GINGER

A very unique device: |
Optical Cavity +
Active Medium +
Equa[ arms intevferometer +
o independent beat notes +

the solid crust of owr Earth-—



]n‘celferometvy and Sagnac eﬁfec‘c are 100 years hold N

* Georges Sagnac (1913) realized the first
gyroscope to disprove Einstein Ve[ativity

Fringe pattern so[e[y caused loy
Earth rotation

We aim at explo iting Sagnac
effect to prove General Relativity

on measuring the Earth rotation
rate
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Michelson - Gale Interferometer in Clearing, 1llinois (1925)
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Outline

*Aring laser gyroscope (RLG) at a glance
*GINGERINO the Great and GP2
*The GINGER experiment

*Future |4 [&VL and Conc [MS Lon
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Sagnac effect in an empty cavity =~ N

° ﬁom an e.m. pont of
view in a rotating
ring cavity the time
difference become a

shiﬂ for the cavi’cy
resonances
The Q measure is aﬁfected on: " the s’mﬁ depends on
ey the area (A), the path
* the scale factor of the caw’cy rin lenoth (P) the
* the orientation with Vespec‘c to the & l 74 2\
ANV | wavelength (A), and
rotation axis th O, h
| e projection of the
angular speed onto

the pa’th Versor

EGO, GRaSP23, October 27, 2023 A.D.V. Di Vixgilio



GINGE

4 ! i : Gravitoéect‘ri-cm‘ﬁ // Gravitamagnetic fueiq .

e e o

1| GINGERINO

1074 10° 10° 107 10" 10 rad/sec
>
I — —
|
Sidereal day™\ | seismology tides General Relativity

geodesy

EGO, GRaSP23, October 27, 2023 A.D.V. Di Virgilio



\\
\\
S

GINGER

\ — - I — s o T ~ //

. \ P

EGO, GRaSPé%Qber?"f, 2023 AD.V.Di Vis(gi[ie"" \\ P
N\ K \. 4

N % \



Main Noise sources in RLG

A
GINGE

*Bac ksca’cter'mg

* Scattered photons at the mirrors may couple to the reverse
resonating mode of the cavity so ad ing't eirselves to the
counter—propagaﬁng beam

* It results in a pertw’oaﬁon of the sing[e (mono) beam
ampﬁtude and phase

o Monitoring the two beams allows to cancel this contribution

*Laser dynamics (null shift)

* The laser dynamics is a rather comp lex non-linear process.
Metbods exist to evaluate its weight t’mrough the estimation of
Lamb parameters in a semiclassical approach.
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The ring laser gyro

® He-Neon laser gain medium is inside

the cavity

* the two laser beams will fee[ diﬁ%rent
cavities and the two emission will be

ﬁrequency spli’c
) . * This concept has been demonstrated

Monitor

on monolithic structure, we develop

FC L' o4 hetero-lithic structures
CL l

B
=
-
Scanning

ECDL(640.2 nm)

CW Losses and CCW Losses and Gain
Multimode th. Multimode th. Monitor
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G]NGER]NO prot Qk/otype @ LNGS, GP2 pro’coty]oe
@basement of ]NFN Pisa VAN GINGER

e A 3.6m ring cavity inside LNGS, operative
since 2015

* No active controls

®* Runs com]olete[y unattended — remote
'Lgniﬁon

o Oﬁ ine data ana[ys S fov very low ﬁfequency
study

e Online data transfewed to EIDA data base
for seismology study (o.o1—1oon)

* GP2,1.6m side, oriented atthe maximum
SLgnal used to deve[op geome‘tvy control and
measurement and remo‘ce control of
apparatus )

-
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Data from REVIEW OF SCIENTIFIC INSTRUMENTS 88, 034502 (2017)

GINGERINO sensitivity (2016- 17)

*Typ ical raw data (Io lack) and Ioacksca’c’cerm

corrected one (red) from GINGERINO in
2016

Days from 02-06-2016
o Fvequeng[y stabil L’cy of the m’celgcerogram 1S

evaluate by the Allan deviation (red)

* Blue-dashed is the expected level of shot

noise

* ]n 2016 seﬁgt‘a\)ufi/l was a fac‘cor 2 - 3 below 10
° yad/sec more than one order o

magmtude above its SNL
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GINGERINO after 2016 Nt

*Since the ﬁrst conﬁgwaﬁon several Improvements have

been appﬁed to GINGERINO

* Novel acquisttion boards, higher quali’cy MIFrors, new gain
tube ...

* A novel ana[ys is method has been casted to eliminate laser
dynamic contamination

*later on, the cancellation of known signal, on linear
regression, was used to evaluate the instrument sensitiv 18%
limit '
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GINGERINO 1n short.....

The first H-L RLG able to runtinattended for months and
to provide suitable data forearthquakes studies

it has shown the importance to be underground located
and the validity of LNGS for GINGER

With its data we have been able to test novel analysis
strategies to pickup from the data the true Sagnac
frequency. We have completely changed the RLG analysis
paradigm,demonstrating that the ‘backscatter’ problem
can-becompletely solved analytically and developing
algorithims to subtract the null-shift, which is the real
problem for very low frequency investigation, completely
ignored in previous analysis:

1t has given the opportunity to directly verify the limiting
noise of RLG at low frequency, showing that the ‘standard
noise estimation’ is not correct, and the low frequency
fundamental limitis much lower than expected

\

N
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PHYSICAL REVIEW RESEARCH 2, 032069(R) (2020)

GINGERINO and geodesy

At the end of2019 This alﬂfwed tlo pe?CoT at jnétlore .
complete analysis to identify, usin
GINGERINO mnf oy the []?near Vegr}éss ion method, S

more than 2 months known geodetical signals

Detecting geode’cic signa[s, some of
them measured 'mdependenﬂi by

other oups and systems make it
laser systematics subtracted, mean value=280.404 poss Lb e to ca[i’ora‘ce the instrument
wso, mean value=280.4008

bt bl addid e TR (T e response and ﬁtrther investigate
" *‘/’ “VMW J’WM NLW,WMM the statistical residuals thus
Thser systematics subtracted eva[uaﬁng the actual noise level of
; the instrument

continuous [y

Foeo measured by GINGERINO
Veproduces all main geodeﬁc
featwes, such as annual and
Chandler wobbles, dai[y polav
motion, and the very [ow—fre uency
contribution due to LOD and zonal
tides.

Days since October 1, 2019
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GINGER

yroscopes n neral ela‘civi’cy

base experiment (at fuxed latitude, not avevaged and gravity map
not needed) with <1% accuracy -> to set diﬂ%vent bounds on the
validity of alternative theory C;‘Y gravity

* Thought for measwriﬁ the LenseThiwing effec’t with an Earth

* We are comp [eﬁng the details of the project to send the orders asap,
planning to start construction by the end of 2024 and operation in
2025

* Bosietal PRD 841122002 (20m) “Measuring gravitomagnetic effects by a multi-ring-laser gyroscope*
* Di Virgilioet a{ EP) Plus 132157 (2017) “GINGER — a Feasibility study*/ ,
* Capozziello et al. EP) Plus 136:394 (2021) “Constraining theories of gravity by GINGER experiment*
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| GINGER
GINGER is an array of high sensitivity laser gyroscopes (Ring Laser Gyroscopes, RLG). RLG are

based on a square active cavi where two counter—propaga’cinﬁ modes circulate. The two modes are

n general high[y symmetric, out non reciprocity ispresent an the RLG signal gathers informaﬁon
on non reciprocity on the [igh’c propagation in diﬁceren’c directions. Very small variations are

expected in General re[ativi?/, the larger %)ein due to the de Sitter and Lense Thiw'mg e)ﬁec’c on the
Earth swgcace, Lorentz violation tests on the gravity sector in the Standard Model extended
formaﬁsm, and on the non classical electromagnetism. The larger effect (s certa'mly the Sagnac
[e)f)rec‘c, which links the RLG response with the agsyz)[ute rotation rate of the optical cavity. This is a
arge eﬁCec’t on the Earth swface, and at present RLG has top sensitivity to measure Earth absolute
angular rotation rate in order to investigate any tiny deviations.

G]NGER S highly in‘cevdiscip[inavy and able to pvovide data not
only fov ﬁmdamental phys ics but also for geophysics and geodesy.

Relevant target: fo reach and go behind the sensitivity of 1 part
in 10°_of the Earth rotation rate, target that has been already
demonstrated. '
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https://doi.org/10.1140/epjc/s10052-022-10798-9

Data analysis of GINGERINO applied to the G Wettzell ring laser
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https://doi.org/10.1140/epjc/s10052-022-10798-9

A[ong with the pure kinematic Sagnac term it comes a relativistic contribution

1t includes 4 terms and amounts to about 109 x the Earth rotation rate (10" rad/sec)

Q.+ Q,+Qy+Q,

* (i) the geodeﬁc or de Sitter precession QG; * (iii) Q.W the prefewed ﬁrames e)?ect;
* (ii) the Lense-Thirring precession Cd; ® (iv) the Thomas precessioh Wi,

%
The last two terms are ordevs of magni’cude smaller than
the others so they are neg[eé‘ted
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GINGER hints

* Lense-Thirring (and de Sitter) act on the RLG as angular rotation
vector summed to the Earth rotation rate. These are the most
important eﬁcec’cs of GR on our planet

* First direct measurement of Post Newtonian effects on the Earth
swface- with sensitivity better than 1 part10° o the Earth rotation
rate

* DIRECT MESUREMENT: controllable, Vepeatab le, Veplicalo le, here
(on the Earth) and now (real time data ana[ys is)

* Discriminate among diﬁferent theories implies to ﬁnd small
d'gﬁrerences in the measurements. /

_ *The measurement precision will indicate a limit to alternative

theories of gravity ike Horava—-Lifs hitz
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GINGER
collaboration

Pisa University: RLG laser and optics,
responsible of the RLG realization and
maintenance;

INFN Pisa and LNL;/coordination of the
Sagnac frequency'reconstruction;

Naples: \ optics ‘simulation and
quantum nolse;

LNL, Naples, Salerno and Turin:
interface with fundamental physics;

INGV: DAQ and remote control of the
apparatus;

INGV:-_ interface \ with geophysics
analysis;

UNIVAQ: mechanics ‘\simulation.and
test.
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Main requiremens

to keep GINGERINO sensitivity
Perimeter between 14.4-16m

\ Beat-note >= 280Hz
(GINGERINO)

_homogeneous materials

GRANITE GNU, spacers in silicon
carbide, mechanical parts in
titanium, avoid mechanical
couplings between mirrors

All machined with high

mechanical precision

N\
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GINGER tests on going

*TRIO (STRIC+ project) furst test of the impm\)ed cavity

mechanics

® spacers, mainly to test the Joints,

the piece will be used in GINGER
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Oct/Nov 2016 - Central ltaly sequence
Visso M 5.9 earthquake (26-10-2016 17:10:38 UTC)

Probably the largest seismic rotational signal ever recorded

QE arth
7.292 x 10” rad/s

GINGER status report
Featured Paper of
AVS Quantum Science
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Conclusions...so far

* RLGs are suitable for ﬁmdamental phys Lc tests, ’cyhe key point is the
sensitivity, it should be at least 1 part10° of the earth rotation rate

* GINGER is now under construction, expec’ced to be Veady In 2 years.
First target 1 part 10 of_ the earth rotation rate, ﬁna[ target1 part10”

* GINGER is aﬁfected on many soifg“nals of geophysical origin, which are
important by their own, providing a natural ‘test beam’ for GINGER

®* GINGER uses an improved mechanical desi%n based on the
experience ga'med with our 2 protypes. Similar apparata can be easi[y
build on earth.
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