
MEASURING THE EARTH GRAVITY FIELD WITH 
COLD ATOM INTERFEROMETERS

In the past decades, atomic quantum sensors have been identified as a newly emerging technology that can be used for measuring the Earth’s gravity field [1,2]. There are two ways of making use of this technology: One is a gravity
gradiometer concept and the other is in a low-low satellite-to-satellite ranging concept. Whereas classical accelerometers typically suffer from high noise at low frequencies, Cold Atom Interferometers are highly accurate over the entire
frequency range. We recently proposed a concept using cold atom interferometers for measuring all diagonal elements of the gravity gradient tensor in order to achieve better performance than the GOCE gradiometer over a larger part of
the spectrum [3], with the ultimate goals of determining the fine structures in the gravity field better than today. This concept relies on a high common mode rejection, which relaxes the drag free control, and benefits from a long interaction
time with the free falling clouds of atoms due to the micro gravity environment in space. This instrument allows reaching sensitivity of 4.5mE/Hz1/2, with the promise of a flat noise power spectral density also at low frequency. Another
concept also under study in the frame of NGGM, relies on the hybridization between quantum and classical techniques to improve the performance of accelerometers [4]. This could be achieved analogously as done in frequency
measurements where quartz oscillators are phase locked on atomic or optical clocks. This technique could correct the spectrally colored noise of the electrostatic accelerometers in the lower frequencies. In both cases, estimation of the
Earth gravity field model from the instruments has to be evaluated taking into account different system parameters such as attitude control, altitude of the satellite, time duration of the mission, etc. Miniaturization, lower consumptions and
upgrading Technical Readiness Level are the key engineering challenges that have to be faced for these space quantum technologies.
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Gravity	Gradient	Missions	in	Space

Two	kinds	of	measurements	:
Microwave/Laser	Ranging
Differential	accelerations

Use	of	ultra	sensitive	accelerometers
Electro-static
Drifts	at	low	frequency
Limits	for	improving	the	actual	sensitivity

Cold	Atom	Interferometer

Concept	for	a	Space	Cold	Atom	Gravity	Gradient
Interferometer	[3]

Hybridization	Classical/Quantum	sensors	[5]
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Gyroscope
High	sensitivity	to	
rotation	rate

Differential	acceleration	
measurements	:
Access	to	gravity	gradient
High	rejection	of	
common	mode	vibrations

Double	diffraction	
scheme	:
Interferometer	in	0-g
Suppression	of	most	
parasitic	noises	(RF,	B,…)

Measuring	the	motion	of	an	object	(Cold	atom	cloud)	with	high	accuracy	(Laser),	stabilized	by	using	frequency	
metrology	of	the	atoms	(Atomic	clock).

Atom interferometry:
The number of the atoms in one state is
directly proportional to the gravity field.

Na =
1
2
1+ cos Δφ( )( ) = Ntotal − Nb

Δφ = keff zC − zB − zD + zA( ) = keff gT 2

Accuracy	:	up	to	10-12 m.s-2 per	
measurement
White	noise	:	No	long	term	drift

Raman transition:
The phase (position) of the Laser is
printed on the atoms each transition.
Control of the transfer from one state to
another, act like a beam splitter when
half of the atoms is transferred, act like a
mirror when all atoms are transferred.
Two photons transferè High recoil kick.
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Figure 2: Illustration of the double di�raction scheme. The picture
shows the implementation of a symmetric beam splitting in a Mach-
Zehnder like interferometer geometry. It depicts a free fall situation
as provided by a space born environment.

the same internal state. After the first two beam splitter
pulses, a blow away pulse removes atoms which were
not properly excited.

2.1.3. Detection
The last step is the read out of the interferometer ports

which corresponds to the measurement of the number of
atoms in the two hyperfine levels of the Rb ground state.
This is realized via fluorescence detection, employing
a closed transition (typically the cooling transition) for
both isotopes in order to produce strong fluorescence
signals without losses of atoms. In one of the simplest
implementations, the population of the upper level is
measured first using the cooling transition (first output
port) and collecting the fluorescence light on a photodi-
ode. The measured atoms are optionally removed with a
blow-away pulse. Then, a repumper transfers the atoms
from the lower level to the upper level, and the popula-
tion of the upper level is measured again using the cool-
ing transition (second output port). This corresponds to
a subsequent detection scheme.

The detection of both interferometer ports allows for
a normalization which suppresses atom number fluctu-
ations. However, frequency fluctuations of the probe
laser on the time scale between the two detection pulses
convert into noise in the normalized population mea-
surement. Simultaneous detection of the interferometer
output ports reduces the requirements on the detection
laser line width and is then chosen as the baseline. Af-
ter a waiting time in which the interferometer ports spa-
tially separate, cooling and repumper light for the 87Rb
is simultaneously applied to the atoms. The scattered
light is collected on photodetector (photodiode or CCD
chip). In the next step the cooling and repumper tran-

Figure 3: Left: fringes of a pair of simultaneous AIs where vibra-
tionally induced RMS phase noise is larger than one period [21].
Right: Lissajous plot resulting from composition of the two fringes.
The di�erential acceleration is determined from ellipse rotation angle.

sitions for 85Rb are addressed simultaneously and the
resulting fluorescence signal is read out via the same
photodetector as for the 87Rb.

Since 87Rb and 87Rb have similar transition ener-
gies, there is a crosstalk when one of the isotopes is
addressed. The ensembles with the two di�erent iso-
topes spatially overlap and cannot be addressed inde-
pendently. This will lead to a systematic error if it not
accounted for. The detection yields four signals contain-
ing linear combinations of the four output port popula-
tions. As the scattering rates within the linear combina-
tions are known, it is still possible to obtain the correct
signal and thus eliminate the systematic error.

2.1.4. Di�erential noise subtraction
As the atom interferometers are sensitive to accelera-

tions, the vibrational background has to be considered.
Given the large scale factor of the atom interferometer
to acceleration, vibrationally induced phase noise will
span several interferometer fringe periods. A sensitive
measurement of the relative phase of the two interfer-
ometers, that is proportional to the di�erential accel-
eration of the two atomic ensembles, can be obtained
with the ellipse fitting method described in [20] to can-
cel common-mode phase-noise. The interference signal
of one interferometer is plotted versus the interference
signal of the other one (see Figure 3). The data then de-
scribe an ellipse and the relative phase shift can be ob-
tained from its eccentricity and rotation angle. A high
CMRR requires a precise matching of the scale factor
of the two atom interferometers (see section 4.3)

2.1.5. Mission duration
For Q-WEP, assuming a single-shot sensitivity to dif-

ferential acceleration in the range of 4.4 · 10�11 m/s2,
and a cycle duration of 18 s, an integration time of 107 s
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Benefits	of	the	performance	of	electro	static	accelerometers	at	high	frequency.
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F igure 31 - Allan standard deviation of acceleration for the ES acc., the Atom acc., and the ES acc. corrected by the AI through a 

hybridization algorithm. The interrogat ion time of the AI is T = 20 ms. The Allan deviation for the ES accelerometer has been 
completed on the high frequency side with data coming from F igure 27. 

 

 
F igure 32 - Root square of PSD acceleration noise for the ES acc., the Atom acc., and the ES acc. corrected by the AI through a 
hybridization algorithm. The interrogation time of the AI is T = 20 ms. The PSD of the ES accelerometer has been completed on 

the high frequency side with data coming from F igure 27. 
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3.16.1: case 1
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3.16.2: case 2

Figure 3.16: Extrapolation to 8 months of the geoid height error degree-variance of the gravitational model

for the CAI gradiometer and comparison to the error of a GOCE gradiometer-only model estimated using

the 47 month data of the mission. For the comparison to GOCE’s error 2 different reference model have

been used: here EIGEN-6c4 on the left and GOCO05S on the right.
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