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Motivation

Atom interferometers like the VLBAI in Hannover
are highly accurate sensors for the gravitational field 
and span about 10 meters.

z=0m

groundfloor

gravimetry

groundwater

backbone

z=4.89m

z=10.09m

z=3.35m

mean
max

min

basement

region of interest

z

z=-0.59m

Figure adapted 
from [1, 2]

New atom interferometers are planned with baselines 
of more than 100 meters.

And even atom interferometers in space have been 
proposed.

Question: How do you model complex gravitational 
fields and even general relativistic effects in such 
quantum systems?
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(Parametrized) Post-Newtonian (PPN) spacetime

PPN Hamiltonian
Our theory colleagues working on general relativity 
Domenico Giulini and Philip Schwartz [3] developed a 
Hamiltonian describing:

Two point particles (think of Proton and Electron): 
1. Coupled gravitationally to the PPN spacetime 
2. Coupled electromagnetically to each other 
3. EM field coupling to gravity
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PPN Hamiltonian
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What we did with this:

Made it open source for everyone to use it!

We applied this Hamiltonian to atom interferometers.

Created a Python algorithm that symbolically 
calculates the phase shifts (using “SymPy”).

Theoretical model:

1

Link to the algorithm:

1
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What did we do with this algorithm?

6

MZI

SDDI

We proposed a novel interferometer geometry, the „CGI“  

— “Co-located Gradiometric Interferometer” — 

as a differential measurement between two interferometers:

Symmetric Double 
Diffraction Interferometer

Mach-Zehnder 
Interferometer
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(Leading) Phase shift of a CGI
4

Phase comparison of MZI and SDDI

MZI SDDI Phase Magnitude [rad] Differential signal

2 2 NkgT 2
R 1.4 → 107 0

2 2 Nkz0Γ0T 2
R 20 0

2 2 Nkv0Γ0T 3
R 14 0

↑
7
6 ↑

7
6 NkgΓ0T 4

R 14 0

2 0 N2⊋k2Γ0T 3
R

m 1.5 → 10↑2 2

↑6 ↑6 NωRg2T 3
R

c2 2.3 → 10↑9 0

6 6 NωRgv0T 2
R

c2 2.4 → 10↑9 0

10 0 N2ωR⊋kgT 2
R

mc2 1.1 → 10↑12 10

↑4 0 N2ωR⊋kv0TR
mc2 1.1 → 10↑12

↑4

0 4 N3ωR⊋
2k2TR

m2c2 5.7 → 10↑16
↑4

TABLE I. Comparison of phases in the MZI and SDDI in Fig. 1,
split into different proportionalities. The first two columns describe
the prefactor of phase shift contributions given in the third column,
which is present in each AIF phase output. The magnitude denotes the
absolute value of the expression in the ‘Phase’ column with assumed
numerical values: N = 1, ωR = 107 Hz, k = 4 → 106 m↑1, m = 87 amu,
TR = 0.6 s, z0 = 5 m, v0 = 6 m/s, g = 9.81 m/s2 and Γ0 = ↑2.7 →
10↑6 Hz2 = ↑2.7 → 103 E. Gravitational gradients are given in Eötvös
(1 E = 10↑9 Hz2). The last column comprises the prefactor of the
phase expression in a differential measurement setup between MZI
and SDDI.

measurement. To emphasize this point once more: Either,
phase shifts that are directly proportional to the gravity gradi-
ent depend either on the initial conditions z0 and v0, which have
a comparably high measurement uncertainty if they are not
controlled via coherent processes [51], particularly for smaller
baselines. Or they exhibit a non-linear dependence on the grav-
itational field, i.e. they scale with g(z) · Γ(z) as in [27], making
the inversion complicated for complex gravitational fields.

We have now demonstrated how the gravity gradient can be
extracted using a novel differential setup, utilizing only the spa-
tial dimensions of a single interferometer. However, up to this
point, we have considered an idealized gravitational potential
with a constant gravitational gradient. In real-life experiments,
this assumption will inevitably be violated to varying extents,
as will be discussed in the next section at the example of the
VLBAI setup located in Hannover. The (classically) measured
gravitational field in this experimental setup offers a chance
to analyze whether the CGI continues to extract information
about the gravitational gradient, to understand the averaging
process along the atomic trajectory, and, most importantly,
to identify any errors that may arise in the interpretation of
real-life phase shift data.
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FIG. 2. Gravitational acceleration g(z) and gravitational gradient
Γ(z) as functions of height in the region of interest (ROI) (0 m - 8 m)
of VLBAI with a reference acceleration of gref = 9.812 m/s2. g(z)
is interpolated by a polynomial fit. Building cross-section taken
from [38] and adapted.

C. Gravitational background of the VLBAI Hannover

In VLBAI facilities under construction around the world [29,
30, 52], despite the best efforts to thermally and magnetically
shield the atoms from the outside world, gravitational non-
linearities can hardly be compensated for by additional masses.
Especially temporarily varying mass distributions, such as
ground water or even laboratory equipment and concrete struc-
tures may alter the gravitational field that the atoms experience
during each AIF sequence. At the VLBAI facility in Han-
nover, a high-precision measurement campaign was carried
out with classical sensors to understand the gravitational field
– and its fluctuations – along the 10 m baseline of the interfer-
ometer [38, 39]. Fig. 2 displays the measured gravitational
non-linearity of the gravity gradient as a function of height,
which varies in the range of about 10↑7 s↑2, i.e., 10↑6g/m. The
variations correlate with the building structure, cf. Fig. 2.

In the following we will discuss our differential measure-
ment scheme for the VLBAI Hannover. We start by analyzing
multiple CGI sequences from Fig. 1, where the MZI spans
height difference of ∆h, with varying initial heights z0. The
apex of each atomic trajectory will be obtained at t = TR,
which is achieved by setting v0 = gTR and TR =

√
2∆h/g.

For simplicity we will always analyze such trajectories in this
section, s.t. one can view ∆h and TR interchangeably. Due
to the non-uniform nature of the gravitational potential, it is
not immediately evident how to convert a phase shift measure-
ment into an accurate estimate of the gravitational quantity
of interest. This challenge arises because the atoms sample a
macroscopic portion of the gravitational field along their path,
effectively interacting with non-trivially averaged versions of
g and Γ throughout their trajectories. Note that the (idealized)
dominant phase shift in Eq. (9) is cubic in time, which hints to
the fact that the averaging procedure is governed by the time
exponent of the idealized phase shift. Based on our numerical
simulations, we can confirm that the gravitational gradient at a
certain height has a direct correlation with the phase shift of
the CGI, where the atomic initial height is shifted by the cubic
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Example: Gravitational field of VLBAI Hannover [1, 2]

Ideal case

<latexit sha1_base64="lqIOUieamEHyyoa5ZJUTZvFo/gY="></latexit>

→1

2
!0z

2 with a constant gravity gradient.

Ideal Arbitrary  



Michael Werner @ Rencontres de Moriond 2025 
z=0m

groundfloor

gravimetry

groundwater

backbone

z=4.89m

z=10.09m

z=3.35m

mean
max

min

basement

region of interest

z

z=-0.59m

<latexit sha1_base64="mrDSd8QtszLe5jiHJsjGEMYcezM="></latexit> !
(z

0
)
[1
03

E
]

<latexit sha1_base64="16lYJbjr5OfIGORxfqC6g3ukAB0="></latexit> !
”
(z

0
)
[m

ra
d
]

<latexit sha1_base64="0Fd+nBPK1uzzjWub6wtCK5WDVAQ="></latexit>

z0 [m]

CGI 
Phase Gravitational 

Curvature

<latexit sha1_base64="NFISYONzcDD/RZJDwwU9efJyPnI="></latexit>

!h = 0.44m

<latexit sha1_base64="3arvg3nk3RJEshpAOfjerfYyE4Q="></latexit>

!h = 1m

<latexit sha1_base64="d3GXDCTInvEszwCLVSxaqKGGRRI="></latexit>

!h = 1.75m

CGI: Numerical simulation in VLBAI

<latexit sha1_base64="3tw6aTMepzOXlQqHLx6nrXIIH1U="></latexit>z0

<latexit sha1_base64="Z4UrMDd+bQsVJKBBMdvv7epspg4="></latexit>

!h

Intuitively clear: the atoms „average“ 

gravity along their trajectory. 

But how exactly?
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Where are the atoms „on average“?

Answer: It depends on the averaging process!
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Step 1: Convert phase to grav. curvature using the scale factor.

11

Estimator for grav. curvature
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We can now define a novel estimator           for the grav. curvature: 
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Step 2: Shift the height via the cubic mean of the trajectory.
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Motivation for the cubic mean.



Michael Werner @ Rencontres de Moriond 2025 12

<latexit sha1_base64="GNaXUUf+3FQfFmSo23RnSeKXDlc="></latexit>

(a)
<latexit sha1_base64="mt+3aMHlecpUwHcHLreoaQkn5Rc="></latexit>

(b)

<latexit sha1_base64="ai+dRsDslDxR3+FBTOVyLTcc7nk="></latexit>

Initial height z0 [m]

<latexit sha1_base64="ypnYo5ZQcUgKaVYPI9LAsJNaAVg="></latexit>

7
<latexit sha1_base64="Xi0z7L7xycqS4W1qlbCFxZ4t90Y="></latexit>

6
<latexit sha1_base64="6p0Z5QpUn24a+Buej9+n4SfIUks="></latexit>

5
<latexit sha1_base64="KO9JfWYnBIU1mmCwIHIOq2K66pM="></latexit>

1
<latexit sha1_base64="GTuF30uFVEdGRunGChZE+V916GY="></latexit>

2
<latexit sha1_base64="HWmIDzHgyrQ5FxeiOPSv/4Hn4E4="></latexit>

3
<latexit sha1_base64="KaAdyBB/My27qxz2K5CUbsRQKmQ="></latexit>

4
<latexit sha1_base64="boS8yCAKTLJ4bTpXP9m72PiW2RQ="></latexit>

0

<latexit sha1_base64="o7sm8upc3vW9tStCSJDENh+b3V0="></latexit>

�6.2

<latexit sha1_base64="rjdzwjvjb0hfDm5cK9FFnApGb0Y="></latexit>

�6.0

<latexit sha1_base64="AciQa4tYQDN1NkEK8HDAmjBbWOA="></latexit>

TR = 0.6 s, �h ⇡ 1.75m

<latexit sha1_base64="D/hebWhWXRRlh0lSR5xEYONnPBc="></latexit>

TR = 0.3 s, �h ⇡ 0.44m

<latexit sha1_base64="KSHxkLOLGEJnkHE9u0Dq5sHFXa8="></latexit>

TR = 0.45 s, �h ⇡ 1m

<latexit sha1_base64="o8AEaWE0bZAUOaKml7Q5RckHyS0="></latexit>�1.80
<latexit sha1_base64="ncpHNeuRxlrpH7bRMaM4OqwmTa4="></latexit>�1.85

<latexit sha1_base64="ThBlonmRWujwZPT4dLN3DdwHk0Y="></latexit>�1.75

<latexit sha1_base64="CImTOxcmBrXlhYlLHrlDty6Rptk="></latexit>�14.8

<latexit sha1_base64="J71x0ZtZlFMov5LSvq+5eC+0juE="></latexit>�14.4

<latexit sha1_base64="/ZGeQSgm7Hs/DL4JXTFuvxkm9gY="></latexit>�14.0

<latexit sha1_base64="Z4rheq7r+vPSfh2WDdNks4penMc="></latexit>�5.8

<latexit sha1_base64="HsNAx6bIuwEHbF+18K6myQ+eygc="></latexit>�1.70

<latexit sha1_base64="bzvtLJCnWJnn1JwLckXgfRV6NSI="></latexit>

��(z0)
<latexit sha1_base64="OwG3r1C9SZH0UhFzKxrmQaaZfY8="></latexit>

�(z0)
<latexit sha1_base64="QuvSWotR2rPrA/krh6GlXURmgYo="></latexit>

�̂(z0)
<latexit sha1_base64="oLlxALd95NzlVs+wi6beiMoCrtM="></latexit>

1
<latexit sha1_base64="/beNcGKbiSoo7mFNhzVnkTtFnPI="></latexit>

2
<latexit sha1_base64="lxhU0vSo+riakGcvz+mqVtuQGo8="></latexit>

3
<latexit sha1_base64="nKmAtIHwstWwMRiUUCfmrORI6Zc="></latexit>�2.6

<latexit sha1_base64="DzN8jwY5G2K+kom8cvsP1wnxoes="></latexit>�2.7

<latexit sha1_base64="hJ9/3nMGDJQBj2ue8N6302+lIuY="></latexit>�2.8

<latexit sha1_base64="gKgO6lu81x3ag6yoSqe2EwQjJ44="></latexit>�2.9

<latexit sha1_base64="DzN8jwY5G2K+kom8cvsP1wnxoes="></latexit>�2.7

<latexit sha1_base64="hJ9/3nMGDJQBj2ue8N6302+lIuY="></latexit>�2.8

<latexit sha1_base64="gKgO6lu81x3ag6yoSqe2EwQjJ44="></latexit>�2.9

<latexit sha1_base64="DzN8jwY5G2K+kom8cvsP1wnxoes="></latexit>�2.7

<latexit sha1_base64="hJ9/3nMGDJQBj2ue8N6302+lIuY="></latexit>�2.8

<latexit sha1_base64="gKgO6lu81x3ag6yoSqe2EwQjJ44="></latexit>�2.9
<latexit sha1_base64="OwYil2BKNLSjo3PnjHT+Wg6fKNI="></latexit>

8

<latexit sha1_base64="ApjqkWBYcV/xZghOyd43qo6urk4="></latexit> �
�
[m

ra
d
]

<latexit sha1_base64="MurImPRWuDgym65bMzDAiUZh2VM="></latexit> [1
03

E
]

<latexit sha1_base64="MurImPRWuDgym65bMzDAiUZh2VM="></latexit> [1
03

E
]

<latexit sha1_base64="MurImPRWuDgym65bMzDAiUZh2VM="></latexit> [1
03

E
]

<latexit sha1_base64="ApjqkWBYcV/xZghOyd43qo6urk4="></latexit> �
�
[m

ra
d
]

<latexit sha1_base64="ApjqkWBYcV/xZghOyd43qo6urk4="></latexit> �
�
[m

ra
d
]

<latexit sha1_base64="NVjqorW879G7rJ01QUI3K5sOl8k="></latexit>

��̂/h�i [%]

<latexit sha1_base64="2s1naNNQzAOXP2fm+Vp4yF1yyj4="></latexit>

��̂ [E]

<latexit sha1_base64="cU3sIJoLAygCBfclrGHv2CxX7bM="></latexit>

10
<latexit sha1_base64="ozDZSNh2iQvgm0UUiEH4Kpeeh8g="></latexit>

100

<latexit sha1_base64="J2IQLbWk14/0dJmioir0UkSyxMc="></latexit>

0.5
<latexit sha1_base64="bqfAbXC748fTz8dkkS2eSbj7ve4="></latexit>

�h

<latexit sha1_base64="k1KfWvX1aaDqkT/rxKPdZb80gLg="></latexit>

0.1m
<latexit sha1_base64="Fbjt6ozySwLKI1o0ZHKAhRackPA="></latexit>

2.5m

<latexit sha1_base64="TyHz7/qKYSfAP02LrFCb4duu3dg="></latexit>

4

<latexit sha1_base64="Yvo3XbvYOI1h4ikTloj0DoQA0CE="></latexit> Av
er

ag
e

P
ha

se
h�

�
i[
m
ra
d
]

<latexit sha1_base64="yiel6zwxQVhsqPV3GIj/JQ2yG5I="></latexit>�1

<latexit sha1_base64="Ge3awGyN8qrwoGEW8aCCjCSi0xI="></latexit>�10

<latexit sha1_base64="2pjUwjYtB6bG7PaXGw+zAjjhzHM="></latexit>

Relative Error
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<latexit sha1_base64="oLlxALd95NzlVs+wi6beiMoCrtM="></latexit>

1

<latexit sha1_base64="NVjqorW879G7rJ01QUI3K5sOl8k="></latexit>

��̂/h�i [%]

<latexit sha1_base64="2s1naNNQzAOXP2fm+Vp4yF1yyj4="></latexit>

��̂ [E]

<latexit sha1_base64="cU3sIJoLAygCBfclrGHv2CxX7bM="></latexit>

10
<latexit sha1_base64="ozDZSNh2iQvgm0UUiEH4Kpeeh8g="></latexit>

100

<latexit sha1_base64="bqfAbXC748fTz8dkkS2eSbj7ve4="></latexit>

�h

<latexit sha1_base64="Yvo3XbvYOI1h4ikTloj0DoQA0CE="></latexit> Av
er

ag
e

P
ha

se
h�

�
i[
m
ra
d
]

<latexit sha1_base64="yiel6zwxQVhsqPV3GIj/JQ2yG5I="></latexit>�1

<latexit sha1_base64="Ge3awGyN8qrwoGEW8aCCjCSi0xI="></latexit>�10

<latexit sha1_base64="2pjUwjYtB6bG7PaXGw+zAjjhzHM="></latexit>

Relative Error
<latexit sha1_base64="pZYc+D8XlsatyKg0wogzNASNcP4="></latexit>

0.1

<latexit sha1_base64="oLlxALd95NzlVs+wi6beiMoCrtM=">AAAEcXicrVPLTttAFD0Bl0La8uqqYmMRVUJqFdlQHksELbBBgooAEqDKNpNgxbGtsYNqonwB2/Y  igdRBn6/R/fft3Wf25+vuUn1p90Ntda18l6OYwSzmiLSMVWxhhzcZMN4lvuH78C/rjWVbs1emQ5XS5zXuLOvdH1ES37k=</latexit>

1

<latexit sha1_base64="FrpodIYqjph+Npx/nHQsXXphGyg="></latexit>

0.15m
<latexit sha1_base64="tQvc5b/XTxv6x+QO0M6ZjSVboZI="></latexit>

3.5m

13

<latexit sha1_base64="ocDxnVyPcnaPRmNEfTYOOAt6t8A="></latexit>

!̂Our estimator

<latexit sha1_base64="O3gF1L3ZJ05h3SH1E0D79d7ig2g="></latexit>

!”

f
„Unshifted estimator“

Roughly one order of 
magnitude improvement in 

the estimation!

(Root mean square error)
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Outlook / Summary

• We introduced the „CGI“ — 
giving us information about 
gravitational curvature.

• Gives rise to a novel way to 
measure gravitational field in 
large baseline interferometers.

<latexit sha1_base64="AlTgRVlNJcs01A6bsi5aBu2TE84="></latexit>

t

<latexit sha1_base64="LZvYzc1b5HD7dSlXPRv3XezK4HA="></latexit>

z(t)

<latexit sha1_base64="GNaXUUf+3FQfFmSo23RnSeKXDlc="></latexit>

(a)

<latexit sha1_base64="ShBMesO1hf6uXhJSQY5Zie5Ll6g="></latexit>z0

<latexit sha1_base64="/uZA55hzq1GIznopX6ebre2pAIg="></latexit>

�h

<latexit sha1_base64="UM+q077ropUGKcj0NeMTyZ9mbuk="></latexit>

⇢Earth(t)

<latexit sha1_base64="keeA6yaFefAnnrr+Vkrk1wXa/EU="></latexit>

⇢Air(t)

<latexit sha1_base64="56EHPARFKKnpPj0/rbHm9eyO9nU="></latexit>

⇢Water(t)

<latexit sha1_base64="3kDxeUCG6ABIccLbrIOK8u3MO1k="></latexit>

g(z, t) →=

<latexit sha1_base64="LxMqhFJmLBpRv7D/L3ldqo9P8bo="></latexit>

!(z, t) →=

<latexit sha1_base64="3kDxeUCG6ABIccLbrIOK8u3MO1k="></latexit>

g(z, t) →=

<latexit sha1_base64="LxMqhFJmLBpRv7D/L3ldqo9P8bo="></latexit>

!(z, t) →=

<latexit sha1_base64="LxMqhFJmLBpRv7D/L3ldqo9P8bo="></latexit>

!(z, t) →=

• Possibility to measure the 
gravitational curvature using 
more compact devices.



Michael Werner @ Rencontres de Moriond 2025 

Thanks for listening! 
Any questions?

15

1

Recent paper:

Link to the algorithm:

1

Hammerer group

Gaaloul group
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Other References:

• [1] Schilling et al. „Gravity field modelling for the 
Hannover 10m atom interferometer“ 

• [2] Lezeik et al. „Understanding the gravitational and 
magnetic environment of a very long baseline atom 
interferometer“ 

• [3] Schwartz et al. „Post-Newtonian Hamiltonian 
description of an atom in a weak gravitational field.“
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Finite speed of light (FSL)

Example: Two-Photon Bragg transitions would lead to an additional phase

with a constant shift

17

Lower laser 
position

There are additional phase shifts, if one includes the FSL into the model!

Upper laser 
position

Not that problematic, 
since constant in time.
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FSL with two-photon Bragg transitions

Photon paths of the example (FSL effect exaggerated).
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FSL mitigation scheme

19

Alter the last AIF pulse by:

This frequency chirp ( ) nullifies the FSL phase.∼ 100 MHz

The time-dependent FSL phase can be mitigated!
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<latexit sha1_base64="boS8yCAKTLJ4bTpXP9m72PiW2RQ="></latexit>

0
<latexit sha1_base64="VGf2N0cEVyG29g9z3iwhw/3Fkp4="></latexit>

TR
<latexit sha1_base64="3P6gDjoCIaGM8/12VDvA7JlV+tg="></latexit>

2TR
<latexit sha1_base64="AlTgRVlNJcs01A6bsi5aBu2TE84="></latexit>

t

<latexit sha1_base64="LZvYzc1b5HD7dSlXPRv3XezK4HA="></latexit>

z(t)

<latexit sha1_base64="m8hSaRT29Cqk67FAr1AWUJAuCdQ="></latexit>

|0i

<latexit sha1_base64="cKUraPjg8Ptpr8tQS3se/m3zjUY="></latexit>

|2Ni

<latexit sha1_base64="m8hSaRT29Cqk67FAr1AWUJAuCdQ="></latexit>

|0i

<latexit sha1_base64="cKUraPjg8Ptpr8tQS3se/m3zjUY="></latexit>

|2Ni

20
z=0m

groundfloor

gravimetry

groundwater

backbone

z=4.89m

z=10.09m

z=3.35m

mean
max

min

basement

region of interest

z

z=-0.59m

<latexit sha1_base64="3tw6aTMepzOXlQqHLx6nrXIIH1U="></latexit>z0

<latexit sha1_base64="Z4UrMDd+bQsVJKBBMdvv7epspg4="></latexit>

!h

Phase shift:
<latexit sha1_base64="0Hh8xJentwU0pn0xMz4Jf9oZr7w="></latexit>

!” = 2NgkT 2
R + #0Nk

(
2z0T

2
R + 2v0T

3
R → 7

6
gT 4

R

)
+ . . .

<latexit sha1_base64="8qHlE6zXeZxYz2etXTVYNVj+eN0="></latexit> {
„Unwanted“ additional phases

<latexit sha1_base64="1TuP+UjO/4bCGimoY8FA4fL5WUo="></latexit>

k
<latexit sha1_base64="fFdzZdqqKgR3hhpKWnE6yhvV4Bs="></latexit>

k +!k

<latexit sha1_base64="1TuP+UjO/4bCGimoY8FA4fL5WUo="></latexit>

k
<latexit sha1_base64="fFdzZdqqKgR3hhpKWnE6yhvV4Bs="></latexit>

k +!k

<latexit sha1_base64="xF03GXFp3caVMyQPwgEQNH5rvM8="></latexit>

!k =
1

2
”0T

2
Rk

Even with a constant gravity gradient  

—> Measuring g is not a problem! [3, 4]
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<latexit sha1_base64="rurLkpLt7rqirruuln+owS9Igcg="></latexit>

g(z)� gref [µm/s2]

<latexit sha1_base64="RaknjJskVqlbgSADKMpTFDgyDss="></latexit>

600
<latexit sha1_base64="t9GpE3v9FIAlWql4fvGyqRZoeC0="></latexit>

610
<latexit sha1_base64="gvN/E9JAMzFhj9hS9PlpIIIVcps="></latexit>

605
<latexit sha1_base64="AXnd9yUUwVuKgCIyZQH+4j0CrTI="></latexit>

615

z=0m

groundfloor

gravimetry

groundwater

backbone

z=4.89m

z=10.09m

z=3.35m

mean
max

min

basement

region of interest

z

z=-0.59m

<latexit sha1_base64="ypnYo5ZQcUgKaVYPI9LAsJNaAVg="></latexit>

7
<latexit sha1_base64="Xi0z7L7xycqS4W1qlbCFxZ4t90Y="></latexit>

6
<latexit sha1_base64="6p0Z5QpUn24a+Buej9+n4SfIUks="></latexit>

5

<latexit sha1_base64="KO9JfWYnBIU1mmCwIHIOq2K66pM="></latexit>

1

<latexit sha1_base64="GTuF30uFVEdGRunGChZE+V916GY="></latexit>

2

<latexit sha1_base64="HWmIDzHgyrQ5FxeiOPSv/4Hn4E4="></latexit>

3

<latexit sha1_base64="KaAdyBB/My27qxz2K5CUbsRQKmQ="></latexit>

4

<latexit sha1_base64="uvZPUu8JbyP0/6FyJzdTsqzikc0="></latexit>�2.9
<latexit sha1_base64="4qktGars0Y2njX8Z8QTUroKYTAg="></latexit>�2.8

<latexit sha1_base64="smA/I+P8gzRsr4eShWBtBAG6lUg="></latexit>�2.7
<latexit sha1_base64="sdH+6cI/tLUyVhjuSXxB3PQUXtY="></latexit>�2.6

<latexit sha1_base64="tZ+DIYFRvMrLHeHBJTl6XFr6KoE="></latexit> z
[m

]

<latexit sha1_base64="AVBp9wKNV/3ChuYzAwFGdYl9Hlc="></latexit>

region of interest (ROI)

<latexit sha1_base64="xpiPfhfZmS97w2RalkQH38iUtxg="></latexit>

groundfloor

<latexit sha1_base64="6gfKGiJXmAVqvKs85NXorcmXMOQ="></latexit>

basement

<latexit sha1_base64="fAy1HUDUOgbat39pv24xxjEOc5Y="></latexit>

�(z) [103 E]

Gradiometry in complex fields

21

MZI 1 MZI 2

Divide change in g over the height difference.

<latexit sha1_base64="3Ir5SVzLFDkza+JIoDLwrmEUj3w="></latexit>

!̂0 =
”g

”z

Each Mach-Zehnder Interferometer (MZI) measures „its“ g.

—> Higher measurement uncertainty

g changes!

If you want high spatial resolution —> Make         and        small
<latexit sha1_base64="EAQqVmn0A0a4Nb1/Nn9HMnsZbMY="></latexit>

!z
<latexit sha1_base64="WO7lgu9csW8jWERvvwBDDadnf98="></latexit>

!h

<latexit sha1_base64="EAQqVmn0A0a4Nb1/Nn9HMnsZbMY="></latexit>

!z


