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Abstract. Quantum physics has opened a wide area of new technical ap-
plications, and the construction of measurement devices benefits greatly by
this. Thus a lot of geodetic instruments use quantum effects or are completely
based on it, e.g. atomic clocks, tacheometers, gyros or the superconducting
gravimeter. Concerning the gravimeters, the ongoing progress in quantum
physics has offered new methods for the measurement of acceleration due to
gravity, particularly atom interferometry. Atom interferometry first transfers
an atom into different energy states, and with this two spatially separated
matter waves are associated. These single waves then propagate on diffe-
rent paths, and the beams interfere when they are recombined. With respect
to gravimetry, it can be shown that the interference signal is a function of
acceleration due to gravity. Devices using atom interferometry were recent-
ly improved significantly by the methods of laser cooling and trapping of
atoms. With these techniques such a gravimeter achieves currently accura-
cies of about ∆g g 3 10 9. This is quite a good geodetic quality, and
therefore this new device is of great interest for geodesy. The present article
gives a first insight into the basic principles and the function of this high–
precision gravimeter using atom interferometry.
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1 Introduction
Based on quantum physics quite a large number of novel technical methods have
been developed and there are a lot of measurement devices, which use quantum
effects and special quantum–mechanical techniques, e.g. atomic clocks, supercon-
ducting quantum interference devices (SQUIDs), helium–gyros or the supercon-
ducting gravimeter. Atom interferometry is a method providing multiple possibili-
ties of application, in particular with respect to the determination of inertial forces,
i.e. accelerations and rotations. Such atom interferometers are realized in different
ways. There are matter–wave interferometers using diffraction by slits or gratings
and others which are based on so–called Raman transitions (see e.g. Kasevich and
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Chu 1992). It was possible to improve the latter type of interferometer significantly
by the methods of laser–cooling and atom trapping so that those devices meanwhi-
le arrive at high accuracies. According to the enormous potential of atom inter-
ferometry, the European space organization ESA has initiated the Hyper–project,
where the name “Hyper” stands for “hyper precision cold atom interferometry in
space”. The main scientific objectives are the mapping of the spatial structure of
the “frame dragging” or Lense–Thirring effect and the measurement of the fine
structure constant. Hyper will be the first mission using high–precision atom in-
terferometry only for navigation and control of the spacecraft. The project was
proposed in 2000, and realization is planned for the next decade. This shows that
atom interferometry marks a new development which is important for geodesy as
well. This article gives an overview and presents the main principles of atom in-
terferometry based on Raman transitions and describes an atom interferometric
gravimeter which allows to measure the acceleration due to gravity with an accu-
racy of about ∆g g 3 10 9 (see Peters, Chung and Chu 2001).

2 Basics of Raman atom interferometry
2.1 Raman transitions
Raman type matter–wave interferometers use light–pulses, so–called Raman pul-
ses, inducing Raman transitions. In order to explain the general process of a
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state b

state a

ω1 ω2

Figure 1. Raman transition

Raman transition, a three–level atom is considered which means that only three
energy levels have to be taken into account (see figure 1). There are two ground
states a and b so that the wave function of the atom can be written as (see e.g.
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Raman transition, a three–level atom is considered which means that only three
energy levels have to be taken into account (see figure 1). There are two ground
states a and b so that the wave function of the atom can be written as (see e.g.
Nordic Journal of Surveying and Real Estate Research Vol. ,

Fattori et al. 2003, section 2.2)

Ψ Ψa Ψb (2–1)

Ae iφa Be iφb

where Ψa and Ψb are the single wave functions coupled with the internal state
of the atom. Taking the approach of a plane wave, the expression of the second
line results. A and B are the amplitudes, φa and φb denote the phases of the single
wave packets. A third energy level is the “excited state”, denoted by e . For the
following considerations it is assumed that an atom is in state a moving with a
momentum pi and therefore it is labelled by

a pi state of the atom (before Raman pulse) (2–2)

Starting from this, the atom absorbs a photon 1 with

h̄ ki 1 momentum of photon 1 h h̄2π (2–3a)

where

ki 1 ω1 c ri wave vector 1 (2–3b)

ri vector wave front (2–3c)

In (2–3) ω1 is the frequency of photon 1, h is Planck’s constant and c is the speed
of light. The absorption of photon 1 puts the atom in an excited state, and being
in this state, the atom receives another, but counterpropagating, photon 2 so that
stimulated emission will be induced. Finally two photons 2 leave the atom and the
resulting state is characterized by

b pi ∆pi state of the atom (after Raman pulse) (2–4a)

with

∆pi h̄ ki 1 ki 2 : h̄ ki eff ki eff effective wave vector (2–4b)

The process leading from (2–2) to (2–4a) is a Raman transition, evoking a mecha-
nical effect, i.e. a momentum change (2–4b), and when the atom as well as the laser
beams of the Raman pulses are in the direction of the 3.–axis, (2–4b) simplifies to

∆p3 h̄ keff keff k1 k2 (2–4c)

As a comparison of (2–2) with (2–4a) shows, not only the momentum changes, but
the internal state as well, i.e. the energy level from a to b .

Concerning the impact of the Raman pulse on the atom, it is important to
notice that this can be controlled by tuning the parameters of the Raman laser, in
particular by modifying the duration of the light–pulse. Taking a pulse of duration
2τ will split the atomic wave into an equal superposition of the two ground states
a and b and due to this effect the Raman pulse is a π 2–pulse as it is known

from nuclear magnetic resonance (NMR). A different tuning creates a π–pulse of
duration τ so that the Raman pulse acts as a mirror, because the internal state of
the single wave packet will be inverted and the momentum will be changed.
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Figure 2. Schema of a Raman atom interferometer

2.2 Interferometer paths
In general an interferometer splits a wave into two separate wavepackets which
then propagate on different paths and which are finally recombined so that the
single beams interfere. This is valid for an atom interferometer as well and the
principal geometry is shown in figure 2. In the following it will be shown how the
single wavepackets, or phases φa and φb (see (2–1)), travel on different trajectories
and finally overlap again.

The basic equation for the determination of the acceleration g due to gravity
is (see e.g. Fattori et al. 2003, eq. (1))

z T 1 2 gT 2 v0T z0 (2–5a)

where

v0 initial velocity (2–5b)

z T vertical position (2–5c)

z0 initial height (2–5d)

T time of flight (2–5e)

At T 0 the first Raman–pulse affects the matter beam. This pulse is of the π 2
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type splitting the matter wave into two packets with distinct momenta. Therefore
from now on the single wavepackets move on different paths, i.e.

C1 trajectory of wave 1 respectively phase 1

C2 trajectory of wave 2 respectively phase 2

Following these two paths,

zC1 T 0 z0 (2–6a)

zC2 T 0 z0 (2–6b)

applies at the beginning. After a time interval of T the waves will have reached the
positions

zC1 T 1 2 gT 2 v0 ∆v T z0 v1 v0 ∆v gT (2–6c)

zC2 T 1 2 gT 2 v0 T z0 v2 v0 gT (2–6d)

In (2–6c) ∆v takes into account (2–4c) for the wave which has made the Raman–
transition. Exactly at T the two wavepackets experience a π–pulse which causes
an inversion of the internal states and changes the momenta so that instead of the
velocities (2–6c,d) now the relations

v1 v0 ∆v gT ∆v

v2 v0 gT ∆v

result. After a further interval of T both waves will be at

zC1 2T zC2 2T 2gT 2 2v0 ∆v T z0 (2–6e)

which means that the positions of both waves coincide and the wavepackets over-
lap.

2.3 Modeling of the phase
The preceding section has shown that the separated wavepackets move on different
paths. Now the behaviour of the phases along these paths will be considered. At
the end of the single interferometer trajectories, i.e. at the meeting point (2–6e) the
total phase difference between wave 1 and wave 2 is

∆φtot ∆φpath ∆φlight (2–7a)

where

∆φpath phase difference due to free evolution (2–7b)

∆φlight phase difference due to interaction with light (2–7c)

(2–7b) can be neglected since the single contributions are identical along the two
paths (see Peters et al. 1997). Thus only (2–7c) remains and will now be looked
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at in more detail. When an atom interacts with light it acquires a so–called phase
factor (see e.g. Chu 1998, page 698)

exp i k j x j ω tn ϕn exp φn (2–8a)

with

k j wave vector of the light (2–8b)

ω frequency of the light (2–8c)

ϕn phase of the light (2–8d)

at position x j and time tn, where the index “n” denotes an epoch. In case the
atom absorbs a photon, in (2–8a) “ i”, else “ i”. Since the interferometer has two
counterpropagating laser beams in vertical direction at T 0, T and 2T (see figure
2) and since only the 3.–axis is considered, instead of (2–8a)

φn i keff zn ωeff tn ϕn (2–8e)

with

keff k j 1 k j 2 ωeff ω1 ω2 (2–8f)

is used. At the end of the two paths the phases along the different trajectories
C1 and C2 are

φC1 i keff zC1 0 zC1 T ωeff T ϕ0 ϕ1 (2–9a)

φC2 i keff zC2 T zC2 2T ωeff T ϕ1 ϕ2 (2–9b)

For a further analysis of equations (2–9a,b) the results of section 2.2 can be used
to express the vertical position differences. Then (2–7a) will be approximated by

∆φtot ∆φlight φC1 φC2 (2–10)

keff gT 2 ϕ0 2ϕ1 ϕ2

In order to measure (2–10), the relation (see e.g. Fattori et al. 2003, eq. (3))

Na Na Nb ∝ 1 cos ∆φtot (2–11)

will be used. Na and Nb mean the population of the single internal states, and
according to (2–11) the phase difference ∆φtot can be determined by detection of
Na and Nb.

3 Atomic–Fountain–Interferometer
3.1 Preliminary
As (2–10) shows, it must be the aim to extend T , the interferometer time between
pulses. Such long interferometer times can be obtained by interferometers which
are based on atomic fountains. In the 1950s Zacharias already tried to build an
atomic fountain using a vertical matter beam (see e.g. Chu 1998, page 696). Such
a matter beam consists of single atoms, all moving with different velocities so
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that slow moving and fast moving atoms appear. The statistical frequencies of
speeds, occuring in an atomic cloud, can be described by kinetic theory. According
to this, an atomic cloud is considered as ideal gas for which the ideal gas law
applies. In order to characterize the speeds of an atom ensemble, the so–called
rms–velocity is used, and it can be shown, that there is a clear link between the
ideal gas law, also known as equation of state of an ideal gas, and the rms–velocity.
The rms–velocity is temperature–dependent and consequently the atoms form a
thermal beam. Zacharias expected that the slowest atoms of such a thermal beam
followed a ballistic path and returned to the start position due to gravity. But he
could not observe slow atoms because they were scattered by the faster ones. Only
the development of the techniques of cooling and trapping atoms has led to
the successful construction of atomic fountains. This section describes the main
principles of an atomic fountain and the ideas of trapping and cooling atoms, in
particular.

3.2 Cooling atoms
As described in section 3.1, the velocity of an atom ensemble depends on the tem-
perature, and therefore a low temperature means a low velocity, generally. But such
a cooling has clear limits so that the use of mechanical effects is more successful.
Therefore the following explications describe the basic idea of slowing an atom
by using momentum transfer (see e.g. Cohen–Tannoudji 1998, section C).

An atom should move along the 1.–axis with a velocity v1 . With this the
momentum is

p1 mA v1 mA mass of the atom (3–1a)

An opposing photon owns the momentum

p1 P h̄kP kP 2π λ wave number of the photon (3–1b)

The wavelength of the photon is such that the atom and the photon will encounter
with high probability which actually will decelerate the atom. When having absor-
bed the photon, the atom is in an excited state. After a short time the photon will
be emitted again but in random directions so that this contribution to the atom’s
momentum averages zero. In the end the atom is slowed by

v h̄kP mA (3–1c)

In order to induce the recoil effect of (3–1c), it is absolutely necessary that the
atom receives a photon. So, in general, the condition

νL νR (3–2a)

must be fulfilled for a resonant absorption of a laser photon where νL is the fre-
quency of the laser and νR is the resonance frequency. When the atom and the
photon move, then the Doppler shift has to be taken into account so that now the
relation

νL νR (3–2b)
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must hold. (3–2b) means that a counterpropagating photon will be absorbed by the
atom with a high probability whereas this absorption is coupled with a push which
reduces the speed of the atom. According to the role of the Doppler effect this
method of slowing atoms is called Doppler cooling and figure 3 demonstrates the
principle of Doppler cooling along one coordinate axis. When using three dimen-
sions, the atoms are slowed down in all directions and the resulting motion is like
that of a viscous fluid, hence the name “optical molasses” for this phenomenon.
With Doppler cooling, temperatures of 120 µK are possible and for a caesium atom
that leads to a rms–velocity of (see Gibble and Chu 1992, section 4.1)

v 3kB TD mA
1 2 0 150 ms 1 (3–2c)

or for one dimension

v kB TD mA
1 2 0 088 ms 1 (3–2d)

The term kB TD describes the Doppler cooling limit where kB is the Boltzmann con-
stant and TD denotes the minimum temperature of Doppler cooling. There are im-
proved cooling methods which are described in Phillips (1998), p. 731, or Cohen–
Tannoudji (1998), section II. For the caesium fountains the so–called Sisyphus–
cooling is important. With this technique temperatures of 2 5 µK can be achieved
which corresponds to a one–dimensional rms velocity of 0 011 ms 1. All these
methods are a clear improvement since “traditional” thermal beams have usually
velocities between 90 ms 1 and 200 ms 1.

3.3 Trapping atoms
An optical molasses is a cloud of cooled atoms which provides slow velocities but
cannot trap atoms. When having reached the minimum temperature the atoms only
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Figure 4. Principle of a magneto–optical trap

stay in the given volume scope for a moment. This means, there is no force keeping
the atoms together. To overcome this problem, so–called magneto–optical traps
(MOT) were developed and the general idea will now be shortly described (see
e.g. Chu 1998, pp 688–692 and Phillips 1998, pp 726–728).

Supposed is an atom with

Jg ground state (3–3a)

Je excited state (3–3b)

and the corresponding sub–levels

mg 0 (3–3c)

me 1 0 1 (3–3d)

This atom will be exposed to the following situation and figure 4 illustrates the
process, restricted to one dimension. There might be an inhomogenous magnetic
field having a minimum at the location x0. Due to this magnetic field the sub–
levels (3–3d) of the atom will experience a so–called Zeemann–effect shift which
is shown in the figure by the sloped lines. Further there might be a light field, built
by the counterpropagating light beams

σ circular polarized light with photon momentum “ h̄” (3–4a)

σ circular polarized light with photon momentum “ h̄” (3–4b)

An atom that moves from the left to the right will pass the position x. At this lo-
cation, the energy of the laserlight is such that the atom will probably change from
the ground state Jg to the excited state Je with me 1. To make this transition the
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atom will absorb σ -light, and it will be accelerated to x0. Then the atom will fall
back to the ground state Jg and drift to the position x where things are reverse.
Thus the atom is always driven to x0.
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Figure 5. Schema of an atomic fountain

3.4 The atomic fountain
As mentioned in section 3.1 the gravimeter sensitivity depends on T so that the
extending of T will mean a significant improvement. With an atomic fountain it
is possible to increase the length of the atomic trajectories in a way that long drift
times result. Therefore atomic fountains allow high precision measurements, not
only for gravity measurements, but for further applications as well, in particular the
precise measurement of time which is also of great importance for geodesy, e.g. for
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the space geodetic methods like VLBI and GPS. Concerning detailed descriptions
of this new type of atomic clocks see e.g. Bauch, Telle (2002) and Bordé (2002).

By means of figure 5 the function principle of an atomic fountain will be
explained. The figure shows a typical schema of a vertical Raman interferometer
based on an atomic fountain. The first step of the fountain–process is to load
the atoms into a magneto–optical trap which was described in section 3.3. The
trapped atoms are then cooled down (see section 3.2), and when the atoms have
reached their minimum temperature they are launched vertically. Then they move
on a ballistic trajectory (see section 2.2). At the start, the atoms usually have a
velocity of about 3 ms 1 and, according to the experiment of Peters, Chung and
Chu (2001), they achieve a height of 0 46 m. At this height the atoms return due to
gravity and will then enter the detection region where (2–10) will be observed.

4 Atom interferometric gravity measurements
4.1 Experimental results
This section shows the power of atom interferometric gravity measurements and
describes the results which have been achieved by different groups. As shown in
section 2.3, the principal observable of an atom interferometric fountain is the
phase difference (2–10) and according to (2–11), the phase difference is measured
in terms of relative populations of the internal states a and b . Adjusting the laser
phases ϕ1 and ϕ2 in (2–10) such that

ϕ1 ϕ0 (4–1a)

ϕ2 ϕ0 δϕ (4–1b)

gives

∆φtot keff gT 2 δϕ (4–1c)

The frequency shift δϕ between ϕ2 and the phases (4–1a) is used to vary the total
phase difference ∆φtot . To explain this, consider

∆φtot 0 (4–1d)

which means that after the final pulse all atoms are in state a . Modifying the fre-
quency und thus the phase of the final pulse changes the populations of the states
which results in the interference fringes of figure 6. A data analysis finally deli-
vers the local gravity parameter g.

There are several groups which have determined the gravity by atom interfe-
rometric methods. Peters et al., for example, have determined g with a resolution
of ∆g g 3 10 9. They compared their atom interferometer with a classical gra-
vimeter (see Peters, Chung and Chu 2001). This comparison shows a good agree-
ment of both devices within 7 7 10 9g and this confirms the power of atom
interferometric methods, since their development has not been accomplished yet.

It is important to mention the errors of an Raman type interferometer
which have to be identified and reduced or eliminated. Only then it is possible
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By means of figure 5 the function principle of an atomic fountain will be
explained. The figure shows a typical schema of a vertical Raman interferometer
based on an atomic fountain. The first step of the fountain–process is to load
the atoms into a magneto–optical trap which was described in section 3.3. The
trapped atoms are then cooled down (see section 3.2), and when the atoms have
reached their minimum temperature they are launched vertically. Then they move
on a ballistic trajectory (see section 2.2). At the start, the atoms usually have a
velocity of about 3 ms 1 and, according to the experiment of Peters, Chung and
Chu (2001), they achieve a height of 0 46 m. At this height the atoms return due to
gravity and will then enter the detection region where (2–10) will be observed.

4 Atom interferometric gravity measurements
4.1 Experimental results
This section shows the power of atom interferometric gravity measurements and
describes the results which have been achieved by different groups. As shown in
section 2.3, the principal observable of an atom interferometric fountain is the
phase difference (2–10) and according to (2–11), the phase difference is measured
in terms of relative populations of the internal states a and b . Adjusting the laser
phases ϕ1 and ϕ2 in (2–10) such that

ϕ1 ϕ0 (4–1a)

ϕ2 ϕ0 δϕ (4–1b)

gives

∆φtot keff gT 2 δϕ (4–1c)

The frequency shift δϕ between ϕ2 and the phases (4–1a) is used to vary the total
phase difference ∆φtot . To explain this, consider

∆φtot 0 (4–1d)

which means that after the final pulse all atoms are in state a . Modifying the fre-
quency und thus the phase of the final pulse changes the populations of the states
which results in the interference fringes of figure 6. A data analysis finally deli-
vers the local gravity parameter g.

There are several groups which have determined the gravity by atom interfe-
rometric methods. Peters et al., for example, have determined g with a resolution
of ∆g g 3 10 9. They compared their atom interferometer with a classical gra-
vimeter (see Peters, Chung and Chu 2001). This comparison shows a good agree-
ment of both devices within 7 7 10 9g and this confirms the power of atom
interferometric methods, since their development has not been accomplished yet.

It is important to mention the errors of an Raman type interferometer
which have to be identified and reduced or eliminated. Only then it is possible



76 Introduction into atom interferometric gravity measurements Nordic Journal of Surveying and Real Estate Research Volume 2, Number 2, 2005

12

π 0 π 2π

Na Na Nb

∆φtot

Figure 6. Interference fringes

to arrive at the high accuracies. There is quite a large number of known systema-
tic effects which cannot be discussed in this article, but a detailed description and
analysis can be found in Peters, Chung and Chu (2001). They name as the main
limiting factors for the accuracy Coriolis effects and phase shifts in the radio–
frequency system. Both errors provide a relative uncertainty of 2 p.p.b.

4.2 Outlook
In general, quantum physics offers an enormous potential of technical appli-
cations which are of great interest and importance for geodesy. The intention of
this article was to give an insight in and an overview of new methods of gravity
measurements. In particular the principal ideas of atom interferometry based on
atomic fountains have been illustrated. The described atom matter–wave interfe-
rometers represent a high quality, and progress will continue, since the described
devices only exist as experimental version. Due to this, the development has to go
on and it is planned to build portable devices in order to perform refined explorati-
ons and extensive analyses. With respect to the accuracy, the aim is to reach 10 10

and more.
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phase difference (2–10) and according to (2–11), the phase difference is measured
in terms of relative populations of the internal states a and b . Adjusting the laser
phases ϕ1 and ϕ2 in (2–10) such that

ϕ1 ϕ0 (4–1a)

ϕ2 ϕ0 δϕ (4–1b)

gives

∆φtot keff gT 2 δϕ (4–1c)

The frequency shift δϕ between ϕ2 and the phases (4–1a) is used to vary the total
phase difference ∆φtot . To explain this, consider

∆φtot 0 (4–1d)

which means that after the final pulse all atoms are in state a . Modifying the fre-
quency und thus the phase of the final pulse changes the populations of the states
which results in the interference fringes of figure 6. A data analysis finally deli-
vers the local gravity parameter g.

There are several groups which have determined the gravity by atom interfe-
rometric methods. Peters et al., for example, have determined g with a resolution
of ∆g g 3 10 9. They compared their atom interferometer with a classical gra-
vimeter (see Peters, Chung and Chu 2001). This comparison shows a good agree-
ment of both devices within 7 7 10 9g and this confirms the power of atom
interferometric methods, since their development has not been accomplished yet.

It is important to mention the errors of an Raman type interferometer
which have to be identified and reduced or eliminated. Only then it is possible
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to arrive at the high accuracies. There is quite a large number of known systema-
tic effects which cannot be discussed in this article, but a detailed description and
analysis can be found in Peters, Chung and Chu (2001). They name as the main
limiting factors for the accuracy Coriolis effects and phase shifts in the radio–
frequency system. Both errors provide a relative uncertainty of 2 p.p.b.

4.2 Outlook
In general, quantum physics offers an enormous potential of technical appli-
cations which are of great interest and importance for geodesy. The intention of
this article was to give an insight in and an overview of new methods of gravity
measurements. In particular the principal ideas of atom interferometry based on
atomic fountains have been illustrated. The described atom matter–wave interfe-
rometers represent a high quality, and progress will continue, since the described
devices only exist as experimental version. Due to this, the development has to go
on and it is planned to build portable devices in order to perform refined explorati-
ons and extensive analyses. With respect to the accuracy, the aim is to reach 10 10

and more.
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Atom interferometry can also be used for different geodetic applications li-
ke high precision measurements of earth rotation as well as the general measure-
ment of inertial forces like acceleration and rotation. As already mentioned, atomic
fountains have also been built in order to determine time with high accuracy. So,
geodesy will further benefit from quantum physics, and therefore it is worthwile
dealing with this matter.
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