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Abstract

In the past century, the development of gravimeters with low uncertainty and long-term stabil-

ity has led to new fields of research in geodesy and geoscience. Decreasing the instrumental

measurement uncertainty further will enable observations of previously inaccessible phe-

nomena, for instance, mass transport in hydrology and volcanology. During the last decades,

quantum sensors based on the interference of cold atoms have been developed. Using a cold

atomic gas as test mass, the accuracy of these sensors is not limited by mechanical properties

but by effects caused by the thermal expansion of the atomic ensemble. The application of

ultra-cold atomic ensembles with lower expansion rates in atom interferometer gravimeters is

projected to reduce the leading order uncertainties by more than an order of magnitude. At

the same time, atom chip technology makes it possible to prepare ultra-cold atomic ensembles

at a high repetition rate and to miniaturise the sensor size. These advancements promise the

realisation of an absolute gravimeter with unprecedented accuracy.

This thesis describes the design considerations and the assembly of the transportable Quan-

tum Gravimeter (QG-1) based on light-pulse atom interferometry of Bose-Einstein condensates

(BEC) prepared on an atom chip. It is estimated, that the two leading order uncertainties of

systematic biases governing the instrumental measurement uncertainty of current generation

cold atom gravimeters are reduced to less than 1 nm/s2 in the QG-1 apparatus. The established

design of an atom-chip-based BEC source pioneered in the QUANTUS collaboration is modified

to meet the requirements of QG-1. A free optical aperture of 18 mm for the interferometry laser

beam is realised by changing the orientation of the atom-chip-based BEC source. Therefore,

a new layout of the mesoscopic wire structure of the atom chip is required. The design de-

scribed in this thesis enables atom interferometry with a free falling test mass with a baseline

of 330 mm. The retro-reflection mirror is placed inside the vacuum chamber to eliminate

optical elements in the atom interferometer beam path. It is mounted on a custom designed

tip/tilt-stage with compact size and a large dynamic range of up to a hundredfold of the Earth’s

rotation rate for characterisation. Furthermore, a compact, robust and transportable fibre

based laser system with modular electronics and a computer control system are set up.

The key result of this thesis is the reliable operation of the ultra-cold atomic source on the

atom chip. After optimisation of the trap loading procedure for a high atom number and low

excitation of oscillations, it was shown that the necessary design change of the atom chip

allows for efficient operation. The compressed magnetic trap has a geometrically averaged

trap frequency of 2π ·256Hz and the trapped ensemble has a lifetime of 3.2 s. The evaporative

cooling procedure starts with 3.3 ·107 atoms at a temperature of 166µK. Within 1.3 s, or 2.3 s

for the complete sequence, 3000 atoms are prepared at a temperature of 160 nK close to the

critical temperature for Bose-Einstein condensation.

Key words: atom chip, atom interferometry, gravimetry
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CHAPTER 1
Measuring gravity

Every child notices that loose objects fall towards the surface of the Earth. Galileo Galilei

claimed that this effect is caused by a constant acceleration independent of the mass of the

object. He measured this acceleration by letting spheres roll down a ramp and marking their

position after equal time intervals. The distance travelled during a certain number of time

intervals followed a simple rule, it was proportional to the square of the number of time

intervals. Galilei empirically proved that spheres with different weights are subject to the same

acceleration regardless of their mass [Dra73; Mac12]. Today, this law of nature is written as

follows: For a body at rest at time t = 0 and under constant acceleration a, the position x after

the elapsed time t is given as

x(t ) = 1

2
a · t 2 . (1.1)

From observations of the movement of the planets in the solar system, Sir Isaac Newton

derived the law of universal gravitation. The gravitational attraction between two masses m1

and m2 with distance r is expressed as the force

F =G
m1m2

r 2 (1.2)

with the gravitational constant G . The gravitational acceleration agrav of mass m1 by the mass

of the Earth m2 = mEarth is given by

agrav = F

m1
=G

mEarth

r 2 . (1.3)

It is inversely proportional to the square of the distance r 2. Therefore, the value of local gravity

is lower for larger distances to the centre of the Earth, e.g. on a mountain. Furthermore,

gravity measurements are influenced by masses that are close to the test mass m1. Thus,

environmental processes can be studied by observing gravity changes. The definition of gravity

not only includes the gravitational acceleration but also inertial forces from the rotation of the

Earth. It reads as follows:

1



2 Chapter 1 Measuring gravity

Gravity is the magnitude of the gravity acceleration experienced by a body at the Earth

surface resulting from the gravitational attraction of the Earth, the Sun, the Moon, and the

planets and from the centrifugal effect associated with the Earth rotation. [Cam17]

A device to measure local gravity is called gravimeter.

1.1 Gravimeters in geodesy and geoscience

Since Galilei, measurement techniques improved over time and gravimeters became an im-

portant tool for various observations in geodesy and geoscience. To study local phenomena,

tidal effects and polar motion are modelled and subtracted from the recorded gravity signal. A

comprehensive overview can be found in [Cam17] including several examples: By measuring

gravity one can study ice mass changes, ground deformation and ground water resources.

The ability of gravimeters to record underground mass transport is for instance useful for

volcanology and earth quake research.

Gravimetry is a unique tool for the verification of models of the dynamic Earth. One example

is the fennoscandian land uplift area, which has been the subject of several studies. The land

uplift is caused by the relaxiation of the Earth’s crust since the last ice age, when fennoscandia

was covered by glaciers. After the ice melted and its weight has been released, the land is rising

as studied by various means, e.g. observation of the sea level at the coast. Via measurements

by the global navigation satellite system (GNSS) the rate of land uplift has been determined

to be around 10 mm per year depending on the location. This would lead to a decrease of

gravity of 3.1 nm/s2 per mm. Dynamic Earth models predict a reflow of magma under the

uplift region, which leads to an increase of gravity of 1.4 nm/s2 per mm. Therefore, the gravity

change predicted by these models is a decrease of 1.7 nm/s2 per mm. This trend has been

observed and verified by measuring gravity with a classical FG-5 gravimeter at several locations

over the course of five years [Tim11].

1.2 State-of-the-art classical gravimeters

Gravimeters developed for applications in geosciences fall into one of two categories: absolute

and relative gravimeters. Absolute gravimeters track the motion of a free-falling test mass and

derive a value for the vertical acceleration, whereas relative gravimeters record the vertical

force exerted by gravity. The following classical gravimeters represent the state-of-the-art.

In an absolute gravimeter of the type Micro-g LaCoste FG5-X, based on the JILAg gravimeter

developed by Jim Faller et al. at JILA, the free-fall of a glass prism is tracked with a laser

interferometer. At the end of the measurement the prism is decelerated by a cage which

moves synchronously with the prism during free-fall and moves the prism to the starting

position afterwards. The release of the prism is adjusted to avoid rotations as any tilting would

introduce systematic errors in the measurement.
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The setup of free-fall absolute gravimeters has been optimised over decades to reach a

reproducibility1 of 20 nm/s2. But the accuracy is ultimately limited by the mechanical nature

of the measurement principle. The mechanical mechanism also limits the measurement time.

Since the device has to be serviced and re-calibrated every few thousand drops it cannot be

operated continuously.

For a continuous recording of changes in gravity, relative gravimeters are employed in geode-

tic observatories worldwide. The test mass is either suspended by a spring or a diamagnetic

superconductor is levitated by a magnetic field. As gravity changes, the position of the test

mass inside the gravimeter housing will change. But it is held in place by either an electrostatic

or a magnetic force controlled via a feedback loop. The exerted force follows and compensates

the changing gravitational force. Therefore, the electronic output signal of the feedback con-

troller is recorded as the gravimeter signal. Because the devices drift on longer timescales they

need to be periodically calibrated with an absolute gravimeter and are thus called ‘relative’.

For the characterisation and correction of the instrumental drift of a relative gravimeter,

an absolute gravimeter needs to periodically measure side-by-side. Superconducting relative

gravimeters show a typical instrumental drift of 10 nm/s2 per year. The uncertainty of the

correction is governed by the uncertainty of the absolute gravimeter. Therefore the sensitivity

to signals on timescales longer than one year is only as good as the best absolute gravimeter.

1.3 State-of-the-art atom gravimeters

Light-pulse atom interferometers [Kas91] represent a novel type of absolute gravimeter. Similar

to classical absolute gravimeters the position of a free-falling atomic ensemble is tracked in

terms of the wavelength of a laser light field. So far, atoms prepared by laser cooling in a

magneto-optical trap (MOT) [Raa87] were mainly exploited. The atomic ensemble is released

by switching off the magnetic and optical fields of the trap. A cloud of up to one billion

rubidium atoms has a weight of less than one picogram which thus has a negligible mechanical

influence on the device. This setup does not require any moving parts and therefore eliminates

the main systematic effects of mechanical absolute gravimeters. It also allows long-term

operation without mechanical wear. While in a classical absolute gravimeter the test mass acts

as a mirror for a light wave, in an atom gravimeter the light field acts as a grating deflecting

the wave function of the atomic ensemble.

Atom gravimeters are starting to become commercially available, e.g. the Muquans Absolute

Quantum Gravimeter (AQG) [Mén18]. They combine the advantages of classical absolute

and relative gravimeters in one instrument and promise to offer a simplification in operation

for geodesists. While an FG5-X gravimeter needs to be set up by a trained operator during

several hours, the manufacturer of the AQG states that it does not need manual alignment or

1 The data sheet states this value as ‘accuracy’ defined as ‘observed agreement between FG5-X instruments’.
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assembly and features an automatic alignment procedure that takes one hour [muQ19]. Atom

gravimeters can operate continuously with low maintenance needs and they are currently

deployed on relevant remote measurement sites [Ant18].

The uncertainty demonstrated by cold atom gravimeters of 40 nm/s2 [Fan16; Fre16; Lou11]

is comparable to that of state-of-the-art classical absolute gravimeters. It is, however, limited

due to systematic effects caused by the horizontal velocity and the thermal expansion of

the cold atomic gas used as test mass during the measurement with a typical temperature

of 2µK [Lou11; Sch15]. As a result, the current generation of atom gravimeters presents no

improvement in accuracy compared to classical devices.

To improve accuracy, the obvious solution is to reduce the temperature of the cold atomic

gas further. With temperatures of the atomic ensemble down to 50 nK, KARCHER et al. [Kar18]

obtained a reduced uncertainty of 13 nm/s2 in the evaluation of the wave front bias.

1.4 Next generation quantum gravimeter

Using the technique of evaporative cooling, trapped atomic ensembles have been cooled

towards the quantum mechanical ground state of motion [And95; Bra95; Dav95]. In a Bose-

Einstein condensate (BEC) the atomic ensemble does not have a thermal distribution of kinetic

energy, as all particles occupy the ground state. The expansion rate after release from the

trap is caused by the mean-field energy of the trapped ensemble which is defined by the

trap geometry. The expansion rate can be reduced further by applying the so called "delta-

kick" collimation method [Amm97; Myr00]. After release the trap potential is switched on

for a period of time as short as 100µs. This transient potential acts like a three-dimensional

lens for the expansion of the atomic ensemble and reduces the expansion rate further. The

effect on the ballistic expansion is analogous to a lens collimating an expanding optical beam.

Hence, this method is also referred to as magnetic lens. Expansion rates equivalent to effective

temperatures as low as 1 nK have been demonstrated [Kru14].

The preparation of a BEC in a transportable device operating on geodetic measurement sites

has been made possible by advances in atom chip technology. In the QUANTUS and MAIUS

collaboration, miniaturised BEC machines have been developed for atom optical experiments

in microgravity environments such as the Bremen drop tower at the Centre of Applied Space

Technology and Microgravity (ZARM) [Mün13], sounding rockets [Bec18] or the international

space station [Fry19]. These atom-chip-based BEC sources with cycle times as low as 1 s

[Rud15] are an ideal platform for the development of a next generation quantum gravimeter.
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1.5 This thesis

The subject of this thesis is the development, assembly and characterisation of the next

generation quantum gravimeter QG-1.

Part I describes the setup of this gravimeter which is designed to reduce the systematic

uncertainty compared to state-of-the-art atom gravimeters. In chapter 2 the measurement

principle of the gravimeter is summarised and it is estimated to which extend an ultra-cold

atomic ensemble from an atom-chip-based source reduces the wave front bias and the Coriolis

bias, the two major contributions to the systematic uncertainty. The design and assembly

of the gravimeter sensor head employing an atom-chip is described in chapter 3. Chapter 4

introduces the laser system designed for this transportable device, while chapter 5 features the

electronic modules needed to power the laser system and to run a measurement cycle in the

sensor head.

Part II details the preparation of ultra-cold atomic ensembles in a magnetic trap on the atom

chip. In chapter 6 methods for the trapping of atoms on an atom chip are introduced. The

loading of the atom-chip-based trap is characterised in chapter 7 while chapter 8 examines

the trap properties. The implementation and results of the evaporative cooling are described

in chapter 9. Finally, a conclusion and an outlook are given in chapter 10.





A transportable gravimeter with unprecedented accuracy

Part I
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CHAPTER 2
Considerations for the gravimeter design

The design of QG-1 aims to reduce the instrumental uncertainty compared to current-generation

cold atom gravimeters. The thermal expansion and the transversal centre-of-mass motion of

the atomic ensemble will be reduced by preparing an ultra-cold atomic ensemble in a mag-

netic trap on an atom chip. In this chapter it will be estimated, to which extend this improved

concept reduces the Coriolis bias (section 2.3) and the wave front bias (section 2.4), the two

major contributions to the instrumental uncertainty of state-of-the-art atom gravimeters.

2.1 Measurement principle

A constant acceleration of a test mass can be measured by recording its position at three points

in time equally spaced by the duration T . This is the foundation of the atom interferometric

measurement and was also used by classical absolute gravimeters in the 1960s [Coo65, pp. 102–

106]. While state-of-the-art classical gravimeters record the interferometer signal continuously

it is worthwhile to discuss the outdated measurement method because the implementation

details, as for instance the influence of a gravity gradient and the effective measurement height,

have been extensively studied on classical gravimeters and also apply to gravimeters based on

atom interferometry [Rot12]. In a classical absolute gravimeter, gravity is measured by tracking

the position of a glass prism in free fall with a laser interferometer. For a constant acceleration

a the position is given as

z(t ) = z0 + v0 · t + 1

2
a · t 2 . (2.1)

The acceleration of the test mass can be derived from position measurements at the points in

time 0, T and 2T as

a ·T 2 = z(0)−2z(T )+ z(2T ) . (2.2)

In this formula the initial position z(0) = z0 and the initial velocity v0 drop out. The position z

is measured in terms of the laser wavelength λ. A movement in z direction ∆z results in an

9



10 Chapter 2 Considerations for the gravimeter design

optical path length difference 2 ·∆z. The phase of the laser interferometer changes as

∆ϕ= 2 ·∆z ·k (2.3)

with the wave vector k = 2π/λ. The light intensity at one interferometer output is recorded

with a photodiode resulting in a sinusoidal signal. The number of periodic fringes is counted

and one complete fringe of the interferometer output intensity is a phase 2π. The acceleration

can now be calculated from the accumulated phase

a ·2k ·T 2 =ϕ(0)−2ϕ(T )+ϕ(2T ) (2.4)

In gravimeters based on atom interferometry, position measurements of the free falling

test mass are performed in terms of the wavelength of a laser light field, too. Two light fields

with wave vectors k1 and k2 are retro-reflected on a reference mirror and form a light grating.

The atomic wave function is diffracted on the grating by either a Bragg [Deb11] or Raman

[Kas92] process. The atom interferometer is realised by three light pulses equally spaced by the

duration T splitting, deflecting and recombining the atomic wave function. Each light pulse

imprints a position dependent phase. The interferometer has two output states and each state

consists of a combined wave function of the two paths. The occupation probability of the

interferometer output states is modulated by the accumulated phase ∆Φ in the interferometer

which is given as [Kas92, eqn. 14]

∆Φ=ϕ(0)−2ϕ(T )+ϕ(2T ) (2.5)

By observing the number of atoms in both output states, the occupation probability and hence

the accumulated phase ∆Φ is derived. Analogous to the light interferometer follows from

equation (2.2) that the atom interferometer phase is sensitive to a constant acceleration a

a ·keff ·T 2 =∆Φ=ϕ(0)−2ϕ(T )+ϕ(2T ) (2.6)

with the effective wave vector keff = k1 +k2. Hence, the acceleration due to gravity is derived

from three position measurements, using the wavelength of the laser light as length reference.

2.2 Measurement bias and measurement uncertainty

The terms used in this chapter follow the definitions given in the Guide to the expression of

uncertainty in measurement (GUM) [JCG08]. A gravimeter measures a quantity value for the

acceleration due to local gravity g . A measurement error ∆gsys will cause the gravimeter to

measure the value gmeas = g +∆gsys. The estimate of a systematic measurement error is called

measurement bias with the standard uncertainty of the bias u(∆gsys). When the value of the

bias is known, a correction −∆gsys can be applied to the measured value to derive a corrected
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value g = gmeas −∆gsys. The instrumental measurement uncertainty of g is then given by the

uncertainty of the bias u(g ) = u(∆gsys). The target instrumental measurement uncertainty for

the design of QG-1 is u(g ) ≤ 1nm/s2.

2.3 Sagnac effect and Coriolis bias

While the centripetal force caused by the rotation of the Earth is included in the definition

of gravity (see chapter 1), it excludes any inertial forces arising from a movement of the

gravimeter. In the early 1900s Baron Roland von Eötvös noticed that gravity measurements on

boats moving eastward were lower and those on boats moving westward were higher. This is

caused by the vertical component of the Coriolis force and known as the Eötvös effect

∆gCor = 2Ω · vwest cosφlat , (2.7)

with the rotation rate of the Earth Ω, the longitudinal velocity in west direction vwest and the

latitude φlat.

An equivalent description of the same influence on the atom interferometer is the Sagnac

effect. If an interferometer encloses an area in space, rotations around the normal vector of

the area induce a phase. The resulting bias on the gravity measurement for the Earth’s angular

velocity vector ~Ω is derived in [Pet01, p. 54] as

∆gCor = 2~Ω · (~v0 ×~̂keff) , (2.8)

with the horizontal velocity of the atoms ~v0 and the unit vector ~̂keff pointing in the direction

of the transferred momentum~keff of the atom interferometer pulses. For a ~v0 with the length

vwest pointing westward in the Earth system and an angle φlat between ~Ω and (~v0×~̂keff), which

is the latitude, the equation is equivalent to equation (2.7).

The horizontal velocity of an atomic ensemble released from an atom chip can typically be

controlled with a statistical standard deviation u(v0) of less than 10µm/s. This uncertainty of

the horizontal velocity leads to an uncertainty for the Coriolis bias of u(∆gsys,Coriolis) ≤ 1nm/s2

at a latitude of 52°N (Hannover, Berlin[Hau13], London) and u(∆gsys,Coriolis) ≤ 1.5nm/s2 at the

equator.

To reduce the Coriolis bias, the Earth’s rotation can be counteracted. The reference mirror

for the interferometry pulses is mounted on a tip/tilt stage rotating the mirror at the same

projected rate as the Earth’s rotation. An active compensation of the Earth’s rotation rate Ω by

a factor of 100, which leads to a proportional reduction of the bias and its uncertainty caused

by a horizontal velocity, has been demonstrated in [Hau13]. Employing a similar technique in

QG-1 (see section 3.1) will lead to an uncertainty of the Coriolis bias smaller than 0.02 nm/s2.

Another option for a passive compensation is enabled by the detection system of QG-1 by

deriving the starting velocity of the atomic ensemble in every single measurement from the
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absorption detection picture after 260 ms of free fall. With an estimated position resolution of

u(xdet) = 0.1µm arising from the fit uncertainty of the evaluation method, a velocity resolution

of u(vdet) = 0.4µm/s could be achieved. Additionally, the tip/tilt mirror mount can be used to

induce faster rotation rates of e.g. 100 times the Earth’s rotation rate to calibrate the imaging

system by finding the position on the detection image where v0 = 0. This initial calibration

only needs to be performed once. Accordingly, the resulting Coriolis bias can be calculated

with an estimated uncertainty of 0.06 nm/s2 at the equator and smaller than this everywhere

on Earth.

2.4 Wave front bias

The interferometry laser beam is retro-reflected on the reference mirror. The effective wave

front, which is relevant for the atom interferometer phase, is a combination of the incoming

wave front and the retro-reflected wave front [Kas92]. In this approach, wave front aberrations

from the collimation optics (see figure 3.6) and the reflective coating on the atom chip are

assumed to cancel out, because they are common to both beams [Lou11]. However, any

nonplanarity of the reference mirror introduces an aberration on the effective wave front. A

simple case is a parabolic curvature of the reference mirror. The following description follows

the case study detailed in [Lou11, pp. 8–9]. When the surface height changes by ∆h over an

area with radius d the mirror introduces a parabolic curvature to the reflected wave front with

the radius of curvature

R = (d −∆h)(d +∆h)

2∆h
, (2.9)

Reference mirror

Incoming wave front

Effective wave front

Reflected wave front

(a) Wave front aberrations.

d

h

R

(b) Modelled curvature of the reference
mirror.

Figure 2.1: (a) Common mode wave front aberrations cancel out in the effective wave front, which
is defined by the reference mirror surface. (b) Simple model for the radius of curvature R of the
reference mirror.



2.4 Wave front bias 13

which depends quadratically on the distance on the surface d (see figure 2.1(b)). the curvature

can than be expressed as a phase shift of

∆Φ(r ) = K · r 2 = keff

2R
· r 2 , (2.10)

with the radial position r in the interferometry beam. The atomic density of the thermal

ensemble has a Gaussian distribution with the standard deviation σ and is presumed to be cen-

tred at the optical axis in this simple model. Considering a thermal expansion σ(t ) =σv · t with

the expansion rate σv =√
kBTat/mRb, the atomic mass of Rubidium mRb and the Boltzmann

constant kB, equation (2.6) describes the bias phase introduced to the atom interferometer

output [Lou11, eqn. 6]

∆ΦAb = 2K · (σv )2 ·T 2 = keff

R
· kBTat

mRb
·T 2 , (2.11)

with the evolution time T of the interferometer. According to equation (2.6), the bias on the

gravity measurement is given as

∆gAb = (σv )2

R
= kBTat

R ·mRb
. (2.12)

It should be noted, that the wave front aberration bias ∆gAb is independent of the evolution

time T . To keep the bias on the gravity measurement smaller than 10 nm/s2 (similar to [Lou11])

for a given temperature Tat, a minimum radius of curvature R is required. For laser-cooled

atom gravimeters with a typical temperature of the atomic ensemble Tat = 2µK, R has to be

bigger than 20km. Therefore, the flatness of the reference mirror has to be ∆h ≤λ/300 over a

distance of d = 10mm. This is the limit of technical feasibility. To further reduce the wave front

bias by more than one order of magnitude to less than 1 nm/s2, the average expansion rate σv

needs be be reduced by more than two orders of magnitude. Expansion velocities equivalent

to a temperature of 1 nK have already been demonstrated with collimated BECs from an atom-

chip-based source [Kru14]. This low expansion rate relaxes the requirement on the wave front

curvature. For example, a radius R ≥ 0.5km will limit the bias on the gravity measurement to

a value smaller than 0.2 nm/s2. This radius corresponds to a flatness of the reference mirror

of ∆h <λ/13 over a distance of d = 10mm or a height difference of ∆h <λ/1266 ≈ 1nm over

a distance of d = 1mm. This can be achieved with the typical polishing quality P4 according

to DIN ISO 10110 with a roughness of less than 1 nm over distances of 0.002 mm to 1.0 mm.

While wave front aberrations on smaller scales are averaged out in atom gravimeters employing

thermal ensembles with a Gaussian width on the scale of a few mm to a few cm, a smaller test

mass is more sensitive to small scale aberrations of the wave front. The smaller size of a colli-

mated BEC on the order of 100µm requires a knowledge of the mirror surface on smaller length

scales. On the other hand, it allows to probe the wave front using the atomic ensemble itself.
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Wave front mapping

The wave fronts introduced by typical optical components are more complex and require a

more sophisticated evaluation. In [Sch17], the surface profiles of the reference mirror and

additional optical components in the beam path of their apparatus have been measured using

optical methods and the influence on the interferometer phase has been simulated for the

GAIN gravimeter. The results of the simulation have been verified with experimental results.

For an additional view port introduced in the beam path, the bias on the gravity measurement

could be predicted with a stated uncertainty of the method of 3.8 nm/s2. The bias introduced

by the reference mirror in the GAIN gravimeter was calculated as (4.0±1.9) nm/s2 for an

ensemble with a temperature of 3µK. This was mainly caused by a parabolic deformation of

the mirror surface.

Using a BEC, the smaller size enables a mapping of the wave front using the test mass itself.

With the atom chip a precise control of the start position and the horizontal velocity is possible.

The magnetic lens enables the tuning of the expansion velocity of the ensemble. By these

means the wave front can be probed using different trajectories. This also allows to test the

theoretical model and to reduce the uncertainty of the bias.

2.5 Conclusions on the gravimeter design

The following mitigation strategies and solutions have been developed to reach a target instru-

mental measurement uncertainty of u(g ) ≤ 1nm/s2 in a transportable gravimeter:

Stability The statistical uncertainty is a measure for the stability of the gravimeter. Both,

the per-shot statistical uncertainty and the statistical uncertainty reached after averaging, are

important characteristics. The per-shot statistical uncertainty is given by the self noise of the

instrument and environmental noise. The shot noise in the interferometer read out will be

reduced by a high atom number and a high contrast. To achieve a high-contrast interferometer

signal with Bragg diffraction on a light grating, a low velocity spread and therefore an ultra-

cold ensemble is needed [Szi12]. To keep the external noise level low, the sensor head needs

to be magnetically decoupled from the environment with a magnetic shield (section 3.7).

Seismic noise is suppressed by a vibration isolation platform and the residual vibrations can

be tracked by a low self-noise seismometer and compensated actively [Lau14] or in post-

correction [Far14]. For uncorrelated noise, the statistical uncertainty of an average over N

single shots reduces to 1/
p

N of the per-shot statistical uncertainty. Short averaging times are

beneficial both for the characterisation of the various systematic effects as well as for geodetic

measurement campaigns. Thus, a low per-shot statistical uncertainty and a high repetition rate

are required. BEC sources with cycle times on the order of 2 s have already been demonstrated

using atom-chip-based magnetic traps [Rud15].
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Accuracy The accuracy is limited by the statistical uncertainty and the uncertainty of the

instrumental bias. While the statistical uncertainty can be reduced by averaging over a number

of measurements, the instrumental bias needs to be characterised with a low uncertainty to

ensure instrumental drifts will not affect long-term measurements over years and to be able to

compare the results of two independent gravimeters. The strategy to reduce the wave front

bias (see section 2.4) and its uncertainty in QG-1 is two-fold: (i) The expansion rate of the

test mass is decreased by the implementation of an ultra-cold atom source and subsequent

magnetic lensing (section 3.2) and (ii) the wave front aberrations are minimised by placing the

reference mirror inside the vacuum chamber (section 3.1). Furthermore, to lower the Coriolis

bias and its uncertainty, the atom-chip-based source (section 3.3) provides control of the

horizontal velocity. The residual horizontal velocity will be measured using spacial detection

with absorption imaging (section 3.6) and additionally a compensation of the Earth’s rotation

is possible with a built-in tip/tilt mirror mount (section 3.1).

Transportability To measure gravity at relevant locations for geodesy, the QG-1 apparatus

needs to be transportable in a van. To keep the size small and the weight low compared

to laboratory-sized BEC experiments, an atom-chip-based source of ultra-cold atoms is a

necessity. For transportability, the QG-1 apparatus is split into two units: The first unit is the

sensor head (chapter 3), where the measurement of gravity is performed. And the second

unit is a rack containing the laser system (chapter 4) as well as the electronics (chapter 5) to

drive the measurement. As the laser system and the electronics produce heat, mechanical

and electro-magnetic noise, the rack has to be spatially separated from the sensor head. For a

speedy set up at remote measurement sites, the two units are self-contained and only need

to be connected by electrical and optical fibre cables. And finally, the apparatus has to be

operable outside a temperature stable laboratory requiring a temperature stabilisation of the

laser and electronics rack.





CHAPTER 3
Sensor head

The measurement of gravity is performed in the sensor head. It houses the source of the

ultra-cold atomic test mass, the optical components to perform atom interferometry with a

light grating and a detection camera to record the interferometer output. Figure 3.1 shows the

setup of the sensor head developed within the frame of this thesis. The important aspect in the

design process was the laser beam path for atom interferometry, which is highlighted in red in

figure 3.1 and shown schematically in figure 3.6. The reference mirror for the light grating is

 

C C

Interferometry collimator

Atom chip

2D MOT chamber

Non-evaporable getter
and ion getter pump

Three-layer magnetic shield

Free-fall tube

Absorption detection

Reference mirror

Seismometer

Interferometry bias field coil

Support structure

Vibration isolation

Figure 3.1: A section view (left) of the sensor head with the interferometry laser beam path
depicted in red and a picture (right) of the assembled vacuum system on top of the vibration
isolation platform.
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placed inside the vacuum chamber with no additional optics between the mirror surface and

the atomic test mass. The atom interferometer baseline is positioned at the central axis of the

vacuum tube and the cylindrical magnetic shield. All components inside the magnetic shield

are non-magnetic. The sensor head is spatially separated from the laser system (chapter 4)

and electronics (chapter 5) to realise a low-noise measurement environment and seismically

decoupled from the environment with a vibration isolation platform. It is foreseen to record

residual vibrations with a seismometer. In this chapter, each component of the sensor head

will be introduced starting with the elements necessary for atom interferometry.

3.1 In-vacuum reference mirror assembly

Schkolnik et al. showed, that wave front aberrations in their apparatus are mainly caused by

the vacuum view port and the quarter wave retardation plate located between the reference

mirror and the probed atomic ensemble [Sch17, pp. 74–82]. For the QG-1 apparatus, the

reference mirror is consequently placed inside the vacuum chamber to eliminate the need for

a vacuum view port. With the employment of Bragg diffraction instead of Raman diffraction

the need for a quarter wave retardation plate is omitted. In QG-1, the retro-reflection mirror is

the only reference for the wave fronts in the atom interferometer as described in section 2.4.

High-quality mirror surfaces with low deformation can be easily achieved with standard

manufacturing techniques on thick glass substrates. The reference mirror is made from an

etalon substrate [Laseroptik Garbsen, S-05487-01] with 30 mm height and 50.8 mm dia-

meter. The mirror substrate meets a surface form tolerance of 3/0.1 after standard ISO 10110-5,

which corresponds to a surface flatness of λ/20 at 633 nm over the diameter of the substrate

of 50.8 mm. A high reflective (HR) dielectric coating [Laseroptik Garbsen, 26015ke2] has

been applied using ion beam sputtering. This coating technology has the lowest number of

defects or cavities compared to other typical production methods. The substrate features an

anti-reflective (AR) coating [Laseroptik Garbsen, 23015ke2] on the backside to reduce

reflection of residual transmitted light, that can be measured by a photodiode at the AR coated

vacuum view port underneath the mirror. This can be used to monitor the intensity and the

beat note of the interferometry grating. To maintain the surface flatness after mounting the

mirror, the mirror holder is designed with special care to safely fix the mirror substrate without

deforming it. Therefore, the substrate is resting on three titanium spheres close to the outer

edge and is clamped by another three spheres on top of the substrate (see figure 3.2). A Kalrez

o-ring is used instead of a spring to apply a small force for clamping similar to the setup

described in [Mer10, p. 99]. To prevent horizontal movement, three screws keep the substrate

in place but exert no force.

A mirror substrate from the same batch as the mirror placed inside the QG-1 vacuum

chamber has been mounted in an identical mirror mount and the surface flatness has been

characterised by Laseroptik Garbsen with an optical interferometer [TRIOPTICS, µPhase
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plano down]. The measurement wavelength of 633 nm is phase shifted by the HR coating for

780 nm. This influences the measurement and can lead to a phase jump in the observed fringe

pattern. Therefore these areas have been excluded and only an area of 35 mm diameter has

been evaluated. The peak/valley height difference was measured as 42 nm or λ/15. Addition-

ally, an area of interest in the centre with a diameter of 10 mm was evaluated and showed a

peak/valley height difference of 16 nm or λ/40 (see appendix A.1). Therefore, the evaluated

substrate exceeds the requirement of a height difference of less than λ/13 over a distance of

d = 10mm (see section 2.4).

Tip/tilt mirror mount for Coriolis compensation and self alignment

Tip/tilt actuation of the reference mirror is realised by three piezo actuators [PI Ceramic,
PICMA Stack P-885.90] in the mirror holder. This enables active stabilisation of the paral-

lelism of the wave vectors for interferometry in a similar manner to [Hau13] ensuring a stable

effective wave number keff. To compensate the Coriolis effect, the rotation of the Earth with a

rate of 2π per day or 73µrad/s has to be counteracted by rotating the mirror with the same

rate as the projection of the Earth’s rotation on the local horizontal north axis. The three piezo

stacks are arranged in a equilateral triangle rather than the classical L-shape for mirror holders

with a right-angled triangle. One reason is the tight space, given by the diameter of the mirror

substrate of 50.8 mm and the design choice to insert the mirror mount through a CF 63 flange

with an inner diameter of 64 mm. The design is furthermore advantageous, as the rotation

point for tip/tilt actuation can be placed in the centre of the mirror not changing the position

of the mirror surface centre, where the interferometry beam is reflected.

The setup of the tip/tilt mirror holder is shown in figure 3.2. The vacuum compatible piezo
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Figure 3.2: A section view (left) of the reference mirror inside the bottom vacuum chamber and a
picture (right) of the mirror holder assembly.
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stacks have an all-ceramic isolation of the piezo layers, therefore no polymer isolation with

a high outgassing rate is needed. This leads to a better vacuum compatibility. One end of

the stacks is glued to the mirror holder frame using the same metal-to-ceramic glue [Epoxy
Technology, Epo-Tek H77] as for the atom chip. To prevent lateral forces on the stack, the

opposing end features a spherical tip which has been custom made of titanium. To keep

the mirror holder in position and to mechanically preload the piezo actuators, instead of a

mechanical spring a synthetic rubber o-ring typically used as UHV seal [DuPont, Kalrez]
presses on the assembly. When the piezo stacks expand, they squeeze the rubber of the Kalrez

ring (see figure 3.2).

The tilt of the mirror was measured as 1.3 mrad after applying a voltage of 150 V to a single

piezo stack. According to its datasheet, the length change of the piezo is 320 nm/V resulting

in a tilt of 1.1 mrad at a voltage of 150 V. In the following, the more conservative value from

the datasheet is used. For a rotation with an angle η around the H axis and an angle ρ around

the P axis through the centre of the mirror (see figure 3.3), the piezo stacks 1, 2, 3 need to be

driven with voltages

 U1

U2

U3

= 90V/mrad ·


η

−1
2η+

p
3

2 ρ

−1
2η−

p
3

2 ρ

 , (3.1)

with the approximation sin(α) ≈ tan(α) ≈ α for small angles. While operation in the range

of −20 V to 120 V is possible, the low voltage range −15 V to 15 V is sufficient and gives a tilt

range of 0.33 mrad. This corresponds to a maximum rotation rate of 1.67 mrad/s during the

maximum interferometer evolution time 2T = 200ms, which is more than 20 times the rotation

rate of the Earth. For the characterisation of the instrumental uncertainty (see section 2.3)
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Figure 3.3: The arrangement of the three piezo stacks (squares) and the reference mirror (circle)
with the rotation axes P and H .
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the rotation rate can even be as high as a hundredfold of the Earth’s rotation rate during

2T = 40ms.

3.2 High-flux source of ultra-cold atoms

The design of the source is based on the atom chip source developed in the QUANTUS collabo-

ration, which was pioneered in the QUANTUS-2 apparatus [Her13; Rud15] and improved in the

MAIUS-A apparatus [Bec18; Sei14]. The design of the high-flux source of ultra-cold atoms in

QG-1 has been described already in detail in [Sah19] and will only be summarised here.

The source has to produce ultra-cold ensembles with a high number of atoms and a fast

repetition rate, while maintaining good ultra-high vacuum (UHV) quality in the main vacuum

chamber. The loading time of the magneto-optical trap (MOT) from the low Rubidium vapour

pressure in the UHV chamber typically dominates the preparation time in an atom-chip-based

source. In the presented design, the mirror MOT on the chip [Wil04] is loaded from a 2D MOT,

which is located in a separate chamber with two-orders of magnitude higher Rubidium vapour

pressure. The 2D MOT provides confinement and cooling in two dimensions with a magnetic

field gradient produced by four coils in racetrack configuration and retro-reflected transversal

cooling laser beams. The circular Gaussian beams are divided at a 50/50 beam splitter into

two beams passing the vacuum chamber providing a longer trapping region. A pusher and

retarder beam in 2D+ MOT configuration [Cha06] provide additional cooling in the longitudinal

direction and give the atomic beam a forward velocity towards the MOT in the main chamber.

The resulting laser cooled atomic beam has a flux of 2.2 ·109 atoms/s [Sah19].

The main chamber features the atom chip and three Helmholtz coil pairs with orthogonal

axes mounted on the outside. These coils create a homogeneous magnetic field with precise

control over the field strength and direction. Combined with the field from the current-

G-G ( 1.8 )
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2D MOT chamber

Vacuum feed through

Pinch-off tube

Atom chip

MOT beam view port
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Figure 3.4: A section view (left) of the 2D MOT chamber and the main chip chamber with the
cooling laser beams depicted in red and a picture (right) of the assembled vacuum chambers. For
illustration purposes the laser beams are sketched as cylinders with a diameter of 8 mm.
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carrying structures on the atom-chip the magnetic fields for trapping and cooling of the atomic

ensemble are created. For collimation of the ultra-cold atomic ensemble after release from the

trap, the magnetic fields need to be switched fast. For this purpose the coils are connected

such, that one quarter of the coil windings can be used as a smaller coil with lower inductance

leading to faster switching times (see also section 5.3).

3.3 Mirror coating on the atom chip

Atom-chip-based magnetic traps with strong confinement are located close to the current

carrying wires limiting the optical access. If an optically transparent chip is used, the wires

would partially block the Gaussian laser beams for interferometry. Another option is aligning

the laser beam parallel to the atom chip, which would result in a clipped beam profile. For a

collimated Gaussian beam with a waist w or a 1/e2 diameter of 2w = 4mm, 99 % of the optical

power is transmitted through an aperture with radius 3w or a diameter of 6w = 12mm. For an

undisturbed Gaussian beam profile, the atomic ensemble would need to be transported 6 mm

away from the chip surface. A common solution for laser cooling is the mirror magneto-optical

trap (mirror MOT) which "hides" the chip behind a mirror reflecting the laser beams [Rei99;

Wil04]. The same approach was adopted in QG-1 not only for the MOT (see figure 3.5(b)) but

also for the interferometry beam (see figure 3.5(c)). As the ensemble drops away from the chip

surface, this configuration obviates the need for disturbance-free transportation of the trapped

ensemble. The coating covers at least 18 by 18 mm of the chip surface (see figure 3.5(a)).

This results in a clear aperture with a diameter of 18mm/
p

2 = 12.8mm due to the 45° angle.
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(a) Top view on the atom chip with mirror
coating, xy plane
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(c) interferometry and detec-
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Figure 3.5: Reflection of optical laser beams on the atom chip surface. For this illustration the
laser beams are sketched with a diameter of 8 mm. The optical axis of the beams parallel to the
atom chip surface has a distance of 4 mm to the chip surface. The coordinate axes represent the
chip coordinate system, which is used throughout this thesis.
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By reflecting the interferometry beam on the atom chip, undisturbed Gaussian beam 1/e2

diameters of 4 mm with 6w = 12mm are feasible.

The dielectric mirror layers have been coated onto an transfer glass substrate [OIB Jena]
and glued to the surface of the atom chip using epoxy glue [Epoxy Technology, Epo-Tek
353ND]. After curing the glue, the transfer substrate is carefully ripped off the atom chip leaving

the dielectric mirror coating with the same surface quality as the transfer substrate. Special

care has been given to increase the viscosity of the epoxy glue to prevent it from entering small

gaps in the dielectric coating which would lead to bigger defects. The surface roughness has

been specified as a peak-to-valley height of 30 nm over the width of a wire on the science chip

[Sah19].

3.4 Laser beam collimation for the interferometry light grating

The laser light used for the Bragg grating pulses is guided to the sensor head in a polarisation

maintaining fibre optic cable [Schäfter+Kirchhoff, PMC-780]. After exiting the fibre facet

the light intensity shows an expanding Gaussian profile. It is collimated by a single achromatic

lens. The Gaussian beam diameter has to be large enough to give a flat intensity distribution

over the extend of the atomic ensemble. Otherwise the contrast of the atom interferometer is

reduced as the diffraction is less effective for atoms with higher distance to the optical axis

due to the smaller intensity and lower Rabi frequency.

In atom interferometers with thermal ensembles Gaussian beam diameters of 20 mm to

30 mm are common; e.g. 29.5 mm in [Sch15]. In [Lou11] the atomic ensemble has an 1/e2

Optical fibre

Lens PBS λ
4 View port

Atom chip

Reference mirror

BEC

Figure 3.6: Interferometry laser beam path inside the sensor head with the laser beam depicted in
red. The collimation optics consist of the fibre tip, a collimation lens, a polarisation-beam splitter
(PBS) for polarisation cleaning and a quarter wave plate (λ4 ). The wave plate is aligned to the PBS
such that circular polarised light is attained. The laser beam passes a vacuum view port and is
reflected on the HR coating of the atom chip before it interacts with the atoms, is reflected on the
reference mirror and interacts with the atoms again.
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diameter of 4 mm in the detection zone and Gaussian beams with an 1/e2 diameter of 24 mm

are used for interferometry. With the small size of a magnetically collimated BEC on the

order of 100µm and an expansion rate below 1 mm/s a considerably smaller Gaussian beam

diameter is feasible. A Gaussian beam with an 1/e2 diameter of 4 mm ensures an intensity

variation smaller than 1 % over a diameter of 280µm.

3.5 Vacuum chamber

The QG-1 vacuum chamber has been manufactured by the precision engineering workshop of

the Institute of Quantum Optics from a Ti6Al4V titanium alloy1. Titanium was selected because

of its low remanent magnetisation and low density similar to aluminium and its mechanical

rigidity. The vacuum view ports feature an AR coating [Laseroptik Garbsen, 22104Ma1,
22104Ma2] on both sides of a wedged N-BK7 substrate. The small angle of 30′ between both

surfaces eliminates interference from residual reflections. Additionally to the wedged substrate,

the vacuum view port for interferometry and the view port underneath the reference mirror

are installed with a 3° tilt with respect to the optical axis to prevent the forming of a parasitic

cavity from residual reflections. N-BK7 glass is transparent for wavelengths up to 2.5µm. This

enables the measurement of the atom chip temperature with an optical infrared pyrometer to

characterize the black body radiation in the future. The AR coating is optimised for the laser

wavelengths 780 nm for laser cooling and 1,56µm for the operation of an optical dipole trap.

The vacuum pumps needed for UHV operation are attached at the top2. The commer-

cial [SAES, NEXTorr D 200-5] pump is a combination of a 200 l/s non-evaporable getter

(NEG) and a 5 l/s ion-getter pump (IGP). Additional CF flanges are located close to the pump

which feature an UHV pressure sensor [Pfeiffer, IKR 270] and a valve [VAT, Series
541 Easy close all-metal angle valve DN40] for initialisation of the vacuum using a

turbomolecular pump.

3.6 Absorption detection system

On the free-fall tube of the vacuum chamber, detection view ports are placed at different

heights. They are located 179 mm, 250 mm and 321 mm below the atom chip and have a free

optical aperture of 38 mm. These positions amount to times-of-flights of 191 ms , 226 ms and

256 ms. For the mapping of the Bragg grating wave fronts, ensembles with high expansion rates

might be used. In this case it is advantageous to detect after a shorter time-of-flight. There are

view ports located on all four sides of the vacuum chamber enabling 3D imaging schemes with

two crossed detection axes. Another absorption detection system is installed at the main atom

1 Also known as Grade V Titanium
2 An additional IGP (see appendix A.2) is provisionally attached to the side of the free-fall tube.
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chip chamber to characterise the atomic ensemble in the magnetic trap. It has been assembled

and characterised within the scope of the Bachelor’s thesis of Jannik Wesche [Wes17].

3.7 Magnetic shield

The sensor head, except for the vacuum pump system at the top, is completely enclosed by a

three-layer magnetic shield. It is made of a mu-metal alloy with a high magnetic permeability µ

which allows the magnetic flux to stay inside the shield leaving the shielded volume free of any

magnetic flux. Each layer consists of three parts as illustrated in figure 3.7. The tube extends

over the complete atom interferometer baseline and the length of the vacuum system and

shields the sensor head from radial magnetic field components. The tube can be unmounted

by pulling it upwards and has an end cap at the top with a centred hole to fit over the vacuum

pump system. This hole is closed by the second part: the top disk is fixed on the support

structure and has a 7 cm off-centre hole for the vacuum tube connecting the pump system

with the main vacuum chamber. The bottom end cap features a tube overlapping with the first

tube and is long enough to integrate the seismometer inside the magnetic shield. The tube can

be retracted inside the bottom part as depicted in figure 3.7(b) to shorten the shielded volume

when the seismometer should be attached outside the shield. For this purpose, the bottom

end cap has three mounting holes to mount the seismometer directly to the vacuum chamber

containing the reference mirror.

The magnetic shield has been designed and manufactured by Magnetic Shields Ltd. as

a three-layer shield. During characterisation by the same company it was shown, that the

(a) Three layers (b) Three layers in short configuration

Figure 3.7: Simplified sketch of the magnetic shield design, not to scale.
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three-layer shield has no significant improvement in shielding performance than using only

the inner two layers of the shield. Figure 3.8 shows the residual magnetic field strength in

radial and in axial direction. To calculate the shielding factor, the total field strength in 3D

is compared to the strength of the Earth’s magnetic field outside the magnetic shield which

was measured as 41µT. Excluding the top and bottom 5 cm inside the 83.5 cm high shield

(marked grey in figure 3.7), the shielding factor is better than 180 in both variants. The residual

magnetic field strength gradient will be compensated using the quantisation magnetic field

coils for the atom interferometer baseline.

0 100 200 300 400 500 600 700 800
Height in mm

0

50

100

150

200

250

M
ag

ne
tic

 fi
el

d 
st

re
ng

th
 in

 n
T

Radial magnetic field strength
Two-layer shield
Three-layer shield

0 100 200 300 400 500 600 700 800
Height in mm

Axial magnetic field strength

Two-layer shield
Three-layer shield

Figure 3.8: Measurement of the magnetic field components inside the magnetic shield. The height
is measured from the bottom support disk inside the shield. The magnetic field strength outside
the shield was measured to be 41µT caused by the magnetic field of the Earth. Marked in grey are
the topmost and bottommost 5 cm inside the shield which are excluded from the evaluation.
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Laser system

Given the need for a robust laser system with few mechanical parts and high output power,

the main parts are implemented using fibre coupled components operating at a wavelength

of 1560 nm in the telecom C-band. Due to the use of this wavelength in telecommunication

networks, reliable, fibre-coupled components are commercially available. The laser frequency

is then doubled using second harmonic generation in a non-linear crystal and distributed using

free-space optics to several optical fibres guiding the laser light to the sensor head. The laser

system and distribution module has been set up during the Master’s thesis of Nina Heine, née

Grove, [Gro17] and is running since then with low maintenance for years. The cold laser system

is operational 2 minutes after being switched on. During the warm up time of 90 minutes an

intensity drift can be observed. The optical alignment of the free-space distribution module

and the fibre couplers has been optimised about once a year. A detailed description of all

components and the complete setup can be found in [Gro17] therefore only a brief summary

in given in this section.

4.1 Spectroscopy reference module
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Figure 4.1: Simplified diagram of the ECDL laser and spectroscopy module.

The spectroscopy reference module has been set up within the scope of the Master’s thesis of

Matthias Gersemann [Ger16, p. 31]. A spectroscopy cell with rubidium vapour provides a stable

reference for the laser frequencies needed for atom cooling and interferometry. Spectroscopy

of the rubidium D2 line at 780.24 nm is performed with a fibre coupled external cavity diode

laser (ECDL) [Thorlabs, SFL1550P] running at 1560.48 nm. The laser light is frequency

27
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doubled before entering a Doppler-free saturation spectroscopy setup. A pump beam saturates

the Doppler broadened atomic transitions whereas a low power probe beam with good spacial

overlap passes the vapour cell in opposite direction and its intensity is recorded on a photodi-

ode. The resulting spectrum is shown in figure 4.2. The blue line represents the photodiode

signal of the transmitted probe beam intensity while changing the laser diode current which

controls the laser frequency. A dispersive signal for a lock-in laser frequency stabilisation

scheme is generated by modulating the pump beam with an electro-optical modulator (EOM)

at 7 MHz and demodulating the photodiode signal with the same frequency shifted in phase.

Frequency generation, demodulation and lock-in amplifier are all realised digitally on a field

programmable gate array (FPGA) described in section 5.1. The laser frequency is locked on the
85Rb |5S1/2,F = 3〉 to |5P3/2,F = 4〉 transition which provides the highest reference signal. The

ECDL is temperature stabilised using an internal peltier element and a digital feedback con-

troller [Meerstetter, TEC-1091]. It is operating at a stable temperature setpoint untouched

for months at lab temperatures of 23 ◦C to 27 ◦C. This is an important prerequisite for the im-

plementation of an auto-lock routine enabling autonomous operation in field. The free-space

optical setup in the spectroscopy module has been stable and needed no realignment for years.
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Figure 4.2: Overview of the laser frequencies needed for the operation of the QG-1 gravimeter. The
frequency spacing is not to scale to improve legibility. (i) An absorption spectrum of the Rubidium
D2 line recorded with the spectroscopy module is depicted in blue. The ground states of each
transition are denoted in the diagram. (ii) The frequency of the reference laser locked onto the
Rubidium spectroscopy is shown in orange. (iii) The frequency of the DFB laser is marked as
dashed black line. The resulting laser frequencies in the sensor head for laser cooling are illustrated
in green and red. (iv) The frequencies of the Bragg grating for diffraction of the atomic ensemble
are depicted in purple.
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4.2 High-power laser and distribution module
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Figure 4.3: Simplified diagram of the laser system and one exemplary beam path in the distribution
module.

Only a single laser is used for cooling and manipulation of the atomic ensemble. The fibre

coupled distributed feedback laser (DFB) diode [Toptica, LD-1550-0080-DFB-1] is locked

on the aforementioned reference laser by measuring and stabilising the beat note of the two

laser sources. The two light fields are superimposed at 1560.48 nm using an evanescent wave

fibre beam splitter [Thorlabs, PN1550R5A2]. Therefore, the beat frequency is only half of the

difference after frequency doubling. The beat note is recorded using a fibre coupled photodiode

[Thorlabs, FGA01FC] providing a stable signal without need for optical alignment.

On the laser frequency of the DFB diode, a fibre coupled EOM generates sidebands via phase

modulation. In the experimental sequence, the first sideband is needed to drive the repump

transition for laser cooling and is switched off subsequently. The modulated light is used

as seed for a fibre amplifier [Keopsys, CEFA-C-PB-HP-PM-42-ML1-OM-B301-FA-FA] which

provides up to 15 W stabilised output power. All components and fibres are polarisation main-

taining for linear polarised light. The output fibre of the fibre amplifier guides the laser light to

a free-space frequency doubling module [Toptica, SHG Smart] with a PPLN bulk crystal

for second harmonic generation (SHG) in single-pass configuration. One lens focuses the

input beam at 1560.48 nm with the focal point inside the crystal and a second lens collimates

the output beam at 780.24 nm. The residual light power at the fundamental wavelength is

filtered out using two subsequent dichromatic mirrors. At the output of the frequency doubling

module up to 3 W optical power in the second harmonic wavelength 780.24 nm are available

as free-space beam.

In the distribution module, the laser light power is splitted between the paths for atom

cooling, detection and interferometry. For fast switching and control of the laser intensity,

each path features an acousto-optic modulator (AOM) [A.A. Opto-Electronic, MT80]
with 80 MHz modulation frequency. Slow switching and full blocking of the laser light is

provided by bi-stable mechanical shutters [Uniblitz, ES6B]. The polarisation state is filtered

using a polarisation beam splitter (PBS) filtering out the unwanted polarisation axis. The

linear polarised light is then coupled in the polarisation maintaining fibres [Schäfter und
Kirchhoff, PMC-780] guiding the laser light to the sensor head.
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4.3 Generation of laser frequencies for Bragg diffraction

The light grating used for Bragg diffraction of the atomic ensemble is a moving grating created

by two light frequencies with frequency difference δBragg in the range of 1 kHz to 10 MHz. The

two light frequencies are generated by modulating the AOM in the interferometry path with

two frequencies centred at 80 MHz. Here the first negative diffraction order is used to reduce

the laser frequency by 80MHz±δBragg/2 (purple lines in figure 4.2). The maximum detuning

of the DFB laser (dashed black line in figure 4.2) from the 87Rb cooling transition |5S1/2,F = 2〉
to |5P3/2,F = 3〉 possible with the current electronic setup is 1.1 GHz. However, the detuning

can easily be increased to 3.3 GHz using an additional frequency divider for the beat note. A

larger detuning is advantageous as it further reduces the rate of excitation to the |5P〉 manifold.

Another option for a large detuning is free running operation as has been shown by [Abe16].

The beat note can then be monitored to derive the exact keff. The detuning is fundamentally

only limited by the laser current tuning range. For the DFB laser diode, it is specified as more

than 100 GHz.

4.4 Generation of laser frequencies for atom cooling

Laser cooling of 87Rb is performed red-detuned from the |5S1/2,F = 2〉 to |5P3/2,F = 3〉 tran-

sition. This transition has a frequency of 1126 MHz lower than the reference transition de-

scribed earlier. The DFB laser (dashed black line in figure 4.2) is locked at a beat note of

(−1126MHz+δcool − fAOM)/2 before frequency doubling with a typical detuning of δcool =
−18MHz and an AOM frequency of fAOM = 80MHz. A fibre coupled EOM modulates side-

bands on the laser frequency. The first sideband with +6.6 GHz is on resonance with the

repump transition |5S1/2,F = 1〉 to |5P3/2,F = 2〉. Both laser frequencies are shifted by the AOM

by +80 MHz as the first positive diffraction order is used.



CHAPTER 5
Control electronics

To power the laser system and the sensor head, various electrical voltages, currents and RF sig-

nals are generated, monitored and stabilised by the control electronics. Several feedback loops

are implemented to stabilise frequencies, light intensities, magnetic fields and temperatures.

For a measurement on an ensemble of ultra-cold atoms, an experimental sequence must be

executed to prepare the ensemble and to acquire the measurement data. For example, the set-

point of the feedback loop stabilising the laser frequency is first red-detuned from the atomic

transition and for the acquisition of an absorption image set on resonance. In synchronisation

with the laser system, the CCD camera needs to get a trigger signal to record an image of the

atomic ensemble. This sequence is edited on a control computer. The experiment is controlled

by dedicated modules which have their own local memory for a sequence of parameters. Most

of the modules used in the QG-1 electronic system are parts of the TBUS Modulsystem and

can be put together as compact electronic stacks. They have been developed in the Institute

of Quantum Optics by Dr. Thijs Wendrich and the LASUS team for the use in micro-gravity

experiments with ultra-cold atoms in the QUANTUS collaboration. The QG-1 electronic system

consists of two TBUS stacks, one additional FPGA module with analogue-to-digital convert-

ers (ADC) [National Instruments, NI USB-7855R] and a separate temperature controller

module. At the start of the sequence one stack triggers the other stack and the FPGA module.

The timing in all three units is synchronised with a common 20 MHz clock. All components

are connected via Ethernet or USB to the central control computer for sequence uploading

and for data acquisition. The components of the electronics system will be introduced in the

following subsections.

5.1 Electronic stack for the laser system

The TBUS stack controlling the laser system fits into a 19" rack mount with a height of 3 units or

13 cm. Air cooling is provided by fans in the back of the chassis. The modules along with their

connections to the laser system have been described in [Gro17] and will only be summarised

here.
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Power module and Ethernet interface module

The power module provides an electrical connector for the input voltages provided either by

laboratory power supplies or batteries. The specified voltages are multiples of the voltage of

one standard lithium polymer battery cell of 3.3 V to 4 V. The module provides monitoring of

the voltages and the current drawn by the stack.

The Ethernet interface module allows to read or write to register addresses on the TBUS

with a simple protocol. It also generates a 24 MHz bus clock to synchronise the timing of the

modules which is locked on a 20 MHz reference clock input.

Laser current driver module

This module has two output channels to drive laser diodes. Each channel features a low noise

current driver circuit similar to [Lib93] which actively stabilises the output current. The setpoint

is controlled by an analogue-to-digital converter (ADC). Each channel also has a modulation

input via the analogue connector of the TBUS stack. It is connected to the frequency control

module for the stabilisation of the laser frequency.

Frequency control module

The frequency control module provides all functions that are necessary to stabilise laser

frequencies on a reference a.k.a. “to lock lasers“. The signal processing and feedback control is

implemented on a FPGA. It has four channels of which one channel is dedicated to stabilise a

laser on an atomic transition with spectroscopy and three are dedicated to stabilise the beat

note of two lasers onto a radio frequency (RF) reference. Each channel has an output with a

fast DAC to control the laser current.

Spectroscopy The EOM in the spectroscopy module (see figure 4.1) is driven by a 7 MHz

signal which is generated on the FPGA, analogue converted and then amplified by an external

amplifier [Mini-Circuits, ZHL-32A-S+]. The photodiode in the spectroscopy module is

operated with a trans-impedance amplifier circuit [Kna13] with two output ports. The low pass

filtered output signal is recorded using a slow input of the frequency control module. This

was used to record the spectrum shown in figure 4.2. The high pass filtered and amplified

photodiode signal is digitised by the fast ADC in the fast input channel of the frequency control

module. On the FPGA, it is demodulated by a 7 MHz signal phase shifted with respect to the

signal that drives the EOM to derive a dispersive signal which is used as the error signal to

stabilise a laser on an atomic transition. This concept is also known as lock-in amplifier.1

1 The circuit can probably also be used for the Pound–Drever–Hall technique to stabilise a laser on a cavity, but
this has not been tested yet. A reference cavity and spectroscopy on ultra-cold atoms would be an option to
reduce the uncertainty of the effective wave vector further.
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Beat note Having one laser stabilised on an atomic reference another laser can be stabilised

with a frequency offset to the first laser. The optical beat note of the two lasers is recorded using

a fast photodiode. This setup for QG-1 is described in [Gro17]. The frequency control module

has programmable frequency dividers to keep the beat signal frequency within the limit of the

frequency counters implemented on the FPGA. The difference between the frequency counter

signal and the set point is the error signal for the digital feedback controller on the FPGA.

The module has a memory for a sequence of set points for all three channels. In each step

the set point can either jump to a specified new value or linearly change the value at a given

rate. With this technique, precise jumps and sweeps of the laser frequency can be controlled.

Digital oscilloscope and spectrum analyser The outputs of the feedback controller feature a

triangle signal generator. A digital oscilloscope is implemented with a memory for the signal

inputs. This is e.g. used for the acquisition of an atomic spectrum in the reference spectroscopy

module to choose an appropriate atomic transition to lock the reference laser.

The signal memory enables the recording and read out of a continuous signal in a first in

first out (FIFO) mode. From this signal a linear spectral density is calculated on the control

computer. For example, this is used to characterise the in-loop frequency noise to optimise

the feedback controller parameters. Figure 5.1 shows the in-loop noise spectral density for

different values of the integrator gain and the proportional gain. The beat note signal has

been recorded with the reference laser locked on the spectroscopy and the feedback controller

parameters state in the legend for the slave laser stabilisation. The upper limit of the frequency

range is given by the sampling rate. Currently, it is limited by the software and can be improved
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Figure 5.1: Linear spectral density of the in-loop beat note frequency signal for varied feedback
controller parameters.
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significantly.1

DDS module

The DDS module features a DDS chip [Analog Devices, AD9958] with two independent

output channels. Every 4µs it receives updated values for frequency, phase and amplitude

over a serial interface from a FPGA. The FPGA has a memory for a sequence of values for

frequency, phase and amplitude for each channel. In each step it can either jump to a new

value or sweep at a constant rate. The AD9958 DDS chip has itself a sweep function for the

frequency, but it is in the current version of the FPGA firmware not accessible. For the future

use in accelerated Bragg gratings for atom interferometry this function should be activated

with an FPGA firmware update.

The laser system electronic stack contains three DDS modules with in total six channels. Four

channels are used to drive the AOMs in the distribution module (see chapter 4). For the AOM in

the interferometry laser beam path, the output signals of two channels are combined using a RF

mixer [Mini-Circuits, ZX05-11X+] to modulate the light field with two frequencies needed

for a moving Bragg grating The output stage of the DDS module provides 1 mW RF output

power, which is amplified to a RF power of 1 W to drive the AOMs. One channel provides a

50 MHz reference to a phase-lock-loop (PLL) stabilising a VCO [Hittite, HMC834] at 6.6 GHz.

This signal is used to modulate a sideband for repumping during MOT operation with a fibre

coupled EOM (see chapter 4). By shifting the reference frequency, the VCO frequency can be

shifted in the range of 6586 MHz to 6748 MHz. The sixth channel is operated for RF induced

evaporation. It is connected via an 8 dB attenuator, a low pass filter [Mini-Circuits, SLP-
30+] with a cut-off frequency of 32 MHz and a 25 dB amplifier [Mini-Circuits, ZHL-32A+]
to a U-shaped RF antenna on the base layer of the atom chip.

Shutter driver module

The shutter driver module is based on a design for the MAIUS project. It features a FPGA with

a memory for a sequence of shutter states: either open or closed. However, the output stage

to drive the shutters has been custom designed by Nina Heine to drive the bi-stable shutters

[Uniblitz, ES6B] implemented in QG-1 (see chapter 4). The FPGA firmware shares code

and remains compatible with the MAIUS shutter driver. A specialised timing generator for the

pulses needed for the operation of bi-stable shutters has been programmed by the author.

1 The Labview user interface calls an external DLL library for the generation of the TBUS commands. The
invocation of the external library consumes the most time and has to be repeated for every sample. If the TBUS
commands are generated in Labview directly, the acquisition time for the single samples will be shortened. This
would enable a faster sampling rate.
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Photodiode module

The photodiode module monitors the light intensity of up to 25 connected photodiodes. The

photodiodes are placed at relevant locations in the laser system and in the collimators at the

sensor head. Monitoring data of the photodiodes is saved for every run of the experimental

sequence. The photodiode signal is also used for intensity stabilisation of the laser cooling

light. The instrumentation amplifier for each photodiode is located on the TBUS module and

the photodiodes are connected with long cables which can pick up electromagnetic noise.

To suppress the noise, a custom FPGA firmware with a digital low pass filter with a cut-off

frequency of 22 Hz has been implemented.

5.2 Temperature stabilisation

The diode lasers and the crystals for frequency conversion need to be temperature stabilised.

The temperature is regulated with peltier elements based on the thermo-electric effect. The

control electronic is based on a commercial temperature controller [Meerstetter, TEC-
1091]. On each module, a digital feedback controller is implemented on a micro controller.

The feedback parameters can be set via a serial RS485 interface. The serial interfaces of all

temperature controllers are connected to an Ethernet interface [Lantronix, XPort]. Param-

eters are set from a graphical user interface on the the experiment control computer which

also provides monitoring and and an autotune function for the feedback parameters. The

temperature controllers and the Ethernet interface are mounted in an Eurocard enclosure

which fits into a 19" rack mount together with the laser system stack.

5.3 Current driver stack

For the operation of the magneto-optical and magnetic traps, precise control of the currents in

the atom chip structures and offset coils is required. The current driver electronics need to be

able to provide currents up to 10 A while keeping the current noise level below 1µA/
p

Hz. The

design goal for the magnetic field switching time is shorter than 2 ms for the operation of the

magnetic traps. However, for the application of a magnetic lens, a shorter switching time is

beneficial. For a transportable experiment, a small mechanical footprint is required as well

as keeping the heat dissipation of the electronic system low. These goals are in line with the

design goals of the current drivers for the MAIUS mission. Therefore the same electronics

modules based on the TBUS stack system have been implemented in QG-1. The electrical

setup of the the MAIUS current drivers is described in detail in [Pop18]. In a test setup

operating on a battery voltage supply a current noise spectral density below 1µA/
p

Hz has

been demonstrated. With the same setup operating on a laboratory power supply the same

noise floor could be achieved but with additional peaks with a spectral density on the order of

10µA/
p

Hz at certain frequencies e.g. at multiples of 50 Hz and at 3 kHz (cf. [Pop18, p. 103]).
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Chip current drivers

For the realisation of magnetic traps within the scope of this thesis, the structures on the atom

chip need to be supplied with a unipolar current. The design of the unipolar chip current

driver (UCCD) is self regulating and employs a single ended class B stage [Pop18, p. 72] for

the control of the output current. For the atom chip structures in QG-1, fast switching shorter

than 400µs for output currents larger than 1.5 A have been measured (see figure 5.2). The step

response can be optimised further, as it is visible for the mesoscopic U current driver with a

switch-on time of shorter than 100µs.

Coil current drivers

For complete control over the strength and direction of the the homogeneous offset magnetic

field generated by Helmholtz coils pairs (see section 3.2), bipolar coil current drivers (BCCD)

capable of driving inductive loads are needed. A self regulating design was chosen which

controls the output current with a MOSFET based H-bridge [Pop18, p. 76]. For this circuit, only

a single unipolar current supply is needed for bipolar operation.

The BCCD‘s feedback controller is based on discrete proportional, integral and differential

(PID) stages with individual configurable gains to tune the response of the feedback loop.

The switching time of the output current depends on the setpoint and is ultimately limited

by the inductance of the coils. For short switching times the feedback controller should be

configured as fast as the inductance of the coil allows, but not faster as this would induce

oscillations. Therefore, the electronic circuit has been optimised using the simulation software

TINA-TI [Tex08] based on the SPICE algorithm [Cox92; Nag73]. To verify the simulation results,

the actual switching time of the current drivers connected to the QG-1 apparatus has been

characterised with a current measurement on the connection cables using a magnetic field

probe [Aim-TTi, I-Prober 520]. The measurement has been performed for various output

currents. The setpoint is set to the desired output current during the time 0ms < t < 100ms.

For time t < 0ms and t > 100ms the setpoint is 0 A. Figure 5.3 shows the measured output

current of the Y coil current driver. For currents smaller than 2.5 A the switch-on time is faster

than 2 ms and the switch-off time is faster than 0.5 ms. For magnetic lensing, shorter switching

times are required. As the switching time is ultimately limited by the inductance of the coil, a

Table 5.1: Number of windings for different configurations of the Helmholtz coil pairs.

Inner windings Outer windings Combined windings

per coil per coil per coil

X coil pair 17 51 68

Y coil pair 15 45 60

Z coil pair - - 35
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special configuration with smaller coils with one fourth of the total number of windings (see

table 5.1) can be used. An additional current driver tuned for a lower inductance is connected

via an additional tap to the two innermost layers of windings of the X coil pair and Y coil pair.

The resulting switching times shorter than 400µs are depicted in figure 5.4.

Power module and Ethernet interface module

These modules are the same as for the laser system stack (see section 5.1). However, in this

TBUS stack, the bus synchronisation clock is set to 10 MHz as it is required for the latest version

of the current driver FPGA firmware.

Chip safety board

To protect the atom chip wire structures from failures of the electronic system, a chip safety

electronic board [Pop18, p. 90] disconnects the structures when not in use. During operation

the current as well as the operation time is monitored. When the current exceeds the configured

limit, the switches disconnect the atom chip and the safety board switches into an error state

which needs to be manually reset. An additional limit is set for the operation time. When the

timeout duration is reached, the atom chip will be disconnected.

Alternating control of small and big coils

The same safety electronic board is installed at the coil connections to connect them to

alternating current drivers. A current driver tuned for large inductance will be connected to

all windings of each coil pair for large magnetic field strengths and a current driver tuned for

low inductance will be connected via additional taps to the inner windings of the X and Y

coils pairs to allow fast switching of the magnetic field for magnetic lensing. The safety limits

are also in place to prevent the coils from overheating. Additionally, disconnecting the coils

when not in use ensures that the coils are current-free during the interferometry phase of the

sequence.
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Figure 5.2: Step response of the respective unipolar chip current driver for the atom chip structures
for different output current setpoints. The setpoint is non-zero for times 0ms < t < 100ms. The
switch-on times for all current drivers for output currents larger than 1.5 A are shorter than 400µs.
For a setpoint of 9 A, the current drivers show an instability after switch-on. However, it reaches a
stable state within 200µs after the trigger.
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Figure 5.3: Step response of the respective bipolar coil current driver for different output current
setpoints. The setpoint is non-zero for times 0ms < t < 100ms. For each setpoint, the switch-on
time until the setpoint is reached and the output is stable can be derived from the measurement.
All measurements have the same calibrated zero offset. As the output current is never true 0 A, for
the X and Y coil current driver a small negative output current is flowing before the trigger. This is
apparent in the shorter switch-on time for negative output currents. For the Y current driver, the
zero offset is a small positive value and the switch-on time for positive output currents is shorter.
By a variation of the zero offset this behaviour can be reversed.
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Figure 5.4: Separate bipolar coil current drivers are tuned for lower inductance and connected
to one fourth of the windings of the X and Y coil pairs respectively. The output current setpoint
is non-zero for times 0ms < t < 100ms. The step response is depicted for various setpoints. All
measurements have the same calibrated zero offset. As the output current is never true 0 A, for
the small Y coil current driver a small negative output current is flowing before the trigger. This is
apparent in the shorter switch-on time for negative output currents. For the X current driver, the
zero offset is a small positive value and the switch-on time for a positive output current of 1 A is
shorter. By a variation of the zero offset this behaviour can be reversed.
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5.4 FPGA for analogue signals

A FPGA module with high resolution ADCs and DACs [National Instruments, NI USB-
7855R] is used to record analogue signals synchronised with the experimental sequence with

a sampling rate of 1 MHz and a resolution of 16 bit. It has an internal oscillator generating a

40 MHz output frequency, which is converted to 20 MHz and distributed as a reference clock to

the TBUS electronic stacks. The general purpose digital in-/ouputs (GPIO) on the module are

used to control and monitor the chip safety boards.

5.5 Transportable rack

The laser and electronic system will be mounted into a 140 x 80 x 80 cm3 rack on wheels

which has a volume of less than a cubic meter. The rack features a temperature stabilisation to

improve the stability of the laser system in unstable environments. The temperature control

is based on peltier elements instead of a conventional compressor to prevent vibrations. The

sensor head will be connected with up to 10 m long optical and electrical cables. No other

components need to be connected or assembled, ensuring a fast set up time in the field.

5.6 Computer control

The experimental sequence which is executed on the electronic modules described above can

be edited and send to the hardware using a graphical user interface. It is based on the Labview

user interface created by Sebastian Bode for the QPort apparatus1 and has been adopted with

a custom hardware interface for the QG-1 apparatus within the scope of this thesis. It can run

multi-dimensional parameter scans by linearly incrementing a set of specified values in the

sequence as well as an optimisation routine based on the differential evolution (DE) method.

A feedback controller was added to the software to implement an intensity stabilisation of the

laser cooling light field. The same feedback method can be used in gravity measurements to

lock the sweep rate α of the accelerated Bragg grating on mid fringe measurements of the atom

interferometer phase. The control software presents a robust foundation for future additions

for the operation of a gravimeter. For example, an auto lock routine for the reference laser can

later be added with the goal to measure gravity with the push of a single button.

1 PhD thesis in preparation
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CHAPTER 6
Atom-chip-based magnetic traps

In QG-1 an atom chip is used to prepare an ultra-cold atomic ensemble as test mass for the

gravimeter. Atoms chips produced by photolithography feature microscopic wire structures.

Various wire configurations can be produced on a single chip substrate to realise multiple trap

geometries. As the loading of the trap and the evaporative cooling have different requirements

on the trap properties, two trap configurations are implemented: First, a shallow trap optimised

for the initial loading of a high number of atoms is realised and then the confinement is

increased by adiabatically changing the trap potential to a steep consecutive trap for effective

evaporative cooling. This chapter will introduce the techniques for magnetic trapping using

the conducting structures on the three-layer atom chip and present the results of a simulation

of the used trap configurations.

6.1 Magnetic trapping of neutral atoms

A static magnetic field with a curvature is used to create a potential with a local minimum for

atoms with a magnetic moment. The energy levels of the internal atomic states are shifted

by the coupling between the magnetic moment of the atom ~µ and an external magnetic field
~B . This phenomenon has first been reported by Pieter Zeeman [Zee97] and is called Zeeman

effect. The resulting potential at position~r is dependent on the magnetic field strength B(~r ) as

well as the orientation of the magnetic moment ~µ with respect to the direction of the magnetic

field and given as

V (~r ) =−~µ ·~B(~r ) . (6.1)

For atoms with a single electron in the outer shell, such as alkali metals, and for weak magnetic

fields, such that the Zeeman shift is small1 compared to the hyperfine splittings, only the

magnetic moment of the outer electron is relevant. The magnetic moment of the nucleus is

neglected as it is orders of magnitudes smaller than the magnetic moment of the electrons

1 For Rubidium this is the case for magnetic field strengths smaller than 10 mT (100 G).
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[confer Ste15]. Therefore, the shift can be expressed as

V (~r ) =µB gF mF B(~r ) , (6.2)

with the electron spin quantum number mF , the Bohr magneton µB and the hyperfine Landé

factor gF for the hyperfine state |F 〉. The potential energy of magnetic sublevels with a positive

mF · gF term is minimal for a local minimum of the magnetic field. These magnetic sublevels

are hence called low-field seekers, whereas magnetic sublevels with a negative mF · gF term

are called high-field seekers. Only low-field seekers can be trapped, because in regions free of

currents a static magnetic field can only have a local field minimum but not local maximum

according to Earnshaw’s theorem. The hyperfine ground state |5S1/2,F = 2〉 of 87Rb has a

positive Landé factor gF . Therefore, the magnetic sublevels mF =+1 and mF =+2 are low-field

seekers and magnetically trappable.

To prevent losses due to spin-flip Majorana transitions [Bri06], the magnetic trap needs to

have a non-zero magnetic field strength at the location of the atomic ensemble. A magnetic

trap with a non-zero potential minimum has been suggested [Pri83] and demonstrated [Bag87]

by David E. Pritchard implementing a magnetic field configuration similar to the Ioffe configu-

ration for plasma confinement. For the trapping of neutral atoms, this type is referred to as

Ioffe-Pritchard trap.

6.2 Atom chip

Atoms can be trapped in proximity to current carrying wires build on-top a substrate by

combining their magnetic field with a homogeneous offset field. A Ioffe-Pritchard trap can be

realised with a Z or H shaped wire structure [Rei11, p. 43]. It has first been realised on an atom

chip by [Rei02]. Other configurations are possible but they are not within the scope of this

thesis. To realise traps of different volumes, the atom chip in the QG-1 apparatus features three

layers with structures of different sizes. The respective structures on each layer of the QG-1

atom chip to generate a Ioffe-Pritchard trap are highlighted in orange in figure 6.1. The closer

the layers are to the atoms, the thinner the wires and the higher the resulting trap confinement.

These three layers are:

Mesoscopic layer The mesoscopic copper wires on the chip mount have a cross-sectional area

of 0.65 mm2 and carry currents up to 10 A. The mesoscopic U structure, depicted in blue in

figure 6.1(a), is used to create the magnetic field for the MOT. Highlighted in orange is the

mesoscopic H structure which realises large volume magnetic traps with weak confinement.

Base chip layer The base chip features gold wires with a cross-sectional area of 1000µm2

for currents up to 5.6 A. The structures shown in figure 6.1(b) can be connected in various

configurations to electrical current sources. The only configuration used within the scope
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(a) Chip mount with the
mesoscopic structures (b) Base chip (c) Science chip

Figure 6.1: Layers of the atom chip. The images are printed on a 1:1 scale. The wire structures
used for Ioffe-Pritchard traps in this chapter are marked in orange: The mesoscopic H on the chip
mount, the outer Z on the base chip and the outer Z on the science chip. The mesoscopic U for
the quadrupole field of the MOT is marked in blue on the chip mount. Highlighted in green on the
base chip is the RF antenna used for forced RF evaporation and RF spectroscopy.

of this thesis is the outer Z structure marked in orange. The base chip features also an U-

shaped RF antenna for the coupling of the magnetic sublevels using RF transitions for forced

evaporation illustrated in green.

Science chip layer The science chip is closest to the atoms and provides gold wire structures

with a cross-sectional area of 500µm2 for currents up to 2 A. The resulting traps have a strong

confinement due to the high magnetic field gradient in proximity to the wires. The outer Z

structure used for the traps described in this thesis is highlighted in orange in figure 6.1(c).

6.3 Simulation

A simulation of the trap potential is a valuable tool for the optimisation of a magnetic trap, as

it gives direct access to the properties of the trap. To be able to estimate how the experimental

parameters change the trap confinement and the three-dimensional position of the trapped

ensemble, the current carrying chip structures and coils in the QG-1 apparatus have been

modelled within the scope of the Master’s thesis of Jan Philipp Barbey [Bar18]. The trap

potential is calculated using a numerical simulation of the magnetic field implemented by

Prof. Reinhold Walser based on the method detailed in [Her13, p. 91]. From the simulation,

the following important properties of a trap can be derived:

Eigenfrequencies The trap potential can be approximated as a three-dimensional harmonic

oscillator with Eigenaxes x ′, y ′, z ′ and Eigenfrequencies ω′
x ,ω′

y ,ω′
z . The higher the frequency
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the smaller the Gaussian width of the atomic ensemble and the higher the atom density for a

given temperature and atom number. The geometrical mean ωgeo of the Eigenfrequencies is a

measure for the confinement in the trap and is defined as

(ωgeo)3 =ωx ′ωy ′ωz ′ . (6.3)

Field at the trap minimum The magnetic field strength |B | in the potential minimum can

be determined via radio frequency spectroscopy (see section 9.1). In the absence of external

fields, the trap potential minimum is at the same position as the magnetic field minimum. By

taking gravity into account, the position of the trap potential minimum is shifted.

Trap depth The trap depth is the difference between the trap potential minimum Vmin and

the smallest local maximum of the trap potential V0, where atoms with energies ε>V0 −Vmin

can leave the trap. To prevent losses caused by atoms with high kinetic energy leaving the trap,

the temperature of the atomic ensemble Tat has to fulfil the condition

ηkBTat <V0 −Vmin , (6.4)

with empirical values for η= 5. . .7 according to [Rei11, p. 38]. In the following a value of η= 7

will be used.

In this thesis, two basic trap configurations are used: The initial trap 1 needs a high trap

volume with low Eigenfrequencies and has a higher distance to the chip than the consecutive

compressed trap with strong confinement and high trap frequencies in close proximity to the

chip surface. For the the compressed trap, two configurations are used: 2 and 3 . During

optimisation of the evaporative cooling sequence it was shown, that in trap configuration 3

with a higher magnetic field strength at the trap minimum a higher evaporation efficiency can

be achieved than in trap configuration 2 . For these three trap configurations, the empirically

found optimum currents and the resulting trap properties are given in table 6.1. Figure 6.2

shows the simulated potentials of the configurations 1 and 3 for the mF = +2 sublevel.
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Figure 6.2: Numerical simulation of the trap potential for the parameters stated in table 6.1. The
potential is approximated as a harmonic oscillator with the Eigenaxes x ′, y ′ and z ′. Both potentials
are plotted along the Eigenaxes.

Table 6.1: Input and output parameters of the magnetic trap simulation. Eigenfrequencies and
Eigenaxes are derived for the harmonic approximation at the trap minimum.

Initial trap 1 Compressed trap 2 Compressed trap 3

In
pu

t

Meso. H current 8.53 A off off
Base chip current 4.86 A 4.86 A 4.86 A
Science chip current off 1.86 A 1.86 A
X coil pair current -0.37 A -0.08 A 0.10 A
Y coil pair current -1.79 A -2.92 A -2.92 A
Z coil pair current -0.27 A off 0.04 A

O
ut

pu
t

X offset field component Bx -269 µT -52 µT 92 µT
Y offset field component By -1468 µT -2425 µT -2425 µT
Z offset field component Bz -175 µT 3.8 µT 27 µT
Eigenaxis x ′ frequency ωx′/2π 11 Hz 24 Hz 22 Hz
Eigenaxis y ′ frequency ωy ′/2π 58 Hz 1667 Hz 808 Hz
Eigenaxis z ′ frequency ωz ′/2π 56 Hz 1677 Hz 812 Hz
Field |B | at trap minimum 177 µT 45 µT 195 µT
Trap depth (V0 −Vmin) 7kB ·32µK 7kB ·181µK 7kB ·175µK





CHAPTER 7
Loading of the magnetic trap

To optimise the mode-match between the MOT (see section 3.2) and the initial magnetic

trap, two techniques described in detail in [Sah19] are applied in QG-1: Before the atomic

ensemble is released from the MOT, the magnetic field gradient is increased and the laser

frequency red detuned, which leads to a compression of the ensemble. This method is called

compressed MOT (CMOT). Second, polarisation gradient cooling is applied to reduce the

temperature to 6µK. Afterwards, the atoms are equally distributed over the magnetic sublevels

mF =−2,−1,0,+1,+2 of the hyperfine ground state |5S1/2,F = 2〉. Only the magnetic sublevel

mF =+2 will be confined in a strong trap. Hence, for effective loading of the initial magnetic

trap, the atoms should be prepared in the mF =+2 sublevel.

7.1 Optical state preparation

Optical pumping is used to increase the atom number in the trappable magnetic sublevel. To

break the degeneracy of the magnetic sublevels, a homogeneous magnetic field is applied to

shift the energy levels as described by the Zeeman effect. The atoms are exposed to circular

polarised light from the detection collimator parallel to the direction of the magnetic field,

such that the light is resonant with the σ+ transition between |5S1/2,F = 2〉 and |5P3/2,F = 2〉
increasing the mF quantum number by +1 for each optical transition. Subsequently the excited

state decays to the ground state. This process is repeated several times until the atoms are

accumulated in the |5S1/2,F = 2,mF =+2〉 state, which is dark to the σ+ light as the excited

|5P3/2,F = 2〉 hyperfine state has no mF =+3 magnetic sublevel.

In the experiment, a homogeneous magnetic field of 430µT (4.3 G) is applied parallel to

the collimated pump light beam with circular polarisation. In figure 7.1 the resulting atom

number in the initial magnetic trap is depicted for positive and negative sign of the magnetic

field. This switches the orientation of the atomic momentum with respect to the helicity of

the light. Optical pumping to the mF =+2 substate is plotted in blue whereas pumping to the

not trappable high field seeking substate mF =−2 is shown in red. As a reference the atom

number without pump light is depicted in grey. The average of the reference measurements

is 8.6 ·106 atoms. Compared to this value optical pumping improves the atom number in the

initial magnetic trap by a factor of 3.27 at a detuning of +9 MHz.
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Figure 7.1: Atom number in the initial magnetic trap in dependence of the light frequency detuning
from the |5S1/2,F = 2,mF = 0〉 to |5P3/2,F = 2,mF = 0〉 transition during the optical pumping phase.
The measurement is taken for different orientations of the magnetic field such that the circular
polarised light drives either the σ+ (blue) or σ− (red) transition. A reference measurement without
optical pumping is depicted in grey. Vertical lines indicate the theoretical frequencies of the
transitions between the magnetic substates given by the Zeeman shift for a homogeneous magnetic
field of 430µT (4.3 G). Green lines represent π transitions with ∆mF = 0, whereas σ+ transitions are
blue and σ− transitions are red. This measurement data has previously been published in [Sah19].

7.2 Mode matching

To improve the loading of the magnetic trap the overlap with the CMOT needs to be optimised.

One figure of merit is the transferred atom number. On the other hand no oscillations of the

centre of mass (COM) position should be excited, because these can lead to heating and affect

the subsequent compression step. After optimising the loading of the initial magnetic trap only

on the atom number, a damped oscillation on the weak trap axis with an amplitude in the trap

of 180µm was observed for holding times between 240 ms and 450 ms. By shifting the CMOT

position, this amplitude could be reduced to 69µm while also reducing the loading efficiency

by a factor of two.

To achieve both goals, high atom number and low oscillation amplitude, the position of

the CMOT as well as of the initial magnetic trap are varied. This would be a 6-dimensional

parameter scan over a wide range. To reduce the number of measurements, the respective

coil pair currents creating the homogeneous offset field, which shifts CMOT and magnetic

trap along the same axis, are evaluated simultaneously in a 2-dimensional parameter scan.

The magnetic trap position can not be significantly moved along the weak trap axis with the

homogeneous offset field. Instead the magnetic field strength at the trap bottom is scanned

against the CMOT position along this axis. After each measurement, the optimum parameter



7.2 Mode matching 53

pair is applied for the next iteration.

For each parameter pair, the oscillation over the holding time is recorded. To quantify the

amplitude of the oscillation, the model

ydetect(t ) = ytrap(t )+ tTOF · ẏtrap(t )+ ycenter (7.1)

is fitted to the data. However, the least-squares regression algorithm is unreliable for periodic

models, because the problem has multiple minima for the phase. This is circumvented by

expressing the oscillation in the trap as

ytrap(t ) = A1 sin(ωt )+ A2 cos(ωt ) . (7.2)

Now, the in-trap amplitude is given by Atrap =
√

(A1)2 + (A2)2 and the phase is given by

ϕ = arctan2(A2,A1) using the 2-argument arctangent function arctan2 [Wik19]. To further

improve the reliability of the fit algorithm, a guess for the oscillation frequency f =ω/(2π) is

provided using the frequency with the strongest amplitude found in the discrete spectrum. It

is calculated using the Fast Fourier Transform (FFT) algorithm.

Immediately after loading the trap, a high dynamic motion can be observed while the

ensemble is rethermalising. The oscillation is evaluated separately for the rethermalisation

phase and for longer holding times with the boundary chosen at 240 ms. Using this method,

the respective positions of the CMOT and the initial magnetic trap have been optimised in 9

iterations on a high loaded atom number and low excitation both during the rethermalisation
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Figure 7.2: Centre of mass (COM) oscillation after loading the initial magnetic trap. The measured
COM positions after 20 ms time of flight have been determined by fitting a Gaussian distribution
to an absorption image of the atomic ensemble. These are depicted as blue dots with error bars
showing the standard deviation of 2 (a) or 5 (b) repetitions. The fitted models for a harmonic
oscillation during rethermalisation phase and for longer hold times are plotted as green and orange
lines, respectively.
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phase and for holding times between 240 ms and 540 ms.

The resulting motion after optimisation is shown in figure 7.2(b). Also visible is the shifted

y2,center compared to figure 7.2(a). The residual amplitude is 32µm. The oscillation has been

reduced by a factor of 6 while not affecting the loading efficiency. The oscillation is damped

by the anharmonicity of the trap and is smaller than the statistical error for holding times

longer than 400 ms. Loading the atoms into a steeper trap and adding dispersion in the form

of forced evaporation dampens the oscillation further.

7.3 Temperature in the magnetic trap

After capturing the atoms in the initial magnetic trap 1 with large volume, they are transferred

to a compressed trap 2 to increase density and rethermalisation rate. The compressed trap is

created by the currents in the science chip and the base chip given in table 6.1. The current

through the science chip Z structure is immediately switched on whereas the other currents are

linearly ramped to the values of the compressed trap over a duration of 100 ms. As the atomic

ensemble is being adiabatically compressed, the temperature rises. The respective temperature

in the initial and the compressed magnetic trap is determined by releasing the atoms from the

trap and recording a time of flight series of the width of the Gaussian cloud. The measured

expansion can be seen in figure 7.3. The following model for the thermal expansion is utilised

to determine the temperature: The Gaussian width σi after expansion time tTOF is given by

(
σy (tTOF)

σz (tTOF)

)
=

 √
(σ0,y )2 +kB Tat/m(tTOF)2√
(σ0,z )2 +kB Tat/m(tTOF)2

 , (7.3)
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(a) Expansion of the Gaussian cloud after release
from the initial magnetic trap 1 .
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(b) Expansion of the Gaussian cloud after release
from the compressed trap 2 .

Figure 7.3: Temperature determination of the atomic ensemble after release from the magnetic
trap. The depicted size is the width σ of a Gaussian distribution fitted to the atom density acquired
via absorption imaging. A model for the expansion in two dimensions has been fitted to the data.
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with the Boltzmann constant kB and the atomic mass m. The parameters temperature Tat and

initial size σ0,y ,σ0,z are fitted to the data.

After loading the polarisation gradient cooled atomic ensemble with a temperature of

(6.6±0.7)µK into the initial trap, the temperature increases to (97±3)µK. This temperature is

higher than the estimated trap depth1 in section 6.1 of 7kB ·32µK and might lead to a loss of

atoms due to evaporation. Compressing the magnetic trap increases the temperature further

to (166±5)µK while also increasing the estimated trap depth to 7kB ·181µK.

7.4 Loading efficiency and saturation of the magnetic trap

In every step, loading the polarisation gradient cooled atoms into the initial trap and compress-

ing the trap, atoms are lost. The efficiency of the magnetic trap loading procedure is given by

the atom number in the final compressed trap after 20 ms holding time compared to the initial

atom number in the MOT. To characterise the saturation of the loading efficiency for higher

atom numbers in the MOT, the efficiency is determined for different MOT atom numbers by

varying the MOT loading time.

The resulting atom numbers are depicted in figure 7.4 (a similar figure is shown in [Sei14,

p. 69] for the MAIUS-A apparatus). The optimum loading efficiency is 27 % at a MOT loading

time of 200 ms. The loading efficiency in the initial magnetic trap is mostly limited due to a
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Figure 7.4: Characterisation of the magnetic trap loading efficiency. The left plot shows the atom
number in the MOT (blue) and the atom number in the final compressed magnetic trap (orange)
versus the MOT loading time. The atom number in the MOT is derived from the fluorescence of
the atoms during MOT loading and the atom number in the magnetic trap after 20 ms hold time
is acquired via absorption detection. The right plot shows the loading efficiency calculated for
each single shot. The data points are averaged over three repetitions and the errors bars depict the
standard deviation.

1 Here, the trap depth V0 −Vmin = ηkBTmax is stated in terms of the maximal temperature Tmax of an ensemble
that is confined in the trap with negligible losses due to evaporation with an empirical value of η= 7 [Rei11,
p. 38].



56 Chapter 7 Loading of the magnetic trap

poor match of the aspect ratio of the CMOT and the initial magnetic trap, because the weak trap

axis of the MOT is perpendicular to the weak trap axis of the magnetic traps (see section 3.3).

However, the size of the polarisation gradient cooled ensemble increases for longer MOT

loading times and affects the magnetic trap loading efficiency. To maximise the transferred

atom number, the system is operating with a MOT loading time of 700 ms, which leads to

bigger cloud sizes and limits the magnetic trap loading efficiency further to 17 % resulting in

5.3 ·107 atoms in the compressed magnetic trap. In comparison [Sei14] demonstrated an atom

number of 1.8 ·108 in the compressed magnetic trap after 800 ms MOT loading time in the

MAIUS-A apparatus, where the weak trap axes of MOT and magnetic trap are aligned.



CHAPTER 8
Trap characterisation

The next step after the transfer to the compressed magnetic trap is evaporative cooling, which

is described in chapter 9. As mentioned before, the Eigenfrequencies and the loss rate are two

important characteristics for evaporative cooling and will be analysed in this chapter.

8.1 Lifetime of the trapped ensemble

There are several mechanisms leading to atom loss in the trap, e.g. background gas collisions

caused by the intrinsically worse vacuum quality in proximity to the atom chip. However, the

residual pressure is estimated to be less than 10 ·10−10 hPa in the main chamber1. Another loss
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Figure 8.1: Lifetime measurement of the atomic ensemble in the magnetic trap. The atom number
in the compressed magnetic trap 2 in dependence of the holding time is depicted as grey dots
with error bars indicating the standard deviation over five repetitions. An exponential decay model
is fitted to the data for holding times longer than 500 ms giving a lifetime of 3.2 s and represented
as orange line. The initial decay in the first 500 ms has a lifetime of 0.9 s and is shown as blue line.

1 less than 10 ·10−11 hPa at the pressure sensor, see section 3.5.
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channel for atomic ensembles with temperatures as high as the trap depth is particles with

high kinetic energy escaping the trap. These loss mechanisms depend on the atom number N

in the trap and can be characterised by the loss rate λ

d N

d t
=−λN , (8.1)

which leads to an exponential decay

N (t ) = N0 exp−t/τloss , (8.2)

with the mean lifetime τloss = 1
λ .

The remaining atom number in the trap has been measured via absorption detection and is

plotted versus the holding time in figure 8.1. Fitting the exponential decay model to the data

determines a trap lifetime of 3.2 s for holding times longer than 500 ms. The initial decay in

the first 500 ms is much faster than the long-term decay because of rethermalisation processes

and has a fitted lifetime of 0.9 s. After 500 ms holding time 1.9 ·107 atoms remain in the trap.

8.2 Eigenfrequencies

The Eigenfrequencies are a measure for the confinement of a harmonic trap as described

in section 6.1. To compare the simulated results to the actually implemented trap in the

experiment, the Eigenfrequencies are measured by exciting an oscillation and detecting the

position of the atomic ensemble in dependence of the duration of the oscillation.

An oscillation along the y axis (chip coordinate system see figure 3.5) is exited by shifting the

trap potential in y direction at holding time t = 0ms. Figure 8.2(a) shows the COM position

after a time of flight of tTOF = 5ms in dependence of the holding time for a trap with Icoil =
(−0.08,−2.19,0)A.

The following model is fitted to the data. Consider a damped harmonic oscillator

ytrap(t ) = A0 e−δt cos(ωd t +ϕ) , (8.3)

with a damping constant δ, phase ϕ, amplitude A0, damped angular frequency ωd =
p
ω2 −δ2

and harmonic Eigenfrequency ω = 2π f . As the COM position is detected after a TOF of

tTOF = 5ms, it is also dependent on the COM velocity in the trap at release:

ydetect(t ) = ytrap(t )+ tTOF · ẏtrap(t )+ ycentre , (8.4)

with the time t in the trap.

The same measurement is done for several currents in the y coil for an excitation along

both strong trap axes y and z respectively. The fitted frequencies are shown in figure 8.2(b)

together with the simulated trap frequency for the strong Eigenaxis. Only the simulated fre-
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quency for the z’ Eigenaxis is plotted, because it differs from the simulated y’ Eigenfrequency

by less than 1 %. The trap frequency in the weak Eigenaxis is simulated to be 25 Hz and

measured separately as 20 Hz. The compressed trap 2 with parameters given in table 6.1

has simulated trap Eigenfrequencies ωsim/2π= (25,1446,1452)Hz with the geometric mean

ωgeo,sim/2π = 374Hz. The frequencies were measured to be ωmeas/2π = (20,1055,1063)Hz.

Therefore, the compressed trap 2 has an empirical geometrical mean of the trap Eigenfre-

quencies of ωgeo,meas/2π= 282Hz.
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(d) Measured and simulated Eigenfrequencies

Figure 8.2: Measurement of trap Eigenfrequencies. (a, c) The COM position after a time of flight
of tTOF = 5ms is derived from absorption detection images and is plotted versus the holding
time in the trap. The error bars represent the standard deviation of two repetitions. The model
described in equation (8.4) has been fitted to the data (black line). (b, d) Determination of the trap
Eigenfrequency as in (a) for different offset magnetic fields varying the confinement of the trap. The
simulated Eigenfrequency in the strong trap axis is shown as a black line. The measurements (a, b)
have been performed with an ensemble at a temperature of (166±6)µK in trap configuration 2
and (c, d) at (620±20) nK in trap configuration 3 .
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The simulated trap Eigenfrequencies are higher than the measurements because the sim-

ulation approximates the trap potential at the trap minimum. In figure 6.2(b) the simulated

potential is shown as well as the harmonic approximation. The ensemble has a temperature

of (166±6)µK. Thus, for atoms with higher energies, the trap has less confinement than the

harmonic approximation resulting in lower trap Eigenfrequencies.

Determination of Eigenfrequencies at ultra-cold temperatures

The Eigenfrequency measurement is repeated after the first seven steps of evaporative cooling

(see chapter 9) at a temperature of (620±20) nK. During optimisation of the evaporative

cooling it was shown, that the cooling efficiency improves in a modified trap configuration

with a higher magnetic field strength at the trap bottom. These measurements are therefore

performed in the compressed trap 3 with parameters given in table 6.1. Figure 8.2(c) shows the

oscillation of the ultra-cold ensemble with negligible damping. As the harmonic approximation

of the trapping potential has a better agreement with the potential observed by the atoms, the

measured trap frequencies summarised in figure 8.2(d) follow the results of the simulation

closely. The simulated trap Eigenfrequencies ωsim/2π = (22,808,812)Hz have a geometric

mean of ωgeo,sim/2π= 243Hz. The measurement of the Eigenfrequency of the weak axis is not

repeated because of technical limitations. It is estimated to be unchanged from the previous

value of 20 Hz. The geometrical mean of the trap frequencies ωmeas/2π= (20,915,912)Hz of

the compressed trap 3 is ωgeo,meas/2π= 256Hz.

8.3 Summary

With the procedures outlined in chapter 7, 3.3 ·107 atoms have been transferred to a com-

pressed magnetic trap. The atomic ensemble has a temperature of 166µK and is confined

with a geometrically averaged trap frequency of ωgeo,meas/2π= 256Hz. The trap has a lifetime

of 3.2 s, which is longer than the anticipated evaporation duration. For comparison, in the

MAIUS-A apparatus 1.6 ·108 atoms at a temperature of 110.1µK are confined in the compressed

magnetic trap [Sei14].



CHAPTER 9
Evaporative cooling

Evaporation is a phenomenon that occurs in everyday life. When particles with a kinetic energy

above average are able to leave a thermal ensemble, e.g. water molecules leaving a cup of tea

as vapour, the remaining ensemble will cool down. The same process can be used to cool

a trapped atomic ensemble. The particles in a closed trap elastically collide and exchange

momentum, while the overall thermal distribution does not change. The probability density

function of the kinetic energy ε of the particles is plotted in figure 9.1. It is proportional to the

product of the density of states in the harmonic trap ρ(ε) ∝ ε2 and the Maxwell-Boltzmann

distribution

f (ε) = D ·e−ε/(kB Tat) . (9.1)

Here, D is the phase space density (PSD) of the thermal ensemble. When the trap is modified

in way that only high energetic particles from the tail of the distribution are able to leave the

trap, they remove more energy from the ensemble than the average energy per particle. As the
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Figure 9.1: Distribution of kinetic energies in an ensemble with temperature Tat = 100µK in a
harmonic trap. The kinetic energy is proportional to the truncation parameter η by Ekin = ηkB Tat.
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remaining particles in the trap rethermalise via elastic collisions, again a Maxwell-Boltzmann

distribution is reached with a lower average kinetic energy.

9.1 Radio frequency spectroscopy

Radio frequency (RF) spectroscopy probes the distribution of kinetic energies in the magnetic

trap. By addressing transitions between the magnetic substates with RF radiation, the atoms

are pumped to a non-trappable state and are pushed out of the trap. In a magnetic trap,

only particles above a certain kinetic energy εt can reach a location in the trap ~rt , where the

resonance condition for the transition between two magnetic substates

h · fknife =µB gF ·B(~rt ) (9.2)

is met. The potential at position ~rt is given by the Zeeman shift

V (~rt ) =µB gF mF ·B(~rt ) (9.3)

and can only be reached by atoms with a kinetic energy higher than εt =V (~rt ). This technique

is called RF knive, because it cuts away all particles with a kinetic energy higher than the

threshold εt = mF ·h · fknife −Vmin from the thermal distribution. Assuming the atoms get
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(a) A thermal ensemble after adiabatic compression.

0.8 0.9 1.0 1.1 1.2
Frequency (MHz)

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

At
om

 n
um

be
r

1e5 RF spectroscopy

Model
Atom number

5.0 2.5 0.0 2.5 5.0 7.5 10.0
Truncation parameter 

Temperature T = 2.6 µK 
Trap bottom Vmin = h 1.8 MHz

(b) A thermal ensemble after evaporative cooling.

Figure 9.2: RF spectroscopy of the distribution of kinetic energies of the trapped atoms. The atom
number has been derived by absorption imaging and is plotted in blue with error bars denoting
the uncertainty from fitting a Gaussian shape to the absorption image. The model described by
equation (9.4) has been fitted to the data and is depicted as a black line. Measurement points in
grey have been excluded from fitting the model.



9.2 Peak density of a Gaussian distribution 63

instantly removed from the trap, the remaining atom number Nr is given by [Sim11, p. 52]

Nr = Ne−εt /(kB Tat)
(
1+ εt

kB Tat
+ 1

2

(
εt

kB Tat

)2)
. (9.4)

The parameters temperature Tat and trap bottom potential Vmin of this model are fitted to

measurements of the remaining atom number Nr shown in figure 9.2. The RF spectroscopy is

performed with a thermal ensemble in the compressed trap configuration 2 with parameters

given in table 6.1. For comparison the temperature has been determined by a time-of-flight

series measurement as described in section 7.3. The derived temperatures are stated in ta-

ble 9.1. The deviation can be explained by limitations of this model, as it is only valid for a

harmonic, isotropic trap and does not include the influence of gravity nor power broadening

of the RF frequency.

Table 9.1: Comparison of methods for deriving the temperature.

After adiabatic compression After evaporative cooling
RF spectroscopy 169.6 µK 2.6 µK
Time-of-flight series 166 µK 3.3 µK

9.2 Peak density of a Gaussian distribution

In the following, the increase in PSD will be used as a measure to analyse the cooling procedure.

The PSD of a thermal ensemble is defined as

D = n0 (λth)3 (9.5)

with the peak density n0 and the thermal de Broglie wavelength

λth =
√

2π~2

matkB Tat
. (9.6)

The peak density of a three-dimensional Gaussian distribution is defined as

n0 = N

(2π)3/2σxσyσz
(9.7)

with the atom number N and the 1/e radii σi , i ∈ (x, y, z). In a harmonic potential, the 1/e

radii of the Gaussian distribution are governed by the atomic mass mat, the temperature Tat

and the trap frequencies ωi as follows

σi =
√

kB Tat

mat (ωi )2 . (9.8)
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Using the geometrical mean of the trap frequencies (ωgeo)3 =ωxωyωz , the definition of the

peak density can be written as

n0 = N
(
ωgeo

)3
(

mat

2πkB Tat

)3/2

. (9.9)

Hence, the PSD

D = n0 (λdB)3 = N

(~ωgeo

kB Tat

)3

(9.10)

can be calculated from the geometric mean of the trap frequencies (see section 8.2), the atom

number and the temperature. The two latter ones are derived from time-of-flight series as

described in section 7.3.

9.3 Optimisation of the forced evaporation procedure

To cool the trapped atomic ensemble, high energy particles are selectively removed from the

trap using the RF knife technique. For a constant knife frequency, the rate of cooling eventually

slows down, as less and less atoms have a kinetic energy above the threshold. Therefore, forced

evaporation is realised by adjusting the knife frequency fknife to keep the truncation parameter

η constant while the distribution of the ensemble changes. As evaporative cooling naturally

happens on an exponential scale, the important properties of the ensemble such as atom

number, temperature, density, PSD and the rate of elastic collisions change exponentially.

Therefore, also the knife frequency has to follow an exponential curve, which is approximated

by eight consecutive linear ramps. The values of these properties are depicted in figure 9.4 for

an optimised cooling sequence in the compressed trap configuration 3 with parameters given

in table 6.1.

For the optimisation of the ramp slopes, the strategy described in [Ket96, 189ff] was followed.

The efficiency of the evaporative cooling

γ=−d(lnD)

d(ln N )
(9.11)

is determined by acquiring the Phase space density D and the atom number N . The efficiency

has to be optimised in every step, to achieve the largest efficiency in total

γtotal =
ln(Dfinal/Dinitial)

ln(Nfinal/Ninitial)
. (9.12)

The upper limit for the knife frequency change is governed by the rate of elastic collisions.

When the knife frequency is changed too fast, the ensemble can not rethermalise in time and

atoms are lost without removing thermal energy from the system. On the other hand, atom
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loss from background gas collisions gives a lower limit for the knife frequency change.

Figure 9.3 shows the efficiency γ for every step of the evaporative cooling sequence in QG-1

with a duration of 1.3 s. At the end of the sequence, the atom number is reduced by a factor

of 3000 while the PSD is increased by six orders of magnitude. The thermal ensemble with

3000 atoms has a temperature of 160 nK and is close to the critical PSD of 1.202 for Bose-

Einstein condensation in a three-dimensional harmonic trap, but the atom number is at the

limit of the detection system to observe the expansion with a time-of-flight series. The decrease

of efficiency towards the end of the sequence can be explained by a too low ratio of elastic to

inelastic collisions, defined as the number of elastic collisions per trap lifetime R = τloss/τel,

leading to decreasing values of R and γ in the subsequent steps [Ket96, p. 192]. This adds to

the fact, that under the influence of gravity the effectiveness of the RF knife reduces during

the evaporation sequence, because below a limiting temperature the region of resonance is

no longer a three-dimensional shell but only a region at the bottom of the trap, where the

gravitational potential varies by less than kB Tat [Ket96, 223f].

It has to be noted, that three-body collisions are another possible cause of a reduced ef-

ficiency. They lead to a loss of atom number and heating, because they occur close to the

trap minimum where the density is highest and where atoms of the lower-energetic part of

the thermal distribution are located. Thus, this process is the reverse of evaporative cooling,

because the removed atoms carry away less then the average kinetic energy. This typically

leads to a lower limit for the temperature [Ket96, 191f], which has not been observed (see

figure 9.4). Furthermore, three-body collisions are expected for densities above 1020 m3 while
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Figure 9.3: The evaporation efficiency γ compares the gain in PSD to the loss of atom number
both on an exponential scale (see equation (9.11)). The blue circles depict the atom number and
PSD after each step of evaporative cooling in QG-1. For comparison the evaporation process in
QUANTUS-1, QUANTUS-2 [Her13] and MAIUS-A [Sei14] is shown in grey.
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only a density of 2.5 ·1019 m3 is reached in this work.

The efficiency of the described evaporative cooling sequence needs to be improved to in-

crease the final atom number. To this end, the rate of elastic collisions has to be increased

which is achievable with a higher initial atom number as well as with a stronger confinement

in the trap. Figure 9.3 shows the evaporation path for the Quantus-1 and Quantus-2 appa-

ratuses which both feature a stronger trap confinement. Within the scope of this thesis, the

confinement in the trap is limited by the maximum current of the low noise current driver for

the y-component of the offset magnetic field. By replacing the current driver, the efficiency of

the evaporative cooling procedure will be improved.
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CHAPTER 10
Summary and outlook

The main objective of this thesis is the development and assembly of the transportable QG-1

apparatus which will allow to measure gravity with unprecedented accuracy. In chapter 2 it

was shown that an ultra-cold atom source is needed to overcome the two main limitations of

current generation atom gravimeters. To attain this goal, the established design of an atom-

chip-based BEC source pioneered in the QUANTUS collaboration was modified to fulfil the

requirements of gravimetry with an instrumental measurement uncertainty below 1 nm/s2.

Within the scope of this thesis, the gravimeter’s sensor head integrating the atom chip source

has been designed and assembled with the following key features: The retro-reflection mirror

is placed inside the vacuum chamber to eliminate optical elements in the atom interferometer

beam path. It is mounted on a custom designed tip/tilt-stage with minimal size and a large

dynamic range of up to a hundredfold of the Earth’s rotation rate for characterisation. A

free optical aperture of 18 mm for the interferometry laser beam is realised by changing the

orientation of the atom-chip-based BEC source. This required a new layout of the mesoscopic

wire structure of the atom chip. The design, described in chapter 3, features a baseline

of 330 mm and a total free fall time of 256 ms for atom interferometry. Furthermore, all

components needed for the operation and characterisation of the ultra-cold atom source

and the gravimeter have been set up and integrated. These comprise a fibre based laser

system (chapter 4), modular electronics and a computer control system (chapter 5) that are

transportable, compact and robust.

Key result of this thesis is the reliable operation of the ultra-cold atomic source on the atom

chip. The mesoscopic wire configuration of the atom chip was modified from the atom chip

design of the QUANTUS collaboration and simulations of the corresponding trap properties are

summarised in chapter 6. The trap loading procedure was optimised as discussed in chapter 7

and the results show that efficient loading of the magnetic trap with the new mesoscopic

wire structure is possible. However, the MOT loading rate has to be optimised to shorten

the preparation time. Within 700 ms 3.1 ·108 atoms are loaded in the MOT and subsequently

3.3 ·107 atoms are transferred to the compressed trap. The properties of the compressed trap

are reported in chapter 8. The trap has a geometrically averaged trap frequency of 2π ·256Hz

and the trapped ensemble has a lifetime of 3.2 s. As described in chapter 9, the evaporative

cooling procedure was started with 3.3 ·107 atoms at a temperature of 166µK. 3000 atoms have
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been prepared at a temperature of 160 nK and a PSD close to 1.2 at the onset of Bose-Einstein

condensation within a total duration of 2.3 s. This represents a very promising milestone

towards gravimetry based on BEC interferometry as detailed in chapter 2.

However, it is necessary to improve the evaporative cooling efficiency to reach a higher

atom number at the end of the evaporative cooling procedure. Further research conducted

by Nina Heine after the final measurements for this thesis showed that the main limitation of

the presented design was the maximum output current of one of the current drivers for the

offset field coils. It limits the trap confinement which is key for efficient evaporative cooling.

This limitation was lifted by adding an additional current driver without changes to the sensor

head. As described in section 3.2 the Helmholtz coil pair for the y-component of the magnetic

field consists of two individual coil pairs which were previously connected in series to a single

low noise current driver which was limited by its maximum output voltage. After connecting

each coil pair to a dedicated current driver, the individual low noise current drivers are able

to provide a higher output current at a lower voltage. By increasing the y-component of the

magnetic offset field a stronger confinement in the magnetic trap was achieved. Subsequently,

the atomic ensemble was cooled towards Bose-Einstein condensation and an expanding BEC

was observed after release from the trap. In the first realisation of a BEC in QG-1, the duration

of the sequence was 2.5 s resulting in 1 ·104 atoms in the condensed fraction1. A comparable

performance to the QUANTUS-2 and MAIUS-A sources, which are based on a similar atom

chip design, should be achievable by optimising the loading of the MOT and the evaporative

cooling procedure. A comparison is given in table 10.1.

For the gravity measurement, an atom interferometer sensitive to accelerations will be

realised in QG-1 with Bragg diffraction on a moving lattice similar to the BEC gravimeter pre-

sented in [Abe17]. To achieve the goal of the QG-1 gravimeter operating with an instrumental

measurement uncertainty below 1 nm/s2, the following steps need to be completed.

Table 10.1: Comparison of preparation times and atom numbers of ultra-cold atom sources. The
QUANTUS-2 and MAIUS-A sources operate with a similar atom chip setup as QG-1. The CAG
gravimeter is stated for reference but operates with an optical dipole trap.

QUANTUS-2 [Rud15] MAIUS-A CAG QG-1

"Case 1" "Case 3" [Bec18] [Kar18] This work N. Heine1

Atom number 4 ·104 4 ·105 1 ·105 1 ·104 3 ·103 1 ·104

Preparation time 850 ms 1.6 s 1.6 s 4.22 s 2.3 s 2.5 s

Phase BEC BEC BEC thermal gas thermal gas BEC

1 Source: Private communication with Nina Heine.
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Quantum projection noise

In order to be useful in geodetic applications, the gravimeter should reach a statistical un-

certainty of σ(τavg) = 10nm/s2 within an averaging time of τavg = 100s. This is limited by

technical noise sources as e.g. the stability of the laser frequencies, environmental noise as

e.g. acceleration noise from vibrations and fundamentally by quantum projection noise on

the phase read out. The technical and environmental noise needs to be characterised and

compensated. However, the quantum projection noise is an intrinsic limit and depends on the

atom number N and measurement cycle time τcycle. The statistical uncertainty is given by

σ(τavg) = 1

C
p

N keffT 2
·
√
τcycle

τavg
(10.1)

with the interferometer evolution time T , the cycle time τcycle and the averaging time τavg.

Here, the interferometer contrast is conservatively estimated at C = 80%, although higher

contrasts were shown in similar settings. For 2T = 160ms, τcycle = 2s, and τavg = 100s, a per

shot atom number of 3 ·104 is required to reach the target uncertainty. A comparable atom

number to the BEC sources in the QUANTUS collaboration as stated in table 10.1 should be

feasible and exceeds the requirement.

Wave front aberrations

A low expansion rate of the atomic wavepacket corresponding to a temperature of 1 nK is

crucial for an uncertainty of the wave front aberration bias below 0.2 nm/s2 as explained in

section section 2.4. The velocity spread of a BEC is determined by the strength of the trap

confinement. A magnetic lens can slow the expansion as mentioned in section 1.4. Expansion

rates equivalent to effective temperatures as low as 1 nK have been demonstrated in the

QUANTUS-1 apparatus operating on ground [Kru14].

After reducing the expansion rate, the remaining wave front bias and its uncertainty need

to be characterised in QG-1. One approach for the determination of the wave front bias is

the variation of the expansion rate of the atomic test mass as described in [Kar18]. A similar

evaluation can be performed in QG-1 by controlling the expansion rate with the parameters of

the magnetic lens within a wide range. Another approach is the simulation of the wave front

bias based on a map of the wave front as illustrated in [Sch15]. Given the small size of a BEC

compared to the size of the laser beams, the wave front can be mapped by launching the BEC

from different trap positions on the atom chip or with different horizontal velocities.

Magnetic field gradients

The atoms released from the magnetic trap are in the magnetic substate mF =+2. To lessen

their susceptibility for magnetic fields they have to be prepared in the mF = 0 substate, which is
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to the first order unaffected by magnetic fields. This transfer is to be achieved via an adiabatic

rapid passage by emitting an RF field from the atom chip as described in [Kru14]. While this

technique succeeds to prepare 95 % of all atoms in the non-magnetic mF = 0 substate, the

remaining atoms in substates mF 6= 0 are pushed away by a Stern-Gerlach-type deflection

[Abe17]. During the interferometer sequence, a magnetisation field with a magnetic field

strength of 10µT (100 mG) is needed to prevent spin flips between the magnetic substates.

Via the second order Zeeman effect the atoms are still susceptible to magnetic field gradients.

The sensor head is equipped with a three-layer magnetic shielding made of mu metal which

ensures a homogeneous magnetic environment on the inside (see section 3.7). Additional

coils need to be positioned and calibrated to ensure a gradient of the quantisation field of less

than 1µT/m (10 mG/m) along the baseline of the atom interferometer which corresponds to a

bias below 1 nm/s2. The measurement of the magnetic field can be conducted with the atom

interferometer itself [Har16].

Characterisation of further systematic biases

As discussed in section 2.3 the susceptibility to rotations has to be characterised and com-

pensated. When the leading order uncertainties of current generation atom gravimeters are

reduced below 1 nm/s2, other effects become relevant. The influence of the black-body radia-

tion shift in QG-1 caused by a temperature gradient in the sensor head has been simulated

in [Hei20]. The gravity measurement bias is estimated at a value of 1 nm/s2 and it will be

characterised with an uncertainty of 0.3 nm/s2 by monitoring the temperature distribution

in the sensor head. The mean field shift related to unequal atom numbers in the two paths

of the atom interferometer has been assessed in [Hei20]. For QG-1, an average instability of

the splitting ratio of 10−4 corresponds to an uncertainty in the determination of gravity of

0.2 nm/s2. Furthermore, the influence of light shifts has to be studied. [Gie16] showed that

the two-photon light shift for Bragg diffraction with Gaussian temporal pulse shapes and an

initial momentum of the atoms is suppressed compared to Raman diffraction. By increasing

the initial vertical momentum the effect will become negligible in QG-1.

In summary, the estimates for the error budget and its uncertainties give a perspective on

the achievable instrumental measurement uncertainty below 1 nm/s2.

Geodetic measurement campaigns

Above all, the functionality of QG-1 needs to be assessed in comparison campaigns with

current generation gravimeters. QG-1 is projected to eventually surpass the performance of

established instruments. The low instrumental uncertainty will enable field measurements of

signals that were previously inaccessible using state-of-the-art gravimeters. It will contribute

valuable observations to various fields from volcanology and earthquake research to hydrology

and understanding the effects of climate change [Cam17].
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A Appendix

A.1 Mirror surface flatness measurements

Below, the measurement protocols from Laseroptik Garbsen are included. The mirror substrate

[Laseroptik Garbsen, S-05487-01] with an ion beam sputtering (IBS) dielectric coating

[Laseroptik Garbsen, 26015ke2] has been characterised with an optical interferometer

[TRIOPTICS, µPhase plano down]. The author would like to thank Konrad Schrader from

Laseroptik Garbsen for his support and for performing the measurements.

µShape(TM) Professional v6.28 - #1_S1.ms 06/06/19 10:41:39

© TRIOPTICS Berlin GmbH Laseroptik GmbH

Figure A.1: Flatness measurement of substrate #2. Areas with a phase jump in the observed fringe
pattern have been excluded and only an area of 35 mm diameter has been evaluated.
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µShape(TM) Professional v6.28 - #1_S1.ms 06/06/19 10:42:59

© TRIOPTICS Berlin GmbH Laseroptik GmbH

Figure A.2: Flatness measurement of substrate #2. Only the central region with a diameter of
10 mm has been evaluated.



A.2 Ultra-high vacuum initialisation

During the initialisation of the ultra-high vacuum (UHV) in the sensor head, a turbo-molecular

pump was attached and the vacuum chamber was heated to 80 ◦C to accelerate the out-gassing

of residual gas particles especially water absorbed by the surfaces of the vacuum chamber.

Typically, UHV chambers are heated to temperatures above 100 ◦C for initialisation, but the

indium sealings used for the viewports prevent temperatures higher than 80 ◦C. Instead, the

bake-out time was extended to several weeks.

The target pressure of 10 ·10−10 hPa could not be reached without keeping the turbo-molecu-

lar pump attached. This is usually caused by an insufficient pump speed compared to the

outgassing rate. A high out-gassing rate can be caused by the epoxy glue used in the atom

chip and the tip/tilt mount for the reference mirror at the bottom of the vacuum system.

As the regular vacuum pumps are attached at the top the pump speed is limited by the

conduction of the vacuum chamber. The results of a simple estimation of the conductance of

the QG-1 vacuum system following the conductance formulae given in [Moo09, 96f] are stated

in table A.1.

Table A.1: Calculation of the pump speed at the bottom of the vacuum system of the vacuum
pumps located at the top.

Ion getter pump (IGP) Non-evaporable getter (NEG)

Nominal pump speed 5 l/s 200 l/s

Pump speed in the mirror chamber 3.5 l/s 18.4 l/s

As a provisional mitigation, the pump speed was increased by an additional IGP Varian,
VacIon Plus 20 Noble Diode 919-1124 with 20 l/s pump speed at the site of the free-fall

tube located at bottom of the vacuum system. After the final bake-out over 12 days, the

target pressure of 10 ·10−10 hPa was reached. In the following months, the pressure decreased

continuously and fell below the measurement range of the vacuum gauge with less than

10 ·10−11 hPa after 18 months. This indicates a decreasing out-gassing rate. The provisional

IGP needs to be detached from the vacuum chamber in order to close the magnetic shield. As

this requires breaking the UHV seal it will again lead to the absorption of gases on the vacuum

chamber surface. To avoid recurring problems with a to low pump speed, the provisional pump

could be replaced by a non-magnetic NEG which can be enclosed in the magnetic shield.
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