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Newtonian Noise (NN) i

AN T

Seigmic wave

—r
v

® Direct consequence of mass density fluctuations in the environment e

® seismic noise, advected temperature and humidity fields, acoustic fields |

@ NN is a changing gravitational force accelerating the suspended test masses /A/«

-, — - PN 7 o 7
5 1) = = G | aVp(7) (85 - Vo ) ——
@ NN bypasses isolation systems designed to suppress environmental/seismic noise
\
P

Harms, 2015 https://doi.org/10.1007/Irr-2015-3
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Newtonian Noise (NN) Model

From seismic fields

® Surface waves dominate Newtonian

Newtonian Noise Noise — underground detector
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Newtonian Noise (NN) Model

From seismic fields
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Newtonian Noise (NN) Model

From seismic fields

® Surface waves dominate Newtonian

Newtonian Noise Noise — underground detector
’ @ Body waves (compressional and shear
: waves) are not suppressed with depth
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Newtonian Noise (NN) Model

From seismic fields

® Surface waves dominate Newtonian

Newtonian Noise Noise — underground detector
’ @ Body waves (compressional and shear
waves) are not suppressed with depth
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NN cancellation
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Seismic data
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Seismic data
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NN cancellation

NN estimate

Filter

Cleaned GW data
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NNC system for ET R

Simulation results for body wave NN |~
(@) - (b) -

N
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® 12 TMs require NNC = 240 borehole sensors | 0415895

® 20 seismometers per TM (Very expensive)

® Seismometers: high sensitivity, high SNR, <10Hz Badaracco, Harms. 2019, https://

doi.org/10.1088/1361-6382/ab28¢1
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OTDR: optical time domain reflectometry
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e Large research campus

physics, seismology,

e May 2021, 2 weeks,

e Sensors:

e 12.6km fiber readout with 2x DAS Systems,
Im gauge (= 12,600 seismic strain sensors)

engineering, informatics, ...
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e Seismometers, Geophones, Rotational

seismometer
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European

DAS investigations XFEL

e Sensor self-noise measurements

e Comparison with seismometers

e Coupling tests to ground

e Investigation of special fibers
(engineered and helic)

e Limitations for ET:

e Interrogator is a black box

e Fiber lengths 7 pulse repetition ——— W T
Fiber clamping system =
rate and backscatter power et ¥
. ] . ] __Ita x.'. 4 { SU
e High optical input power for high

spatial resolution and long distance

e No multiple fiber readout
e dynamic range 7, fading, LFN

e Own sensor development
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New distributed fiber sensors for ET

e.g. FBGs, : .. - , Shaddock, 2007, DOI:
Using digitally-enhanced heterodyne interferometry = et 2% 0

accelerometers,

Engineered fibers

phase
midmat'@” fiber under test
: Laser FS me= EOM

heterodyne
frequency

- Much higher signal

- Reasonable losses . . .
Decoded signal Original signal

- Less fading (control of phase) /\/\/\/\/\/\/\/\/\/\ » /\/\/\]V\A/YV\/\/W\ » I\/\/\/\/\/\/\/\/\/\

- Highly-precise interrogator required to

use extra light & reduce the noise floor 0 ﬂ“ H ““ “ H ‘I“ correct delay
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Free beam setup
Isleif et al. 2014, DOI:10.1364/
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Spatial rESOIUtiOrI: l ~ 10 Cm@125 GHz l ~ 10 m@125 MH7 Opt|ma| strain sensor

array for NNC
with Jan & Francesca
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Fiber lengths: ,no" limits, depends on back reflected power, number of sensors

Number of fibers: ,no" limits, depends on power, number of sensors, PRN code

Common mode rejection

pm/4{/Hz-level

phase performance < 10Hz
modulation

100-1000 channels
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| aser

P
N
N

heterodyne
frequency CAVA 7,

r

borehole

el

Phasemeter

———
Digitally enhanced

,yquasi-distributed

sensing’’

Digitally enhanced ,,multiplexing”

— ~  HELMUT SCHMIDT

/- IUN“H e \ET 6560 Distributed seismic fiber networks for Newtonian noise cancellation in the Einstein Telescope




Katharina Isleif! (isleifk@hsu-hh.de)

CO 1 Cl U SlO i & O Ut | OO0 k Reinhardt Rading?, Julian Dietz!

Oliver Gerberding?2, Celine Hadziiaonnou?
Distributed seismic fiber network for NNC in ET Francesca Badaracco3, Jan Harms?

e Spatially and temporal resolved seismic DAS signals help to

identify and eliminate noise sources RN 2 > r— _)()
i | | o 5a(F ) = — G dvp(r)(g(r, /- VO> 3
e Seismic data analysis and comparison between seismic sensors |7 — ;70

(WAVE seismic network)

e NNC simulations for ET with strain sensors

- Vertical (boreholes) and horizontal (along 10km arms?) ohese
- Optimization of strain sensor positioning for ET 3?"“ . /
Laser p= FS et ECM prm——
e R&D of digitally-enhanced fiber strain sensors ZN.,MW_W . -
. s . . . h::tcr-:dync . ‘ _
- DI allows for high low-frequency sensitivity + multiplexing eauny @' | 1
L . . 3] B |
+ common mode rejection (LFN, fiber noise, ...) Et Fad
- fiber sensors (gratings, mirrors, accelerometers) + fiber =4 Digital Signal Processing

routing
I Helmut-Schmidt-Universitat Hamburg

_ 2 Universitat Hamburg
ET and current GWD:s to search for noise sources 3INFN Genova ltaly, 4 Gran Sasso Science Institute GSSI, Italy

e Optimal, efficient sensor array and sensor fusion concepts for
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e Spatially and temporal resolved seismic DAS signals help to

identify and eliminate noise sources o o (= r— _)O
" _ . - Si(Fy, 1) = = G | dVp(P) (&G 1) - V)
e Seismic data analysis and comparison between seismic sensors |7 — 7, ‘3
(WAVE seismic network)
e NNC simulations for ET with strain sensors Wireless sensor networks

- Vertical (boreholes) and horizontal (along 10km arms?)

- Optimization of strain sensor positioning for ET

e R&D of digitally-enhanced fiber strain sensors

- DI allows for high low-frequency sensitivity + multiplexing
+ common mode rejection (LFN, fiber noise, ...)

- fiber sensors (gratings, mirrors, accelerometers) + fiber

routing

I Helmut-Schmidt-Universitat Hamburg
2 Universitat Hamburg
3INFN Genova ltaly, 4 Gran Sasso Science Institute GSSI, ltaly

e Optimal, efficient sensor array and sensor fusion concepts for

ET and current GWDs to search for noise sources
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Power & channel limitations: DI distributed strain sensors
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Noise sources

DI distributed strain sensors

Fiber noise (length, temperature, humidity)

Laser noise (laser frequency noise)!

Clock jitter noise (high speed)

Autocorrelation suppression
(length of PRN code)

e Multiplexing channel noise
(1000 channel limit?)23

e Sophisticated digital signal processing
system: FPGA

e Costs? (polarization maintaining fibers,
dedicated fibers, laser frequency reference)

e® Coupling to seismic field

[1] Gray et. al 2014, DOI: 10.1117/12.2059435
[2] Spollard et. al 2022: https://opg.optica.org/ol/abstract.cfm?uri=0l-47-7-1570
[3] Sibley etl al 2020: https://www.osapublishing.org/abstract.cfm?URI|=0e-28-7-10400

- HELMUT SCHMIDT

3C Translation 6C Strain

\£

SeiIsmometer measures
displacement

Vy

>\,

Ground velocity o | .Strain
Seismometer . Strainmeter; BAS

— vertical seismometer
—— vertical strainmeter
Single-Fiber Strainmeter
in borehole (no DAS)
N
I
S~
N l
) :
< 5 Microseismic
A 10 peaks
2 , s
Al
— >
| Long term: §Signa|
Fiber noise? : coherence
10-10_ AR R R o

107 10" 10°
Frequency, Hz
Credit: Harald Lick, Jan Harms / Pifion Flat Observatory, Univ. of California

hitps.//pfostrain.ucsd.edu/pfo/

. UNIVERSITAT Distributed seismic fiber networks for Newtonian noise cancellation in the Einstein Telescope Katharina-Sophie Isleif | 31


https://www.osapublishing.org/abstract.cfm?URI=oe-28-7-10400
https://www.osapublishing.org/abstract.cfm?URI=oe-28-7-10400
https://www.spiedigitallibrary.org/redirect/proceedings/proceeding?doi=10.1117/12.2059435
https://opg.optica.org/ol/abstract.cfm?uri=ol-47-7-1570

Noise sources

DI distributed strain sensors

Fiber noise (

Laser noise (

ength, temperature, humidity)

aser frequency noise)!

Clock jitter noise (high speed)

Autocorrelation suppression
(length of PRN code)

Multiplexing

channel noise

(1000 channel limit?)23

Sophisticated digital signal processing
system: FPGA

Costs? (polarization maintaining fibers,
dedicated fibers, laser frequency reference)

e® Coupling to seismic field

[1] Gray et. al 2014, DOI: 10.1117/12.2059435
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Limitations of strain sensors: laser frequency noise
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