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1. BBEAOEHUE

[locnenHue OOCTHUKeHUSI B pa3paboTke BOJOKOHHO-
OIITUYeCKUX HAATYHMKOB JIeKTpHUUecKoro Toka (BOAT)
Ha OCHOBe MarHHTOOITHYecKoro s¢dexra dapanes
Pe3Kko IOBBICHMIHN HUX 3PPeKTUBHOCTb OIS MeETPOJIO-
TUYeCcKHUX LieJler, YTO IIPHUBeNIO0 K 3HAYHTeIbHOMY
pacmurpeHuIo cepbl UX MPUMeEHeHHs. B 4acTHOCTH,
YUMUThIBasl HU3KYIO HHePLIMOHHOCTh 3¢ perra Papanes
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1. INTRODUCTION

Recent advances in the development of fiber-optic
electric current sensors (FOCS) based on the magneto-
optical Faraday effect have dramatically increased
their efficiency for metrological purposes that has
led to a significant expansion of their scope of
application. In particular, with due regard to the low
inertia of the Faraday effect (~10 s), such sensors are
of interest for measuring impulse currents [1, 2], for
example, in the linear pulsed electron accelerators.
The modern FOCSs are usually based on the basis of
a low-coherence reflective interferometer [3]. They



| TECH FIBER OPTIC DEVICES & TECHNOLIGIES m

(~107 cek), Takue JATYMKHU IIPECTAB/SIOT HHTEpec
IUIS. M3MepeHHH HMIIYIbCHBIX TOKOB [1, 2], Hampu-
Mep B JINHEHHBIX UMITY/IbCHBIX YyCKOPHUTEJISIX 3/IeKTPO-
HoB. CoBpemeHHble BOJT, Kak IIpaBUJIO, IIOCTPO-
€HBl Ha OCHOBe HH3KOKOT€PeHTHOI'O OTPa’KaTe/IbHOI'o
uHTepbepomeTpa [3] U HCIONB3YIOT B KauecTBe 4UyB-
CTBUTE/IBHOIO 3JIeMeHTa BOJIOKHO C BBICOKHUM JIHHeH-
HBIM JByaydernpenomieHueMm (IJIII) U COHUPaIbHOU
CTpyKTYypo¥ oceii JJIIT (spun-BonoKHoO) [4].

Ha mpakTHKe Spun-BOJIOKHO [JaTYMKa HaMaTblBa-
eTCs Ha KaTYyIIKH C paguycoM He MeHee 10 cMm, mpu
3TOM BHMsiHMe H3rubHoro JJIII Ha AMHAMMKY IOJIS-
pU3alMK IIpeHeOpeskHMMO Mao. YUYHUTBIBAsL, YTO
IyTHHA OMeHHH BCTPOeHHOr0 THHeHHOro [JIIT 06br9HO
B HECKOJIbKO pa3 Oosibllle JUIMHBI IIara CIHPaIbHOM
CcTpyKTypbl IJIII, Iongpu3alyisg H3Ay4YeHHS B Spun-
BOJIOKHE OCTaeTcsi 6/IM3KOM K LIMPKY/ISIPHOM, 4TO 0be-
CIleYMBaeT BBICOKHE XapaKTePUCTHUKU HHTepdepome-
Tpa. Mcronp3oBaHMe ke Majoro paguyca HaMOTKH,
BIIJIOTh [0 HECKOJIbKHX MH/UIMMETPOB, I103BOJISET
CyIleCTBEHHO COKPaTHUTh JIMHEHMHYIO JJIMHY YyBCTBH-
TeJIbHOT0 BOJIOKHA IIPU HeHM3MeHHOM YHC/Ie BUTKOB (a
COOTBETCTBEHHO K YYBCTBUTEIBHOCTH AAaTUMKa). [Ipu
3TOM CHMYKAeTCs IIPOJIeTHOe BpeMs H3/IYYeHHUs, a 3Ha-
YHT, YBeJIMYMBAETCS BpeMeHHOe paspelleHHe [IaT-
YMKa - 3T0 0COBeHHO BaXKHO )1 U3MEePeHUS UMIIYJ/IbC-
HBIX TOKa [2]. OfHAKoO IPH TaKUX MaJIBIX pafHycax
HaMOTKHU M3rubsoe JJII1 CTAaHOBUTCA LOBOJIBHO cyie-
CTBeHHBIM W CHJIbBHO MeHSeT 3BOJIIOLIMI0O COCTOSHUS
MoJISIpU3aLuH [5]. IKCIIepUMeHT II0Ka3bIBaeT, YTO 3TO
IIPUBOLAUT He TOJIBKO K CHMKEHMIO MarHHUTOOIITHYEe-
CKOM 4yBCTBUTE/IBHOCTH JATYMKA, HO U K CHHKEHHIO
BUJHOCTH HHTeppepeHIIMOHHON KapTHUHBI, TaK Kak
YBEIIMYMBAETCS HEeKOrepPeHTHas COCTaBIIANINASA CBETa
B TpaKTe MHTepdepoMeTpa U MCKa’KAeTCs ero CIeKTp.
B KOHeYHOM HUTOre BCe 3TH GaKTOPhI OKA3bIBAIOT Hera-
TUBHOE BJIMSHHE HA COOTHOIIEHME CUTHA/I-IIIYM. ITOT
3bdeKT OBl BIIepBbIe BBISBIEH B [6], HO aHATUTHYe-
CKOT'0 paCCMOTPeHM s He IIPOBOAUIIOCh.

OpuH U3 crnocoboB yBelHMYeHHS! COOTHOLIEHHUS
CHUTHaJI-IIyM B HH3KOKOTePeHTHBIX ONTHYeCKUX [AaT-
YHUKaX COCTOMT B IIOIABJIEHHUM H30BITOYHOIO IIyMa,
BBI3BAHHOIO OHeHHeM CIIeKTPAJIbHBIX KOMIIOHEHT
HHM3KOKOI'epeHTHOIo cBeTa [7]. )11 pealn3alllK 3TOr0
MeToJa B CXeMy [JaTuHKa BCTPAaMBaeTCsl OIOPHBIM
ONTHYEeCKHH KaHajl, H30BITOYHBIN HIYyM KOTOPOIO
BBHIYMTACTCS M3 CHUIHA/Ia HM3MEPHUTEJBHOIO KaHasja.
JTOT METOA, ysKe IIOJIy4Yr/I LIMPOKOe PacIIpoCcTpaHe-
HHe B BOJIOKOHHO-OITHYeCKOM THPOCKOIUHU [8, 9].
B uactHocTH, B pabore [9] aBTOpEI HCCIEAYIOT BIIH-
SHHWEe Pa3IHu4YMsA CIEeKTPOB H3Jy4YeHHs B OITHYE-
CKUX KaHa/JlaX BOJIOKOHHO-OIITHYECKOTO THPOCKOIIa
CaHpsIKa Ha IOfaBTIeHHe H36BITOYHOro Imyma. 4YTo
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use a fiber with a high linear birefringence (BR)
and a spiral structure of the BR axes (spun fiber) as
a detecting element [4].

In practice, the spun sensor fiber is wound on
coils with a radius of at least 10 cm, while the effect
of the bending BR on the polarization dynamics
is negligible. Having considered that the beat
length of the built-in linear BR is usually several
times greater than the step length of the BR helical
structure, the radiation polarization in the spun
fiber remains close to the circular one that ensures
high performance of the interferometer. The use of
a small winding radius, up to several millimeters,
makes it possible to significantly reduce the linear
length of the detecting fiber with a constant
number of turns (and, accordingly, the sensor
sensitivity). In this case, the transit radiation time
is decreased leading to an increased in the temporal
detector resolution, this is especially important for
measuring the pulsed currents [2]. However, at such
small winding radii, the bending BR becomes quite
significant and substantially changes the evolution
of the polarization state [5]. The experiment shows
that this leads not only to a decrease in the magneto-
optical detector’s sensitivity, but also to a decrease
in the interference pattern visibility, since the
incoherent light component in the interferometer
path is increased and its spectrum is distorted.
Ultimately, all these factors have a negative impact
on the signal-to-noise ratio. This effect was first
revealed in [6], but no analytical consideration was
performed.

One way to increase the signal-to-noise ratio in the
low-coherence optical sensors is to suppress excess
noise caused by beating of the spectral components
of low-coherence light [7]. To implement this method,
a reference optical channel is built into the detector’s
circuit, the excess noise of which is subtracted from
the measurement channel signal. This method
has already become widespread in the fiber optic
gyroscopy [8, 9]. In particular, in [9], the authors
study the influence of differences in the emission
spectra in the optical channels of a fiber-optic Sagnac
gyroscope on the excess noise suppression. As for
the optical current sensors, this method was first
proposed in [10]. It was found in [6] that when winding
a spun fiber with a small radius, the efficiency of
excess noise suppression is decreased, and the direct
cause of this effect is the optical spectrum distortion.
However, no more detailed analysis was provided.

The purpose of this paper is to systematically study
the features of excess noise suppression in the FOCS
based on a low-coherence reflective interferometer,
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KaCaeTcs ONTUYECKUX TATYHUKOB TOKA, TAaHHBIH METO[,
Ob1 BIlepBble IperyiokeH B [10]. B pabore [6] 6bL10
BBISIBJICHO, YTO IIPHM HaMOTKe Spun-BoJIOKHA C MaJIbIM
panuycom 3¢PeKTUBHOCTD MOAABIEHUS HU30BITOYHOTO
IIyMa CHIKAeTCd M 4YTO HeIOCPeNCTBeHHOM IPHUYH-
HOHM JaHHOro 3ddeKTa sIB/IsSeTCs UCKasKeHUe OITHYe-
ckoro crexTpa. OnHako 6osee HETAIPHOIO AaHAIM3A
IIpefCTaBIeHo He ObLIo.

Llenpo AaHHOM paboTHI SBISIETCS CHCTeMaTHue-
CKOe H3y4eHHe OCOOeHHOCTeH IIOfIaBIeHUs U306BITOU-
HBIX yMOB B BOIT Ha OCHOBE HM3KOKOT€PEHTHOIO
OTpaskaTe/JIbHOIO0 HHTepdepoMeTpa, UyBCTBHUTEIbHOE
SpUN-BOJIOKHO KOTOPOI0 HAaMOTAaHO C HeboIbIINM
PagHyCcoM.

2. TEOPUA

2.1. BOJIOKOHHO-ONTUYECKON AaTUYUK TOKA

Ha ocHoBe 3¢ PpekTa Papapes

[TpuHUMI paborsl BOAT c IBYyXKaHa/JIbHOM CHCTEMOL
JeTeKTUPOBAHUSA IIpelCTaB/ieH Ha PHUC. 1 U COCTOMUT
B CleAyoueM. HemonsapusoBaHHOe M3yUyeHHe, TeHe-
pupyemoe CyIepJIIOMHUHECIIEHTHBIM MCTOYHHKOM,
IIPOXOJMT IIOC/IEA0BATEIPHO COeNHUHEHHBIe IIOJISPH-
3atop, PM oTBeTBUTe/b (OCh IIPOIYCKAHUS MOJSIPU3a-
TOpa OPUEeHTHPOBaHa C OAHOM U3 ocel [IJIIT BXOZHOIO
BOJIOKHA OTBETBHTe/ISI) M 3aTeM BBOLUTCS B Spuml-
BOJIOKHO, OXBaThIBalolllee IIPOBOAHMK C TOKOM. [lasee
CBET PaCIIPOCTPAHSAETCS B SPUN-BOJOKHE B IIPSIMOM
HAIIpaBJIeHHUH, OTPa’kaeTcs OT 3epKaja Ha KOHIe
BOJIOKHA U IIPOXOIUT OITHYECKUH TPAKT B 06paTHOM
HalIlpaB/IeHUH. [IpU ITpoxojie BOJIOKHA B 000KX HAIIpaB-

the sensitive spun fiber of which is wound with
a small radius.

2. THEORY
2.1. Fiber-optic Current Sensor Based on the
Faraday Effect

The FOCS operating principle with a two-channel
detection system is shown in Fig. 1 and described
below. The unpolarized radiation generated by
a superluminescent source is passed through a series-
connected polarizer, PM coupler (the polarizer axis
is oriented with one of the BR axes of the coupler’s
input fiber) and then is injected into a spun fiber
surrounding a current-carrying conductor. Further,
the light propagates in the spun fiber in the forward
direction, is reflected from the mirror at the end of
the fiber, and passes through the optical path in the
opposite direction. When the fiber passes in both
directions, a phase shift occurs between the circularly
polarized radiation components due to the Faraday
effect [3]:

Age =4V [BdI=4VNi,,, o)

where the contour integral of the magnetic field B
induced by the measured current i, is taken along
the spun fiber path, and the second equality is
applicable in the case of a closed loop. In this case,
V is a Verdet constant of the fiber material, N is the
number of fiber turns around the current-carrying
conductor.

HICTOYHHUK HU3/TyIeHHUSs
Light source

IupKRyasaTop Tlonsgpusatop PoraTtop ®apazes
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Fig. 1. The scheme of the FOCS with excess noise suppression
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JIeHUSIX MeKy LIUPKY/ISPHO MOISIPU30BAHHBIMU KOM-
[IOHEHTAMH M3/1y4yeHUs] BO3HHKaeT (a30BBIM CIOBUT,
obycnoBneHHbIH 3pdexTom dapazes [3]:

Ap; =4V [BdI=4VNi,, o)

IZle KOHTYPHBIK HHTeIpajl MarHUTHOIO Ions B, HHAY-
LIMPOBAaHHOIO HM3MepseMbIM TOKOM i,, 6epeTcs BHOIb
IIyTH SPUnN-BOJIOKHA, a BTOPOe PaBeHCTBO KMeeT MeCTO
B CIy4ae 3aMKHYTOIrO KOHTYypa. 3mech V - IOCTOSHHAs
Bepae matepuasa BOJIOKHA, N — KOJIMYE€CTBO BOJIOKOH-
HBIX BUTKOB BOKPYT IIPOBOJHHKA C TOKOM.

[yt TOro 4Tobbl yBeTUYUTD UyBCTBUTEIBHOCTD JIAT-
YMKa K MajJbIM TOKaM K 0becreuuTb CIIOCOOHOCTH
Pas3IMYUTh HallpaBleHHe H3MepseMoro Toka, pabo-
4Jasi ToOuKa MHTepdepoMeTpa COBHUIAETCS Ha IIOCTOSH-
HBIHA yroj T/2 c moMolubo PapameeBCKOro poTaTopa
(4T0 MO3KeT OBITh TAKKE JOCTUTHYTO MOAY/ISLIMOHHOK
CXeMOU [JeTeKTHpOBaHUS [3]). B pesynbTaTe HHTeH-
CUBHOCTb I1aJIal0Iero Ha (OTOAeTeKTOp cBeTa OymeT
MMeTb BU[:

I= 12—0(1+COS[A(pF +§D, )

4YTO IIpHUBeleT K reHepallMu $oToToka i=nl, rme n -
Ko3¢duIMeHT 3¢ PeKTHUBHOCTH LAeTeKTopa.

Yro KacaeTcs HIyMa BBIXOJHOTO CHTHajla (OTO-
muopa O8i, ero OCHOBHBIMH MCTOUHHKAMH SIBIISIIOTCS
GOTOHHBIN U U30BITOYHBIH HIYMEI [8]:

(81%)=2enIB+n’l (3)

2
E.
ITepBoe cnaraeMoe B (3) cOOTBETCTBYeT GOTOHHOMY
IIyMy, & BTOpoe - H30BITOYHOMY, OOYCIIOBIEHHOMY
OveHHeM CIIEeKTPAJbHBIX KOMIIOHEHT CBeTa IIPHU
KCIIOJIb30BAHUU HHU3KOKOTePeHTHBIX HCTOYHUKOB
U3JIy4eHHUs. 30ech AV - LIMPUHA ONITHYeCKOro CIIeKTpa,
B - mos1oca poToneTEeKTOPA U YCHUIIUTEIS, e — 3apsif, 3/1eK-
TpPOHA. 3aMeTHM, YTO H3-3a JUHEHHOMN 3aBUCHMOCTH
M36BITOYHOTO IIyMa OT HMHTEHCHBHOCTH H3Ty4eHHs
GOTOHHBIMN IIyM COOTHOCHTCS K M36BITOYHOMY Kak 107
yKe IIPU MOIIMHOCTH H31y4eHus ~10 MKBT, mmosTomy
Ha IIPaKTHKe ero BIHsSHHNEeM MOXKHO ITpeHebpeyb.
M36BITOUHBIM IIYM Ha BBIXOJe CHIHAJIBHOIO
KaHa/Ia JaTYMKa MOKHO BBIYECTh K3 IOJIE3HOTO CHUT-
HaJla, HCIIO/Ib3ysl LIYMOBOK CHUTHal OIOpPHOro $orto-
JeTeKTopa, MOAKIIYeHHOro K BhIXxogy 2 PM oTBeT-
Butens (6, 10] (puc. 1). [IeHCTBUTeNbHO, TaK KakK
H30BITOYHBIN INYM ITPOMCXOLUT OT OOIIEro HCTOY-
HHKA HU3JIy4eHHs, IIYMbl BBIXOAHBIX TOKOB CHUTHAJIb-
HOT'O U OIOpPHOro ¢ortomeTekTopoB Oi; U i, Koppenu-
poBaHBI. UTO Ba’kHO, IPHU BBIUMTAHUH BBIXOJHBIX
TOKOB QOTOAMOMAOB I10JIE3HBIN HHTepdepeHIMOHHBIH

Syl 4

In order to increase the detector sensitivity to the
low currents and provide the ability to distinguish
the measured current direction, the operating point
of the interferometer is shifted by a constant angle
m/2 using a Faraday rotator (that can also be achieved
by a modulation detection circuit [3]). As a result, the
intensity of the light incident on the photodetector
will have the following form

I:%"(1+cos[A(pF+§D, )

that will lead to the photocurrent generation i=nl,
where 1 is the detector efficiency factor.

As for the photodiode output signal noise &i,
its main sources include the photon and excess
noise [8]:

(8i%)=2enIB+n’ 3)

2
A—vo

The first term in (3) corresponds to the photon noise,
and the second term corresponds to the excess noise,
due to the beating of the spectral light components
when using the low-coherence radiation sources. In
this case, Av is the optical spectrum width, B is the
band of the photodetector and amplifier, and e is
the electron charge. It should be noted that due to
the linear dependence of the excess noise on the
radiation intensity, the photon noise correlates to
the excess noise as 107! even at a radiation power of
~10 pW, therefore, in practice its influence can be
neglected.

The excess noise at the output of the detector’s signal
channel can be subtracted from the desired signal
using the noise signal of the reference photodetector
connected to the 2 output of the PM coupler [6, 10]
(Fig. 1). Indeed, since the excess noise is received from
a common radiation source, the output current noise
of the signal and reference photodetectors &i, and i,
are correlated. It is important that when subtracting
the output currents of the photodiodes, the desired
interference signal will not be subtracted: in the
reference channel, the light does not pass through
the polarizer in the opposite direction, so there is
no interference signal. The excess noise suppression
ratio k is determined by the formula

where the angle brackets denote the time averaging
operation. It should be noted that for the most
effective noise reduction by this method, the output
noise must be synchronized and equalized in terms of

PHoTONICs vOL. 16 N27 2022 ggg
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CUTHAJI BBIYUTAThCSA He OyneT: B OIOPHOM KaHajle
CBeT He ITPOXOJUT IOJISIPU3ATOP B 06paTHOM HaIlpaB-
JIeHHUH, [03TOMY MHTepdepeHIIMOHHBIM CUTHaI TaM
oTcyTcTByeT. KodpPHULMEHT momaBaeHUs] HU30BITOU-
HOTO IIyMa K OIIpefie/isieTcss GopMyiok

IIe yIIoBble CKOOKM 0603HAYAIOT yCpeJHeHHe 110 Bpe-
MmeHH. OTMETUM, 4TO I Haubosmaee 3dbeKTUBHOrO
CHIDKEHHS IIyMa YKa3aHHBIM METOJOM BBIXOIHBIE
IIyMBI JO/DKHBL OBITH CHHXPOHH3HPOBAHBL U BBIPAB-
HEHbI 110 MOIIHOCTH: (3i7)=(3i3). B 3Tom crydae u3 (4)
[IoTy4aeM, YTO KO3GPUIIMEHT ITOAABIeHUS U30bITOU-
HOTO IIyMa 3aBHCHUT OT KOPPEe/ISILIUH BBIXOZHBIX TOKOB

Y= <5i16i2>/<6i§> KaK

1
—2+'Y=1. (5)
K

2.2. PacnpocTtpaHeHuMe Nonsspm3oBaHHOro
n3ny4yeHumsd B spun-BoJiIOKHe
PaccMOTpPUM Tellepb OCHOBHBIE OCODEHHOCTH PaCIIpo-
CTpaHeHUs MOJSIPH30BaHHOIO CBETa B SPUN-BOJIOKHE
BOJT. IlonspH3allMOHHBIE CBOKCTBA SPUN-BOJIOKOH
B HacTosilllee BpeMs JMJOCTATOYHO XOPOIIO H3Y-
yensl (5, 11] u ompenensorcs [JII1 B BOJIOKHE U [IJIH-
HOM LIara BpallleHHsI ero oceH. BcTpoeHHOe JIMHeM-
Hoe [I/ITT xapaKkTepu3yeTcst [UIMHOM 6uenut Ly =2t/ i,
rae Pi=ko(n,—n,) - pasHOCTD MeXIy KOHCTAaHTaMH pac-
IIPOCTPaHEeHHUs TMHENHO IOJSPHU30BaHHBIX MOJ, /4
MaJIOTO CJ10sI BOJIOKHA, k,=2m/A, a Imar BpamieHus L
oIlpefie/isieTcsl IIPOCTPAHCTBEHHOM 4YacTOTOM Bpallle-
HUS ocelt &=2m/Lg. M3rubuoe [JIII XxapaKkTepu3yeTcs
IIPOCTPAHCTBEHHOM YacTOTON [3, MM COOTBETCTBYIO-
e IINHOU 6ueHuH [12:]
2
Lbyezé—ﬂi—“}}—z, ©)
e N

rage Ko3pdUIIHEHT CS=(1/2)I<Oﬁ3(pu—pu)(1+vp)~ﬁ3/7»
3aBUCHT OT COCTABJISIIOLIMX TeH30pa AedpOopMaLlUH pj;
MarepHasa BOJIOKHA U KodpduipeHTa IlyaccoHa v,
(m1st xBapua C,~1,1-10° M Ha [JIWHe BOJHBI
A=1,55 MKM), R - papuyc usruba, r - paguyc 060104k
BOJIOKHA, a fl - CpefHee 3HaueHHe IIOKas3aTess IIpe-
JIOMJIeHHS BOJIOKHA. LlupKynspHoe [IJIII 6ymeMm masee
XapaKTepHU30BaThb PasHHLEN MeXIy KOHCTaHTaMH
pacCIpocTpaHeHUs LHUPKYISPHO MOISIPU30BAHHBIX
MO, .

MoHoXpoMaTH4YecKHe CBeTOBBle BOJHBI, Ppac-
IIPOCTPAHSIIONIMeCs 10 SPUn-BOJIOKHY B IpsiMoM (f)

556 POTOHMKA TOM 16 Ne7 2022

power: (8if )= (8i). In this case, based on (4) we obtain
that the excess noise suppression coefficient depends
on the correlation of output currents y=(8i,3i,)/(3i3) as
follows: 1
—+y=1L (5
K

2.2. Polarized Radiation Propagation in the
Spun Fiber
We will consider the main features of the polarized
light propagation in the FOCS spun fiber. The
polarization properties of spun fibers are currently
quite well studied [5, 11] and are determined by the BR
in the fiber and the spin pitch. The built-in linear BR
is specified by the beat length L,;=2m/pi, where
Bi=Kko(n,—n,) is the difference between the propagation
constants of linearly polarized modes for a small fiber
layer, ky=2m/A, and the spin pitch L; is determined by
the spatial rotation frequency of the axes &=2n/L,.
The bending BR is characterized by the spatial
frequency B, or the relevant beat length [12]:
2n _4n R’

be = B_g = C_Sr_z y (6)
where the coefficient C, =(1/2)k,*(p,, —pu)(1+vp) ~/A
depends on the strain tensor p; components of the
fiber material and Poisson’s ratio v, (for quartz
C,~1,1-106 m! at a wavelength A=1,55 pm), R is the
bending radius, ris the fiber cladding radius, 7 is the
average value of the fiber refractive index. The circular
BR will be further specified by the difference between
the propagation constants of the circularly polarized
modes a.

The monochromatic light waves propagating in
the spun fiber in the forward (f) and backward (b)
directions as a first approximation can be decomposed
into the elliptically polarized modes (hereinafter
referred to as modified helical modes) [5]:

L r - ik .
Ef — Clele (konsze iS(0,/2)z + Czeze L O”fzels(oc/l)z ,

~ _j ~ ik RNEY
Eb — C3e3e|kﬂnsze iS(a/2)z + C4e4e“0nfze[5(0t 2)z , (7)
where 1
<~ i 2iez-ip
é,= ee, , the*¥ %, ),
‘ 1+b? ( ' ' )
_ 1 y .y
é,,= (e7%e, ; £be e, ) (8)

:

1+b?

are the polarization vectors of these modes. In this
case, the vectors

o - 1 ei&z
14— _ ’
V1+a®| +ae™
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u obpatHoMm (b) HampaBneHHsX, B IepBOM NpHUOIHU-
SKeHHUU MOTYT OBITh Pa3oKeHbl HA 3JUIHMITHYECKU
IIOJISIPU30BaHHBIe MOABI (Ha3blBaeMble Jajee MOIH-
bHUIIMpOBaHHbBIE BUHTOBBIE MOABI) [5]:

—_ " a p-ikongz,—iS(0/2)z 5 ko is(s2)z
E =Cée™e +Cee e ,

E, =C,@,elmie 82F 4 C 4é4e['<°"fzeis(“ 2 7)
e 5 1 i pei-ie
€= W(e e, tbe ez,})’
;= —\/117 (e”""eL3 + be’Ziiz*“"eI’A‘) (8)

— BEKTOPBI HOHHPI/IBaL[I/II;I 3THUX MOL. 31ech BEKTOPbBIL

o _ 1 eiiz
14— i ’
N1+a?| +ae ™

€,3= 1 [ iaeléz ], 9)
olea?| e®
3arnrcaHHble B 6asyce LUPKYJISPHBIX IIOMSIPU3ALUN
(BepXHSISL M HHSKHSISI KOMIIOHEHTHI ITPe/ICTABIISIIOT COOT-
BETCTBEHHO JIEBYIO K IIPaBYIO LIUPKYJISPHbIE IIOIAPU-
33.LII/II/I), COOTBETCTBYIOT IIO/ISPHU3ALIHHOHHBIM MOJaM
[IPSIMOIMHENHOI0 Spun-Bo/IokHa. KoapduiireHTs

_ L _B
°7or,, T2
2
azi“li‘:_l (10)

XapaKTepHU3yIOT OTKIOHEHHe BHHTOBBIX MOJ, IIPSIMO-
JIMHENHOI0 SPUn-BOJIOKHA OT LIUPKY/ISIPHO IIOMSIPH30-
BaHHBIX MOJ, a KO3QPUIIHEeHThI

~ 1 Be 4L2bl
o= — = - ,
a(l+a®)B, L,L,
2
p=Y1to (11)
o

AHAJIOTUYHBIM 06Pa3soM XapaKTepU3yloT OTIUYHe
TMO/SAPU3ALMOHHBIX MOJl H30THYTOTO SPUN-BOJIOKHA
OT COOTBETCTBYIONIMX MO MPSMOIHHEMHOr0 Spumn-
BOJIOKHA, TIPH 3TOM TPHUOIM3UTE/NbHOE PaBEHCTBO
CIIPaBe[UTUEBO ISl MAJIBIX 0. ( 0603HAYAeT yroi, Iof
KOTOPBIM TIIJIOCKOCTh HW3ruba HAK/IOHEHA OTHOCH-
TeJIbHO MeJIJIeHHO! OCH BOJIOKHA B ero Hadajae. Mogibl
1 ¥ 3 aBASIOTCSI MeIJIeHHbIMH M MMEIOT I10Ka3aTelb
npenomieHus fl, =i +Q/(2k,), a Moxsl 2 U 4 ABIAOTCS
GBICTPHIMM W HMMEIOT I10Ka3aTelb IPeloM/IeHHUs
n, =i-Qf(2k,), rme

Q:2§+2§(\/1+02—1) 1+6°. (12)

Syl 4

1 +ae'
e,;= o 9)

recorded in the basis of circular polarizations (the
upper and lower components represent the left and
right circular polarizations, respectively) correspond
to the polarization modes of the rectilinear spun fiber.
The coefficients

_ LB
°7or,, T2
2
azi“hrg_l (10)

describe deviation of the helical modes of a straight
spun fiber from the circularly polarized modes, and
the coefficients

1
a(l+a’)

b:x/1+(5Z _

o

4L,
L L

be™'s

6:

Be
B

1 (11)

describe the difference between the polarization
modes of a bent spun fiber and the relevant modes
of a straight spun fiber in a similar way, with the
approximate equality is valid for small o. ¢
denotes the angle at which the bending plane is
inclined relative to the slow fiber axis at its
beginning. The modes 1 and 3 are slow and have
a refractive index n,=f+Q/(2k, ), while the modes 2
and 4 are fast and have a refractive index
n, =f-Q/(2k,), where

fz:2§+zg(\/1+c2 —1)\/1+62. (12)

The polarization states of the modes are elliptical,
thus, their sensitivity to the Faraday effect is
decreased with a factor that is hereinafter referred to
as the relative response factor.

2.3. Spectrum Deformation in the FOCS with
Small-radius Spun Fiber Winding

We will use the above formal description to consider

the propagation of light waves in a reflective

FOCS shown in Fig. 1. According to the circuit, an

unpolarized light wave is passed through a polarizer

and acquires linear polarization

eie efie

—=+e,—=,
2 '\2
oriented with an angle 6, where e, are the basis

vectors of circular polarizations. When entering
a spun fiber, such a wave excites both polarization

E,=¢ (13)
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[Tonsipu3allMOHHBIE COCTOSIHUSI MOJ, SIBJISIOTCS
3JUIMIITUYECKMMH, II03TOMY HMX 4YYBCTBHUTEIBHOCTb
K 3¢dexTy Papages yMeHbIIAeTCS ¢ KO3PPHUIIMEHTOM

S:]_/(\/1+(52\/1+62), KOTOPBIX B JaJIbHeHIIeM Ha3blBa-

eTcss KO3QPUIIMEeHTOM OTHOCHUTEIbHOM 4YBCTBHTEIb-
HOCTH.

2.3. Aedpopmaums cnektpa B BOAT

C HAaMOTKOM Spun-BOJ/IOKHa

no maaomy paauycy
Bocmonb3yeMmcs MpUBeNeHHBIM Bbllle GOpMaTHu3MOM
I/ PacCMOTpPeHHMSI PacIpoCTpaHeHHs BOJIH CBeTa
B oTpakaTeapbHOM BOJT, m306paskeHHOM Ha puc. 1.
Cnenys cxeme, HeIOJNSpHU30BaHHAs CBETOBas BOJIHA
[IPOXOAUT IIOSPHU3aTOp KU IpHUoOpeTaeT JHHEHHYIO
IIOJIAPU3ALIHIO:

eie efle
E =e—=+e —,
p Iﬁ r\/z

OPHEHTHPOBAHHYIO C yI7I0M 0, e~ 6a31CHbIe BEKTOPHI
LIUPKYJISIPHBIX IIONSIpU3aliuii. I[Ipu BBoZe B spun-
BOJIOKHO TaKas BOTHa Bo30OykmaeT obe IOIspH3aLU-
OoHHble MoAbl 1 U 2 (cM. (7)), aMIUIUTYABl KOTOPBIX C
U G, CJIenyoT U3 Ha4a/IbHOTO YC/IOBUS Ef(0)=Ep:

(13)

Cl,Z = (él,z 'Ep )0’ (14)

rIe KpyIJbIMU CKO6KaMH 0603HaUeHO CKAISPHOe IIPo-
MU3BeIeHHe, a HIDKHUH HHAEKC «0» o3HadaeT, 4To
BEKTOPHI IIOJISIPU3ALIMH JO/KHBL OBITh B3SITHL B Hauasle
BOJIOKHA (z=0).

AMIIIUTYABL OOPAaTHBIX BOJH, BO3HHUKAIOUIKX IIPU
OTPLKEHHMH CBeTa OT 3epKaja Ha KOHIle BOJIOKHA,
BBIUMC/ISIIOTCSL M3 TPAaHUYHOIO YCIOBHS Ef(L)=Eb(L).
J1s majamomel BOAHBL C MOAOM 1 M3 3TOr0 yC/IOBHS
BBITEKAET, YTO B HAYAIBHOI TOUKE BOJIOKHA JIEKTPH-
YecKoe I10JIe OTPaskeHHOI'0 CBETa PABHO:

Eg) _ Clefzikom_ (Cﬁ”é;‘m 4 Cf‘l)é4e-5al_)’ (15)
a I8 MHajamolled BOJHBL, HMeWIern MoAy 2
COOTBETCTBEHHO

Eng) _ CZE—ZikDHL (C(}Z)é3eis°"' + Cﬁz)é4eiﬂL), (16)

rfie ObUIM KCIONB30BAHBL PaBEHCTBA M +M =21
M =N = QO/k, . AMIUTHTY/BI OTPasKeHHBIX MO, PABHBbI:

c :(él’é4)L O = _(éz’é4)L’

cy :_(élréz)L’ cy :(éz’é3)L’ 17)
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modes 1 and 2 (see (7)), which amplitudes C; and C, are
based on the initial condition Ef(O) =E,:

C1,z = (él,z 'Ep)o’ (14)

where the parentheses indicate the dot product and
the subscript «0» means that the polarization vectors
should be taken at the beginning of the fiber (z=0).

The amplitudes of the reverse waves arising due
to the light reflection from the mirror at the end of
the fiber are calculated on the basis of the boundary
condition E{L)=E;(L). For an incident wave with the
mode 1, this condition implies that at the initial fiber
point, the electric field of the reflected light is equal
to the following

E{]l) _ Cle—zikoﬁL (Cgl)é3e’im " C&l)é4e’[s°‘L), (15)

and for an incident wave, having the mode 2
respectively, it is equal to the following

EEIZ) — Cze—zikoﬁL (C(32)é3eIS(xL + ng)é4eis'2L ) , (16)

where the equalities n, +n, =27, and n,-n; =Q/k, were
used. The reflected mode amplitudes are

C(31> = (é1,é4)1_ ’ ng) = _(éz’é4)L ’
CE;I) :_(é1,é3)1_, Cf) :(éZvé3)L’ )

where the index «L» indicates that the polarization
vectors should be taken at z=L. The forward calculation
of these products leads to the following formula

(e1ré4)L = (éz’é3)L =

((1-a*)(1-b)-4abcos(2&z - 2¢)),

(él’é3)]_ = _(ézrézl)L =
1 1

=T W(Zae’z“" (1-bletie) 4 2(1-a?)be ), (18)

I S
T 1+a’1+b?

We can note that each mode of light incident on
the mirror in general excites both modes of light
propagating in the opposite direction, the phase shift
between which to the beginning of the fiber is QL.
This reflected light structure is due to the fact that the
polarization modes of the spun fiber are elliptically
polarized.

We will consider in more detail how the waves
arising after the light reflection from the mirror in
(15) and (16) at o<1 are related. If the winding
radius is large enough so that the bending BR can be
neglected, the polarization modes (9) are almost
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Ie UHAeKC «L» yKa3blBaeT, UTO BeKTOPHI IOJISpH3a-
LUK JO/DKHBI OBITh B3SITHL IpHU z=L. [IpsIMOI pacyeT
3THX [IPOM3BeJleHHH AaeT

(évézt),_ :(ézyés)L =
1 1
:Wﬁ((l—az)(l—bz)—4abcos(2§z—2cp)),
(&,,8,), =—(&,,8,), =
1 1

= T popr(20e 70 (L-be ) 1 2(1-a?)be ), (18)

MBI BUAMM, KaKZasi MoJa IIafalONIero Ha 3ep-
KaJI0 cBeTa B obImieM ciay4dae Bo3byxkgaeT obe Mopbl
PaCIIpOCTPAHSIONErocsi B 0OpaTHOM HaIlpaBIeHUH
cBeTa, $a3oBBIM CABUI MeEXIy KOTOPBIMH K Hadasly
BoJIOKHA cocTaBnseT QL. Takass CTPyKTypa OTPaskeH-
HOTO CBeTa 0OyC/IOB/IEHA TeM, YTO IIOJISIPU3AI[HOH-
Hble MOJBI SPUN-BOJIOKHA SIBJISIOTCS 3JUIMIITHYECKHA
[10JISIPHM30BaHHBIMHU.

PaccmoTpuM monpobHee, KaK COOTHOCSITCSI BO3HU-

Kalollye IpU OTPa)keHHUH CBeTa OT 3epKajia BOJIHBI
B (15) u (16) mpu 6 <1. Ecu pafguyc HAMOTKH A0CTa-
TOYHO BeJIUK, 4TOOBI M3TUOHBIM JIJIII MOKHO OBIIO
npeHebpeub, MONSPU3ALMOHHBIE MOABL (9) SBIS-
IOTCS IIOYTH LM PKY/ISIPHBIMHU U COOTHOIIIEHMEe Me>K,ZL
AMIUIMTYJAMHK MO/ COCTB.BJ'[S[ET‘C3 ‘/’ ’ ‘C m ‘
. CimemoBaTeNbHO, IPU 3€PKAJIBHOM OTPaskeHUHU IIPO-
UCXOOUT IIOYTH II0JIHAS KOHBEepPCUsS MoA 1-4 1 2- 3.
Ecnu >ke BOJIOKHO HaMOTAaHO Ha KaTYIIKY, TO COOT-
HOIIeHMe MeXAYy 3STUMU aMIUIUTyJaMH CTAHOBUTCS
npubnusurtensHo 6. CyllecCTBEHHBIM MOMEHTOM
3[leCh SBJAETCA TO, YTO 3Ha4YeHHe IlapaMeTpa &
MOKeT OBITh CONOCTABHMO C 1 IPH AOCTATOYHO
MajbIX pajuycaXx HaMoTKH. Tak, HampuMmep, O1d
Spun-BoJiokHa, uMemmero Li=3 MM, L;;=9 MM
Y HaMOTAHHOTO C paaxuycoM R=5 MM, 3Ha4YeHHe G
pocturaer 0,5 mjasg BOJMOKHA AUaMeTpoM 80 MKM
U 1,3 [y BOJIOKHA JHaMeTpoM 125 MKM. ITO O3Ha-
4YaeT, UYTO IIOJIIPU3ALMOHHBIE MOIBl HM30THYTOIO
Spun-BoyiokHa (8) MMEIOT 3/IMITHUYECKHEe COCTOSI-
HUS IOAAPU3ALIUY, KOTOPBle HAaJeKH OT LIUPKYIsIp-
HBIX, II03TOMY BTOPHUYHBIE BOJIHBI, BOSHHUKILIHE [IPU
3epKaJlbHOM oTobpaskeHUH, Henb3s
UIHOPUPOBATh.

Kombuumpys (15) u (16), moaydaem, 4TO IIPH BO3-
Oy>KOeHHUH Spun-BoJI0KHA JIMHENHO II0/ISIPU30BaHHBIM
CBETOM €ro 3JIeKTpHUYecKoe II0/Ie IIOCe IIPOXOKIe-
HUS BOJIOKHA B IIPSIMOM U 06paTHOM HaIlpaBIeHHUSX
Oymer:

- (c,Clee @+ C,Cle, e +
E,(0)=g?hm| 7173 e (19)

+C,CPe et +C,CPe 0t

Syl 4

circular, and the ratio between the mode amplitudes
is ‘Cgl) Cf)’:‘cf)‘/‘cf)‘ =c. Therefore, the almost
complete 1 » 4 and 2 » 3 mode conversion occurs in
the case of mirror reflection. If the fiber is wound on
a coil, then the ratio between these amplitudes
becomes approximately 6. The essential point is that
the parameter value can be comparable to 1 for the
sufficiently small winding radii. Thus, for example,
for a spun fiber with Li=3 mm, L,;=9 mm and
wound with a radius R=5 mm, the value 6 reaches
0.5 for a fiber with a diameter of 80 pm and 1.3 for
a fiber with a diameter of 125 pm. This means that
the polarization modes of the bent spun fiber (8)
have elliptical polarization states that are far from
the circular ones, so that the secondary waves
generated in the case of mirror reflection cannot be
ignored.

When combining (15) and (16), we obtain the
following: when a spun fiber is excited by linearly
polarized light, its electric field after passing through
the fiber in the forward and reverse directions will be
equal to the following

Da p-ial 1)a p-iSol
E (0) = E‘ZikoﬂL[Clcg )836 l +C1CE1 )943 .
,(0)=

. S (19)
+C,CPe e +C,CPe e

Further, when the light is passed through the
polarizer, only the component (E,(0), E)E, that is
parallel to the polarizer axis, enters the photodetector.
As a result of direct calculations and based on (13)

and (19), we obtain the final expression for the
intensity
I
I=2(1+Ucos[2S0L])+3 cos(QL+‘I’)
I .
+32cos(ZQL+‘P2) , (20)

where thevalues I,,¥, and U are constants determined
by the input linear polarization angle 6, the spun
fiber parameters and its bending. It can be seen
from (20) that two more terms are added to the usual
interference term, due to the occurrence of secondary
waves when the light is reflected from the mirror. It
is important to note that the amplitudes I, and I, of
these terms obviously depend on the bending radius
and are increased with the decreasing radius. Figure 2
shows an example of such a dependence calculated for
a fiber with a diameter of 80 pm and a length L=11m,
having the parameters =3 mm and L;,=8.9 mm at
a wavelength A=1.55 pm. The angle values are taken
as 0= =45° in accordance with the experimental data
provided below.
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Jlasnee mmociie IpoXosKAeHHUS CBETOM II0JIIpHU3aTopa
Ha QOTOIIPHEMHHUK IIOIaJaeT TOIbKO KOMIIOHEHTa
(Ey(0), E,E,, mapajienbHas OCH IIPOIYCKaHUS
Io/NsipU3aTopa. B pesynbTaTe IpSMBIX BBIUHCIIE-
HUH, ucnonssys (13) u (19), nonydaeM okoHUYATENIb"
HOe BbIpaskeHHe JJISI HHTEeHCUBHOCTH

I

[=2
2

(1+Ucos[2SaL])+ IZ—ICOS(QL +) )+
+%cos(2£~zL+‘I‘z) , (20)

roe Benmu4yuHbl [,¥, U U ABIAIOTCI KOHCTAaHTAMH,
KOTOPBbIe OIIpefle/IsII0TCS YIJIOM BXOLHOH JIMHEHHON
nonasipusanuu 6, mapamMeTpaMH Spun-BoOJIOKHA
u ero m3ruba. W3 (20) BHAHO, YTO K OOBIYHOMY
MHTepbepeHIIMOHHOMY YIeHY A00aBISIOTCS elle
nBa, 0OyC/IOBIEHHBIX BO3HHKHOBEHHEM BTOPHUY-
HBIX BOJIH IIPU OTPa’keHHUH CBeTa OT 3epKaja.
BaskHO OTMETHTb, YTO AMIIJIMTYARI [} U I, 3TUX YJjie-
HOB, OYeBHJHO, 3aBHCIT OT paguyca usruba
M PacTyT IIpU YMeHbIIeHUM pamuyca. Ha puc. 2
NpefCTaBleH IPUMep TakKoM 3aBUCHUMOCTH, pac-
CYMTAHHOMU /IS BOJIOKHA JHUaMeTpoM 80 MKM, [JIH-
Hou L=11 M M HMMemoller NapaMeTpel L=3 MM
U L,=8,9 MM Ha [JIMHE BOJIHBI A=1,55 MKM, 3Haue-
HUS YIJIOB HPUHATBH 0=¢@=45° B COOTBETCTBUU
C SKCIIepUMEHTA/ILHBIMU JAaHHBIMH, IIPeICTaB/IeH-
HBIMH HUXKE.

PaccMoTpuUM, KaK HHTEHCUBHOCTb JETEeKTHUPO-
BaHHOro csera (20) M3MeHSeTCI B 3aBUCHUMOCTH
OT JIMHB BOJHBEL. IIoCKONBKY ¢a3sa QL 3aBUCHUT
OT JJUHBI BOJHBI (Tak Kak BeJHYHHa () BRIIOYAET
B cebsg MIMHB OMEeHUH, 3aBUCAIIME OT IJIHHBI
BOJIHBI), [IBa IIOCTeAHUX 4YaeHa B (20) BAPbUPYIOTCS
B CIIeKTpPaJIbHOM JHalla3oHe H3aydyeHHs. IIpu
ManoM paguyce mu3ruba BOJIOKHA ILZ/IO~62, 1103~
TOMY IOC/IefHHe WieHbl B (20) CTAHOBSITCS 3HAUM-
TeIbHBIMH. DTO O3HA4aeT, YTO HHTEHCUBHOCTH
nonagamuero Ha GoToIIpUeMHHUK CBeTa (HOPMHUPO-
BaHHAas K HAaYa/IbHOM HHTEHCHBHOCTH HCTOUYHHKA
CBeTa) CyIlIeCTBEHHO 3aBHUCUT OT [JIHMHBI BOJIHBI,
U popMa CIeKTpa MHTeHCHBHOCTU 3aMeTHO Jedop-
Mmupyercs. IlpuMep Takou AepopMallMM CIIeKTpa
IIpeACTaB/ieH B pasfeje C ONHCAaHMEeM 3KCIIepH-
MeHTa. CTOUT OTMETHUTh, UTO eC/IM pajuyc u3ruda
BeTUK, TO I,/I)~&° M 3TH WiIeHH Majbl. B 3ToM
Cclydyae MHTEHCHBHOCTb IIOYTH He 3aBHCHUT
OT IIMHBI BOJIHBL, K $OpMa CIIeKTpa CBeTa OCTaeTCs
[IOYTH HEeW3MeHHOHN. DTo O00BSICHSEeT, Io4YeMy
ONITUYeCKHUH CIIeKTP BOCCTAaHABAHBAETCS B UYB-
CTBUTENBbHOM KaTymKke BOJAT co cOoupaabHOHU
HaMOTKOH [6], rme B Haya/le M KOHIIe BOJIOKHA
panuyC HAaMOTKHU BeJIKK.
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We will consider how the detected light (20)
intensity is changed depending on the wavelength.
Since the QL phase depends on the wavelength (since
the parameter Q includes the wavelength-dependent
beat lengths), the last two terms in (20) vary over the
spectral radiation range. In the case of a small
bending radius of the fiber I, /I, ~ &, the last terms
in (20) become significant. This means that the
intensity of light incident on the photodetector
(normalized to the initial light source intensity)
significantly depends on the wavelength, and the
shape of the intensity spectrum is noticeably
deformed. An example of such a spectrum
deformation is provided in the section with the
experiment description. It should be noted that if the
bending radius is large, then I,,/I,~6° and these
terms are small. In this case, the intensity is almost
independent of the wavelength, and the light
spectrum shape remains almost unchanged. This fact
explains why the optical spectrum is reconstructed in
a sensitive spiral-wound FOCS coil [6], where the
winding radius is large at the beginning and end of
the fiber.

3. EXPERIMENT

For experimental confirmation of the theoretical
model, an experimental setup was prepared, as
shown in Fig. 1. A superluminescent fiber source
based on Er/Yb doped fiber (IPG Photonics) with
a power of 30 mW, a wavelength of A=1.55 pm

AMIIUTYHA, OTH. ef. | Amplitude, rel. units

20 25 30

Paguyc HaMOTKU, MM | Winding Radius, mm

Puc. 2. 3asucumocmb amnaumyod I, u I, om paduyca
HAMOMKU Spun-80A0KHA

Fig. 2. Dependence of the amplitudes I, and I, on the winding
radius of the spun fiber
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3. JDKCMNEPUMEHT

1 3KCIIepUMEHTAIBHOIO IIOATBEPsKAEHHSI TeOpPeTH-
Yeckon Mogenu Opula cobpaHa 3KCIIepUMeHTaIbHas
yCTaHOBKa, IIOKa3aHHas Ha puc. 1. B xayecTBe HCTOY-
HMKa M3y4YeHHUs MUCIIOJb30BAJICI CYIeparoMUHeC-
LIEHTHBIM BOJIOKOHHBIM MCTOYHMK Ha OCHOBE BOJIOKHA,
nerupoBaHHoro Er/Yb (IPG Photonics), MoIIHOCTBIO
30 MBT C IJIMHOM BOIHBL A=1,55 MKM U N PHHOM CIIeK-
Tpa AN=20 HM. MOILHOCTE CBeTa B 060MX KaHa1ax bbl1a
cbasmaHCHpOBaHA C IOMOIIBIO ATTEHIOATOPA K COCTa~
Buua 250 MKBT. CBeT OeTeKTHPOBAJICS C IIOMOIIBIO
IIIMPOKOIIOTIOCHBIX (POTOIIPHEMHHUKOB C BBICOKOM UyB-
CTBUTEIBHOCTBIO =1 A/BT, I03TOMy KOHe4Has I10/10ca
NIPONYCKaHUS 3JIeKTPHUUECKOH CXeMBbl AeTeKTHPOBa-
HUsl 6bl/Ia OrpaHHYeHa TOJIBKO YCHUIMTENIeM M COCTa-
Buiaa B=3,5 MI'Ll. Spun-BojJIOKHO KMMEJIO IJIHHY bue-
HUM L;;=9 MM U LIar CIUPAIIBHON CTPYKTYPBI Li=3 MM
(0=0,17), ob1as AJIMHA BOJIOKHA cocTaBisiia L=11 M.

B xome sKcmeprMeHTa OBUIM ITOyYeHBl CIIEKTPHI
OIITHYECKOI0 M3J/Iy4eHHs, MaJalollero Ha (GpoTomeTeK-
TOPBI YYBCTBUTEILHOIO U OIIOPHOIO KAHAJIOB JATYHKa,
a TakKe 3EeKTPHUUECKHe CUTHAIBl C BBIXOJOB 0OOMX
doTomerekTopoB. CIUIONIHAS JTHHHS Ha PUC. 3 oToOpa-
>KaeT CIIeKTP CBeTa B M3MePHTe/IbHOM KaHajle JaTYHKa
IIpY HAMOTKE Spun-BojIOKHA C PaJuycoM 5 MM. BuaHo,
4YTO B CIIeKTpe MMEIOTCS OCLIM/UIILMU C IepHOoJaMU,
pa3sIHMYaONIMMMUCA B 1Ba pasa, B COOTBETCTBUH C IIPHUBe-
JEeHHOM BBIIIIe TeOpeTHUecKor popmyok (20) (Ha puc. 3
pacueT IIO0Ka3aH IIYHKTHUPOM). 3HaueHHUsI [IapaMeTpoB,
NIPUHSTbIE B PacueTe, COCTABISIH L)) ;=8,9 MM, L=3 MM,
L=11 M, paguyCc HaMOTKH R=5 MM, a yIJIbI BXOIHOM
IIOJISIPU3ALIMK 6 ¥ HAK/IOH IVIOCKOCTH HAMOTKH () OBUTH
BBIOpAHBI /1 HAKJTYYILero COOTBETCTBH S 3aBHCUMOCTH
C OKCIIepUMEHTAIbHBIMU JAHHBIMHU .

Ha puc. 4 npencTtaBieHbl pe3yabTaThl H3MePeHHs
Ko3ddHUIIMEeHTa MogaB/IeHHs U30BITOUHOrO IIyMa IS
3TOM YYBCTBUTE/IBHOM KATyIIKH, a TakKe TeOpeTH-
YecKkasi 3aBUCHUMOCTh (5). BBIUHC/IeHHEe KOppesiiiu
C HCIIO/Ib30BaHHEM BBIXOJHBIX CUIHAJIOB 0003HAYeHBI
KBaJlpaTaMH, a pacyeT 10 KOPPEeJISILIMHU CIIeKTPOB ~ KPy-
ramu. Ha pHCYHOK Takke HaHeCeHB! KO3pPHUIIMeHTH
[IOZABJIEHUS [Is HAMOTKH C OONBIIMM PagHlyCcoM
100 MM U € pafuycoM 5 MM IIPU CIIMPaJIbHOM HaMOTKe
Ha4ya/JbHOTO M KOHEYHOIO Y4acTKOB BOJIOKHa [6, 10].
Hawmnyumee nomasineHue 15,3 nb mocTuraercs mAjis
pamuyca 100 mm, Korma unsrubuoe JJII1 He3sHaUYHUTeIbHO
U COCTOSIHHEe IMOJSIPU3alluU CBeTa II0 BCEeM [JHHE
BOJIOKHA OJM3KO K LUPKYISpHOMY. [l HaMOTKHU
C pamuycoM 5 MM KO3QOULIHEHT IOAABIeHUS H30bI-
TOYHOIO IlIyMa CHMXKaeTCd [0 3HaueHHUs 6 OB B COOT-
BeTCTBUH C H3/I0KEHHOH BBIIEe TeOpHeH. B TpeThen
KaTYyIIKe IIOYTH BCe BOJIOKHO ObIJI0 HAMOTAHO C Pafny-
COM 5 MM, HO CErMEeHTEHI J/IMHOM 1 M B Hayajie ¥ KOHIIe
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cnexmpa no popmyne (20)

Fig. 3. The spectrum of light hitting the signal photodetector
and its theoretical form calculated using formula (20)

and a spectral width of AA=20 nm was used
as a radiation source. The light power in both
channels was balanced using an attenuator and
amounted to 250 pW. The light was detected
using the broadband photodetectors with high
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Fig. 4. Dependence of excess noise suppression on the time
and spectral correlations of the sensor output signals
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BOJIOKHA MMM CIIMPaJIbHYI0 HaMOTKYy C IUIABHBIM
v3MeHeHHeM paguyca [10]. ITpy Takox KOHQUIypaLuy
HaMOTKH II0JIIpH3aLIMs U3/IydeHMs Ha 3epKaJie BOoCCTa-
HAaBJIMBAETCS 10 IIOYTH LIUPKYISIPHOHN (KaK y IIPSIMOIH-
HEeIHOI0 Spun-BojIokHa). Toraa Ipy oTpakeHHUU CBeTa
[IPOMCXOAUT IIOYTH II0JIHAs KOHBEPCHUS IIOJISPU3ALIM-
OHHBIX MOJ, B OPTOrOHa/IbHBbIE, M03TOMY L0 u L,~0
B (20). B pe3y/bTaTe ONTHYECKUI CIIEKTP BOCCTAHAB/IH-
BaeTCd, U IIOAABJIeHHe BO3pacTaeT 10 3HaYeHus 14,8 nb.

4. 3AKJ/IKOYEHUE
B pabore 6bLI0 pacCMOTPEHO BIUSHHE U3THOHOrO ABY-
Jly4eIllpe/IoOMJIEHUSI B SPUN-BOJIOKHE, HKCIIOTIb3yeMOro
B KayeCTBe YyBCTBUTEJIBHOIO 3JIeMeHTa BOJIOKOHHO-
OIITHUYeCKOro JaTYMKa TOKAa Ha ocHOBe 3¢dekTa dapa-
mest, Ha 3pGeKTUBHOCTh IIOJABIEHHSA KU30BITOYHOIrO
myMa. ITokasaHo, 4TO IIpU MaJIOM PaJuyce HaMOTKHU
B BOJIOKHE BO3HHKAIOT BTOPUYHbIe BOJIHBI, 3aTyXaHUe
KOTOPBIX Ha IT0JISIPHU3aTOpe JAaTYKMKA 3aBHCUT OT AJIUHEL
BOJIHBEI. [3-3a 3TOro MpOMUCXOOMT dedopMalivs CIIeK-
Tpa M3JIy4eHMs, YTO BefleT K CHHKeHUI 3PPeKTHUB-
HOCTH II0/IaBJIeHHs U30BITOUHOTO myma. IpdexT 6bL1
IIPOAEMOHCTPHUPOBAaH B 3KCIIEPUMEHTe, B KOTOPOM
CHHU>KeHHE pafiyca HaMOTKHU SPUI-BOJIOKHA JAaTyHKa
[0 5 MM IPHBeJIO K CHIDKeHHIO KO3QPUILIKeHTa [Moaa-
BJIeHUs Ha 9,3 1b. Pa3pa60TaHHa${ Moge/ib 0ObsICHSIeT
HabmomaeMoe CHHKeHUE 3bGeKTUBHOCTU II0JaBIIe-
HHS, a TaKKe JaeT TeOPeTHYeCKy OCHOBY MeXaHH3MY
IIOBBIIIEHUS 3)PEKTUBHOCTU II0JABIEHHSA HU30BITOY-
HOTO IIyMa IPH CIHPAJIBHOM HaMOTKe HadaJbHOIO
Y KOHEUHOT'O CEerMeHTOB BoJIOKHa [10].

Pabora BBEIIIOJTHEHA B pPaMKax [OCYyJApCTBEHHOIO
3agaHus MPD uM. B. A. KotenpHHUKoOBa PAH.
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sensitivity n=1 A/W, thus, the final bandwidth
of the electrical detection circuit was limited only
by the amplifier and amounted to B=3.5 MHz. The
spun fiber had a beat length L,;=9 mm and the
helical structure step L;=3 mm (0=0.17), the total
fiber length was L=11 m.

During the experiment, the spectra of optical
radiation incident on the photodetectors of the
sensitive and reference detector’s channels, as well
as the electrical signals from the outputs of both
photodetectors, were obtained. The continuous
line in Fig. 3 describes the light spectrum in
the measurement channel of the detector when
winding the spun fiber with a radius of 5 mm. It
can be seen that the spectrum contains oscillations
with the periods differing by a factor of two, in
accordance with the above theoretical formula (20)
(the calculation is shown by a dotted line in Fig. 3).
The values of the parameters used in the calculation
were L;,;=8.9 mm, L;=3 mm, L=11 m, the winding
radius R=5 mm, and the input polarization angles
0 and the winding plane slope ¢ were selected to
provide the better dependence on the experimental
data.

Figure 4 shows the measurement results of the
excess noise suppression coefficient for this sensitive
coil, as well as the theoretical dependence (5). The
correlation calculations using the output signals are
indicated by squares, and the spectra correlation
calculations are indicated by circles. Moreover, the
figure demonstrates the suppression coefficients for
winding with a large radius of 100 mm and with
a radius of 5 mm for helical winding of the initial and
final sections of the fiber [6, 10]. The best suppression
at the level of 15.3 dB is achieved for a radius of
100 mm, when the bending BRis insignificant and the
light polarization state along the entire fiber length is
close to the circular one. For winding with a radius of
5mm, the excess noise suppression ratio is reduced to
a value of 6 dB in accordance with the above theory.
In the third coil, almost all of the fiber was wound
with a radius of 5 mm, however, the segments with
the length of 1 m at the beginning and end of the
fiber were helically wound with a smooth change
in radius [10]. With this winding configuration, the
radiation polarization on the mirror is restored to
almost circular one (as in a straight spun fiber).
In this case, when light is reflected, an almost
complete conversion of polarization modes into the
orthogonal ones is provided, therefore I,~0 and I,~0
are obtained in (20). As a result, the optical spectrum
is restored and the suppression is increased to a value
of 14.8 dB.
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4. CONCLUSION

In this paper, we have considered the influence
of bending birefringence in a spun fiber used as
a sensitive element of a fiber-optic current sensor
based on the Faraday effect on the excess noise
suppression efficiency. It is shown that, at a small
winding radius, the secondary waves occur in the
fiber, the attenuation of which on the detector
polarizer depends on the wavelength. Due to this
fact, the radiation spectrum is deformed leading
to a decrease in the excess noise suppression
efficiency. The effect was demonstrated during
an experiment, when reducing the detector’s
spun fiber winding radius to 5 mm resulted

in a 9.3 dB reduction in the suppression ratio.

The developed model explains the observed
decrease in the suppression efficiency, and also
provides a theoretical basis for increasing the
excess noise suppression efficiency in the case
of helical winding of the initial and final fiber
segments [10].

The paper was prepared within the framework
of the state task of the Kotelnikov Institute of
Radioengineering and Electronics of the Russian
Academy of Sciences.
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