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MODEL OF THE MULTI-WAVELENGTH MAGNETO-OPTICAL ROTATOR
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The model of a magneto-optical rotator based on a magneto-optical film with the flat conductor of current on
its surface is presented. Conductor has a wedge-shaped profile in order to provide simultaneous modulation of
the planes of polarization of light beams with identical angular amplitude that have different wavelengths. The
formulas for calculation of geometry of a profile of such conductor and of a magnetooptical film depending on
the range of working wavelengths and specific Faraday rotation of a film in this range are presented.
Keywords: Faraday rotator, magneto-optical film, the optical switch, optical fiber.
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INTRODUCTION

An important functional component of the light modulators and optical switches
based on the Faraday Effect is a device that provides modulation of the plane of
polarization of light. It includes magneto-optical (MO) element and a source of a magnetic
field magnetizing it. In the known from [1-3] optical switches, as the source of the
magnetic field are used inductive coils, in which MO element is located. More attractive
for miniaturization and increased performance of the switch is the MO rotator, considered
in [4], where the structure in the form of MO film element with the flat conductor with
parallel edges coated on its surface [5] is used. The light is introduced into structure
through the polished edge of the film and passes in the plane under the conductor
perpendicular to the control pulses of current. Polarization of light is modulated at the
expense of a planar component of the magnetic field induced by current.

In all mentioned works, the MO rotators in owing spectral dependence of specific
Faraday rotation of MO element provided only work on one of wavelengths in
telecommunication spectral range. For a possibility of work of MO rotator with several
lengths of waves in our work [6] it was offered similar with [4] structure at which unlike
analog, the flat conductor on a surface of a film has a wedge-shaped profile.

The aim of this work is to develop a physical model of such MO rotator and receive
analytical expressions for calculation of geometry of its elements in dependence of the operating
wavelengths of the device and the specific Faraday rotation at these wavelengths for a film
that is used.

1. THE PHYSICAL MODEL OF MO ROTATOR AND THE ASSUMPTIONS FOR
CALCULATION OF THE PARAMETERS OF ITS ELEMENTS

Fig. 1 is a schematic representation of multi-wavelength MO rotator. The rotator is
based on the flat wedge-shaped profile current-carrying element in order to provide
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identical angle of Faraday rotation of several beams of light with different wavelengths.
Beams of light are put in the plane of the film and brought out of it by optical fibers,
through respectively, the input and output of the MO film element edges, which are
optically polished. While has MO film the magnetic anisotropy of the “easy-plane”.

Each of the N pairs of input and output fibers, located equidistantly from both sides
of MO element operates at its wavelength of light. Moreover, the wavelength Ay increases
with increasing the serial number of the fiber. In other words, is considered the case where
at the expense of width of the conductor and, consequently, the length of the light path
through the magnetized MO film portion the dependence of specific Faraday rotation from
a wavelength of light is compensated [6].

MO
element

Flat
conductor

Optical Z(4)

fiber

IRV R R EE R E YR E VR PV

Fig. 1. Schematic representation of the MO rotator with optical fibers for transmitting
signals with the corresponding wavelengths.

As it is known at the vast majority of MO materials which are investigated in the
literature this coefficient decreases with increase of wavelength. Therefore, we will accept
this fact as the first assumption in our calculation.

The second assumption on which the calculation is based relates to the planar
component of the magnetic field, which magnetizes MO film in a plane along the light
beam, a layer of magneto-optical material under the conductor with current. In this case, it
is supposed to use a metal conductor strip width w that may exceed the thickness d in the
amount from several to several tens of times. According to the calculations [7, 8]
performed for the planar component of a magnetic field of Hy of the flat conductor with a
density of current evenly distributed in cross section, intensity of a planar component of a
field has to fall down at the edges of a strip very sharply. Therefore, in the case of
relatively low frequency (<1 MHz) pulsed current in our conductor, we assume
coincidence of geometric dimensions of the profile of the conductor and the profile of the
planar component of the magnetic field under it. As a confirmation of the correctness of
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this assumption Fig. 2 (a) shows the magneto-optical images copper strips with parallel
edges, and, for comparison, Fig. 2 (b) shows copper strips with the edges of wedge-shaped
profile obtained by us under identical conditions of giving a direct electric current. In the
experiment copper strips of 50 um thick and about 3 mm wide were used. The wedge strip
in narrow portion had a width of about 1 mm. As a magneto-optical indicator was used an
epitaxial iron garnet film (EIGF) with a stripe domain structure oriented along the conductor
on the surface of which this film was set. Observations were made in a reflected light with the
help of the optical microscope. At current inclusion, it is visible, as in the process of its
increase more and more domains within contours of both strips are collapsing under the
influence of a planar component of a magnetic field. Some non-uniform illumination of
images of conductors is explained by uneven contact of a surface of the film with the
conductor, and in the case of a wedge-shaped conductor, manifested in the narrow part at the
current 0,8 A longitudinal gradient of the current density. The new domain structures observed
along the edges of both conductors are reaction of this indicator film on vertical component of
a magnetic field. The formation of this type of domains is characteristic for this type of films
with small, about 10 Oe, values of the in-plane magnetic anisotropy. As a whole, in the
presented photos is obviously expressed the mapping of a planar component of a magnetic
field concentrated within borders of profiles of conductors.

Fig. 2. The magneto-optical images copper strips: a — with parallel edges and
b — wedge-shaped profile, with different values of the electric current.

As the third assumption, we consider the dependence of the wavelength of coefficient
of Faraday Or(1), as a linear function within near infrared area of a range of 1250-
1620 nm, where the MO rotator is planned to use. This assumption is based on the given
in [9, 10] dependences fg(4) for a some bismuth-containing garnet materials which within
the error of less than 6 % can be approximated by linear functions.
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2. CALCULATION OF THE GEOMETRY CURRENT-CARRYING ELEMENT OF
THE MO ROTATOR

At first, we obtain an expression for the calculation of the minimum necessary length
Zmin of the current-carrying element of MO rotator along the current direction. For
simplification of reasonings we will accept two conditions which are expedient from the
point of view of possibility of a technical embodiment. First, as the minimum acceptable
value for 0z (0z =Zy-Zn.1, see Fig. 3), we take the distance between the axes of two
contacting fibers. For example, when using standard (G652) fibers it will make 125 pm.
For the reasons of minimization of the sizes of the device it is expediently to bring two
beam with closest wavelengths of spectral range through fibers with distance between
them equal Jz. The second condition is that the interval between any of the predetermined
wavelengths has to contain in itself an integer of N of sizes d1, where N accepts values
1,2,3 ... n in ascending order of wave length from the fiber with serial number 1 (Z;
coordinate in Fig. 3) to the fiber with serial number of n (Zycoordinate in Fig. 3).
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Fig. 3. Model for calculation of the geometry current-carrying element of the MO rotator.

According to these conditions the maximum number of the long-wave channels
which can fit in the specified operating range Al and respectively amount of bringing
optical fibers, determined by the expression

Nmax = A/lwork/ 5/1: ( 1 )

when n = Ny,,x minimum required length of the current-carrying element of the MO rotator
Zmin and, accordingly, edge of MO element for connecting Ny, of fibers defined as

Zmin = Nmax'éz (2)
or, through the set long-wave parameters
Znin = 0zAAyork /04). 3)

Further we obtain an expression for the calculation of the longitudinal dimension X or
the minimum necessary distance between the edges of the MO element to operate the
device, as well as determine the sizes of a wedge-shaped profile of the flat conductor for
the rotator.
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Let us assume that it is necessary to modulate the light fluxes with wavelengths
located in the working spectral range

Aldwork = Amax — /1min; 4)

where Ay and A, respectively the minimum and maximum wavelengths of this range.
The size of X is determined by the optical path length needed by to rotate the plane of
polarization of the light at a predetermined angle ¥. This length, in accordance with our
first assumption, will be the greatest (Lm.) for the light beam with a maximum
wavelength Ay.. In turn, the optical path length for the predetermined angle ¥ can be
determined through specific Faraday rotation of MO element. Therefore, we can write

Liax = W/QF(/ImaX), (5)

where L..x — length of the optical path of the light with the wavelength ., needed to
rotate the plane of polarized light by a predetermined angle ¥; Op(Am.) — specific Faraday
rotation of MO element at the maximum wavelength A,x.

Accordingly, the size of X of the MO element in the propagation direction of light
can be determined by expression (5), i.e.

X = Linax = Y/0p(Amax)- (6)

Since we have assumed that the length of the interaction of a light beam with the
magnetic field determined by conductor width w, then (6) makes it possible to calculate
the maximum width of the wedge

Wmax = Lmax = V/0r (lmax)- (7

We can similarly calculate the minimum width of the wedge-shaped profile w,,;, by
the formula
Wmin = Lmin = Y//HF(Amin)- (8)
Thus, in general, the formula is
L(2) = ¥I0:(2) (€))
for the optical path length of light is a key to determine the linear dimensions of the wedge
profile w(4) in the direction of propagation of light beams with a predetermined
wavelength.

These sizes can be calculated if functional dependence 6p(4) of the used
magnetooptical material is known. In each of the beams passing though the path L(1),
corresponding to its location in the film layer under a wedge-shaped conductor, the plane
of polarization has to turn by an angle ¥ when the film is magnetized by the saturation
field in the direction of light propagation. As for the function 6p(4), then for the
calculations in practical purposes it can be determined by the method described in [10],
which was applied in research of EIGF for the manufacture of MO elements.

Using (9) and the value of the optical path for light beams with a Ay, and Apin,
respectively Lpn.x and Ly, needed to determine the formation of the desired wedge-shaped
conductor (Fig. 3), we will define a angle o at the vertex of the wedge

121



BASILADZE G. D., BERZHANSKY V. N., DOLGOYV A. L., PROKOPOV A. R.

vy
tg(Ol) _ Limax — Lmin _ OF (ﬂmax) Or (/1min) _ l//[eF (ﬂmin) —0OF (ﬂzmax)] (10)
VA4 VA Z-0r (ﬂmax) -OF (imin)
or
o= arctg|:l//[9[’ (ﬂ«min) —OF (ﬂzmax)]:| . (11)
Z-0r (/1max) -OF (lmin)

Value Z on the one hand limited by defined by formulas (2) and (3) minimum
permissible length of a wedge-shaped flat conductor Z.;, on the other hand, this
dimension can be increased. For example, for reasons of manufacturability bond forming
of fibers with the end face of the MO element expediently application connecting chips
with V-shaped grooves where step of the fibers may be greater than 125 pum. Increase Z
and respectively, the step of the fibers may also be caused by a need to reduce gradient of
the electric resistance by decreasing the wedge angle at the its apex. That is, the parameter
Z in the last formula either is given by the value Z.;,, or can be set according to
requirements of a concrete design of MO rotator.

CONCLUSION

A physical model of MO rotator based on MO film element with the flat conductor of
a wedge-shaped profile on a surface of the film was developed. It is assumed that such
device will provide simultaneous modulation of the planes of polarization of light beams
with different wavelengths with identical angular amplitude.

The model is based on the assumption of the coincidence of the geometric
dimensions of the profile of the flat conductor and the planar component of magnetic field
beneath. Magnetooptical images of flat conductors with current, which are considered as
confirmation of a correctness of such approach, are experimentally received.

The formulas allowing calculation of the plane geometry of the MO element and of the
flat conductor of the wedge-shaped profile on its surface, depending on the range of operating
wavelengths and the specific Faraday rotation for MO film in this range are obtained.

The received results are planned to be used when designing MO rotator. Such MO
rotator, being embedded in a fiber-optical circuit of spectral multiplexers and polarization
beam splitters can be used for switching of a multi-wave light flux in fiber-optic
communication networks [11].

The work was performed as part of the grant of the Ministry of Education and
Science of Ukraine Ne 306-13.
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Mopeabr 06araToxBuiaboBOro marsiroontu4ynoro odepraua / I'. JI. Bacuiaanse, B. H. bep:kancbkuii,
O I Joaros, A.P.IIpoxomoB // Bueni 3anucku TaBpiliCbKOTO HaIiOHAIBHOTO YHIBEPCHTETY IMEHi
B. I. Bepnazncekoro. Cepist : @izuxo-maremariyni Hayku. — 2013. — T. 26 (65), Ne 2. — C. 117-124.
3anponoOHOBaHO MOJENb MAarHITOONTHYHOTO oOepradya Ha OCHOBI MAarHITOONTHYHOI IDTIBKM i3 IUIOCKOT
SJICKTPOTIPOBITHOI0 IIMHOIO KIMHOMOAIOHOTO mpodidro Ha i MOBepXHI JuIs 3a0e3NedeHHs OJHOYacHOI
MOJYJISIIT IUIOIMH ITOJISIPH3AIlil CBITIOBUX IY4YKiB 3 PI3HMMH JOBXXMHAMH XBHIJIb i3 OJJHAKOBOIO KYTOBOIO
ammutitynoro. IlpexcraBieHo Qopmynn s po3paxyHKy TeoMmeTpii Npodigo Takoro NpOBiTHUKA 1
MarHiTOONTHYHOI IUTIBKM 3aJIe)KHO BiJ Jiama3oHy poOOYMX IOBXKHH XBWJIB 1 IUTOMOTO (apameiBCcEKOro
o0epTaHHs IUTIBKYU B I[bOMY Jialla30Hi.

Knitouogi cnosa: dapaneiBcpkuii o0epTad, MarHITOONTHYHA IUTiBKA, ONTHIHUH IIEpEMHKaY, ONITHYHE BOJIOKHO.

Mopejb MHOrOBOJHOBOrO Maruuroontuyeckoro Bpamarens / I'. 1. Bacunanze, B. H. Bep:xanckuii,
A. WU. Jloaros, A.P.IIpokonos // Yuensie 3anucku TaBpruecKoro HAIIOHAJHHOTO YHHBEPCHUTETA HMCHH
B. U. Bepraackoro. Cepust : uznko-maremarndeckue Hayku. —2013. — T. 26 (65), Ne 2. — C. 117-124.
IIpennoskena Moenb MarHUTOONITHYIECKOTO BpaIaTeIs HA OCHOBE MAaTHHUTOONTHIECKOH IUICHKH C IIOCKHM
TOKOHECYII[IM 3JIEMEHTOM KIMHOBHIHOTO MPO(QIs Ha ee MOBEPXHOCTH AT OOECICUeHUs] OXHOBPEMEHHOM
MOJIYJISIIIAY TUIOCKOCTEH MONSPU3aluy CBETOBBIX ITyYKOB C PA3HBIMHU JTHHAMHU BOJIH C OJMHAKOBOH yTJIOBOH
ammmutynoi. IIpeactaBmensl Qopmynsl A pacdeTa TEOMETpHH TNPOQHIS Takoro IPOBOJHHKA U
MarHUTOONTHYECKON TIEHKU B 3aBUCHMOCTH OT AWana30Ha pabouux JUIMH BOJH U YIENbHOTO (hapageeBCKOro
BpAILEHUs [UICHKU B 3TOM JHaIa30He.

Kniouesvie cnoea: dapaneeBckuil BpalaTelb, MarHUTOONTUYECKAs IUICHKA, ONTHUYECKUH INEpeKIIouaTens,
OINITUYECKOE BOJIOKHO.
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