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Figure adapted

/\vfrom (1, 2]

Atom interferometers like the VLBAI in Hannover \ 4
are highly accurate sensors for the gravitational field.

Motivation

It you consider a gravitational potential like

4(2) = do + gz — 5To2?

One can mitigate [3, 4] the effect of I | and accurately
measure the value of g.

Question 1: Is this the only way to measure gravity? [ \
‘Question 2: How does this work in complex grav. fields?
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onients

Present our novel paper

Open source Python algorithm
generates all following figures

Local Measurement Scheme of Gravitational Curvature
using Atom Interferometers

Dataset for the paper “Local Measurement Scheme of Gravitational Curvature using Atom Interferometers".

All (humerical) figures are produced by this algorithm. The analytical phase calculation for the MZI, SDDI -- and ultimately the CGI
-- are also done by this code for the case of an idealized gravitational potential.

An up-to-date version can be found in: https://gitlab.uni-hannover.de/michael.werner/vibai-phase-shift-analysis/

Data and Resources

Local Measurement Scheme of Gravitational...
“  ZIP File of complete code with figures. File size: 188.6 KByte

e® Explore ~

2%  README.md
README file. File size: 2.0 KByte

e® Explore ~
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Light pulsc atom interferometers (AlIFs) are exquisite quantum probes of spatial inhomogeneity and gravi-
tational curvature. Morcover, detailed measurement and calibration are necessary prerequisites for very-long-
baseline atom interferometry (VLBAI). Here we present a method in which the differential signal of two co-located
interferometers singles out a phase shift proportional to the curvature of the gravitational potential. The scale
factor depends only on well controlled quantities, namely the photon wave number, the interferometer time and
the atomic recoil, which allows the curvature to be accurately inferred from a measured phase. As a case study,
we numerically simulate such a co-located gradiometric interferometer in the context of the Hannover VLBAI
facility and prove the robustness of the phase shift in gravitational fields with complex spatial dependence. We
define an estimator of the gravitational curvature for non-trivial gravitational fields and calculate the trade-off
between signal strength and estimation accuracy with regard to spatial resolution. As a perspective, we discuss
the case of a time-dependent gravitational ficld and corresponding measurement strategies.

L INTRODUCTION

AIFs are high-precision instruments used in a wide variety
of research fields. Their versatility includes tasks such as deter-
mining the fundamental constants [1-4], serving as quantum
sensors to measure Earth’s gravitational field [5-7]. proposing
measurements for gravitational wave detection [8-10], explor-
ing fundamental physics and alternative gravitational mod-
els [11-14], and performing measurements related to time
dilation and gravitational redshift [15-18]. In particular, their
accuracy as sensors of gravitational fields and their gradients
is becoming increasingly important for applications in civil
engineering [19], inertial sensing [20] and geodesy [21-26].

AIFs are utilized to measure the gravitational field, there
they provide information about the linear gravitational accel-
eration g along the atomic trajectory. This approach is highly
accurate because the leading order phase shift AQ = gkT}
connects the desired value of g with the wave vector k and
the interferometer time Ty, both of which are known with
very high precision. For measuring the (constant) gravitational
gradient, a gradiometric experimental setup is employed, in-
volving a comparison of g-measurements from two spatially
separated gravimeters, effectively interpolating the g values
between their spatial positions. Such gradiometric experiments
are theoretically limited by the measurement uncertainty of the
phase shift and the uncertainty of the height difference between
the two interferometers. Another way to extract knowledge
about the gravity gradient is done using more elaborate AIF ge-
ometries [27]. In these cases, however, the phase shift depends
non-linearly on the gravitational field. making an estimation
more complicated.

State-of-the-art AIFs are being constructed with increas-
ingly longer baselines [28-31] and more efficient large mo-
mentum transfer (LMT) techniques [32-34], extending beyond
the region where the assumption of a constant gradient of the
gravitational field remains valid. The transition to non-trivial
gravitational curvature is not only a challenge for large base-
line interferometers, but can also be seen as an opportunity
for experiments with gravitational test masses. Deliberately

(a) (b) =

:
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FIG. 1. Depiction of the co-located gradiometric interferometer (CGI)
setup consisting of a SDDI (green) and a MZI (blue) in a gravitational
field sourced by the mass density p(r. ). (a) Position of the CGI in
a large baseline interferometry setup as as determined by the initial
height zp. CGI geometry shown in more detail (b) in the laboratory
frame and (c) in the freely falling frame. |NV) denotes a momentum
cigenstate with N momentum quanta, as compared to the initial wave
packet. The speed of light was set infinite for the laser pulses in this
plot.

introduced non-trivial gravitational fields, which allow the mea-
surement of phases along the atomic trajectory to probe this
non-linearity, have been exploited in [35, 36] and led to the
proposed gravitational Aharonov-Bohm effect [37]. Measuring
anomalies in the gravitational gradient is also used to detect
inhomogeneities in the gravitational field [19] and will become
evermore important for civil engineering and quantum metrol-
ogy. Resolving a spatially varying gravity gradient to high
accuracy with a gradiometric AIF setup is, however, equiva-
lent to comparing g-measurements in close proximity. This
procedure is therefore increasingly error prone, because of the
relative uncertainty in the position of the atomic ensembles,
compared to the separation of the two constituent AIFs.

In this analysis, we introduce a novel geometry for AIFs that
is exclusively sensitive to the gravitational curvature, that is,
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Gravimetry in a nutshell

Using a Mach-Zehnder interterometer (MZI)
Z A
Ah
: : : <0
0 T OTr 1
QA Phase shift Estimator for gravity:

AP =2NgkT; ~_____»§=

Known to high accuracy
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Estimator for gravity gradient:
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Co-located Gradiometric Interferometer (CGl)

We proposed a novel Interferometer geometry, the ,CGI".

For today: Set speed of light infinite. More details in the paper.

Symmetric Double
Diffraction Interferometer
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Phase shift of a CG|

Phase comparison of MZI and SDDI

Magnitude [rad] | Differential signal 9 2 3
1.4% 107 AP =
m

20

14 =f-To

14 7
1.5% 1072 f - 2N2hk%T}§i
23 x 107 m
24 %107

Answer 1: Using the CGIl one can obtain knowledge
about the gradient of the grav. field in a different way.
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Arbitrany gravitational fields

1
Consider gb(Z) — qbo + gz —§Foz2 with a constant gravity gradient.

with a non-trivial T'(2) = 02¢(z) = Gravitational curvature

. Example: Gravitational field of VLBAI Hannover [1, 2]

_I
1
——
——

i region of interest (ROI)

1 |deal case

Egroundﬂoor 1-

600 605 610 615 —2.9 -28 —27 —26

: (=) = grot [ /7] D(z) [10° B
basement
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CGIl: Numerical simulation in VL BAI
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Averaging gravity

Where are the atoms ,,on average“?

Answer: It depends on the averaging process!

Ah

oTw 1/n

12Ol = | 57 [ 120~ zl"

n

|z, 1 0.66 AR} 0.73Ah | 0.77Ah | 0.79 Ah | 0.82 Ah
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Estimator for grav. curvature

We can now define a novel estimator I'(zg) for the grav. curvature:

Step 1: Convert phase to grav. curvature using the scale factor.

f(zo) _ A(I)]EZQ)

Step 2: Shift the height via the cubic mean of the trajectory.

e = 2020 = (0

Reminder:
2 2 m3J__—~—"| Motivation for the cubic mean.
N2hk2T3

m
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Relative Error AL'/(T) [%]

|
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—l

8

- Unshifted estimator” %
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the estimation!
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An

swer 2: This is how one would model complex
gravitational fields.

1

10 100

AT [E] (Root mean square error)
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Outlook / Summary pair(?)

 We introduced the ,CGI" —
giving us information about
gravitational curvature.

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

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

|
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Link to the paper:

Hammerer group

Thanks for listening!
Any guestions”




Other References:

e [1] Schilling et al. ,Gravity field modelling for the
Hannover 10m atom interferometer”

e [2] Lezelk et al. ,Understanding the gravitational and
magnetic environment of a very long baseline atom
interferometer”

* [3] Albert Roura , Circumventing Heisenberg’s Uncertainty
Principle in Atom Interferometry Tests of the Equivalence
Principle”

* [4] Amico et al. ,Canceling the Gravity Gradient Phase
Shift in Atom Interferometry”®
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Finite speed of light (ESL)

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

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

4RNk*T Nk
A(DFSL = R(4gTR — Vo — —) + A(I)(),
mc m
2hN?k*
with a constant shift A®y = - (2z1. — 20 — ZU)-
Lower laser Upper laser
position position

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

<
g1 IE> 'um IE3 I8s2.2 .
T 5 T . U
1
: Y
! L
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1
1
|
1
: :
1 1
: :
Z | { |
0 S— : <L
I ! I
- >
Io IBsi M IBS2.1 [

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

The time-dependent FSL phase can be mitigated!

hk(]. —+ ADet)

- : U

/ Alter the last AlF pulse by:

Vo + & —48TR hk

A (VO9 T ) —

>

0 TR 2 TR

‘This frequency chirp (~ 100 MHz) nullifies the FSL phase. \
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Phase shift;

,JUnwanted” additional phases
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Gradiometry in complex fields

region of interest (ROI) _ 1. _Cqececcccccccccccaccaacann- - = g ChangeS!
: | 7 N R -
' ! NG ___k .............................. -
5
Azlgd | L
1 - N G
groundfloor 1 -
MZI 1 MZI 2
n A/\‘ Each Mach-Zehnder Interferometer (MZI) measures ,its” g.
'y =
Az

Divide change in g over the height difference.

\__~
If you want high spatial resolution —> Make A\ z and A} small

—> Higher measurement uncertainty
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