity. We hence chose s0 and γ = 0 for the

detection beams. Due to the tilt α of the detection beams, the horizontal component of

the light force cancels out between the incident and reflected detection beam. Only the

vertical component given by sinα exert a net force on the atoms.

Combining these parameters with equation A.1 yields the effective vertical acceleration

of the atoms during detection by the constructed double-beam absorption detector:

az =
F lightz

Matom
= 2

sinα

Matom
}k
γ

2

s0

s0 + 1 + (2δ/γ)2
(A.2)

= .. = 6791m/s2 (A.3)
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Appendix B

Voltage Controlled Current Source
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Figure B.1: Transfer function of the Voltage Controlled Current Source measured

using a HP 3562A spectrum analyzer in sine-sweep mode

The voltage controlled current source driving the voice coil actuators was built in our

electronics lab according to the circuitry shown in figure B.2. The central IC is a Burr-

Brown OPA541 high power operational amplifier. It drives a current through the load

on the output side which is proportional to the input voltage Vin. The load potential

floats so neither of the load contacts can be connected to ground. The bandwidth reaches

75



76 Voltage Controlled Current Source

from zero-frequency to 5 kHz where it is limited by an additional first order low-pass filter

to remove high-frequency noise. This is more than sufficient for our purpose since the

feedback loop bandwidth of the vibration isolator ends below 100 Hz. Figure B.1 shows

a measurement of the current source transfer function.It is in excellent agreement with

a 5 khz high-pass filter which shows that the operational amplifier does not limit the

bandwidth but provides a flat response over the whole frequency range we are interested

in.
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Figure B.2: Circuitry of the coltage controlled current source



Appendix C

Self Noise of the CMG3

Accelerometer

The self noise of the accelerometer potentially limits the performance of the active vi-

bration isolation platform and is therefore of high interest. The following plot shows the

specification of the Guralp CMG-3VL seismometer as specified by the manufacturer. The

plot shows a double logarithmic plot of the power spectral density of the sensor self noise,

the magnitude of various seismic events and various geological noise models.
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Physics Lab
HVP 8th floor

Figure C.1: Self noise of the Guralp CMG-3VL force feedback accelerometer. The

green lines specify the noise and clip levels for our CMG3 accelerometer used for

active vibration isolation. The yellow line specify vibration noise typically exhibited

on seismological quiet and noisy sites, as specified in [Pet93]. The thick dashed red

line shows the measured noise levels on the floor of our physics lab in central Berlin

The plot was taken from Guralp Limited Inc.
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