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Plan wystapienia

* Rys historyczny i nie tylko

« Zyroskop $wiattowodowy FOG jako ,urealnienie” efektu Sagnaca
 Sejsmograf rotacyjny — nie tak znany kuzyn FOG

e System ochrony rozlegtych obiektéw — pamieci Prof. Szustakowskiego
* W petni swiattowodowy polarymetr,

 Uktad lustra (reflektora) swiattowodowego - FLM:

 okreslanie parametrow wtokien,

e pomiar wspotczynnika zatamania osrodka,
Splatane fotony w stuzbie FOG.
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Interferometric transfer function

Bulk optic Fiber optic

The Kapron theorem of equivalence:

M = R(0)G(5)R(S)
Jones vector for source:
cosf

E. = .
, o Linﬁ eld
System mattrix:

m = E[ MiM; E;, € C

I =1'{1+ Abs(m)cos[f(¢p) — arg(m)]}
I=T{1xV(y)coslp —po(y)} I =1{1+V(y,SOP)cos[¢ — po(y,SOP)]} / / \

Sensitivity Configuration Bias

Loop configuration:

Only birefringence M =G[d]:
V=1, ¢,=0

i Loop interferometer insensitive
o |r o o
Ly on pure birefringence
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[Post, Rev. Mod. Phys., 39, 1967, 475]

1904, Michelson loop interferometer (5‘83qm) ,
measurement the Earth rotation (1925 with z Henry G. Gale)

g{Univ. of Chicago Phot. Archive]

Not only historical remarks

1911 student Harress (by 1914
Herzer), measurement disper-
of glasses

sive properties

based on so called Fresnel-

Fizeau drag effect.

1911, Max von Laue , Uber einen Versuch zur
Optik der bewegten Korper”, Miinchener
Sitzungsberichte. 405-412, describing what is
today «Sagnac effect», and stating clearly that
this effect can be explained classicaly or with

Relativity theory.
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Sagnac effect

George Sagnac (1913)/Max Von Laue (1911) effect is a result of a difference
between two optical beams propagating around closed optical path, in opposite
direction when this path is rotating. R iammi

The observed fringes shift is described as:

AZ =4Q.S/ AoC

It is independent of:

- the shape of the surface S,

- the location of the centre of rotation
- the presence of a rotating transparent medium The Sagnac phase shift (1976) induced by

rotational rate €2 perpendicular to plane

[Post, Rev. Mod. Phys., 39, 1967, 475]

of fiber optic sensor loop is equal to:

A _87&49_27TDLQ_1Q
= Ac — Ac Y |
L2

where: LassE T P
* Because massless particles (photons) is used for the measure- A_optica| area — O
ment, device is entirely insensitive to linear accelerations, no- L-length of the fiber in the sensor loop 4 [Vali et a1, Appl. Opt, 15(3), 1976]
. . . . Detector
exist cross coupling as well as it has BB flat response, D‘ sensor loop diameter
. . . A —wavelength
* There is no moving part except photons, which allows ¢ —velocity of the light in vacuum

maintenance free and small environment sensitivity S, — the optical constant of interferometer
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Ring Laser Gyro - RLG Fiber-Optic Gyro - FOG

Fiber Optical Gyroscope

104 -103

1000 - 10
0.5-0.05 10-1 1000 - 100

e Resonant ring of 10 to 30 cm perimeter.  » Ring interferometer with a fiber coil (100 m
* He-Ne plasma laser with high-voltage to 10 km over 3 to 30 cm, i.e. 0.7 to 700 m?2). 0.05 - 0.005 1-0.01 100 - 1
dISChar:ge' _ . > FU”Y soli.d-state comppngnts derived from 0.005 - 0.0003 0.01 - 0.001 5
° Very_ simple read-out signal: frequency optical-fiber communication components:
beating. . low-attenuation single-mode optical fiber, <0.0003 <0.001 1
* Dead zone about zero solved with but also, laser diode, erbium-doped- A z
meFITanlcaI _ glther (gm’o SOOf THz amplifying fiber, integrated optic circuit, fiber & g’
oscillators with 1 Hz ditterence tor 1 components (coupler, isolator, circulator, § _“‘_ =
deg/h!) . = Drift S
: . Bragg grating...) @ | §. Timeg
e By the way, an amusing coincidence: o = > .2
400 nm and 750 nm correspond to 700 > Much longer lifetime. @ l T 2
THz and 400 THz » Low power, low voltage. t%‘ Noise E
e Improved lifetime (5 to 7 vyears » No acoustic noise. Y < Integration time (s)
operating) compared to mechanical This model Actual
gyros, but still limited: wearing-out

electrodes and helium leakage

1[deg/h] ~5.10°¢ [rad/s] = — - - Swec---
_ 0.01 [deg/h] for intermediate 108 [rad/s]
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‘ FOG’s devil
A _ LD~ 1000[m]*0.1[m] ___.[|rad| 15
10-8 [rad/S] => ? AL - §A¢ - c Q - 3 108[m/5] 10 [T - 3 10 [m] SOURCE POLARIZER

The range od hydrogen nuclei diameter !!1!!

FIBER COIL

RLG Scalability of the Area FOG | NON_REC IPROGAL

Giant > 10 m2 [A=(LD)/4} Large Nl OOO m2 DETECTOR
[Urlich, 1980, Arditty & Lefevre, 1981]

Finesse is limited by mirror

quality, gain, output optical.
power...

Square design => limited Winding capability limit

benelt _ |
- # Homogenous environment harder
Perimeter longer than 30 S

_ to achieve for large coil
cm => harder longitudal

monomode | Ac 4kT elp e A2 Vaic

Optical fiber attenuation leads to
a finite optimal length beams
propagating

1+cosdp

2
- + + + = JN + Np + Npcos? (£2) + RIN
e 2nDL R+ 2 (P . 10—[a+b10’“W]/10)2 yn (P . 10—[a+b10]‘00]/10)2 n P 10—[a+b10LW]/10 4cAA T 2mpLN T D P ( > ) (1+cos(n/2))

OUTPUT, NOISE, SENSITIVITY, SNR
broadband 8

S
.\ source

detector

digital signal precessing unit —> st
g gnai.p g rotation signal
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Rotational Seismometer - FOG’s devil with wings

_ AC A¢R
~ 2mLD

K’ — defined local Q level for
start to recording data

ROTATIONAL SEISMOGRAPH
set of RSs + precise time source +
recording device + network

[Havskov et al. Instrumentation in Earthquake
Seismology. Springer, 2016]

ANGULAR CHANGE sensor — FO gyroscope

Advanced drift elimination for given position uncertaintly

/\

Seismological
application

signal amplitude:

from 108 rad/s,
frequency:

0.01 Hz—-0.1 Hz

[Bernauer et al., J. Seismol.,
16, 2012, 595]

insensitivity to linear motion, or
opportunity to detect linear and
rotational motions independently,
mobility,

stability with respect to
environmental conditions, including
changes of temperature,
independent power supply,

power consumption 5—-8 W

Engineering

application

signal amplitude:

up to a few rad/s,
frequency:

0.01 Hz - 100 Hz

[Jaroszewicz et al., Sensors,
16, 2016, 2161]
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] Real examples ST
p g z
H o 7 H =
- Coalmine “Ignacy” in Rybnik T 5
:'E 0 . 3 il Z
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[Kurzych et al., Opto-Elect. Rev, 29, 2021, 39] 21 Nov 2019 N | : '
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[Kurzvch et al.. Opto-Elect. Rev. 28 2020) 691 4 [Jaroszewicz et al., Opto-Elect. Rev, 29, 2021, 213]

Power (dB)
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QAZQGO DPHINS FOS5-1

QA384 = FOS5-2
(Q)
QA381 D = \
CUBE O
direction
N& to expl2

[Bernauer et al., Sensors, 21, 2021, 264]

More than 24 different sensors:
*  bb Seismometer

* ROMY

* blueSeis-3A - eight
* FOS3 -two

* FOSS5 - two

* Rotaphone

* Phins-one

* Quadrans - four

* Cube —four HORIZON
* Geophone

* DAS
|||||||||||| |
i ol

@ k blueSeis-I: v

[Bernauer et al., Sensors, 21, 2021, 264]

IWGORS test in November 2019
Furstenfeldbruck, Germany
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Waveform coherency during huddle test
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[Bernauer et al., Sensors, 21, 2021, 264]

A high level of coherency and waveform similarity within a narrow frequency range (10 Hz - 20 Hz) for recordings from a nearby explosion signal
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) Major source of phase error in FOG may occur if rapid changes in Perimeter security system
optical path length, due to thermal or mechanical effects on the EXTERNAL PHASE LODULATING
fibers, because the cw and ccw beams encounter the temporally iﬁﬁkﬁéﬁﬁia&é‘ﬁ""‘a'“S”“”‘“EO”S

varying path length changes at different moments in time and

therefore will suffer different phase changes!!! DETECTOR{ | SAGNAC)
The d®/dt is not readily measured directly, but by incorporating an 0./ OPTCALPHASEMODULATOR.

SAGNAC OUTPUT)

additional optical fiber path from the source, together with the LASER SOURCE \d
path taken by one of the counter-propagating beams from the = X
Sagnac loop, a MZI my be formed.

The MZI gives output proportional to @ and differentiation yields to
required d@®/dt. Simple division of the Sagnac phase offset by

d@/dt finally gives the desired distance Z, of point of disturbance P: peEcToRe £ B DRECTIONAL COUPLER )
[Kringlebotned et al., Fib. & Int. Optic, 14, 1995, 365]

1. rate of change d®/dt, of [Fzao ot N,
the optical signal, induced | g I\ ... =2 2kHz, obszarzaburzenia 30m
at the point P, by external oo A 3 NN
i 4 A S 1| |
Inﬂuence’ a) fprze’rwornik petla Z o0l ool ; . jmom —m =

. . azy < , al . _
2. distance Z between point C/Ei‘iigﬁ‘éﬁgélg €30 -
. A t ik 3| \\ N
P and the coil centre 0 przelwom' | Al N
S L \ I
6| N
< R >« L - R » 7| N
4_ -600 -460 —260 6 260 460 660 860 1600 12‘00 14‘-00

CwW CCW &

b) Lokalizacja zrodta fali [m]
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[Jaroszewicz et al., Proc SPIE, 2341, 1994, 84]
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The system operation is birefringence modulation in a SMF
followed by suitable detection amplitudes of first three tones
from output electronic signals and based on them
identification polarization parameters.

A=arctan(a), ¢=1Larctan(B/y), P=+ B>+’

FOIPA - FO Interferometric Polarisation Analyzer

Input wave
DOP

o

,P)

2
oo 320U2, Pa UL, oL \/(UZw ] {uzm
J1(6,)U2,, 2U4,3,(,) 2, \\ 3:(5,)

jz

)
.
(S FAC-I\%:f(t)

AB=f(t-1)

X

- f{t)=Scosot

The system require fulfillment IV-th Fresnel-Argo interference condition (interaction of two orthonormal

polarized beams).

U1,/U1,,=J,(8,)/3(3,)
3.25 \
3.00
- Working point of system
2.50 \‘\ /
225 \//
2.00
1.75 ‘/
2.2 2.3 2.4 25 2.6 2.7
Amplitude of the phase modulation 8,
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— =~ IBM/PC

— —
ui,,U1,.U1,,.,U1,,
Uu2,,U2,,U2,, .U2,,

Lock-in am plifilter

[Jaroszewicz et al., IEEE Sensor J., 3, 2003]
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1 FLM - Fiber Loop Mirror
Spaw Swiattowéd

przenoszacy
polaryzacje

Spaw

K J
POLITECHNIKA LLJEELSKAv

Cezary Kaczmarek

Swiattowodowy interferometr petlowy
jako narzedzie pomiarowe do wyznaczania
Sprzegacz dwéjtomnych wiasciwosci swiattowodoéw
3dB
Szerokopasmowe Optyczny b
Zrédto swiatta analizator widma %]
Transfer function: :
1 21LAN [Mortimore, JLT, 6, 1988, 1217]
T=§[1—cosA<p] Ap = @ — @y = ——

- o
-30 T T T T T T

1. group birefringence is obtained from period of spectral oscillation

dAp 2nL
d = 12 (—Ang) =>|Ap=2m A

2. external factor X interaction with FLM

dAep 2m LaAndX+A aLdX
ax 2 \"ox "

-35

A

Y

/12
- LATLG

P (dBm)

0X

A 7\-2

L . 4 3 A 4 !
1548 1550 1552 1554
2 (nm)

1 L
1544 1546

1556 1558
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Natezenie (nm)
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Modal birefringence sensitivity
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Refractive index measurement

Broadband light source

10
1520 nm - 1620 nm —DRLPG FLM-DRLPG
DRLPG and PM fiber . ey :
immersed in liguid | ' i 1
_ ] 3 " > —_ - 1
:.‘; E / __———-.-___-_-_‘- -
. broadband wana B b= N B Y A T A -HI
. Optllctal 3 dB coupler/ AN . g0 ! ;
\_ insulater { S AT bl light source 3 '
AN ;’ translatu:n stage l (I = s g_ . : :
4 a5 1 !
i £ .
Acquisition system in \ / / m E : 1
LabView ,3/ /) S a0 | '
ay ﬁ [e] I :
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= o .
AT 0 0.8562 (dBm/°C) APrrm $=2375.8 dB/RIU for RI 1.333 — 1.341 and 1.1 dBm/°C in range 23 — 41 °C
3 T Temperature [°C]
—23C —30C —35°C —38C —A1°C 50°C ] —23°C n=13333Rl —28°C n=1.3333RI 28°C n=1.3360RI 2 24 26 8 30 32 34 36 38 40 42
1 14 0
-20 ® —
/-\ @ 1 s E
E —-25 ¥ =-2375.8x + 1846.7 o
5 £ P - = 8= 0.935 A0 g
= 8 o] 2 45 a2
5 =30 - k= S
2 g / e . Y= 1.0998x 69.586 20 9
2 E-ss + ' o R =0977 5 &
= . o 2 [} v
g : ™ o 6 a0 3
- o -40 [=% A =}
o i = o
o ' ' =3 . T 4 B
- ! o 45 | o n
i . — = 40 2
: — : = 2
.ia 1 1
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[Zawisza et al., Sensors, 18, 2018, 2370]
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Table 2. Comparison of the measurement precision with M = 1955 photons
detected on average. Standard quantum limit AQNt = 1/(SVM)and
Heisenberg limit AQME = 1/(S M) of the measurement system, with the scale
factor S = 1.09. Best precision of the respective measurement run AS2,,;,, (blue

colored data in figure 4). Precision at the bias point AQE. ., estimated via fit
function. All values are given inrads™ .
N AQSNL A in AQE. AQHE
0.025(0 0.024 8 _ -
0.0207 4 ©) ~ 469 x 10°°
> 0.018(9) 0.018 3 >
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