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Uniwersalne zasady | wartosci etyczne w pracy naukowej

Podstawowe, uniwersalne zasady i wartosci etyczne, na ktorych opiera sie integralnosc i
wiarygodnos¢ nauki odnoszg sie do przedstawicieli wszystkich, bez wyjgtku, dyscyplin
naukowych. Ich przestrzegania nalezy wymaga¢ od naukowcdw, od instytucji, w ktorych
prowadzg oni badania, a takze od tych, ktore finansujg badania i zajmujg sie organizacjg zycia
naukowego, zarowno w ich wzajemnych relacjach jak i w kontaktach ze swiatem zewnetrznym.

1)

sumiennos¢ w prezentowaniu celow 1 intencji zamierzonych lub

prowadzonych badan, w przedstawianiu metod 1 procedur bada-
wezych oraz interpretacji uzyskanych wynikow, a takze w prze-
kazywaniu informacji na temat mozliwych zagrozen oraz dobrze
uzasadnionych przewidywaniach odnos$nie korzysci 1 mozliwych
zastosowan;

wiarygodnos¢ w prowadzeniu badan, krytycyzm wobec wlasnych

rezultatow, skrupulatnosc, troska o szczegoly 1 pieczolowitosc
w przedstawianiu wynikow badan;
niewykorzystywanie swojego naukowego autorytetu przy wypowia-

)

daniu sie na tematy poza obszarem wlasne) kompetencji;
obiektywizm: opieranie interpretacji i wnioskow wylgcznie na fa-

n
—

ktach, sprawdzalnym rozumowaniu i danych, ktére sa mozliwe do
potwierdzenia przez innych;
niezaleznosc od zewnetrznych wplywow na prowadzenie badan,

zarowno wobec zlecajagcych badanmia czy ekspertyzy, jak 1 od wply-
wow ze strony politycznych, ideologicznych lub gospodarczych grup
nacisku;

6) otwartos§¢ w dyskusjach z innymi naukowecami na temat wlasnych

badan, co jest jednym z kluczowych warunkéw postepu w nauce,
oraz przyczyniania sie do gromadzenia wiedzy przez publikowanie
tych wynikow, jak rowniez w uczciwym przekazywaniu tej wiedzy
ogolowi spoleczenstwa;

7) przejrzystos¢ dokumentowania badan naukowych gwarantujaca

dostepnosc danych po opublikowaniu wynikow badan;
odpowiedzialnos$¢ przejawiana wobec obiektow badan; badania,

[wa]

ktorych przedmiotem jest istota zywa moga byc prowadzone jedy-
nie wtedy, gdy jest to niezbedne i zawsze z poszanowaniem godno-
Sci czlowieka 1 praw zwierzqt, na podstawie zgody wyrazonej przez
odpowiednie komisje bioetyczne;

9) sprawiedliwosc 1 rzetelno$¢ w ocenie merytorycznej 1 etycznej

pracy mnych badaczy oraz w opiniowaniu 1 uznawaniu osiggniec
naukowych tych, ktorym sie ono rzeczywiscie nalezy, wyrazajgca
sie we wlasciwym podawaniu zrédel 1 uczciwym uznawaniu ich
udzialu w osiggnieciach naukowych;

10) odwaga w sprzeciwianiu sie poglagdom sprzecznym z wiedzg

naukowg oraz praktykom niezgodnym z zasadami rzetelnosci
naukowej;

11) troska o przyszle pokolenia naukowcow przejawiajgca sie nie tylko

w staraniach o rozwo) naukowy swoich uczniow, ale takze we wpa-
janiu im obowiazujacych standardow oraz norm etycznych.



Dobre praktyki w badaniach naukowych

Okreslenie to obejmuje szczegotowe, powszechnie zrozumiate i mozliwe do wprowadzenia w
poszczegolnych jednostkach naukowych reguty rzetelnego postepowania odnoszgce sie do
prowadzenia, prezentowania i oceniania badan naukowych. Powinno to dotyczy¢ nastepujgcych
obszardéw dziatan:

« Postepowanie z danymi naukowymi,

* Procedury badawcze,

« Autorstwo oraz publikowanie wynikow badan,
* Recenzowanie i opiniowanie,

« Formowanie mtodej kadry,

* Relacje ze spoteczenstwem,

« Unikanie konfliktu interesow.

Postepowanie z danymi naukowymi,

Wszystkie oryginalne dane zrodtowe, na ktorych opierajg sie publikacje (czesto probki czy
materiaty pochodzgce z prowadzonych badan) powinny by¢ skrupulatnie udokumentowane i
bezpiecznie archiwizowane w sposob uniemozliwiajgcy manipulowanie nimi i zapewniajgcy po
opublikowaniu tych badan ich dostepnosc¢ przez okres wtasciwy dla danej dyscypliny



Procedury badawcze

Wszystkie badania powinny by¢ poprzedzone analizg towarzysza-
cego 1m ryzyka oraz skutkow, jakie wyniki badan wywierac moga
na spoleczenstwo 1 srodowisko.

Podczas ubiegania sie o fundusze na badania powinno sie formu-
lowaé realne cele badawcze, a w trakcie badan dokladaé¢ wszelkich
staran dla ich zrealizowania.

W przypadku badan prowadzonych na ludziach nalezy dba¢
o zachowanie godnosci czlowieka 1 przestrzeganie jego autonomii.
Obiekty badan, takie jak organizmy, srodowisko naturalne 1 dobra
kultury powinny byc traktowane z naleznym im poszanowaniem
1 troska.

Zdrowie, bezpieczenstwo oraz dobro zarowno wspolpracownikow,
jak 1 0s6b nie zwigzanych bezposrednio z prowadzonymi badaniami
nie mogg byc zagrozone.

Badacze powinni by¢ Swiadomi potrzeby wywazonego gospodaro-
wania Srodkami przeznaczonymi na badania.

Zleceniodawcy lub sponsorzy badan powinni by¢ uswiadamiani
o etycznych 1 prawnych zobowigzaniach, ktore wigzg naukowcow
oraz o wynikajgcych z tego mozliwych ograniczeniach.

W szczegolnych, uzasadnionych innymi przepisami przypadkach,
naukowiec powinien zachowac¢ poufnos¢ danych lub wynikow

badan, jesh takie wymagania stawiane sg przez zleceniodawce lub 3.

pracodawce.

6.

Q

(o

Praktyki autorskie i wydawnicze

Pracownik naukowy powinien publikowac¢ wyniki swoich badan
1 ich interpretacje rzetelnie, przejrzyscie oraz dokladnie, w taki
sposob, aby bylo mozliwe ich powtorzenie przez innych badaczy.
Autorstwo publikacji naukowe] musi opierac sie wylgcznie na twor-
czym 1 istotnym wkladzie w badania, a wiec na znaczacym udziale
w Inicjowaniu idei naukowe], tworzeniu koncepcji oraz projekto-
waniu badan, na istotnym udziale w pozyskiwaniu danych, w ana-
lizie 1 interpretacji uzyskanych wynikow oraz w istotnym wkladzie
w szkicowanie i pisanie artykulu lub jego krytycznym poprawianiu
z punktu widzenia zawartosci intelektualnej.
Zdobywanie srodkow finansowych, udostepnianie aparatury 1 szko-
lenie w zakresie je] stosowania, zbieranie danych, czy tez ogolny
nadzor nad grupg badawczg — same z siebie nie stanowig tytulu do
wspolautorstwa. Wszyscy autorzy ponosza pelng odpowiedzialnosé
za publikowane tresci, o ile nie okreslono tego inaczej (np. ze sa
odpowiedzialni tylko za okreslong czesc badan w obszarze swoje]
specjalnosci). Wskazane jest, aby przy podawaniu afiliacji autorow
zostal okreslony charakter ich wkladu.
Kolejnos¢ podawania nazwisk powinna byc zgodna ze zwyczajem
obowigzujacym w dane] dyscyplinie naukowe] oraz zostac¢ za-
akceptowana przez wszystkich wspolautorow na wezesnym etapie
przygotowywania publikacji.
Wkiad intelektualny innych oséb, majgcych istotny wplyw na publi-
kowane badania, powinien zostac¢ stosownie zaznaczony.
Uzyskane wsparcie finansowe, jak réwniez innego rodzaju pomoc,
powinny zostac stosownie zaznaczone.
Ponowne publikowanie tej same]j pracy (lub istotnych jej czesci)
moze zostac zaakceptowane tylko za zgodg jej redaktorow 1 zawsze
nalezy podac¢ odwolanie do pierwszej publikacji pracy. Tego typu
opracowania powigzane ze sobg tresciowo w istotnych czesciach
1 w istotnym zakresie nalezy uwzgledniac w dorobku autora jako
ledna pozycje.
W kontaktach z ogélem spoleczenstwa oraz mediami obowigzujg te
same standardy uczciwosci 1 precyzji co przy publikowaniu wynikow
prac. Wyolbrzymianie znaczenia wynikow badan 1ich praktycznych
zastosowan Jest praktvkag nagannag.



Relacje ze spoteczenstwem

Wypowiedzi publiczne powinna cechowac dbalosé o wiarygodnosc
nauki. Obowigzuja w nich te same standardy uczciwosci 1 precyzji,
co przy publikowaniu wynikow prac.

Uczony, jako obywatel, dla ktorego sprawy publiczne nie mogg by¢
obojetne, powinien zabierac glos publicznie. Powinien jednak prze-
strzegac zasady, ze swoO] autorytet naukowy moze wykorzystac tylko
w wypowledziach mieszczacych sie w ramach jego kompetencyi.

Unikanie konfliktu intereséw

)
2)

3)

4)

Sytuacje konfliktu interesow mogg wystapic w szczegolnosci, gdy:
wystepujg pozazawodowe powigzania osoby oceniajgce] z podda-
wang ocenie osobg lub jednostka naukowg;
wystepuje powliazanie czlonka organu przyznajacego srodki z osobg
lub z jednostka naukowa, ktorej te srodki sa przyznawane;
zakup urzgdzen, materialow lub uslug niezbednych do prowadze-
nia badan nastepuje w firmach, z ktorymi prowadzacy badania
lub osoba mu bliska ma powiazania finansowe, wlasnosciowe lub
menadzerskie:
wykorzystuje sie prace studentow, doktorantow lub wspolpracowni-
kow, a takze wyposazenie jednostki do pracy na rzecz firmy, z ktorg
prowadzacy badania lub bliska mu osoba ma powigzania finanso-
we, wlasnosciowe lub menadzerskie;
pracownik instytucji naukowe] jest zaangazowany w prace firmy
lub ma udzialy w firmie, ktora dziala na tym samym obszarze co

instytucja, w ktorej pracuje 1 wykorzystuje urzgdzenia oraz know-
how tej instytucji.

W przypadku wystgpienia takich okolicznosci pracownik naukowy

Jest zobowigzany zawiadomic¢ swojego przelozonego.



Nierzetelnos¢ w badaniach naukowych

Do najpowazniejszych przewinien, szczegodlnie godzgcych w etos badan naukowych, nalezg
fabrykowanie i fatszowanie wynikdw badan, ktére stanowig razgce naruszenie podstawowych
zasad uprawiania nauki, a takze popetnianie plagiatow.

1.

2.

3.

4.

Fabrykowanie wynikow polega na zmyslaniu wynikéw badan i przedstawianiu ich jako
prawdziwych,

Falszowanie polega na zmienianiu lub pomijaniu niewygodnych danych, przez co wyniki
badan nie zostajg prawdziwie zaprezentowane,

Popetnianie plagiatéw polega na przywtaszczaniu cudzych idei, wynikdw badan lub stow
bez poprawnego podania zrédta, co stanowi naruszenie praw wtasnosci intelektualne;j.
Sporzadzanie nierzetelnych recenzji rozpraw doktorskich, habilitacyjnych, wnioskéw o
tytut i wszelkich wnioskéw o zatrudnianie w instytucjach naukowych, a takze recenzji
projektow badawczych oraz uchylanie sie od wyrazenia opinii lub jej odmowa, w przypadku
gdy ocena, zdaniem opiniujgcego, powinna by¢é negatywna — jest rowniez razgcym
przewinieniem.

Popetnienie powyzszych przewinien moze przyczyni¢ sie do dyskwalifikacji ich sprawcy jako
naukowca. Ich ujawnienie musi wiec bezwzglednie prowadzi¢ do wszczecia postepowania
dyscyplinarnego.

Inne niewtasciwe zachowania
Wykorzystaniu przy prowadzeniu badan naukowych wktadu innych oséb bez odpowiednie]
rekompensaty finansowej lub bez zaznaczenia tego wktadu w publikacji,
Zezwolenie na wspotautorstwo publikacji oséb, ktére nie wniosty wystarczajgcego wktadu
intelektualnego w ich powstanie,
Przyzwolenie na pozornos¢ badan naukowych niemajgcych nic wspodlnego z rzetelnym
procesem poznawczym,
Wszelkie formy przesladowan i dyskryminacji, niewtasciwe wykorzystanie funduszéw na
badania oraz nieujawnianie konfliktu interesow.



SEensors ME P

Review

Review of the Usefulness of Various Rotational
Seismometers with Laboratory Results of Fibre-Optic
Ones Tested for Engineering Applications

Leszek R. Jaroszewicz 1 Anna Kurzych Le Zbigniew Krajewski 1 Pawel Maré 1,

Jerzy K. Kowalski 2 Piotr Bobra ?, Zbigniew Zembaty 3 Bartosz Sakowicz * and
Robert Jankowski 3

1 Faculty of Advanced Technologies and Chemistry, Military University of Technology, 2 gen. Sylwestra
Kaliskiego 5t.,, Warsaw 00-908, Poland; jarosz@w at.edu.pl (L.R.].}; zbigniew krajewski@wat.edu pl (ZK.);
paw el marc@wat.edu.pl (EM.)

2 m-Soft Ltd., 9-4 Sotta Sokela 5t., Warsaw 02-790, Poland; jkk@m-soft.pl

3 Faculty of Civil Engineering and Architecture, Opole University of Technology, 45 Katowicka 5t.,

Opole 45-061, Poland; p.bobra@po.opole pl (P.B.); zzembaty@po.opole.pl (Z.2.)

4 Department of Microelectronics and Computer Science, Lodz University of Technology,
221/223 Wolczanska St., Lodz 90-924, Poland; sakowicz@dmcs.pl

5

Faculty of Civil and Environmental Engineering, Gdansk University of Technology, 11/12 Gabriela
Narutowicza St,, Gdansk B0-233, Poland; jankow r@pg. gda.pl
*  Correspondence: anna kurzych@watedu.pl; Tel.: +48-261-836-014

Academic Editors: Manuel Lopez-Amo, Jose Miguel Lopez-Higuera and Jose Luis Santos
Received: 9 October 2016; Accepted: 7 December 2016; Published: 16 December 2016

Abstract: Starting with descriptions of rotational seismology, areas of interest and historical field
measurements, the fundamental requirements for rotational seismometers for seismological and
engineering application are formulated. On the above basis, a review of all existing rotational
seismometers is presented with a description of the principles of their operation as well as possibilities
to fulfill formulated requirements. This review includes mechanical, acoustical, electrochemical and
optical devices and shows that the last of these types are the most promising. It is shown that optical
rotational seismometer based on the ring-laser gyroscope concept is the best for seismological
applications, whereas systems based on fiber-optic gyroscopes demonstrate parameters which
are also required for engineering applications. Laboratory results of the Fibre-Optic System for
Rotational Events & Phenomena Monitoring using a small 1-D shaking table modified to generate
rotational excitations are presented. The harmonic and time-history tests demonstrate its usefulness
for recovdi.ng rotational motions with rates up to 0.25rad/s.

Keywords: fibre-optic interferometric sensor; rotational seismometer; seismological investigation;
strong motion seismology; earthquakes; shaking table

1. Introduction

Recently, there has been increasing interest in rotational ground motion measurements. It is
believed that rotational signals may contain additional valuable information for studying wave
propagation; in addition, rotational ground motion may be important in the excitations of certain
engineering structures. According to the introduction to a special issue of the Bulletin of the
Seismological Society of America, [1] rotational seismology has become an emerging field for the study
of all aspects of rotational ground motion induced by earthquakes, explosions, and ambient vibrations.
This domain has attracted the attention of researchers from a wide range of g,eophysical d[sciplines,
including broadband seismology, strong-motion seismology [2], earthquake engineering including
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seismic behaviour of irregular and complex civil structures [3 4], earthquake physics [5,6], seismic
instrumentation [7], seismic hazards [8], seismotectonics [9], geodesy [10], and from physicists using
Earth-based observatories for detecting gravitational waves generated by astronomical sources [11,12].

The likely rotational effects of an earthquake wave, together with the rotations caused by a
soil-structure interaction, have been observed for centuries; this is shown in the summary by Kozak [13],
in which an image of a rotated obelisk after the 1783 Calabria earthquake is cited as the first illustration
of this phenomena. The physical deseription of earthquake rotational effects is based on two classes of
rotational seismic models [14,15]. The first class includes historic models, as defined by Mallet [16]
in the mid-nineteenth century, and based on the rotation of bodies with respect to their underlying
structures. The second class is derived from recent progress in theoretical studies on micromorphic
and asymmetric theories of continuum mechanics as well as in nonlinear physics; an overview of
these can be found in monographs by Teisseyre et al. [5,6]. In this field, both theoretical [17,18] and
experimental evidence [19] regarding the existence of rotational seismic waves should be considered.

Similarly, recent progress in the structural heath monitoring of civil engineering structures has
prompted scientists to investigate the existence of rotations in structural responses to any type of
excitations. However, the primary interests of researchers of rotational seismic engineering are
associated mainly with formulating additional seismic loads on structures in terms of the rotational
seismic excitations. While building responses to translational motion has been thoroughly investigated
and Lr11plelnented inte desigu codes of practioe, the study of bu[ldi.ng response to rotational motions is
a relatively new field [20]. This is because the engineering importance of the rotational components of
strong, seismic ground motion was noted much later than the translational seismic effects [21,22]. From
an engineering standpoint, this rotation may be responsible for damage in high-rise buildings [23] and
in those structures where the soil-structure interaction effects are expected to be significant [24,25].

Early attempts towards practical studies measuring rotational ground motions can be found in
pioneering works from several countries. More than a century ago, Galitzin [26] suggested using two
identical pendulums installed on different sides of the same rotational axis for separate measurements
of rotational and translational motion. This idea was later used in an instrument designed for the
registration of strong ground motion [27] as well as in a system of azimuthal arrays of rotational
seismographs for rock bursts in a nearby mine [28]. Another example of an early attempt to measure
rotation was the construction of a gyroscopic seismometer which was used to measure a static
displacement of <10=2 m and a tilt of <0.5 x 10~° rad at La Jolla, California, during the Borrego
Mountain earthquake on 9 April 1968 (magnitude 6.5) [29]. Early efforts also included studies of
explosions using seismological sensors to directly measure point rotations after nuclear explosions [30],
as well as commercial rotational sensors based on microelectro-mechanical systems (MEMS) for
identifying significant near-field rotational motions from a one-kiloton explosion [31]. Finally, it should
be noted that rotations of and strains in the ground in the responses of structures have been indirectly
deduced from accelerometer arrays using methods valid for seismic waves with wavelengths longer
than the distances between sensors [32-39].

In Section 2 of this paper, we formulate the fundamental requ.iremeuts for a rotational selsmometer
reg,arding the two main areas of interest described above, ie., for seismological and eng,ineerf.ng
applications. The subsequent two sections contain descriptions of all the main types of rotational
seismometers with a discussion of their principles of aperation and a comparison of their fundamental
parameters. These devices can be divided into two groups of sensors: rotational sensors based on
classical seismometers which detect rotation in an indirect way, such as mechanical or acoustical types,
described in Section 3, and rotational sensors which detect rotation directly, such as the electrochemical,
mechanical and optical types (Section 4). These descriptions include a discussion of how far the
requirements formulated in Section 2 for seismological and engineering areas of application are
fulfilled, and show that the optical type of rotational seismometer, and particularly the type based
ona Eibre—optic gyroscope (FOQG), is the most promising device for future research and application in
rotational seismology. On the basis of this conclusion, Section 5 presents the results of a laboratory
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implementations of the loop interferometer for appropriate detection of distances of this magnitude
or lower.

aw.

=i,

(@)

®) ©
Figure 7. The Sagnac effect in a circular ring interferometer rotating with respect to an inertial frame of
reference: (a) interferometric systems for its detection; (b) active method in the ring-laser approach;
(c) passive method in a fibre-optic interferometer approach. Notation: Ly, Lecw—distances in clockwise
and counterclockwise directions; I1N, IuoT—intensities of input and output beams respectively [77].

The ring-laser set-up for the measurement of AL is the loop interferometer, which includes an
optical amplifier within the resonator [78]. This type of amplifier enables laser oscillation at f4 along
the (q = +) and (q = —) directions within the resonator (lower part of Figure 7b). In the presence of
rotation (), the frequency difference Af is given by:

A =fr—f-=En0), ©
where A is the optical wavelength of the laser oscillator, n is the normal vector to the laser beam
plane and P is the perimeter enclosed by the beam path. The ring-laser approach using a He-Ne
amplifier [79] was the first successful ring-laser gyroscope (RLG) and is now being used in a number of
civilian and military navigation systems. The implementation of this type of system for seismological
research has been proposed in various systems including the C-1I [80] and GEO ring-lasers [81] in
Christchurch, New Zealand, and the G-ring laser in Wettzell, Germany [82] (Figum 8). These have two
major advantages for applications in seismic studies compared to the other seismometers discussed
above, since they measure absolute rotation with respect to the local universe, and they do not depend
on accelerated masses. In particular, this last property ensures an extremely wide dynamic range
of operation, from a few 10— Hz for geophysiml signals up to more than 10 Hz, as obtained from
regional earthquakes [83]. Since the G-ring laser is at present the system with the best signal-to-noise
performance, its parameters are included in Table 3 for comparison with other optical rotational
selsmometers.

(b)

Figure 8. The ring laser rotational seismometer [84]: (a) C-I1, horizontally installed; (b) G, horizontally
installed; (c) GEO, vertically installed.
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Avrising from the above fundamental constraint, are devices which use light for their operation.
The von Laue-Sagnac effect is currently a useful basis as a physical principle for construction of the
rotational seismometer, as one can see from the parameters presented by existing devices. The main
advantage of this type of sensor is its complete insensitivity to linear motion and its direct measurement
of rotational speed.

The development of the optical gyroscope nearly half a century ago offers an excellent
technological and technical solution for the construction of an optical rotational seismometer. Despite
the incredible sensitivity of ring-laser rotational seismometers, their dimensions, power consumption,
and environment instability mean that such devices are best suited for stationary research into
fundamental geophysical phenomena.

The review presented here shows that fibre-optic rotational seismometers are the most attractive
option, since their parameters can meet all the requirements of the various areas of interest within
rotational seismology. Unfortunately, as can be observed from their limited applications, the direct
application of the commercially available FOGs does not fulfil these requirements, since FOGs are
opthised for monitori.ng angle changes rather than rotation rate. In view of this, new types of devices
are required, and BlueSeis-3A and FOSREM are the first of these. FOSREM, presented in this paper,
fulfils all the technical requirements for rotational motion detection, in both seismological observatories
and in engineering constructions. It guarantees a wide range of the detected signal amplitude
up to 10 rad/s, as well as a wide range of frequencies, from DC up to 328.12 Hz. Experimental
J'.n\-'estigatlon indicates that FOSREM has an accuracy in the range 3 x 10-% to 1.6 x 10 rad/s in the
abovementioned frequency bandpass, and in practice detects rotation with an amplitude of 0.25 rad/s.
Itis a remotely controlled sensor which is portable and works autonomously. Additionally, the use
of cloud system by FOSREM allows the integration of dozen of sensors in a worldwide network,
each transferring data to the central cloud-based system. The data can be viewed and analysed from
anywhere in the world via the internet. The authors believe that the further application of FOSREM in
the investigation of rotational seismology effects will contribute to the provision of interesting and
useful data.
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Mueller Matrices for Reflection and
Transmission

8.1 INTRODUCTION

In previous chapters the Mueller matrices were introduced in a wvery formal
manner. The Mueller matrices were derived for a polarizer, retarder. and rotator
in terms of their fundamental behavior; their relation to actual physical
problems was not emphasized. In this chapter we apply the Mueller matrix formula-
tion to a number ol problems ol great interest and importance m the physics
of polarized light. One of the major reasons lor discussing the Stokes parameters
and the Mueller matrices in these earlier chapters is that they provide us with an
excellent tool for treating many physical problems in a much simpler way than is
usually done in optical textbooks. In fact, one quickly discovers that many of these
problems are sufficiently complex that they preclude any but the simplest to be
considered without the application of the Stokes parameters and the Mueller
matrix formalism.

One of the earliest problems encountered in the study of optics is the behavior
of light that is reflected and transmitted at an air-glass interface. Around 1808,
E. Malus discovered. quite by accident. that unpolarized light became polarzed
when 1t was reflected from glass. Further investigations were made shortly alterward

by D. Brewster, who was led to enunciate his famous law relating the polarization of

the reflected light and the refractive index of the glass to the incident angle
now known as the Brewster angle: the practical importance of this discovery was
immediately recognized by Brewster’s contemporaries. The study of the interaction
of light with material media and its reflection and transmission as well as its
polarization 1s a topic of great importance.

The interaction of light beams with dielectric surfaces and its subsequent
reflection and transmission is expressed mathematically by a set ol equations
known as Fresnel’s equations for reflection and transmission. Fresnel's equations

Copyright © 2003 by Marcel Dekker, Inc. All Rights Reserved.

can be derived from Maxwell's equations. We shall derive Fresnel’s equations in the
next Section.

In practice, il one attempts to apply Fresnel’s equations to any but the
simplest problems. one quickly finds that the algebraic manipulation is very
involved. This complexity accounts for the omission of many important derivations
in numerous textbooks. Furthermore, the cases that are treated are usually restricted
to, say, incident linearly polarized light. If one is dealing with a different state of
polarized hight, e.g.. circularly polarized or unpolarized hight. one must usually begm
the problem anew. We see that the Stokes parameters and the Mueller matnx
are ideal to handle this task.

The problems of complexity and polarization can be readily treated by
expressing Fresnel’s equations in the form ol Stokes vectors and Mueller matrices.
This formulation of Fresnel's equations and its application to a number of interest-
ing problems is the basic aim of the present chapter. As we shall see, both reflection
and refraction (transmission) lead to Mueller matrices that correspond to polarizers
for materials characterized by a real refractive index n. Furthermore, for total
internal reflection (TIR) at the critical angle the Mueller matrix for refraction
reduces to a null Mueller matrix, whereas the Mueller matrix for reflection becomes
the Mueller matrix for a phase shifter (retarder).

The Mueller matrices lor reflection and refraction are quite complicated.
However, there are three angles for which the Mueller matrices reduce to very
simple forms. These are for (1) normal incidence. (2) the Brewster angle. and (3)
an incident angle of 457, All three reduced matrix forms suggest interesting ways to
measure the refractive index n of the dielectric material. These methods will be
discussed in detail.

In practice, however. we must deal not only with a single air-dielectric
interface but also with a dielectric medium of finite thickness, that s, dielectnc
plates. Thus, we must consider the reflection and transmission of light at multiple
surfaces. In order to treat these more complicated problems, we must multiply the
Mueller matrices. We quickly discover, however, that the matrix multiplication
requires a considerable amount of efTfort because of the presence of the ofl-diagonal
terms in the Mueller matrices. This suggests that we first transform the Mueller
matrices to a diagonal representation: matrix multiplication of diagonal matrices
leads to another diagonal matnx. Therefore, in the final chapters of this part of
the book, we introduce the diagonalized Mueller matrices and treat the problem
of transmission through a single dielectric plate and through several dielectric
plates. This last problem is ol particular importance, because at present it is one
ol the major ways to create polarized hight in the infrared spectrum.

8.2 FRESNEL'S EQUATIONS FOR REFLECTION AND
TRANSMISSION

In this section we derive Fresnel's equations. Although this material can be found
in many texts, it is useful and instructive to reproduce it here because it is
so intimately tied to the polanzation of light. Understandmg the behavior ol
both the amplitude and phase of the components of light is essential to designing
polarization components or analyzing optical system performance. We start with a
review of concepts [rom electromagnetism.

Copyright © 2003 by Marcel Dekker, Inc. All Rights Reserved.



maximum. The angle at which the maximum takes place is 56.7° (this will be shown
shortly) and P is 0.9998 or 1.000 to three significant places. At this particular angle
incident unpolarized light becomes completely polarized on being reflected. This
angle is known as the polarization or Brewster angle (written 6;). We shall
see shortly that at the Brewster angle the Mueller matrix for reflection (8-34)
simplifies significantly. This discovery by Brewster is very important because it
allows one not only to create completely polarized light but partially polarized
light as well. This latter fact is very often overlooked. Thus, if we have a perfect
unpolarized light source. we can by a single reflection obtain partially polarized
light to any degree we wish. In addition to this behavior of unpolarized light an
extraordinarily simple mathematical relation emerges between the Brewster angle
and the refractive indices of the dielectric materials, i.e., (8-26): this relation was
used to obtain the value 56.7°.

With respect to creating partially polarized light. it is of interest to determine
the intensity of the reflected light. From (8-40) we see that the intensity I of the
reflected beam 1s

L2
In =%(:‘2:. ) (cos26_ + cos26,) (8-44)

In Fig. 811 we have plotted the magnitude of the reflected intensity Iz as
a function of incident angle #; for a dielectric (glass) with a relractive index of
1.5. Figure 8-11 shows that as the incidence angle increases, the reflected intensity
increases. particularly at the larger incidence angles. This explains why when the
sun is low in the sky the light reflected from the surface of water appears to be
quite strong. In fact, at these “low™ angles polarizing sunglasses are only partially

1.2

0.8

06

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
0; (degrees)

Figure 8-11  Plot of the intensity ol a beam reflected by a dielectric ol relractive index ol 1.5.
The incident beam 1s unpolarized.

Copyright © 2003 by Marcel Dekker, Inc. All Rights Reserved.

we see that the Stokes vector of the emerging beam is

1
0
0
1

5=1 (8-106)

which is, of course, the Stokes vector of right circularly polarized light. Fresnel
was the first to design and construct the rhombohedral prism which bears his
name. He then used the prism to create circularly polarized light. Before Fresnel
did so. no one had ever created circularly polarized light! This success was another
triumph for his wave theory and his amplitude formulation of polarized light.

The major advantage of casting the problem of reflection and transmission
at an optical interface into the formalism of the Mueller matrix calculus and
the Stokes parameters is that we then have a single formulation for treating any
polarization problem. In particular, very simple forms of the Mueller matrix arise at
an incidence angle of 0°, the Brewster angle §;,, an incidence angle of 45°, and TIR.
However, in practice we usually deal with optical materials of finite thickness.
We therefore now extend the results in this chapter toward treating the problem
of reflection and transmission by dielectric plates.
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9

The Mathematics of the Mueller Matrix

9.1 INTRODUCTION

Mathematical development to better understand and describe the information
contained in the Mueller matrix 1s given n this chapter. The experimental Mueller
matrx can be a complicated function of polanzation, depolanzation. and noise.
How do we separate the specific information we are interested in, e.g.. depolarization
or retardance, from the measured Mueller matrix? When does an experimental
matrix represent a physically realizable polarization element and when does it not?
If it does not represent a physically realizable polanzation element, how do
we extract that information which will give us information about the equivalent
physically realizable element? These are the questions we attempt to answer in this
chapter.

Two algebraic systems have been developed for the solution ol polanzation
problems m optics, the Jones formalism and the Mueller formalism. The Jones
formalism 1s a natural consequence of the mathematical phase and ampltude
description of light. The Mueller formalism comes from experimental considerations
of the intensity measurements of polanized light.

R.C. Jones developed the Jones formalism in a series of papers published in
the 1940s [1-3] and reprinted in a collection of historically significant papers on
polarization [4]. The Jones lormalism uses Jones vectors, two element vectors that
describe the polanzation state of light, and Jones matrices, 2 x 2 matrices that
describe optical elements. The vectors are complex and describe the amplitude
and phase ol the hght, 1.e.,

- L.(1) o
Jy = Qm) (9-1)

1s a time-dependent Jones vector where E,, E, are the x and y components of the
electric field of hght traveling along the z axis. The matrices are also complex and
describe the action in both amplitude and phase of optical elements on a light beam.

Copyrigit © 2003 by Marcel Dekker, Inc. All Rights Reserved.

The Jones matrix 1s of the form:

- (.f:]] Jia ) (9-2)
Ja

where the elements j; = a;; + ib; are complex. The two elements of the Jones vector
are orthogonal and typically represent the horizontal and vertical polanzation
states. The four elements of the Jones matrix make up the transfer function from
the input to the output Jones vector. Since these elements are complex, the Jones
matrix contains eight constants and has eight degrees ol freedom corresponding to
the eight kinds ol polarization behavior. A physically realizable polarization element
results from any Jones matrix, 1.e.. there are no physical restrictions on the values of
the Jones matnx elements. The Jones formalism 1s discussed in more detail in
Chapter 11.

The Mueller formalism, already discussed in previous chapters but reviewed
here, owes its name to Hans Mueller. who built on the work of Stokes [5]. Soleillet
[6], and Perrin [7] to formalize polarization calculations based on intensity. This
work, as Jones’, was also done during the 1940s but originally appeared in a now
declassified report [8] and m a course of lectures at M.LT. in 1945-1946. As we have
learned. the Mueller formalism uses the Stokes vector to represent the polarization
state. The Mueller matrix is a 4 x4 matrix of real numbers. There is redundancy
built into the Mueller matrix, since only seven of its elements are independent if
there is no depolarization in the optical system. In the most general case, the Mueller
matrix can have 16 independent elements; however, not every 4 x 4 Mueller matrix is
a physically realizable polanzing element.

For each Jones matrix, there is a corresponding Mueller matrix. On conversion
to a Mueller matnx. the Jones matrix phase information 1s discarded. A matrix
with eight pieces of information is transformed to a matrix with seven pieces of
information. Transformation equations for converting Jones matrices to Mueller
matrices are given in Appendix C. The Mueller matrices can also be generated
from equations. The Jones matrix is related to the Mueller matrix by

M=A(J@JH4" (9-3)
where @ denotes the Kronecker product and A is
1o 0 1
1 0o 0 -1
A= (9-4)

The elements of the Mueller matrix can also be obtained from the relation:
1 ¥ o <
my = ;Tr(,fm,f O’J,-] (9-5)

where J' is the Hermitian conjugate of J and the o are the set of four 2 x 2 matrices
that comprise the identity matrix and the Pauli matrices (see Section 9.3).

The Jones matrix cannot represent a depolarizer or scatterer. The Mueller
matrix can represent depolarizers and scatterers (see, e.g.. [9]). Since the Mueller
matrix contains information on depolarization, the conversion of Mueller matrices
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to Jones matrices must discard depolarization information. There is no phase
information in a Mueller matrix, and the conversion conserves seven degrees of
freedom.

The Mueller formalism has two advantages for experimental work over the
Jones formalism. The intensity is represented explicitly in the Mueller formalism,
and scattering can be included in the calculations. The Jones formalism is easier to
use and more elegant for theoretical studies.

9.2 CONSTRAINTS ON THE MUELLER MATRIX

The issue of constraints on the Mueller matrix has been investigated by a number
of researchers, e.g., [10-15]. The fundamental requirement that Mueller matrices
must meet in order to be physically realizable is that they map physical incident
Stokes vectors into physical resultant Stokes vectors. This recalls our requirement on
Stokes vectors that the degree of polarization must always be less than or equal to
one, L.c.,
(57 + 83+ 8H'? :
e e e L 3) =1 (9-6)
Sa
A well-known constraint on the Mueller matrix is the inequality [16]:

Tr( MMT) = Z mé =< 41:?30 (9-7)

i =0

The equals sign applies for nondepolarizing systems and the inequality otherwise.

Many more constraints on Mueller matrix elements have been recorded.
However, we shall not attempt to list or even to discuss them further here.
The reason for this is that they may be largely irrelevant when one is making
measurements with real optical systems. The measured Mueller matrices are
a mixture of pure (nondepolarizing) states, depolarization, and certainly noise
(optical and electronic). Is the magnitude of a particular Mueller matrix element
due to diattenuation or retardance or is it really noise, or is it a mixture? If it is a
mixture, what are the proportions? It is the responsibility of the experimenter to
reduce noise sources as much as possible, determine the physical realizability of his
Mueller matrices, and if they are not physically realizable, find the closest physically
realizable Mueller matrices. A method of finding the closest physically realizable
Mueller matrix and a method of decomposing nondepolarizing and depolarizing
Mueller matrices are discussed in the remaining sections of this chapter.
These are very important and provide useful results; however, only so much can
be done to reduce noise intrusion. A study was done [17] to follow error propagation
in the process of finding the best estimates, and it was found that the noise
was reduced by one-third in nondepolarizing systems and reduced by one-tenth
in depolarizing systems in going from the nonphysical matrix to the closest
physically realizable matrix. The reduction is significant and worth doing, but no
method can completely eliminate measurement noise. We will give examples in
Section 9.4.

Copyright © 2003 by Marcel Dekker, Inc. All Rights Reserved.

9.6 SUMMARY

We have answered the questions posed at the beginning of this chapter. With the
material presented here, we now have the tools to determine whether or not a
Mueller matrix is physically realizable and we have a method to bring it to the
closest physically realizable matrix. We can then separate the matrix into its consti-
tuent components of diattenuvation, retardance, and depolarization. We must
remember, however, that noise, once introduced into the system, is impossible to
remove entirely. The experimentalist must take prudent precautions to minimize the
influence of errors peculiar to the system at hand.
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Where there 1s hight. there 1s polarized light. It 1s in fact difficult to find a source of
light that is completely randomly polarized. As soon as light interacts with anything,
whether through reflection. transmission, or scattering, there is opportunity for
polarization to be induced. As pointed out in the first sentence of the Prelace to
the First Edition, polarization is a fundamental characteristic of the transverse wave
that is light. More than ever, it is a characteristic that must be addressed in modern
optical systems and applications.

Since 1993 when the first edition of this text appeared. there have been many
new developments in the measurement and application of polarized light. This
revised edition includes revisions and corrections of the original text and substantive
new material. Most of the original figures have been redone. Chapter 8 has been
expanded to include the derivation of the Fresnel equations with plots of the mag-
nitude and phase of the reflection coeflicients. Also included in Part I is a chapter
with in-depth discussion of the mathematics and meaning ol the Mueller matrix. In
this chapter, there is a discussion of physical realizability and elimination of error
sources with eigenvector techniques, and a discussion of Mueller matrix decomposi-
tion. The Lu—Chipman decomposition has shown that Mueller matrices are separ-
able, so that a general Mueller matrix may be decomposed into a set of product
matrices. each dependent on only one of the quantities of diattenuation. retardance.
or depolarization. A chapter on devices and components has been added to Part II1,
Applications. Those interested in use or measurement of polarized light should have
knowledge ol available devices and components that serve as polarizers and retar-
ders for various wavelength regions and for various conditions of achromaticity.
Chapters on Stokes polarimetry and Mueller matrix polarimetry have been inserted
in Part III. These polarimetric techniques are essential to an understanding of mea-
surement of polarized light and characterization ol optical elements.
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Abstract: In this work, we report the experimental results on optimizing the optical structure
for ambient refractive index measuring with temperature changes monitoring. The presented
optical structure is based on a dual-resonance long-period grating embedded inside a fiber loop
mirror, where the long-period grating acts as the head of the refractive-index sensor, whereas the
section of polarization maintaining fiber in the loop mirror ensures suitable temperature sensing
The optimization process was comprised of tuning the resonance and interferometric peaks by
changing the state of polarization of propagating beams. Experimental results establish that the
response of the proposed sensor structure is linear and goes in opposite directions: an increase in the
ambient refractive index reduces the signal response, whereas a temperature increase produces an
increased response. This enables us to distinguish between the signals from changes in the refractive
index and temperature. Due to the filtering properties of the interferometric structure, it is possible
to monitor variation in these physical parameters by observing optical power changes instead ol
wavelength shifts. Hence, the refractive index sensitivity has been established up to 2375.8 dB/RIU in
the narrow RI range (1.333-1.341 RIU) and temperature sensitivities up to 1.1 dBm/®C in the range ol
23-41 °C. The proposed sensor is dedicated to advanced chemical and biological sensor applications

Keywords: optical fiber sensor; dual-resonance long-period grating; fiber loop mirror; temperature
control; refractive-index sensor

1. Introduction

Label-free monitoring of ambient refractive-index (RI) changes based on optical fiber sensing
is a significant technology in biclogical [1], medical [2], and industrial [3] applications. Among the
optical fiber configurations already proposed for Rl sensing are surface plasmon interference [4], fiber
Bragg gratings [5], long-period gratings (LPGs) [6], Mach-Zehnder interferometers [7], and Fabry-Perot
interferometers [8]. These configurations have provided ultra-high sensitivity. However, they do not
exclude cross-sensitivity derived from interaction with other physical parameters. In order to obtain a
pure sensor response to the measured quantity, it is essential limiting the cross-sensitivities or controls
two or more parameters at the same real time. The simultaneous measurement of several parameters
is a well-established technique, and it can be achieved in optical devices by differential modulation [9]

Sevsors 2018, 18, 2370; doi10.3390/ s18072370 www.mdpicom/ journal /sensors

5]

o

(IS ) b bD b PD ED kD b2
— O 9 GO ~1 Oy Lh = ko

ﬂ Sensors

Article

Ambient refractive-index measurement with
simultaneous temperature monitoring based on a
dual-resonance long-period grating inside a fiber
loop mirror structure

Renata Zawiszal*, Tinko Eftimov ?, Predrag Mikulic 2, Wojtek J. Bock 2and Leszek R.
Jaroszewicz *
! Institute of Applied Physics, Military University of Technology, 2 gen. Witolda Urbanowicza 5t., 00-908
Warsaw, Poland; renata wonko®wat.edu.pl
* Photonics Research Center, Université du Queébec en Qutaouais, 101 Rue 5t Jean Bosco, Pavillon Lucien
Brault, Gatineau, Québec, Canada J8X 3X7; Tinko. Eftimov@ugo.ca
* Correspondence: renata wonko@wat.edu.pl; Tel.: +48-261-837-001

Received: date; Accepted: date; Published: date

Abstract: In this work we report the experimental results on optimizing the optical structure for
ambient refractive index measuring with temperature changes monitoring. The presented optical
structure is based on a dual-resenance long-period grating embedded inside a fiber loop mirror,
where the long-period grating acts as the head of the refractive-index sensor, whereas the section of
polarization maintaining fiber in the loop mirror ensures suitable temperature sensing. The
optimization process comprised tuning of resenance and interferometric peaks by changing the
state of polarization of propagating beams. Experimental results establish that the response of the
proposed sensor structure is linear and goes in opposite directions: an increase in the ambient

refractive index reduces the signal response, whereas a temperature increase produces an increased
response. This enables to distinguish between the signals from changes in the refractive index and
temperature, Due to the filtering properties of the interferometric structure it is possible to monitor
variation in these physical parameters by observing optical power changes instead of wavelength
shifts. Hence, the refractive index sensitivity has been established up to 2375.8 dB/RIU in narrow RI
range (1.333-1.341 RIU) while temperature sensitivities up to 1.1 dBm/*C in the range of 23-41 °C.
The proposed sensor is dedicated to advanced chemical and biological sensor applications.

Keywords: optical fiber sensor, dual-resonance long-period grating, fiber loop mirror, temperature
control, refractive-index sensor.

1. Introduction

Label-free monitoring of ambient refractive-index (RI) changes based on optical fiber sensing is
a significant technology in biological [1], medical [2] and industrial [3] applications. Among the
optical fiber configurations already propesed for RI sensing are: surface plasmon interference [4],
fiber Bragg gratings [5], long-period gratings (LPGs) [6], Mach-Zehnder interferometers [7] and
Fabry-Perot interferometers [8]. These configurations have provided ultra-high sensitivity, however
they do not exclude cross-sensitivity derived from interaction with other physical parameters. In
order to obtain a pure sensor response to the measured quantity it is essential limiting the cross-
sensitivities or controls two or more parameters at the same real time. The simultanecus
measurement of several parameters is a well-established technique, and it can be achieved in optical
devices by differential modulation [9], cascading [10], or multiplexing of two identical or different
optical components [11, 12]. Generally, such structures have been widely demonstrated for strain,
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samples, to be 30 nm/min. The cladding of the LPG was etched until obtaining the dual-resonance.
During, that process, the resonant wavelength was shifted up to DTP [36].
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Figure 1. The schematic (a) and general photo (b) of experimental setup for the ambient refractive-index
(RI) and temperature measurement sensor with emphasized the polarization controller (PC) position.

When it comes to the proper investigation of the cladding mode order, in which the fundamental
mode LPy,; is coupled in DRLPG structure, a numerical simulations should be carried out. As one can
find in [35,37,38], DRLPG fabricated in conditions described above coupled the fundamental mode
with LPg g and LPj 1y modes when it is immersed, respectively, in water (n = 1.3333) and liquid with a
higher refractive index (more than # = 1.3808). The collaboration with the above team of authors gives
the verification of the experimental information about the most probably coupling modes.

The proper wavelength characteristic is estimated by investigating PM fiber length and DRLPG
wavelength influence [30,31]. The length of PM fiber was estimated in relation to the birefringence and
the wavelength spacing between interference dips (16 nm) [39], which was matched to the spacing
between DRLPG notches (48 nm) (Figure 2). The PC localization between the DRLPG and the M fiber
directly determines the peak amplitude and position. This implies that the PC can be used to control
the behavior of the transmission spectrum and, hence, to tune the dips. For the type and length of PM
fiber chosen in this test, itis possible to move the interference dips up to 9 nm and the amplii'ude about
11.25 dBm. For the final system adjustment, the two spectral peaks of the FLM were located in the
middle of both notches of the DRLPG, as is shown in Figure 2.
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Figure 2. The transmission spectra of the dual-resonance long-period grating (DRLPG) (blue) and the
DRLPG inside the fiber loop mirror (FLM) structure (yellow).

In the presented experiment, the DRLPG served as the head of the ambient Rl sensor, while the PM
fiber functioned additional as the temperature sensor probe. The investigated liquid was dropped into
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Figure 1. The schematic (a) and general photo (b) of experimental setup for the ambient RI and
temperature measurement sensor with emphasized the PC position.

The DRLPG used in the experiment was fabricated with standard germanium-doped Corning
SMEF-28 fiber. For the LPG preparation the chromium amplitude mask technique was used with a
high-power KrF excimer laser (Lumonics™ Lasers: Pulse Master®-840) emitting at 248 nm with 340
n] the peak pulse energy [35]. The 4 cm long bare fiber to be exposed to UV radiation was
hydrogenated to make it photosensitive. The grating period was A=217 um and the LPG was
annealed at a temperature of 150°C for 90 minutes in order to stabilize its optical properties. To obtain
the dual-resonance of the transmission spectrum, the LPG was tuned by etching in 10% hydrofluoric
acid (HF 10%) which slightly reduce the diameter of the fiber with rate estimated using the reference

samples, to be 30 nm/min. The cladding of the LPG was etched until obtaining the dual-resonance.
During that process, the resonant wavelength was shifted up to DTP [36].

When it comes to the proper investigation of the cladding mode order, in which the fundamental
mode LPo. is coupled in DRLPG structure, a numerical simulations shotild be carried out. As one can
find in [35, 37, 38], DRLPG fabricated in conditions described above coupled fundamental mode with
LPos and LPow modes when is immersed respectively in water (1=1.3333) and liquid with higher
refractive index (more than n=1.3808). The collaboration with above team of authors, gives the
verification of the experimental information about the most probably coupling modes.

The r wavelen characteristic is estimated by investigation of PM fiber and
DRLPG wavelength influence [30, 31]. The length of PM fiber was estimated in relation to the
birefringence and the wavelength spacing between interference dips (16 nm) [39], which was
matched to the spacing between DRLPG notches (48 nm) (Figure 2). The PC localization between the
DRLPG and the PM fiber directly determines the peak amplitude and position. This implies that the
PC can be used to control the behavior of the transmission spectrum, and hence, to tune the dips. For
the type and length of PM fiber chosen in this test it is possible to move the interference dips up to 9
nm and the amplitude about 11.25 dBm. For final system adjustment the two spectral peaks of the
FLM were located in the middle of both notches of the DRLPG as is shown in Figure 2.
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Figure 2. The transmission spectra of the DRLPG (blue) and the DRLPG inside the FLM structure
(yellow).
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Dear Editor,

First of all, T would like to sincerely thank the Reviewers for constructive criticisms and valuable
comments of thus manuscript, which will contribute to improving the quality of thus article. Accordmngly,
we agree with the Reviewers suggestions and have made suitable changes in the manuscript. which are
shown as an underlined text. Our responses to the Reviewers all comments are listed below.

Reviewer #1

Regarding English language and style: Moderare English changes required.

Answer: All text has been checked regarding English improvements and typos elimination.
Regarding point 1. Format the figures with the same layout and style. Provide tick marks in both axis.

Answer: The authors agree with the Reviewer that sufficient care in terms of the Figures formatting
was not taken in the original manuscript. The authors have formatted all the Figures, especially 2-6, as
recommended by the Reviewer.

Regarding point 2. To obtain the dual-resonance of the ransmission spectrum, the LPG was tuned by
etching in hydrofiuoric acid:

- what was the procedure (material and methods)
- what was the final dianerer
- why no changing the grating period?

Answer: In this paper, the DRLPG technology is owned by the Photonics Research Center, Université
du Quebec en Outaouars, Canada, and 15 protected by IP nghts. therefore no more details may be
disclosed at this time. We can say that the etching process took place under the controlled conditions:
the cladding of the LPG was etched until obtaining the dual-resonance. During this process, the resonant
wavelength was shufted up to the dispersion turung pownt (DTP). The etclung rate for the 510; glass and
applied HF solution has been estimated using the reference samples, to be 30 nm/min. The diameter of
the DRLPG cladding determines the order of the cladding mode to which the fundamental mode will be
coupled, assuming a given range of the refractive mdex m wliuch a given sensor will be working. The
LPG consists of the periodic refractive index changes in the fiber core and wiile the cladding 1s being
etched, the geometry of the fiber core remains unchanged As an answer to this point we have rewritten
the DRLPG description between lines 126-135.

Regarding point 3. Units of figure 2 and 3a) and 4 are “dBm . That means vou did not normaiized the
LPG output spectrum with the source light? That would mean that some features we see are in fact the
spectrum of the source. This point MUST be clarified.

Answer: Thank you for this valuable remark. We agree that if not normalized, the DRLPG output can
be somehow influenced by the spectrum of the source used in the expeniment. However, we omutted in
the description to mention that in our experiments the source and the OSA are operated using a data
acquisition system i the LabView environment, where the reference spectrum from the source was

actually subtracted from the output signal. In case of the optical spectrum analyzer, the signal analysis
15 as follows: the signal from the wideband source was measured as “Trace A”, than the signals from
the whole setup was measured as “Trace B” and finally, and finally the “Trace C” was observed as a
difference between both “Trace B” and “Trace A", respectively. So we indeed did take into account the
light source spectrum. however the “dBm™ mentioned in the Figures shows our intention to illustrate the
real depth of the dips and notches. It is really important remark and we did correct the information in
the lines 121-123. The setup schema (Figure 2) was updated to show the system in the LabVew
environment.

Regarding point 4. Figures 3 b) and 4 ¢) and 5 b) are linear fittings. Those are not very good fitting .
A clear explanation must be provided.

Answer: Figure 3b) represents the influence of the temperature. with linear fitting coefficient equal to
0.978 (corrected value at line 180 regarding the data presented in the Figure 3b), which seem to be a
good linearization. The problem exists in the border ranges of the investigated temperature (below 25°C
and above 45°C) where flattening of the data 15 observed. It 1s probably caused by the properties of the
Liqud: thewr evaporating for upper range of temperature as 15 motioned in lines 185-186, and heat
capacity for lower range of temperature which linuted hot plate proper operation in room temperature
existing in laboratory. It has influenced the data presented at Figure 4c¢). Regarding the Figure 5b), our
results are similar to Chiang C_-C. and Tseng C -C_ (added Ref [22]). We have added some appropriate
comments in the revised paper in the lines 181-185, 215 and 231. We strongly believe that the maximum
error of 9% 1s acceptable for the Reviewer.

Reviewer #2

Regarding point 1. 4ithough a literature survey was reported by the authors, there are many new long-
period fiber grating sensing rechnigue which have been reported recently. The authors should at least
acknowledge them, such as packaged long-period fiber grating, ELPFG, NLPFG ...etc.

Answer: Thank you for your advice, while preparmng the manuscript the authors decided to focus on the
techmaues which are used for RI measuring. However, the Reviewer is right that the indication of other
recently published techniques will increase the value of the manuscript. For this reason. we have
acknowledged a new LPG techniques i a form of a sentence in introduction shown in lines 53-60, with
additional six references [18-23]. In consequence, the second paragraph of Introduction has been divided
for two.

Regarding puoint 2. As the paper is presented on the basis of experiments, I suggest the authors made
a detailed analysis of several performance factors of the proposed sensing device. These are:

s Wavelength dependence
* Polarization dependence
»  Stability and repeatability

Answer: The mamn 1dea of our work has been presented previously as mentioned m the lines 75-77. We
have paid close attention to avoid our own plagiarism, therefore some problems widely described
previously in the cited references are not mentioned here. Regarding the wavelength dependence
analysis, 1t 1s discussed m slightly modified lines 142-145 and 1n Figure 2. The conclusion is that by
varying the length of the PM fiber we can match the FLM wavelength characteristic to the DRLPG
spacing between the notches. The polarization behavior of the fiber optic mterferometer 1 the Sagnac
configuration 1s well known either for the FOG or the FLM configuration (see for example Jones matrix
approach presented in Jaroszewicz [29] or Feng S.. Mao Q. et al, Opt. Commun. 277, (2007), 322). For
the wideband 3 dB coupler used, the input SOP is negligible but the proper fiber loop action depends on
the mput SOP at the PM fiber, which 15 controlled by the PC. This aspect is precisely described in the
lines 145-150. Finally, we think that the system stability and repeatability is adequately described by all




presented experimental mvestigations in respect to stress influence — lines 161-166, temperature
influence (pomnts 3.1 Temperature response, 3.2 Ambient RI response), unique techmque for
simultaneous ambient R and temperature measurement — pomnt 3.3. In conclusion, the estimated error,
presented at the end of paper, in owr opiion is directly influenced by the system repeatability.

Regarding point 3. The author should added more detail descriptions about fabrication process of
“DRLPG". It is not clear. Such as “laser fluence” “frequency” “beam size” ‘“focus length”
“hydrogenating process: pressure? time?” ‘“wet eiching process”

Answer: Thanks for your suggestion, but IP nghts to the DRLPG fabrication technology are owned by
the Photonics Research Center, Université du Québec en Outaouais, and the details can not be disclosed
at this time. However, we have rewritten the DRLPG description in lines 128-135 as an answer to this
Reviewer remark

Regarding point 4. The illustration of Fig 1 is not sufficient and adequate with your text. I suggest the
authors should add detail descriptions about system setup in figure 1. Moreover, is the polarization
controller is 2X2? The details of the about “polarization controller” should be descriptions. In fig.1
only shows the schematic setup of sensing system. I suggest the authors should add the real pictire of
experimental setup and DRLPG sensor.

Answer: Consequently to our response to Reviewer's comments in point 2, we have tried to avoid
plagiarism in comparison to our previous papers. Due to the fact that the configuration used has been
described 1n detail m our paper shown as Ref. [30]. m thus paper we present only general remarks about
the system operation with reference to [30], mentioned in the Introduction (line 77) as well as m the
point 2.2 (line 116)._The polarization controller (PC) is a common manual fiber PC (Thorlabs' 3-Paddle
PC FPC030), which consists of three fractional wave plates created by looping the fiber around three
independent spools. The PC uses bending-induced birefringence to create the independent wave plates
to alter the polanization of the transmmtted light in the SMF. The paddles are configured to approximate
a quarter-wave, half-wave, and quarter-wave plate, and it is common to use the PC for a fiber-optic
interferometer in Sagnac confipuration. The accurate statement has been added 1n line 115 Regarding
the last Reviewer’s sentences at this point, the real picture of the experimental setup (Figure 2 b) has
also been mcluded.

Regarding point 5. In page 4 linel48 “.._.the groove was attached to a ceramic hot plate, which was
current controlled...” T think the temperature variation is large at the hot plate. I suggested that
temperature-FID controlled oven (temperature variation within 1°C) should be used to obtain good
experimental datum.

Answer: Thank vou very much for this valuable suggestion. Since our tested DRLPG- based sensor 1s
designed to work when immersed m water (n=1.3333) and mn liquid with a higher refractive index (more
than n=1.3808). 1t 15 requured to heat the liqud m which 1t 1s placed. For tlus reason we decided to adopt
the groove from wihuch the houid did not pour out, and the immersing the DRLPG was convemment. After
each test, the DRLPG was carefully cleaned by alcohol Such operation 1s not possible for proposed
temperature-PID controlled oven, Moreaver, our approach gives non-directly temperature influence (via
water mixture), which thermal capacity lumted precisely changes of temperature (below 1°C).

Regarding point 6. The calibration experiments should be repeated 3 times to show the stability and
repeatability in fig 3, 4, 5. I suggest the authors to discuss the deviations of the calibration experiments.

Answer: Indeed, 1t 15 very important to underline the stability and repeatability of the RI and temperature
measurement by the DRLPG. PM fiber, as well by the both. We have measured the repeatabulity of the
DRLPG 1 the fiber loop mirror (FLM) in terms of changing both RI and temperature. When it comes
to the wavelength shifting, the errors are estunated to be 0.4 nm and 0.3 nm for RT and temperature

changing. respectively The precision of amplitude dips 15 estimated to be 0.6 dBm for temperature and
0.4 dBm for RI measurement. This conclusion is added as lines 308 - 310

Thank you once again for devoting tume to give the valuable comments and suggestions. We hope that
our answers and corrected text are satisfactory for the Reviewers.




Relacja z promotorem

Jezeli zgodnie z kodeksem etyki pracownika naukowego w zakresie praktyk dotyczgcych
formowania mtodej kadry zachodzi

* Powierzanie opieki nad doktorantami jest przedmiotem szczegodlnej troski RDN, gdzie RDN
powinny ocenic, czy kwalifikacje opiekuna sg wystarczajgce do kierowania wykonywaniem
przez doktoranta danej pracy, a takze, czy liczba oséb znajdujgcych sie pod jego opiekg, nie
przekracza liczby gwarantujgcej mozliwosc rzetelnej opieki.

* Promotor rzetelnie wywigzuje sie ze swoich obowigzkoéw, a w szczegolnosci doktada staran,
by prowadzone badania spetnialy wszystkie wymagania stawiane pracom naukowym, a
powstajgca rozprawa nie zawiera zapozyczen z prac innych autorow.

« Promotor dba o zaznajomienie doktoranta z zasadami etycznymi obowigzujgcymi przy
prowadzeniu badan, a przede wszystkim sam stanowi wzor dla takiej osoby,

To nie macie czego sie obawiac¢ — inaczej niestety macie przechlapane



Wiasnosé intelektualna

Co to jest?

Swiatowa Organizacja Wtasnosci Intelektualnej (WIPO) definiuje pojecie wiasnosci intelektualnej
(ang. intellectual property) jako zbiér praw odnoszgcych sie w szczegdlnosci do:

- dziet literackich, artystycznych i naukowych,

- Interpretacji artystoéw interpretatorow oraz wykonan artystow wykonawcow,
- fonogramow i programow radiowych i telewizyjnych,

- wynalazkéw we wszystkich dziedzinach dziatalnosci ludzkiej,

- odkry¢ naukowych,

- wzorow przemystowych,

- znakdéw towarowych i ustugowych,

- nazw handlowych i oznaczen handlowych,

- ochrony przed nieuczciwg konkurencja.

Zakres terytorialny

Podstawg wszelkich praw wytgcznych jest ich terytorialny charakter. Oznacza to, ze kazde prawo
dotyczgce tego samego dobra niematerialnego funkcjonujgce w dwdéch réznych krajach jest od
drugiego catkowicie niezalezne. Mozliwe jest, zatem, ze ten sam wynalazek zgtoszonych w
dwoch krajach zostanie objety patentem w jednym z nich, a w drugim nie. Mozliwe jest tez, ze te
same prawa przystugiwac bedg w dwoch krajach roznym osobom. Fakt istnienia, zakres ochrony
oraz podmiot uprawniony w jedynym kraju sg bez znaczenia dla sytuacji odpowiednich praw w
innych krajach.



Przedmiot prawa autorskiego

z Ustawy z dnia 4 lutego 1994 r. o prawie autorskim i prawach pokrewnych (Dz.U.
z 2018 r. poz. 2245 z p6zn. zmianami)

Przedmiotem prawa autorskiego jest kazdy przejaw dziatalnosci tworczej o indywidualnym
charakterze, ustalony w jakiejkolwiek postaci, niezaleznie od wartosci, przeznaczenia i sposobu
wyrazenia (utwor). W szczegodlnosci przedmiotem prawa autorskiego sg utwory:

1)

2)
3)
4)
5)
6)
7)
8)
9)

wyrazone stowem, symbolami matematycznymi, znakami graficznymi (literackie,
publicystyczne, naukowe, kartograficzne oraz programy komputerowe);
plastyczne;

fotograficzne;

lutnicze;

wzornictwa przemystowego;

architektoniczne, architektoniczno-urbanistyczne i urbanistyczne;

muzyczne i stowno-muzyczne;

sceniczne, sceniczno-muzyczne, choreograficzne i pantomimiczne;
audiowizualne (w tym filmowe).

Ochrong objety moze by¢ wytgcznie sposdb wyrazenia; nie sg objete ochrong odkrycia, idee,
procedury, metody i zasady dziatania oraz koncepcje matematyczne. Utwor jest przedmiotem
prawa autorskiego od chwili ustalenia, chociazby miat posta¢ nieukonczong. Ochrona przystuguje
tworcy niezaleznie od spetnienia jakichkolwiek formalnosci.


http://prawo.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20180002245
http://prawo.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20180002245
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