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Gravita5onal 
wave detector
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l

massive binary objects (e.g. black holes) orbiting each 
other produce gravitational waves  

(disturbances in spacetime)

space5me

https://www.researchgate.net/publication/331246187  https://spaceaustralia.com/news/new-technology-improve-gravitational-wave-detection

GW detector using laser interferometry

Interferometric displacement measurement 
between „free-falling“ mirrors: 

, baseline:  10−21 1/ Hz 4 − 10 km

GravitaConal wave (GW) source

https://www.researchgate.net/publication/331246187_Gravitation_from_Newton_to_Einstein
https://spaceaustralia.com/news/new-technology-improve-gravitational-wave-detection
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l

aLIGO

ET

Current detectors (aLIGO, O3)

Einstein Telescope 
(planned in Europe)

ET design report 2020, https://gwic.ligo.org/3Gsubcomm/docs/ET-0007B-20_ETDesignReportUpdate2020.pdf

https://gwic.ligo.org/3Gsubcomm/docs/ET-0007B-20_ETDesignReportUpdate2020.pdf
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l

aLIGO

ET

Current detectors (aLIGO, O3)

Einstein Telescope 
(planned in Europe)

5-6 orders of magnitude 
improvement at 3 Hz

ET design report 2020, https://gwic.ligo.org/3Gsubcomm/docs/ET-0007B-20_ETDesignReportUpdate2020.pdf

https://gwic.ligo.org/3Gsubcomm/docs/ET-0007B-20_ETDesignReportUpdate2020.pdf
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aLIGO

ET

Micro-seismic peaks

Suspension  
resonances

Tilt-coupling,  
earthquakes

Current detectors (aLIGO, O3)

Einstein Telescope 
(planned in Europe)

5-6 orders of magnitude 
improvement at 3 Hz

Seismic surface waves
Challenge I: Seismic noise suppression:  
• Passive and active pendulum isolation 
• going underground to suppress seismic surface waves

ET design report 2020, https://gwic.ligo.org/3Gsubcomm/docs/ET-0007B-20_ETDesignReportUpdate2020.pdf

https://gwic.ligo.org/3Gsubcomm/docs/ET-0007B-20_ETDesignReportUpdate2020.pdf
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l

aLIGO

ET

Current detectors (aLIGO, O3)

Einstein Telescope 
(planned in Europe)

Surface 
wave

Newtonian Noise 
10x too high

Challenge II: Newtonian Noise (NN)

Harms et al. 2015 https://link.aps.org/doi/10.1103/PhysRevD.92.022001

https://link.aps.org/doi/10.1103/PhysRevD.92.022001
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Newtonian Noise
in the Einstein Telescope
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Test mass acceleraCon:

Gravita5onal 
constant

seismic 
displacement

density & volume 
of ground

test mass 
posi5on

points inside 
medium

Challenge II: Newtonian noise (NN) cancellation of factor 10 
• NN is a direct consequence from seismic waves

Harms et al. 2015 https://link.aps.org/doi/10.1103/PhysRevD.92.022001

https://link.aps.org/doi/10.1103/PhysRevD.92.022001
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Challenge II: Newtonian noise (NN) cancellation of factor 10 
• NN is a direct consequence from seismic waves 
• underground detector construction suppresses surface wave NN

Harms et al. 2015 https://link.aps.org/doi/10.1103/PhysRevD.92.022001

https://link.aps.org/doi/10.1103/PhysRevD.92.022001
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Body waves

Challenge II: Newtonian noise (NN) cancellation of factor 10 
• NN is a direct consequence from seismic waves  
• underground detector construction suppresses surface wave NN 
• NN from body waves is not suppressed in underground detectors

Harms et al. 2015 https://link.aps.org/doi/10.1103/PhysRevD.92.022001

Surface waves

Body waves

https://link.aps.org/doi/10.1103/PhysRevD.92.022001
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Challenge II: Newtonian noise (NN) cancellation of factor 10 
• NN is a direct consequence from seismic waves  
• underground detector construction suppresses surface wave NN 
• NN from body waves is not suppressed in underground detectors 
• interacts gravitationally: 

→ NN cannot be shielded ⚡ 

→ NN measurement + cancellation in post-processing" 

Surface 
wave 

-700m

Newtonian Noise 
10x too high

Body waves

Harms et al. 2015 https://link.aps.org/doi/10.1103/PhysRevD.92.022001

https://link.aps.org/doi/10.1103/PhysRevD.92.022001
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Newtonian Noise Sensor
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Measurement data 
from seismic field

reconstruction of seismic field  
(12 degrees of freedom)

Wiener filter 

(Surrogate model)

Couglin et al. 2016, https://doi.org/
10.1088/0264-9381/33/24/244001

Badaracco et al. 2020, https://
doi.org/10.1088/1361-6382/abab64

https://doi.org/10.1088/0264-9381/33/24/244001
https://doi.org/10.1088/1361-6382/abab64
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Measurement data 
from seismic field

reconstruction of seismic field  
(12 degrees of freedom)
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Newtonian Noise prediction on the test mass
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(Surrogate model)

Couglin et al. 2016, https://doi.org/
10.1088/0264-9381/33/24/244001

Body wave subtraction:

Badaracco et al. 2019, https://doi.org/

10.1088/1361-6382/ab28c1

Badaracco et al. 2020, https://
doi.org/10.1088/1361-6382/abab64

Harms et al. 2015 https://link.aps.org/doi/10.1103/PhysRevD.92.022001

https://doi.org/10.1088/0264-9381/33/24/244001
https://doi.org/10.1088/1361-6382/ab28c1
https://doi.org/10.1088/1361-6382/abab64
https://link.aps.org/doi/10.1103/PhysRevD.92.022001
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# test 
masses

# seismometers 
(boreholes)

N = 20 x 12 = 240 sensors = boreholes

High precision < 10 Hz

https://doi.org/10.1088/0264-9381/33/24/244001
https://doi.org/10.1088/1361-6382/ab28c1
https://doi.org/10.1088/1361-6382/abab64
https://link.aps.org/doi/10.1103/PhysRevD.92.022001
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Fiber sensors 
in boreholes

# test 
masses

# seismometers 
(boreholes)

N = 20 x 12 = 240 sensors = boreholes

High precision < 10 Hz

https://doi.org/10.1088/0264-9381/33/24/244001
https://doi.org/10.1088/1361-6382/ab28c1
https://doi.org/10.1088/1361-6382/abab64
https://link.aps.org/doi/10.1103/PhysRevD.92.022001
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Readout principle
OTDR: optical time domain reflectometry

Pr(t) = rP0e(−2αz)

× 10−5

Detector

Rayleigh backscaier intensity:      

Pulse width,  resolu5on:  

Roundtrip in  fiber:   

I ∝ 1
λ4 ∝ ppm/m

l = 10 m t = n ⋅ l
c

= 50 ns

1 km t = n ⋅ 2z
c

= 10 μs =̂ 100 kHz

Independent Rayleigh 
scattering centersDisturbance

Backscatter

Interrogator

Disturbance

https://www.febus-optics.com

• > 1000 distributed sensors along fiber 
• Fiber lengths up to several 10 kilometers 
• Very sensitive to 

• Seismic: traffic / ocean waves / micro-seismic / earthquake / … 
• Vibration: e.g. due to vacuum pumps / water cooling / high power 

transformers / broken devices / construction work / cranes / … 
• Temperature and Humidity
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Engineered fibers

. . .

- Much higher signal 
- Reasonable losses 
- Less fading (control of phase) 
- Highly-precise interrogator required to 

use extra light & reduce the noise floor

Special fibers



Katharina-Sophie Isleif |Distributed seismic sensors for Newtonian Noise Cancella5on in Gravita5onal Wave Detectors

Digitally-enhanced interferometry

High precision fiber sensing
With digitally-enhanced interferometry
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. . .

0

-1

+1

π

τ1 τ3τ2

PRN

PRN

fh

fiber under test

delayFS

FS FIEOM

AOM

disturbance

Laser

τ1

τ3
τ2

Digital Signal Processing

heterodyne
frequency

phase
modulation

Ph
as
em
et
er

π
0

Decoded signal

correct delay

Original signal

- Much higher signal 
- Reasonable losses 
- Less fading (control of phase) 
- Highly-precise interrogator required to 

use extra light & reduce the noise floor
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• High speed free beam setup (Hannover) 
  →  spa5al resolu5on 

 @ 10 Hz → 
 @ 1 Hz →

fPRN ≈ 1.25 GHz 12 cm
2 pm/ Hz
20 pm/ Hz
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Results
Digitally-enhanced distributed fiber readout for seismic noise

1 − 10 pϵ/ Hz
Free beam setup

0 25 50 75 100 125 150

a

a- a+
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.u
.]

measure
model
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M1 M2c

l

r�§����� r = 1

Fig. 2: Measured signal amplitudes of a delay scan using the two-mirror set-up (see inset)
with a mirror separation of 36 cm and a PRN rate of 1.25 GHz. The amplitude of the model is
determined by the power levels expected from the cavity response for collimated beams. The
model also assumes that the bandwidth of the PRN code generation and the signal detection is
infinite.

range of demodulation delays. By using the triple mirror delay line we can vary the delay with
sub-sample precision (2 cm steps). For the two-mirror constellation with l = 36cm the resulting
amplitudes are shown in Figure 2. The maxima corresponding to the reflection at the first mirror
(a), the reflection at the second mirror (b) and to multiple round trip signals (c for the first round
trip) are clearly visible. This shows that the system is indeed able to multiplex optical signals
with path length differences of only a few centimetres. As expected, by blocking the second
mirror all but the first correlation peak vanish (not shown).

However, the measured amplitudes show some significant deviation from ideal values. The
first aspect is that the maximum amplitudes of the correlation peaks do not match to the power
levels expected from the mirror reflectivities (see red dashed lines in Figure 2). We do not
assume that this is caused by the DI scheme, but rather that the interferometric contrast is not
equal for the measured delays. Due to the divergent beam and the non-stable cavity geometry
(two planar mirrors) the modes of different back reflections can vary significantly, potentially
leading to this effect.

The second deviation to notice is that the form of the peaks is deviating strongly from the
ideal rectangular shape expected for an ideal system with infinite bandwidth. Furthermore, the
form varies even between the peaks and it sometimes includes additional maxima next to the
actual correlation. The slow drop of the correlation from one peak to the next is the reason that
we choose a mirror distance of three times our minimal delay separation (3x12 cm), to reduce
the inter-signal cross talk.

There are various possible causes for these deformations. To discuss this we remind the
reader of the principle behind DI [1]. The PRN code that is phase modulated onto the light
can be described by a function c

0(t) with values {0;p}. For the demodulation, a delayed copy
of the PRN code c(t � td,x) is used that has corresponding values {1;�1}. In the ideal case
for a single reflection, the photodiode signal vPD(t) is decoded with the correctly delayed PRN
code (see Eq. 1) and the properties of the phase modulation c

0(t) generate a bipolar amplitude

Isleif et al. 2014, DOI:10.1364/OE.22.024689 | OPTICS EXPRESS 24689
10�3 10�2 10�1 100 10110�12

10�11

10�10

10�9

10�8

10�7

10�6

10�5

f [Hz]

l̃
[m

/p
H

z]

l̃a, l̃b, l̃c

l̃ba

l̃ca

Dl̃

Fig. 3: Displacement spectral density of the two-mirror set-up using a phase modulation of
1.25 GHz and a mirror separation of 36 cm. Shown is the phase noise of the initial signals l̃x
(blue), the relative mirror motions l̃ba (orange) and l̃ca (green) and the null measurement Dl̃

(red).

To investigate the unknown noise and to exclude optical effects and cross talk between a, b
and c, we perform measurements using an alternative zero combination. By tuning the overall
delay we read out the phase of only the first reflection using two consecutive PRN delays
(a-,a+ in Figure 2), while blocking the second mirror. Both of these signals contain the exact
same optical path length, therefore their phase difference should combine to zero:

ẽ =
2p
l

(ja+ �ja�)⇡ 0. (6)

The results of this measurement with a PRN rate of 1.25 GHz are shown in Figure 4 (green).
We find an excess noise increasing to low frequencies, which is likely the same one observed
in the two-mirror measurements.

To exclude the presence of classic heterodyne interferometer noise sources in the zero com-
binations we analysed the coupling of laser frequency and amplitude noise and found both to be
negligible. By using different PRN repetition lengths we confirmed that these do not influence
the noise at low frequencies as would be indicative of higher or lower PRN autocorrelation with
a change in code length. We therefore conclude that the effect must be unique to the DI scheme.

5. Clock noise coupling due to limited bandwidth

If we assume the PRN correlation does only influence the signal amplitudes (see Equations 1
and 2), one would not expect the phase noise present in ẽ . However, since the bandwidth of
our system is limited, a coupling between the delay, which determines the correlation, and the
measured phase might exist. If such a coupling is present, any variations in the overall delay td
would create a phase change and the coupling factor would depend on the delay position on the
correlation peak. Such a delay can easily be introduced by clock noise in either the transmission
or detection of the modulated signals.

Based on this assumption we introduce the possibility to modulate the clock of the serial
transceiver relative to the ADC clock in our experiment. Thereby, we can directly influence td.

Mirror mo5ons

3 orders of magnitude 
common mode rejec5on 

„Null“ stream 
(sensing noise) 

(here limited by clock jiier)

https://doi.org/10.1364/OE.22.024689
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Status and outlook

Fiber setup at HSU in Hamburg and DESY: 
• Setup of the laser lab and fiber setup  
• Digital signal processing  

• 100 of channels in FPGA 
• Fiber calibraCon and characterizaCon 

• Direc5on, rou5ng, shape, loop, meander 
• Fiber Bragg gra5ngs, ma5ng sleeves, … 

• Poten5al Applica5ons:  
• Newtonian Noise simula5ons for ET 
• Control of research facili5es: feedback, 

feedforward, early warning system 
• Geophysics: large seismic wavelengths 

• Analysis of commercial distributed seismic data 
within the WAVE ini5a5ve (following talk by Céline)

Digitally-enhanced distributed fiber readout for seismic noise
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(http://wave-hamburg.eu)

Thank you for your Aien5on. 

First WAVE 
 results 

TODAY (!) 
aser this talk
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