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Applied'and fundamental physics with ring-lasers

.Sagnac Effect

-Applications and Ring-Lasers

-Ring-Laser and General Relativity (Lense-Thirring)
-Ring-Lasers, G Wettzell, Geodesy and Geophysics
-GINGER and its roadmap

.CONCLUSIONS
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Sagna_c Effect and basic of ring laser

Sagnac effect

C4A- Advantages
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Several'devices developped for inertial navigation and other applications using fibers , laser and atoms

From fraction of micro-rad/s to fraction of prad/s

Sensitivity depends on the size of the ring,
stability depends on the construction and environment

Angela Di Virgilio, Frascati, 23-10-2014



Measuring rotations

GINGERIno 14.4m

i OFG
Small ring laser G-Pisa5.4m |
Aircraft Submarine G (Wettze”) 16m
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Ring-laser versus cold atoms

CONFRONTO Sagnac RinglLaser e Atomi Freddi (Guvstanson, Kasevich et al.)

Sensibilita -

1997, Gustavson et al. PRL 2X10 rad/s/sqrt(Hz) a 1Hz Sagnac con atomi
2000 Gustavson et al CQG 6X10-"%rad/s/sqrt(Hz) a 1 Hz

G-Pisa (typical) 3X10° rad/s/sqrt(Hz) a 1 Hz  ringlaser
G-Wettzell (typical) < 10-"?rad/s/sqrt(Hz) a 1 Hz

Kasevich et al- (2005), stabilita 1 ora 96udeg/h (circa 800 nrad in una ora)

FILATOV, ringlaser per metrologia Accuratezza 100nrad circa
G-Pisa, integrabile pochi minuti 8X10-'° rad/s (sottratto backscattering )
G-Wettzell, integrato 4 ore 6-7 X10'* rad/s

k Stato dell’arte della metrologia angolare: decine di nrad 4




General Relativity' Present Challenges

(Cosmology)

Celestial mechanics

* Lensing

Gravitational waves

Equivalence principle

Rotation effects (gravitomagnetism)
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Experiments: Gravity Probe-B

C.F.W. Everitt et al., PRL 106, 221101 (2¢

Frame-dragging Effect
-39 mas/year WE |

Guide Star L

IM Pegasi

(HR 8703) © (

Geodetic Effect
-6,606 mas/year NS

GR geodetic (de Sitter) precession confirmed within £0.28% (previous best result £0.7%
from lunar laser ranging)

GR frame dragging confirmed within £19% (previous best result +10% from the laser
ranging of the LAGEQOS satellites)
Final accuracy limited by an unexpected patch effect
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Systematic analysis of the reconstructed orbits

Good model of the gravitoelectric field of the Earth needed

First results (1998): Lense-Thirring verified within 30%

2004-2010 results, using a model of the gravity of the Earth based on the
results of the GRACE experiment: LT verified within 10%

|. Ciufolini et al., Testing Gravitational Physics with Satellite Laser Ranging, to
appear on Eur. Phys. J. Plus (2011)
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LAGEOS orbit precession
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The LARES mission

« A compact sphere (36.4 cm
diameter) made of a tungsten
alloy; 96 retroflectors.

» Almost spherical orbit at a hight
of 1450 km.

« Purpose: to allow for an LT
effect measurement within a few
%.

* Flying since February 2012
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Expected detectable effect

 Torgue on massive gyroscopes

« Asymmetric propagation along closed paths (in space)

Ring laser
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Asymmetric propagation

ds’ = g,,c dt” + g, dx'dx’ +2g,.cdtdx

Space path
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A_ Ring Laser
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Asymmetric propagation of light in a ringlaser' .

Time of flight difference

2 1 .
At =t —1 =— ifJ S0 gx'  Global coordinated time
C + gﬂ{)

p) .
At=7, -7 = ——ngj; SO gy Proper laboratory time
¢ + gﬂ{)
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Earth-bound laboratory (lowest
approximation order)

Q) = angular velocity of the Earth
w = angular velocity of the instrument
0 = colatitude of the laboratory
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' Orders of magnitude

Necessary to measure the Earth angular rotation 1 part 10°
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Ring-laser and Geodesy

complex interaction
of coupled subsystems

large numbers of dynamic
processes over a wide range
of time scales

Resources of the Earth are
limited

Geodesy contributes to better
understanding by:

- mapping the figure and gravity fiele
- observing changes over time
- establishing reference frames

N TS oL

. . credits: ESA
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Ocean. Mass Transport ) climate change

ocean circulation { interaction of atmosphere & ocean
mass and heat transport — . anthropogenic interaction

sea level height variation
Change of mass & *~~ lume

Icesheet variation

snow and ice coverage, dynamics
interaction with oceans

Dynamic of the interior

mantle convection, plumes
plate tectonics
isostasy and variation of geoid

Hydrological Cycle




Earth rotation as the link between ICRF and ITRF

- ol cX a) the rotation rate of the Earth is not
constant. Deceleration by dissipation and
variation by momentum exchange. Free
oscillations excited by ocean, atmosphere

N utation

Erdbahn b) gravitational attraction of sun

and moon on a near spherical
object give rise to precession and
nutation

Erdbahn-Ebane

c) mass redistribution on Earth and the
fact that the figure axis and the axis of
Inertia are not coinciding, give rise to
polar motion
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Earth rotation measured 1 part 1010
But few measurements for weeks

Very Long Baseline Inferferometry
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G - Ring the currently best performing gyro

Perimeter: 16 m
Area: 16 m?
FSR 18.75 MHz

AV =274 uHz

5 ppm total loss

Q=wTtT = 5x10'

6.5 mB gas pressure in order to
avoid multi-moding

Geodetic Observatory of Wettzell

Angela Di Virgilio, Frascati, 23-10-2(



A typical timeseries of G ring laser measurements...
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.. containing not modeled external signals and sensor
noise (most prominently backscatter contributions)

Angela Di Virgilio, Frascati, 23-10-2014



rel. Allan Deviation
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Not designed to have large stabllity
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GEOPHYSICS: rotational seismology is a new branch of geophysic

Plane transversely polarized wave propagating in x-direction with phase velocity ¢

u,(x,1) = f(kx — or) c=wlk

Acceleration av(x,t) — l:iv(x,t) — (sz”(k.x — a)t)

: | |
Rotation rate Q(x,t)= —V X 0,u.,0|=]0,0,——kw "(kx — ot
() =~V x[ 0,40, [ Sk f" )}

—_— a(x,t) ]/ Q(x,t)==2c

Rotation rate and acceleration should be in phase and the amplitudes scaled
by two times the horizontal phase velocity
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Combining seismometer and ringlaser data the direction of wave prop. is reconstructed

In order to get the transversal acceleration, one
has to rotate the signal of the two horizontal
seismometer components to the correct back-
azimuth.
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RLG (red) and Seismometer (black)

Gl, G3, G5, G7: Signal directly coming from Japan to Wettzell (going west)
G2, G4, G6, G8: Waves going via North America to Wettzell (going east)
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Rayleigh wave, Japan 2011, recorded by our prototype G-Pisa
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Fig. 5 Superposition of vertical acceleration (black) and rotation rate (red) as a function
of dominant period after narrow-band filtering. Each trace has been individually normalised.
Signals start 1800s before the expected Rayleigh wave arrival; the time scale is referred to the
event's origin time.



Gin Wettzell is a very expensive monolithic de_viCe

Impossible to develop a 3D device and monitor the relative angle with nrad accuracy

Angela Di Virgilio, Frascati, 23-10-2014



G-Pisa Ring Laser  \Very cheap design, but transportable

G-Pisa
Geometry
Cavity square
Side length 1.350 m
| Cavity mirrors
Radius of curvature 4 m
Total losses 3.7 ppm
Transmission 0.25 ppm
~Scatter+absorption 3.5 ppm
Optical properties
Wavelength 632.8 nm
Output power .6 nW (single mode)
| Spatial mode TEMyq ,
Beam waist (s.h) (1.97 mm, 2.43 mm) A fS_K,E;( |+ KA) Q'I'& f[}+A fbs
A. VelikRoseltsev, PhD thesis (2005)
107.5 ; ; u . r l
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J. Belh et al.,, Applied Physics B, 106(2):271-281. (2012) [HDUTS]






...improve stability with control feedbacks...

Monolithis devices are expensive and not suitable
to be extended to 3D

The basic ideas Is to develop a stategy to
enhance the stability of a simple etherolithic
design by using control loops

Improve the stability

Angela Di Virgilio, Frascati, 23-10-2014



GP-2, geometry control
prototype




Single ring geometry “controllability”

Scope: Adjust the beam ﬁiath to the reqular square shape

12 degrees of freedom By o

-6 d.of. (Rigid body)
= 6 d.of. (Cavity deformation)

The only linear contribution to the
perimeter length comes from E]

Strategy

2 Block the diagonal cavity
lengths to the same value (FP intrf) [(ELE5), E2]

HO2

ol

oiz

@ Optimize the residual 4 quadratic d.o.f.
[E3(-), E4(-), E5(+), E6(+)] at the “saddle point
for the perimeter




“Blocking” the diagonals length

Basic Idea

Inject the 2 Fabry Perot cavities with an
external laser

-Measure the 2 absolute lengths

-Set them equal by controlling mirrors positions

(rqe.tq) (raty)

&, =dielectric phase shift
Use a single laser for both the two cavities
1) Lock the cavities to the laser (Pound-Drever-Hall) (set optical resonance frequency)

2) Measure the FSR by observing the “cavity dynamic resonance”
(tuning FM sidebands to a multipie“m7of FERY) 23-10-2014



Ring laser "haching" model and study laser sistematics

A. Beghi et al. Applied Optics 51, 31 (2012)
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o, (t) [rad/s]

Kalman Filter to reduce back-scatter noise

Best experimental set-up

--align with the Earth Axis

Filtering results

o] 25

Counts |

1 05-

t[s]

Allan variances of AR2 (upper curve) and
EKF (lower curve) rotational frequency
estimates. The straight line represents the
shot noise level of G-PISA

¥ 10°

=
in

[y
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?5-1 154.5 135 | 155.5 156

Frequency [Hz]

Histograms of the estimates of AR2 (pale
gray) and EKF (dark gray) during 2 days of
G-PISA data.

Red line: is the expected Sagnac frequency
due to Earth rotation,

Dotted lines represent its residual

Angela Di Virgilio, Fl‘ascaM@@mhmty bounds due to geon'Ie'tl'iC and

orientation tolerances.



Essential of GINGERIno, under construction at
LNGS

* The ring, 3.6 m side, covered by a good acoustic/thermal shielding

 DAQ and all related electronics will be contained in a separated box,
outside the acoustic shielding

* GPS clock necessary

Underground location external disturbances should be small

Angela Di Virgilio, Frascati, 23-10-2014



LNGS-Node

polar motions should be observed
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First step....

Angela Di Virgilio, SeiSaEns




GINGERino, third step
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|
|

First signals in December? We hope so, but
we cannot guarantee
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4. GINGER (Gyroscopes
» IN GEneral Relativity)

Lense Tzrrmg eﬁect 1/0 accuracy

Gyroscope i, F. etal. Phys.R 84 (2011) 1




Pisa, Napoli, LNL and DEI', Napoli, Torino Politecnico, INGV, in
collab. with U. Screiber (TUM), H. Igel (LMU) and J.P. Wells
(Christchurch N2)

Di Virgilio, Allegrini, Belfi, Beverini, Bosi, Carelli, Cella, Maccioni,
Simonelli and Santagata (PhD Siena), Terreni

Ortolan, Cuccato

Beghi, Naletto, Pelizzo, Donazzan
Porzio, Altucci e Velotta

Ortolan

Tartaglia, Ruggiero
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G-Pisa minimum of the Allan Deviation
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onator
detection

GINGER roadmap

Multi-AXIAL
design

Multi ring laser
Modeling:

-Relative
orientation

Multi-ring laser
dynamics

GINGER

construction

g with ‘p'(;"\fa'?anﬂzell“ -structural design
ﬁmﬁ;ﬁ; -Final Detection
scheme
for GINGER
|
|
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External metrology, developped for SIM light, seems suitable to monitor the relative
angle between different rings of the array

G. Naletto, M. Pelizzo, DEI Padova

DESIGN

mirror with a Aperiure siop
Corner cube central hale (guard band) to
retro-reflecior N prevent “cross-talk™
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Conclusions

Large size ringlaser are very simple object, which can provide
useful information for geodesy and geophysics

An array of ringlaser could measure locally the lense-thirring effect
(GINGER project)

We (G-GranSasso, Commll) are working in order to realize such a
beauty, the three main points are:

-Is LNGS a suitable location? GINGERIno
-can a control system ensure the necessary stability? GP-2

- Relative alignment of the ringlaser monitored with nrad
accuracy

SENSITIVITY, STABILITY and ACCURACY

Angela Di Virgilio, Frascati, 23-10-2014



