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ABynyyenpenomnsiow,me BOJIOKOHHbIe CBETOBOAbI
(BC) nosBuaucob B 1978-1983 ropax Bmecre

C TeXHOIOrMSIMN TEPMOYNPYruxX BCTaBOK B 3aroTOBKU
A9 BbITSIXKKU ONTUYECKUX BOJIOKOH. B cTaTbe
paccMoTpeHbl ABa OCHOBHbIX MeTOAa U3MepeHuUs
BCTpoeHHoro [1J1M BC: cneKkTpa/sibHOro Metoaa

M MeTopa yrnpyroro Kpy4yeHus. B kayectse

06bEeKTOB UccaenoBaHUs B3ATbl Tpy Tuna BC,
BbITSHYTbIX U3 3aroTOBOK C BCTPOEHHbIM JINHENHbIM
asynydenpenomneHuem (OJ1M): HiBi unm nnave

PM- (polarization maintaining) Bo/ioOKHa; BONOKHA,
BbITAHYTbIE U3 TaKMX )Xe 3aroToBoK, HO C BpalleHuem
3aroToBKM — SpUN-BOJIOKHA; LOBi-BONOKHA, KOTOpbIe
no cnoco6y noJiy4yeHus OTHOCAT K SPUN-BOJIOKHaM.
Moppo6bHO onucaHa MeToAMKA U3MepeHU AJINHDI
6ueHnn BcTpoeHHoro AJ1.

1. BBEAEHWUE

SIBIeHHe JIHHEMHOIOo OBYyJTy4dernpeIoMIeHUS (JIJIIT)
IposiBsieT cebsi B pas3/IMUHBIX CKOPOCTSIX PacIIpo-
CTpPaHeHHUsl ABYX JIMHEHHO IIOJSPHU30BAaHHBIX BOJIH:
OOBIKHOBEHHOIM U HeOOBIKHOBEHHOH. B ONTHUYeCKOM
BOJIOKHe 00e BOJIHBI PaCIIPOCTPAHSIIOTCS BAOIb €r0 OCH.
CHUMMeTpHUs yIPYIUX HAIPSKeHHUH WM TeOMeTpH-
yeckasi CMUMMETPHS BCTaBOK Pa3/IMUHBIX MaTepHajoB
B KOHCTPYKLUHH [BYJIy4YepeIoMISIONMX BOJIOKOH
II03BOJISleT BBIJE/IHTH [Be OpPTOroHa/jbHble ocu [JIIT -
OBICTpYI0O M MeJJIeHHYI0. Bo/mHa C 371eKTpUYecKUM
BEKTOPOM, I1apasUIeNbHBIM OBICTPOM ocH, bymeT pac-
IIPOCTPAHSIThCS OBICTPee BOMHEI C 3IeKTPUYECKHM Bek-
TOPOM, HaIlpaBJIeHHBIM BJI0JIb MeJIJIeHHOU OCH, TO €CThb
rokasatesnp Ipenomenus (I1I1) mepBod BomHEL bymer
MeHblie I1IT BTOpor BonHbL. Ocu nuHeriHoro [JIIT 06o-
3HA4aKT X 1 , a I1I1 BO/IH ¢ TMHEHMHBIMH IIO/ISIPU3aLiH-
SIMH BJIOJTTb STHX OCEd ~ COOTBETCTBEHHO f, U f,. Bey-
YHHY THHEeHHOro JU/IIT M3MepsiioT pasHOCTBIO M1, ~fly.

616 ®OTOHUKA TOM 12 N2 G (74) 2018

CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e
m BOJIOKOHHO-OMNTUYECKME YCTPOUCTBA U TEXHOJIOUM
CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e

BEAT LENGTH MEASUREMENT
IN BIREFRINGENCE OPTICAL
FIBERS

S.K.Morshnev"2, V. P. Gubin'2 N.I. Starostin™2,
Ya. V. Prshiyalkovsky’2, A. 1. Sazonov'?

V. A. Kotelnikov’s Institute RAS, Fryazino branch,
Moscow region, Fryazino

2Joint Stock Company Profotech, Moscow

Birefringence optical fibers (OF) appeared in 1978-1983
together with the technologies of thermoelastic
inserts in the workpieces for drawing optical

fibers. This article deals with two basic methods of
measurement of embedded BOFs: spectral method
and elastic twisting method. Three OFs types,
drawn from the workpieces with embedded linear
birefringence are taken as objects of study: HiBi or
also PM- (polarization maintaining) fibers; fibers,
drawn from the same workpieces, but with the
rotation of the workpiece — spun-fiber; LoBi-fibers,
which by the method are referred to as spun-fibers.
The technique of measuring the beat length of the
embedded BOFs is described in detail.

1. INTRODUCTION

The phenomenon of linear birefringence manifests
itself at various propagation velocities of two linearly
polarized waves: ordinary and extraordinary. In an
optical fiber, both waves propagate along its axis.
Symmetry of elastic stresses or geometric symmetry
of inserts of various materials in the design of
birefringence fibers allows us to distinguish two
orthogonal axes of birefringence - fast and slow.
A wave with an electric vector parallel to the fast
axis will propagate faster than a wave with an
electric vector directed along the slow axis, i.e., the
refraction index (RI) of the first wave will be smaller
than that of the second wave. The axes of the linear
birefringence are xand y, and the RI of the waves with
linear polarizations along these axes are respectively
nyand n,. The linear BOFs value is measured by the
difference n,-n.

The birefringence optic fibers include fibers
drawn from the workpieces with embedded linear
birefringence: HiBi-fibers [1-7], and drawn from
the same workpieces, but with the rotation of the
workpiece: spun-fibers [11-13]. HiBi-fibers are also
referred to as the PM- (polarization maintaining)
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K nBynydYerpenoM/sIIOIIAM BOJIOKOHHBIM CBe-
TOBOJAM OTHOCSITCSI BOJIOKHA, BBITSIHYTBIe M3 3aro-
TOBOK C BCTPOEHHBIM JIMHEHHBIM [BY/Iy4deIlpesioM-
neHuem ([JIIT): HiBi-BosokHa [1-7], U BHITSHYTHE
M3 TaKHX Ke 3ar0TOBOK, HO C BpallleHHueM 3aTOTOBKH:
spun-BosiokHa [11-13]. HiBi-Bo/lOKHa HHaye Ha3bl-
BaoT PM (polarization maintaining) BolokHaMH, TO
eCTb BOJIOKHAMM, COXPAaHSIOUWHMHU IOISPU3ALIHIO.
HecKo/IbKO OTHOEABHO CTOST TaK Ha3biBaemble LoBi-
BOJIOKHA [8-10], KOTOpBbIe IO CII0COOy KM3TOTOBIEHUS
(BpamleHHe 3arOTOBKH) OTHOCSIT K SPUN-BOJIOKHAM.
Kak HaM KasXeTcCsd, 3TH BOJIOKHA 3aC/Iy>KHUBAIOT
OTHEeJIPHOTO PAacCMOTPeHHs, TaK KaK IpHUHIH-
IIMAJIbHO B 3THX BOJIOKHaX OBIJIO Bce cAe/aHO O
JTUKBUAALUHA HCXOAHOIO BCTPOEHHOIO JIMHENHOIO
JIIII [8].

JByjlydemnpenoMisioniie BOJOKOHHbIe CBETO-
BOJbI IOSIBUIKCH B 1978-1983 romax BMecTe C TeXHO-
JIOTUSIMHU TePMOYIIPYTHX BCTaBOK B 3arOTOBKH [JISI
BBITSIDKKH OIITUYECKUX BOJIOKOH. B HacTosIee BpeMs
3TH BOJIOKHA LIMPOKO IIPUMEHSIOTCS B Pa3IHYHBIX
JATYUKAX QU3HYECKUX BeTUUUH.

Pa3znuyapT Hi-Bi-BojokHa: 1) ¢ 3IIHMITHYECKOMN
cepoueBuHON (1, 2|; 2) ¢ 3mnuOTHYeCKON oboou-
KoM [3, 4], 3) "IIaHAa" ¢ KPYIJIBIMU TePMOYIIPYyTUMU
BCTaBKaMU [5 ,6]; 4) "TancTyk 6abouka’ c Tparelie-
BUJIHBIMU BCTaBKaMH [7]; 5) BO3MOKHBI KOMOHHAa-
LIMM THUIIOB. BEITSIKKOM C BpallleHHeM 3ar0TOBKH [/14
moboro HiBi-BoJIOKHA IONy4alOT SpUn-BoJIoKHa [11-
13]. HakoHell, BBITSIKKA C BpallleHHMeM 3aroTOBKH,
B KOTOPOM OTCYTCTBYIOT HUCKyccTBeHHBble JJJIIT u mpu-
HSTBHL MepBl IS II0y4YeHHUsl KPYIVIOH CepAlleBUHBI
Y PACIIOJIOKEHH S ee TOYHO I10 LIeHTPY BOJIOKHA, JaeT
LoBi-BosokHoO [8-10].

Bce 3TH BONOKHA TPebyOT M3MepeHUI BCTPOEH-
Horo nuHenHoro [JJIII. ¥ HiBi-BoJOKOH 3TOT mapa-
MeTp SBJISeTCS OOHHMM M3 OCHOBHBIX: OH CBSI3aH
CO CBOMCTBOM COXPaHeHMS IONSPHU3ALIUU U3Iyde-
HHS B 3THUX BOJIOKHaX. Y Spun-BoJIOKOH CIIMpajJbHas
CTPYKTYPa OCel BCTPOeHHOTro JuHerHoro [JIIT obec-
IIe4rBaeT COXPaHeHHEe HAIlpaBJleHHUS BpallleHUSs
37IeKTPUUYECKOr0 BeKTOpPa 3JIIMITHUYECKHUX COCTO-
SHUM, HeobXoguMoOro s HakomieHus 3bdexra
dapazess c OAUHOM BOJIOKHA, a TaKXe I103BOJSET
BOJIOKHY COIIPOTHBJIATLCS BpPeJHOMY BIIHSHHUIO
u3ruboB. YV LoBi-BOJIOKOH HajJW4yHe JIUHEHHOTO
IJIII B BOJIOKHEe SIBJISIeTCS Mapa3sUTHHIM 3 PeKToM,
TakXe TpebylomUM H3MepeHHs. Llenbl0o HaCTOS-
mell paboThl SBISETCS PACcCMOTPEHHe U aHAJNHU3
JBYX OCHOBHBIX METOJOB H3MepeHHUS BCTPOEHHOIO
JUIIT BeIIIeyKa3aHHBIX BOJIOKOHHBIX CBETOBOZOB
(BC) - CHeKTPaJIPHOIO MeTO4a M MeTOoZa YIIPyroro
Kpy4eHHs.

i g

fibers, i.e., fibers that retain polarization. The so
called LoBi-fibers [8-10] stand somewhat separately
which by the manufacturing method (workpiece
rotation) are referred to as spun-fibers. We believe,
these fibers deserve a thorough consideration, since
all possible for liquidation of the original embedded
linear birefringence was done principally in these
fibers [8].

Birefringence optical fibers appeared in 1978-1983
together with the technologies of thermoelastic
inserts into the workpieces for drawing optical fibers.
Currently, these fibers are widely used in various
sensors of physical quantities.

There are Hi-Bi-fibers of the following types: 1)
with an elliptical core [1, 2]; 2) with elliptical shell 3,
4], 3) "Panda" with round and thermoelastic inserts
(5, 6]; 4) "Bow tie" with trapezoidal inserts [7]; 5)
combinations of types are possible. Spun-fibers are
obtained by drawing with rotation of the workpiece
for any HiBi-fiber [11-13]. Finally, drawing with
rotation of the workpiece without any artificial
birefringence and measures are taken to obtain a
round core and its position exactly in the fiber center
gives a LoBi-fiber [8-10].

All these fibers require measurements of the
embedded linear birefringence. This parameter
of HiBi-fibers is one of the main - it is related to
the property of maintaining the polarization of
radiation in these fibers. The spiral structure of
the axes of embedded linear birefringence of the
spun-fiber ensures maintenance of the direction
of rotation of the electric vector of elliptical states
necessary to accumulate the Faraday effect with the
fiber length, and also allows the fiber to resist the
harmful influence of bends. The presence of linear
birefringence in a fiber of the LoBi-fibers is a parasitic
effect, which also requires measurement. The purpose
of this paper is to consider and analyze two basic
methods for measuring the embedded birefringence
of the above optical fibers (OFs) - the spectral method
and the elastic twisting method.

2. THESPECTRAL METHOD
2.1. Experimental setting and methods of
measurement

Light radiation propagates in birefringence fibers, as
in uniaxial birefringence crystals along the direction
of the perpendicular optical axis of the crystal. It
is known that, in the most general form, a wave
with an electric vector that does not coincide with
any of the birefringence axes cannot excite a wave
of the same polarization in the crystal. There are
two waves: ordinary and extraordinary, generally
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2. CNEKTPAJ/IbHbIA METO/,
2.1. >OKcnepuMmeHTa/ibHas yCTaHOBKA

n MmeTogunka V|3mepeHm7|
CBeToBOe HM3/ydeHHe pPacCIpOoCTpaHseTCs B ABylyde-
[IPEeJIOMJISIOIIMX BOJIOKHAX, KaK B OMHOOCHBIX JBY/Y-
JelpesIOM/ISIONIUX KPUCTA/IAX BA0OIb HallpaBIeHU I
NepIeHAUKYISPHOIO ONTHYECKOM OCH KpPHUCTaJlIa.
HM3BeCcTHO, 4TO B caMoM 006IeM BHe BOJHA C 3JIeK-
TPUYeCKHUM BeKTOPOM, He COBIIafAIOIUM HU C OAHOMU
u3 ocen [JIII, He MOKeET BO36YILI/ITB B KpHCTae
BOJIHY TOM >Ke IIOJIIPHU3aLMU. BO3HMKAIOT [1Be BOJIHBI:
06bIKHOBeHHas U HeoOBIKHOBEHHAsI, B 001IeM cilydae
PacIpoCTpaHsIIOIIHecs BAO/Ab Pa3JIMYHBIX HaIlPaB-
neHuu [(14]. OgHako NIpH OPUEHTALIMH BOJHOBOIO
BeKTOpa Majalollell BOAHBI BAOJb HalpaBlIeHHUS
MepHeHAUKYISIPHOIO ONTHYeCKOM OCH KPpHCTalla
HaIlpaB/JIeHUS] PACHPOCTPAaHEHUsI OOBIKHOBEHHOM
1 HeOOBIKHOBEHHOM BOJIH COBIIAJAIOT, OHH OTJIH-
YaIOTCS OPTOrOHAJBHBIMHU IMONSPU3ALUSIMU (0OBIK-
HOBeHHas BOJIHA IIOJISIPU30BaHAa IepIeHIUKYISIPHO
ONTHYECKON OCH, HeOOBIKHOBEHHAs! - BJO/Ib OIITH-
YeCKOM OCH) U COOTBETCTBEHHO CKOPOCTSIMH PaCIIPO-
CTpaHeHHs ([OKa3aTensiMM I[PeNOMJIeHHUS M, U N).
B nmBynydernpe/noM/sONeM BOJIOKOHHOM CBeTOBOJeE
HaIlpaBJ/IeHHe PaCIpOCTPaHeHUS COBIAaJaeT C OCBIO
CBETOBOZA.

JIuHellHOe OBYyIydellpesioM/IeHHEe OIpedeIsoT
Pa3HOCTBIO IIOKA3aTe/ler IMPeOM/IeHHS f,~f, ABYX
JIMHEMHO IIOJISIPU30BaHHBIX BOJIH, 3YeKTpUUYeCKHe
BEKTOPBI KOTOPBIX OPUEHTHPOBAHEL BJIOJIb OCEH X U |
yKkasanHoro JIJIII. Ha nyiMHe z BOJIOKHA Pa3HOCTD das
A Mekay BOTHAMM OPTOTOHA/IBHBIX IOASIPHU3aLIHH
IOCTUIaeT BeJIMYHHBL:

Dp=ky:(n,=ny)-z=Q2m/Ay) (n,-ny)-z,

rae k, - BOJHOBOM BeKTOp, A, — J/IMHA BOJIHBI B BaKy-
yMe. XapakTepucTuKoH JJIIT 4ale BBICTyNaeT AJIMHA
6uveHuN L, T.e. JJIHMHA BOJIOKHA z=L;, Ha KOTOPOK
pasHoCTh das mocturaet A (z=L)=2m:

Ly,=Ay/(n,=n,).

Ha ¢oHe pa3mHU4YHBIX CII0CO60B HM3MepeHHUs JIUH
6ueHun L [15-19] MOKHO BBIAENUTH IOMYJISIPHBIH
H3-32 CBOEM Ka KYLIEHCSl IMPOCTOTHl CIIeKTPaJIbHBIK
MeTon [20, 21]. Ha puc. 1 mpuBefeHa cxeMa yCTa-
HOBKH JIJISI TAKUX U3MePeHHUN. HM3/lydeHHe IHPOKO-
1os1ocHoro (mupuHa AA~80 HM 1o ypoBHI0 -60 dbm)
HMCTOYHHKA 1 (3pbueBBIN CyIepIrOMHHeCIeHTHBII
VMCTOYHHUK) IPOXOAUT BOJIOKOHHO-ONTHUYECKHUH OIS
pHu3aTop 2 U IOCTyIlaeT Yepe3 CBApHOe CoefHHeHUe
3 B u3MepsieMoe BOJIOKHO 4. CBapHOe coeJHHeHMEe 3
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propagating along different directions [14]. However,
when the wave vector of the incident wave is oriented
along the direction of the perpendicular optical
axis of the crystal, the directions of propagation
of ordinary and extraordinary waves coincide, they
differ in orthogonal polarizations (the ordinary
wave is polarized perpendicular to the optical
axis, extraordinary - along the optical axis) and,
respectively, in the propagation velocities (refraction
indices n,and n). In a birefringence fiber, the direction
of propagation coincides with the fiber axis.

Linear birefringence is determined by the
difference in refractive indices n,-n, of two linearly
polarized waves whose electric vectors are oriented
along the x and y of the indicated birefringence. On
the length z of the fiber, the phase difference Ag
between the waves of orthogonal polarizations
reaches the value:

A@=ky(ny=ny)-z=(2m/Ay)(ne-ny)-z,

where k, is wave vector of the wave, A, is wavelength in
vacuo. The beat length L; is more often characteristic
of birefringence, i.e. fiber length z=L;, at which the
phase difference reaches A (z=L;)=2m:

Ly=Ay/(n,=n,).
Against the background of various ways

of measuring the beat lengths L, [15-19], one can
single out the spectral method popular because of

Puc. 1. Cxema ycmaHosKku 0as usmeperus AJ11, 6cmpoeHHo20
8 8010KHO, CNEKMPAAbHbIM MEMOodoM: 1 = WUPOKONOAOCHHIU
UCMOYHUK ONMUYECK020 U3AY4eHUsl, 2 — B0A0KOHHbIL NOASIpU-
3amop, 3 u 5 - ceapHbie coeduHeHus, 4 — uccnedyembili 010~
KOHHbIli c8emo060d, 6 — 80A0KOHHbI(I noAsipusamop (aHaauza-
mop), 7 - cnekmpoaHaausamop

Fig.1. Scheme of setting for measurement of birefringence
embedded in a fiber by the spectral method: 1 - broadband
optical radiation source, 2 - fiber polarizer, 3 and 5 - welded
joints, 4 - studied optical fiber, 6 - fiber polariser (analyzer),
7 - spectroanalyzer




RERRR RN RN R N AR R AR R R R R N N AR N AR A AR RN NN
BN FIBER OPTIC DEVICES & TECHNOLIGIES
RERRR RN RN R N AR R AR R R R R N N AR N AR A AR RN NN

i1

BBIIIOJIHEHO TAKHM 06pa30M, 4qTo

YOKOGAWA € -~ AOB3TEC OPTICAL SPECTRUM ANALYZER -~

3/IeKTPHUUECKHUH BEKTOP BOJHBI Ha Lt
BBIXOJle IIO/NSIpH3aTopa 2 HaIlpaB- Ik & yoog

. 3
JIeH II0J, yIJTIoM 45° K 0CAM JTHHEeU- :

$1521, 15E8m

1: 1540, 5820nm

TR A VARRZ: 1521, 1568m
vRRE3:

2012 Sep 19 14115

-210. AB@dBm —¥h: WRITE
—63. 16dBm 40.5640nm _—218, AR
-210. @adEm 0. 8008nm 277757977

Horo [JIII, BCTpO@HHOIO B HM3Me- tMEAS CONDIT1ONs

sTor: 1598, Badnm cenTer: 1568, BBANM span: B8, Anm |

sTarT: 1530, ARANM
psieMoe BOJIOKHO 4 (45° cBapHoe

res: [ @, 02 rm  sens:[MID

BBlB.BdB/D
COE,E[I/IHEHI/IE). B pe3yibTaTe [Be ’ '

JIUHEHNHO [OJISPU30BAHHBIE

BOJIHBI, ~PACHPOCTPaHAIOMHeCs

B HiBi-BoJIOKHe, HMEIT IpH- =B
O6MU3UTENBHO PAaBHBlIE UHHTEH-

CUBHOCTH U OPTOTOHAJIbHBIE P . g
nonspusanuu. /[ns Habinrone- ; ’

HUs MHTepPepeHUNH 3THX BOJIH
TpebyeTcs ellle BOJTOKOHHO-ONTH-
YeCKHHM  IO0JSpU3aTOp-aHalu-
3aTOp 6, MOAK/IIOYEHHBIM TaKXKe
yepe3 45°, cBapHoOe CoeJHUHEHHE
5. Beixon mongpu3aTopa 6 IO~
KJIK4YeH K CIeKTPOoaHalIM3aTopy

0.8 A

| — e :

] ave:[ 1 swe_:[T5RAAT AN

7. Ha puc. 2 moxka3aH TUIIMYHBINA -160.6 :
P N 1530, @og]m
MHTepOepeHIIMOHHBIN CIeKTp,
HabmomaeMbIl Ha 3KPaHe CIIeK-
TpoaHaau3aTopa 7:

I=I,[1+cos(A@)]=
=T, 1+ cos[(Zr[/?\O)~(nX—ny)-z]],

I[lo ocu opOAMHAT OTIOXKEH
aorapudM HHTEHCUBHOCTH L
Ecnu He y4YMTHIBATH M3MeHEHHe

.

Puc. 2. Tunu4Has uHmepgepeHuUOHHAs KAPMUHA HA IKPAHE CNeKmpoaHanu3a-
mopa 8 cxeme puc. 1.PazpetwieHue no dauHam 8oaH 0,02 Hm, ueHa 60AbLI020 dene-
HUS$ nNo 20pu3oHmanu 6 Hm/ den, duanaszoH cnekmpa 1530-1590 HM, no eepmukanu
nozapugmuyeckas wkand, ueHa 60apbwo20 deneHus 10 06

Fig.2. Typical interference pattern on the screen of the spectroanalyzer in

the scheme of Fig. 1. Resolution of wavelengths of 0.02 nm, the value of large
horizontal division is 6 nm/div, spectrum range is 1530-1590 nm, vertical
logarithmic scale, large division value is 10 dB

(56200

EElE

I1II c AIMHOM BOJIHBI, TO €CTh CUU-
TaTh M,~M,=CoNst, TO ATHUHY OHeHUN PacCYUTHIBAIOT
o popmyie [20]:

Lb=(A}\/A0)’Z. (1)

OnuHy 6rueHun HiBi-BomokHa TakuM obpa3zom
MO>KHO OIpeJIeTUTh, 3Hasl PACCTOSIHHE 10 CIIEKTPY AA
MeK/ly ABYMSI COCETHHUMH MHUHHMYMaMH B CIIEKTpPe
MHTepPepeHIIMOHHON KAapTHUHBI, AJHHY BOJHEL A,
OLHOTO M3 MHHHMYMOB U [JIHHY H3MepsieMOro
OTpe3Ka z BOJIOKHaA.

2.2. HiBi-BonokHa

H3710keHHBIH MeTon uamepeHus [IJII [20] 6s11 mon-
BEpPrHyT KpUTHKe B paboTe [21] Ha TOM OCHOBAaHHUH,
YTO OH He yUUTHIBAET JUCIIEPCUIO IIOKa3aTesleH IIpe-
JOMJIeHHUSI, 110 KpaKHel Mepe, B JHalla3oHe IJIUH
BOJH ~A\. JIeFICTBUTE/IBHO, C y4eTOM Aucrepcuu 111
nony4daem [21]:

(AN/N)-z=M(n,-n) - [d(n,~n,) /dN]-M1=Lgr. @)

its apparent simplicity [20, 21]. Figure 1 shows a
scheme of the arrangement for such measurements.
The broadband radiation (width AA ~ 80 nm at the level
of -60 dbm) of source 1 (erbium superluminescent
source) passes fiber optic polarizer 2 and passes
through welded joint 3 to measured fiber 4. Welded
connection 3 is designed in such a way that the
electric wave vector at the output of polarizer 2 at an
angle of 45° to the axes of the linear birefringence
embedded in measured fiber 4 (45° welded connection).
As a result, two linearly polarized waves propagating
in the HiBi-fiber have approximately equal intensities
and orthogonal polarizations. To observe the
interference of these waves, we also need a fiber-
optic polarizer-analyzer 6 also connected through 45°
welded connection 5. Polarizer 6 output is connected
to the spectrum analyzer 7. Figure 2 shows a typical
interference spectrum observed on the screen of
spectroanalyser 7:

I=I, [1+cos(A@)]=I," [1+cos[(2n/)\0)'(nx—ny) -Z).
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BenuunHa, cTosimasi B QUIYpPHBIX CKOOKax, ecTb
II0 ompefeneHHI0 rpynmnosoe [JIII (c miuHOM bue-
HUM L), TakuM obpasom, popmysna (1) ¥ mpeosKeH-
HBIM CIIeKTPa/JIbHBIM METOJ, II03BOJ/IsIeT OIpeleUTh
nnuHy 6veHuN B HiBi-BOJTOKHAX TOJIBKO TPYIIIIOBOTO
nuHernHoro JJIIL. [lyis onpefiesieHUs AJIMHBL OMeHUN
dazoBoro [JIII TpebyroTcsl NOIIOMHHTENbHBIE HCCIIe-
JoBaHUA Auciepcud [Tl n, v n, B CIeKTPaaAbHOM JHa-
ma3oHe A+ AA.

Hanpumep, orpesok HiBi-BonokHa z=1,0 M momMe-
IleH B U3MEePHUTEIBHYIO CXeMy pHC. 1. Pabodas nanHa
BOJMHBL Ay=1550 HM, 3KCIEPUMEHTAJIbHBIN CIIEK-
TpPa/IbHBIK HMHTepBal MeXAY ABYyMSI MHHHMyMaMU
AN=14 M. TpynmoBas AnrHa 6HeHUI CorIacHoO Gpop-
myse (1) L#'=9,0 mm. Jucnepcuw IIIT n, U n, CIefyeT
H3MePSITh OTHENIBHO, YTOOBI ITONTY4IUTh 'dasoBoe” [JIII.
[TorpenIHOCTD B OIIpe/ie/IeHUH AN y ClIeKTpoaHaIn3a-
Topa coctaBasger £0,02 HM, YTO II03BOJISIET U3MEPATH
IJIHUHBL OMeHUM BIIJIOTH [0 L7~0,1 mM. OrpaHuye-
HHeM C/1abbIX ABYyTyUderpeoMIeHHUI B cxeMe puc. 1
SABJISETCA IIHMPHHA CIeKTPa MCTOYHHKA M [JIMHA
BOJIOKHA. B HameM c/iiy4ae MaKCHMMAaJbHBIM HHTEp-
BaJl MeXXAY ABYMS MUHHUMYMaMU AA,, ~40 HM, Mak-
cMasbHas AnMHa HiBi-Bo/lokHA, orpaHH4YeHHas
OAUHOKM KOTepeHTHOCTH M3/Iy4eHHs MCTOYHHKA,
z~6 M. JIeMiCTBUTebHO, OJHOPOAHAS MIUPHHA CIIeK-
Tpa UCTOYHHKA COCTABJIALT S\ ~ 2 HM =~ 10% oT Heof-
HOPOAHOM IIHMPHHBI, 0OYCIOBIEHHON Pa3IHYHBIMU
mepexofaMy MeXAy ypoBHSAMHM Er3. J[IuHa Kore-
PEHTHOCTH (AJIMHA Lyra) B TOM C/ly4ae COCTaBJseT
~1,2 Mmm: 1,,,=A?/8A~1,2 MM, a MaKCHUMaJbHO BO3MOXK-
Has IIMHA BOJIOKHA Z,,,, [IPH nx—ny~2~10‘4:

y

max
Zinax= oo/ (N =1,) =6 M.

[IpyHKUMasi BBIIIENIpHBeJeHHBle 3HAUEHUS:
Zmax=6 M, AA~40 HM, 11 pabouyell JIHUHBI BOJNHBI
A;=1550 HM u3 dopmynsl (1) momydaem L9 =150 MM.
MTak, [0 HalIMM OLleHKaM, CIeKTPaJIbHBIM MeTO-
OOM C CyIepIIOMHHeCLeHTHBIM 3pOHeBBIM MCTOY-
HUKOM MOKHO H3MEpSTh 'TPYIIIIOBbIE" IOIHHEL Oue-
HUH TuHenHbIX [IJIII B HiBi-BoJIOKHaX B AHAaIlla30He
150 MM < L;5"< 0,1 MM.

2.3. Spun-BOJZIOKHa

CreKTpasbHBIe H3MepPeHH S BCTPOEHHOI'0 TIMHEeHNHOr0
JUIIL B Spun-BojIOKHAX IIPOBOASAT aHA/IOTHYHO M3Me-
peHusM HiBi-BO/JIOKOH Ha YCTaHOBKe, IIPHBeleHHON
Ha puc. 1, omHako 06paboTKy IOTyUYeHHBIX pe3yilb-
TAaTOB CJIeflyeT IIPOBOAHUTL IO APYTHM GOpMYyIaM.
JleliCTBUTEeIBHO, XapaKTep PaclpoCTpPaHeHHS CBeTa
B Spun-BOJIOKHAX CYILIeCTBEHHO OTIMYaeTCd OT pac-
CMOTPEHHOIO BbllIe. Y HCXOLHO JIMHEHMHO OIS PU30-
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The logarithm of the intensity I is plotted along
the ordinate axis. If we do not take into account
the change in the RI with the wavelength, i.e.,
n,—n,=const, then the beat length is calculated by the
formula [20]:

Lb:(A}\/)\())’Z. (1)

The beat length of the HiBi-fiber can thus be
determined by knowing the distance from the
spectrum AA between two adjacent minima in the
spectrum of the interference pattern, the wavelength
A, of one of the minima, and the length of the
measured segment z of the fiber:

2.2. HiBi-fibers.

The above birefringence measurement method [20]
was criticized in [21] on the grounds that it does not
take into account the dispersion of the refractive
indices, at least in the wavelength range ~A\. Indeed,
taking into account the dispersion of the RI, we
obtain [21]:

(AN/N)-z=M(n,-n) - [d(n,—n,) /dN]-A 1 =Lgr. 2

The quantity in curly brackets, by definition, is a
group birefringence (with a beat length L,9). Thus, the
formula (1) and the proposed spectral method allows
to determine beat length in Hibi-fibers only of the
group linear birefringence. To determine the beat
length of the phase birefringence, additional studies
of the dispersion of the RI n,and n, in the spectral
range A+ A\ are required.

For example, a segment of HiBi-fiber z=1,0 m is
placed in the measurement scheme of Fig.1. Working
wavelength A;=1550 nm, experimental spectral
interval between two minima AA=14 nm. The group
beat length according to formula (1) L=9,0 mm.
Dispersions of the RI n, and n, should be measured
separately to obtain a "phase” birefringence. The error
in the determination of A in the spectroanalyzer
is +0.02 nm, which makes it possible to measure
the beat length up to L~0.1 mm. The limitation
of weak birefringence in the circuit in Fig. 1 is the
width of the source spectrum and the length of the
fiber. In our case, the maximum interval between
two minima AA,,,, ~ 40 nm, the maximum length of
HiBi-fiber, limited coherence length of the radiation
source, z ~ 6 m. Indeed, the homogeneous width
of the source spectrum is SA ~ 2 nm =~ 10% of the
inhomogeneous width due to various transitions
between Er*? levels. The length of the coherence (train
length) in this case is ~ 1, 2 mm: lj,g =A?/8A ~ 1.2 mm,
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BAaHHOI'O CBeTa B IIpoliecce pacIIpocTpaHeHHUs B spun-
BOJIOKHEe I0BOPauMBaeTCsl IJIOCKOCTb MOASPU3aIUH,
M Ha6MIOMAIOTCS IepUOHYecKHe HM3MeHeHHUs yrIia
3/UIMOTUYHOCTHA. H/IIIOCTpaliMI0 TaKOro II0BOPOTA
MOXeT JIaThb PUC. 3, Ile IpUBeJeHa 5BOIIOLUS MOJSs-
PU3ALIMOHHBIX COCTOSHUI II0 Mepe PacIpocTpaHe-
HHS CBeTa B SPUN-BOjJIOKHe. Ha pHc. 3 mpuBeieHBI
cdepnl IlyaHKape, Ha KOTOPBIX [IOJITOTa MeCTa eCTh
YABOEHHBIN a3MMYTAJIbHBIM Yroin (M3MeHeHHe a3H-
MYTaJbHOIO yIJa - IMOBOPOT IUIOCKOCTH IOJSPH3a-
LMH), a MHUPOTA — YABOGHHBIH yIoj 3/IIUIOTHYHOC-
TH CBETOBOTO M3Jy4deHHs. M3 cpaBHeHHs PHC. 3a
U puc. 3b BUIHO, YTO BeJIMUHHA [I0BOPOTA IIJIOCKOCTH
MO/SIPHU3ALIMK 3aBUCUT OT BeJIMYHUHBI BCTPOEHHOTO
nuHerHoro JUIIT [22]. MakCHUMyMBbl U MHUHHMYMBI
HabniogaeMor KapTHHBI (THIIA PUC. 2) Tellepb 3aBU-
CST OT OPHeHTALIMH 31IeKTPHYECKOr0 BeKTOpa BOTIHEI
OTHOCHUTE/IbHO OpPHEeHTAlLlMU IIJIOCKOCTH IPOIycKa-
HUS aHanu3aTopa. Ec/IM He yYUTHIBATh AUCIIEPCHIO
I1I1, To mosy4yaem GopMyy AJ1s1 Ol pefie/leHU S JIHHBL
6reHUH BcTpoeHHOro JIJIIT 13 sKkcllepuMeHTa [23]:

L2} 0= (AN/20) Ly, 2. ©)

InuHy 6HMeHHN BCTPOEHHOro JHHeNHoro JJIII
Spun-BoJIOKHa TaKUM 06pa3oM MOXKHO OIpeJe/lMTh,
3Hasl paCCTOSIHHE II0 CIIEKTPY AN MeKIy ABYMSI Cocefl-
HUMH MHHHMYMaMH B CIEKTpe,

i g

and the maximum possible fiber length z at

n,=ny~2-107%

max

Zmax = Lkog/ (M= 1) =~ 6 m.

Assuming the above values: z,,, ~6 m, AA~ 40 nm,
for the working wavelength A; = 1550 nm from the
formula (1) we obtain L;#" = 150 mm. Thus, according to
our estimates, the spectral method with the erbium
superluminescent source can be measured by "group"
beat length linear birefringence in HiBi-fibers in the
range of 150 mm < L, < 0.1 mm.

2.3. Spun-fibers.

Spectral measurements of embedded linear
birefringence in the spun-fibers is carried out similar
to measurements of HiBi-fibers with the setup shown
in Figure 1, but the processing of the results should be
carried out by other formulas. Indeed, the nature of
light propagation in the spun-fibers is substantially
different from that considered above. The initially
linearly polarized light during propagation in the
spun-fiber has a plane of polarization is rotatable,
and periodic changes of ellipticity angle are observed.
An illustration of this rotation can be given in Fig.3,
which shows the evolution of polarization states as
the light propagates in the spun-fiber. Figure 3 shows

IJIMHY BOJHBIL Ay OTHOTO K3 MHHHU-
MYMOB, HIar CIHPaJbHOM CTPYK-
Typsl L, ocer nuHeHHoro [JIII, o
BCTPOEHHOTO0 B SPUN-BOJIOKHO,
U JJIMHY HU3MepseMOoro oTpesKa z |
Spun-BOJIOKHa.
Kak moka3zaHo B pabore [22], [
3KCIIePUMeHTa/IbHOe 3HadeHHe
ANUHBL OMeHUH Ly, eCTb CpefHee
reoMeTpHuyeckoe TPyIIoBoM LyJf
U Ga30BOU LbP” IJINH OMeHUH:;
a)
Lzbexp=Lb9f~LbPh=(A}\/2)\0)~Ltw~z.
@)

Spun-BoJIOKHO BBITSITUBAIOT
M3 3aTOTOBKH C JOCTaTOYHO CHJIb-
HBIM TUHeHNHBIM JJJIII, mopgBepras
3arOTOBKY OBICTPOMY BpallleHHIO,
4T0oOBl 0becrieuuTh OOUH 060pOT
3arOTOBKM Ha [JIMHEe BBITSKKH,
PaBHOM IIary CIHPAJIbHOM CTPYK-
Typsl L,,. B IpHHIHIIE MOXHO
BEITAHYTb M3 3TOM K€ 3aro-
TOBKM M HiBi-BOJIOKHO, eC/JIH He

Puc. 3. 380A0UUS NOASIPU3ALLOHHBIX COCMOSIHULI Ha cepe MyaHkape. MNosopom
nAocKocmu noAsipu3ayuu céema npu e20 pacnpocmpaHeHuu 8 Spun-60A0KHe Npo-
s18A51emcs 8 mpaekmopuu 08UKeHus 8004b 3Kk8amopa cgepbl MNyaHkape. 380At0-
LS Ha dALUHe 80A0KHA L=40 mm, napamempbl 80A0KHA: d) Ly, =3 mm; L,=12 mm;
b) Ly, =3 mMm; L,=6 mm. Yem cunbHee 8CmpoeHHoe AuHeliHoe dgoliHoe Ay4enpenom-
NeHue (1em meHblue L,), mem 60AbLue Y204 NO8OPOMA NAOCKOCMU NOASpU3ALUU
Fig. 3. Evolution of polarization states on the Poincare sphere. The rotation of the
plane of polarization of light as it propagates in the spun-fiber is manifested in

the trajectory of motion along the equator of the Poincare sphere. Evolution on
fiber length L=40 mm, fiber parameters: a) L
L,=6 mm. The stronger the embedded linear birefringence (the smaller L,), the
greater the angle of rotation of the plane of polarization

b)

w =3mm; Ly=12mm; b) L, =3 mm;
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BpalljaTh 3arOTOBKY. B 3ToM ciydae, KaK II0Ka3aHO
BBILIE, MOKHO CIIEKTPaJbHBIM METOZAOM OIIpele/IuTh
IPYNIIOBYI0 OIUHY 6ueHunil HiBi-BomokHa L%, 3Kc-
IIePUMEeHTAIBHYIO JJIMHY OHeHH I Spun-BoJIOKHA Lyexp
M, CYUTAs], YTO IPHU BBITSKKe JIMHA 6HeHUI BCTPO-
€HHOI'0 B BOJIOKHO JHHerHoro IOJIII He MeHseTCH,
o popmyse (4) MOKHO oIpefie/IUTh Ga30BYIO0 AJIHUHY
Ouenumn Loh,

Hampumep, oTpe3oK Spun-BojaokHa z=10 M ImoMme-
IleH B U3MEePHUTEIBHYIO CXeMy pHC. 1. Pabodas ninHa
BOJMHBL Ay=1550 HM, OSKCIIEPHMEHTAIbHBIN CIIEK-
Tpa/bHBIK HUHTepBal MeXAY ABYyMSI MHHHMyMaMU
AAEX,,:lo HM, IIar CIHPaJbHOM CTPYKTYPbl OCeM
nuHenHoro IJIIT L,,=3 MM. DKCIepHMeHTaJbHas
AnnHa 6ueHui cornacHo opmyie (3) Ly,y,=10,3 MM.
IIycTh HcCCIemoBaHHe HiBi-Bo/JIOKHaA, BBITSIHYTOT'O
M3 TOHM >Ke 3aroTOBKH, HO 6e3 BpalleHHs, TeM ke
CIIeKTPAJIbHBIM MeTOJAOM J[aji0 3HauyeHHe IPYIIIo-
BOM MIMHBI OMeHHN L9'=9,6 MM, Torma daszoBas
IOIWHA OMeHUN BCTPOeHHOro JuHerHoro [JIII spun-
BOJIOKHA COIVIacHO popmyrte (4) 6ymet Lfh=11 mm. Kak
II0Ka3aHo B pabore [22], y TeMIlepaTypHBIX 3aBHUCH-
mocTten Li(T) u LbPh(T) ONHMHAaKOBbIE TeMIIepPaTypHEIe
K09 GUIIKeHTh (HaK/JI0HBI FPAapHKOB), 3TO I103BONSIET
HaJesaThCs Ha TO, YTO B IIPOLIECCe BBITSKKH BCTPOEH-
Hble [JJII1 He MeHSIOTCA.

[TOBOPOT IIOCKOCTH IOJSPU3ALUU 00yC/IOBIeH
3ama3AblBAaHUEM OLHOM LHUPKYJISPHO IIOISIPH30-
BaHHOM MOJbl OTHOCHUTEJIBHO OPYrOM II0O Mepe pac-
IIPpOCTpPaHeHUSsI CBeTa BJOJb SPun-BojOKHa. 3JTa
3aJlep)KKa @~ @y IDPUBOIUT K IIOBOPOTY IIJIOCKOCTHU
[OISIPH3aLliK CYMMapHOU MOZBI Ha BBIXO/Ie BOJIOKHA
Ha yron 80 paBHBIM MOJOBHHe (a30BOM 3aJepsKKHU
86=(p,~@g)/2. Pa3HOCTH MOKAa3aTeae MPEIOMIIEHUS
n;—Ny JIeBOIONSAPHU30BAHHON M IIPAaBOIOJISPH30BAH-
HOM MO, OIIpefie/ISIIoT 1o GopMmyite [25]:

n —ng=A-Ly, /L)%

Ui spun-BoJIOKHA C IlapamMeTpaMu L, =3 MM;
L,=10 MM pasHOCTb n;-ng~107, 4TO Ha MOPSHOK
MeHbllle BeJIHYHUHBI JHUHeHHoro JJIII nx—ny~2-10’4
IIpY Tex ke mapameTpax. CjeloBaTebHO, IIPH TOMU
ke JJIMHe KOTePeHTHOCTH HMCTOYHHKA l,,=1,2 MM,
YTO M B II. 2.2 MaKCHMajJbHO BO3MOXHAas AIHHA
BOJIOKHA Z

max*

Zinax=lop / (1 ~Ng) 120 M.

max Koe

[IprHMUMas 3HAYeHHUS: Z,,,~ 120 M, AN~40 uM, o1
pabouert IIMHBI BOTHBI Aj=1550 HM U3 popmysl (4)
TIo7ly4aeM OrpaHU4eHHe CBepxy Ly, =70 MM. MuHu-
MajpHOe 3Ha4YeHHe Ly, ,, KAK U BII. 2.2, OIIpe/ie/IsIeTCs
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the Poincare spheres, where the longitude of the
place is a doubled azimuth angle (the change in
the azimuth angle is the rotation of the plane of
polarization), and the latitude is a doubled ellipticity
angle of the light radiation. Comparing Fig. 3a and
Fig. 3b, it’s clear that the magnitude of rotation of
the plane of polarization depends on the value of the
embedded linear birefringence [22]. The maxima and
minima observed pattern (such as Figure 2) are now
dependent on the orientation of the electric vector
of the wave with respect to the orientation of the
analyzer transmittance plane. If we do not take into
account the variance of the RI, we obtain a formula
for determining the beat length of the embedded
birefringence from the experiment [23]:

L20,= (AN 20) Ly, 2. 3)

Beat length of the embedded linear birefringence
of the spun-fiber can thus be determined by knowing
the distance from the spectrum AA between two
adjacent minima in the spectrum, the wavelength A,
of one of the minima, the pitch of the spiral structure
L,, of the axes of linear birefringence embedded into
spun-fiber, and the length of the measured interval z
of the spun-fiber.

As shown in [22], the experimental value of the
beat length L;,,, is the geometric mean of the group
Lo and phase LjP" the beat length:

Lzbexp = ngr.prh = (A)\/Z)\O) ‘LtW’Z. 4)

Spun-fiber is drawn from the workpiece with a
sufficiently strong linear birefringence, exposing the
workpiece to a rapid rotation to provide one turn of
the workpiece on the drawing length equal to the
pitch of the helical structure L,,. In principle, you
can draw HiBi-fiber from the same workpiece, if you
do not rotate the workpiece. In this case, as shown
above, the spectral method can determine the group
of the beat length of HiBi-fiber L%, experimental beat
length of spun-fiber L;,,, and, assuming that when
drawing, the beat length of the linear birefringence
embedded into the fiber does not change, according to
the formula (4), it is possible to determine the phase
beat length L ph,

For example, the segment of spun-fiber z=10 m is
placed in the measurement scheme shown in Fig. The
working wavelength A, = 1550 nm, the experimental
spectral interval between two minima AA,,, = 10 nm,
the pitch of the spiral structure of the axes of the
linear birefringence L,, = 3 mm. The experimental
beat length according to formula (3) Ly,,, = 10,3 mm.
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paspelnaromnier CIIOCOOHOCTIO CIIeKTPOaHa/IN3aTopa
+0,02 HM, 4TO JaeT IIpHU A/IHMHe BOJIOKHA z=1 M 110 pop-
Mmysie (4) orpaHuveHHe CHM3Y Ly,,=0,02 MM. Hrak,
CIIeKTPaJIbHBIM METOJOM C CyIlepIIOMHHEC@eHTHBIM
5pbHeBBIM HCTOUHHKOM MOXHO H3MepSTh 'CMe-
IIaHHBle" JAJIUHB 6ueHUN nuHenHBIX [JIII B spun-
BOJIOKHAX B AuamnasoHe 70 MM <Ly, ,<0,02 MM.

2.4. LoBi-BonokHa

B 3aroToBKax Ajs BBITSIKKM LoBi-BOIOKOH cTapa-
TeJIBHO YOHPaIOT BCe BO3MOKHBIE ITPUYKHBI, BBI3BI-
Baromue [JIII: TPpyOKM [AJIsI 3alOTOBKH 'HJE€asIbHO"
KpyIJble, OCaXAeHHe BeIllecTB, (GOPMHUPYIOIIUX
CepaLeBUHY, U CXJIONbIBAHHE 3aTOTOBKH IIPOU3BOJAAT
IIPH OQHOPOOHOM HAarpeBe IO a3sMMYTY 3arOoTOBKH,
cepaueBHHY GOPMHUPYIOT TOYHO IO LEHTPY 3aro-
TOBKH, OCb BpallleHUs IIpH BBITSOKKe LoBi-BoloKHa
IIPOXOAXT TOYHO I10 LIEHTPY 3aTOTOBKU U T.II. Hamu
HcciefoBaHUA [24], ogHaKo, MOKa3alaM, YTO H3IO-
TOBJIeHHBIE M3 HAUIMX 3ar0OTOBOK W 3aTOTOBOK HMHO-
CTpaHHBIX ¢upM LoBi-BosokHa mumenu ciaabeie [IJITT
C oauHOM 6ueHUN mo L,~80 mm. Y OOCTYIIHBIX HaM
LoBi-B0JIOKOH HHOCTPAaHHOIO IIPOM3BOACTBA BCTPO-
eHHoe nHHerHoe [IJIIT 6BI7I0 TaKOTo >Ke IOpsiAKa.
Mbl cuMTaeM, 4YTO OHO CBSI3aHO C O4YeHb HebO/Ib-
IIMM HeCOBIIaJleHHeM OCH BpallleHHUs IIPU BBITSKKE
C L@HTPOM CepALEeBHHEI B 3arOTOBKe. B 3TOM cMBIC/TE
peanbHble LoBi-BOJIOKHAa MOKHO OTHeCTH K Spun-
BOJIOKHAM C OYeHb CJIaObIM BCTPOEHHBIM JIMHEMHBIM
JJIII. 9To Mo3BOJsIeT MPHUMEHSTh CIeKTPaJIbHBIN
MeTo, K LoBi-BolloOKHaM c pacueTaMu 1o dopmyse (4)
U IpUBeJeHHBIMH B II. 2.3 OrpaHHUYeHHUSIMHU:
70 MM <Ly,,,<0,02 MM.

Cinaboe [JIII co3maeT OOMIOJHHUTE/IbHBIE TpyA-
HOCTH B MCIOJIB30BAHHU CIIEKTPAJILHOTO MeTOoIa.
Onst uamepeHus: bompmiux MIWH 6ueHUN Tpedy-
10TCs Oosblie OIHMHBL OTPE3KOB HM3MepsieMblX LoBi-
BOJIOKOH ~100 M. HamMoTKa TaKMX OTPe3KOB [a’ke
II0 CPaBHHUTEJIBHO OOMBIIMM pajiHycaM IpUBeJeT
K JIOIIOJIHUTEIbHOMY, MHAYLIHPOBAHHOMY H3ruboMm,
nuHenHOMYy [JIII, KoTopoe U bymeT M3MepeHO KakK
BCTpOeHHOe JMHelnHoe [IJIII, TOCKOIBKY CaMO BCTPO-
eHHoe [JJITI - maro.

3. METOA YIMNPYIroro KPY4YeHuA
BOJIOKHA BOKPYI OCUA
JKCnepuMeHTaibHas yCTaHOBKa
yNpyroro Kpy4eHus 1 metoamka
U3MepeHun

MeTon ymnpyroro KpydeHHs BOKPYT OCH BOJIOKHA
103BOJISIeT U3MePATh $Pa30BYyI0 IIMHY OHMeHHH BCTPO-
€@HHOro B Boj10KHO JIJIIT. Bo BpeMs Kpy4YeHHu 4, BIIJIOTh
no 1015 obopoToB, BiIHsiHHe 0bpa3yromierocs LUp-

3.1.

i g

Let the study of the HiBi-fiber drawn from the same
workpiece but without rotation, by the same spectral
method has given a value of group beat length of
L9'=9,6 mm, then the phase length of the embedded
linear birefringence of the spun-fiber according to
formula (4) will be Lif"=11 mm. As it was shown in
[22], in temperature dependences Ly (T) and Lyt
(T) have the same temperature coefficients (slopes
of the plots), which allows us to hope that during
the drawing, the embedded birefringence does not
change.

The rotation of the polarization plane is due to the
lag of one circularly polarized mode relative to the
other as the light propagates along the spun-fiber.
This delay ¢, - ¢y leads to a rotation of the polarization
plane of the total mode at the fiber output by an angle
of 86 equal to half phase delay 60=(p,-¢g)/2. The
refractive index difference n;-ny of the left-polarized
and right-polarized modes is determined by the
formula [25]:

n —ng=A-L,, /2L)*

For spun-fibers with parameters L,,=3 mm,;
L,=10 mm difference n;-ng~10", which is an order
of magnitude smaller than the linear birefringence
value n,-n,~2-10"* for the same parameters. Therefore,
for the same source coherence length I,;,=1.2 mm, as
in 2.2, the maximum possible fiber length z,,,:

Zmalexaz /(nL_nR) ~120 M.

Assuming the values: z,,, ~ 120 m, A\ ~ 40 nm,
for the working wavelength A, = 1550 nm from
formula (4) we obtain the upper limit Lo, = 70 mm.
Minimum value L., as in 2.2, is determined by
the resolving power of the spectroanalyzer +0.02 nm,
which gives, for a fiber length z=1 m by formula (4)
the limitation from below L;,,,=0.02 mm. Thus, the
spectral method with an erbium superluminescent
source can be used for measurement of "mixed" linear
birefringence beat length in the spun-fibers in the
range of 70 mm<L;,,,<0.02 mm.

2.4. LoBi-fibers

In the workpieces for the LoBi-fibers, all the possible
causes of birefringence are thoroughly removed:
the tubes for the workpiece are "ideally” round, the
deposition of the substances forming the core and the
collapse of the workpiece are made with homogeneous
heating along the azimuth of the workpiece, the core
is formed precisely along the center of the workpiece,
the axis of rotation when drawing LoBi-fiber is

PHOTONICS vOL. 12 N2 6 (74) 2018 623



i

KyasipHoro [IJIII mpeHeb6peskHMMO
MaJjio H He MellaeT CpaBHUTEJIbHO
[IPOCTOM WMHTepIIpeTaliul pe3ysb-
TaToB 4depe3 (a3oBYO 33aJePKKy
Rtd mexay MoJaMH, OTIHYAIO-
IIUMMUCST OPTOTOHAIbHBIMH IOJISI-
pusanusiMu. B Hi-Bi-BonokHax
3T0 6BICTpasi U MeJlJIeHHasl BOJIHBI,
a B Spun-BoJOKHax 3To ¢aso-
Basl 3a/lep>kKa MeXX7Ay JIHHeHHO
MOJSIPU30BAaHHBIMH  MOIAMH,
Ha KOTOpble MOXKHO Pa3jIOKHUThb
3/JIMIITUYECKH IO/ISIpH30BaHHOe
COCTOsIHHe, II0JIy4alolleecs B Ipo-
Llecce pPacIpOCTPaHeHHS CBeTa
II0 SPUn-BOJOKHY (CM. PpHC. 3).
Yron da3oBoM 3amepskKu Rtd
pPaBeH YABOEHHOMY YIJy 3JIMII-
TUYHOCTHU Rtd=28=2-arctg(b/a).
CxeMa 3KCIIepHUMEHTalb"
HOU YCTAaHOBKHM IIpHBeJeHa Ha
puc. 4. B KayeCcTBe HCTOYHHKA
CBeTa HCIIONb3YeTCsl MOMyIIPOBOJ-
HUKOBBIM J1a3ep 1, reHepHpYyIo-
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Puc. 4. baok-cxema ycmaHosKku 045 usmepeHus J1, cmpoeHH020 8 80A0KHO,
Memodom ynpyz020 Kpy4deHus: 1 — UCMOYHUK C8emoeozo usay4deHus (noaynposo-
dHuKosbil Aazep); 2 — 6A0K NUMAHUS UCMOYHUKA c8ema, 3 — obvekmus, co30a-
oUW Ul napannenbHbll Ny4oK ceema; 4 — mexaHu4eckutl modyasmop; 5 - noasipu-
3amop ¢ y2nom no8opoma o no asumymy; 6 — 06sexmug 0451 8800a U3Ay4eHUS

8 BC; 7 - tocmuposo4Hoe ycmpolicmao; 8 — usmepsieMbili B0A0KOHHbIL C8emos00;
9 - nAouw,aoka HamsKHo20 mexaHusma, 10 — kpenaeHue BC; 11 - 6a0k; 12 - 2py3,
Hamszusatowul BC; 13 - nAowadka spawarouiezo mexaHusma (pomopa); 14 -
aHanuzamop Ha 8bixode BC; 15 - pomonpuemHUK; 16 = CUHXPOHHBIL ycuaumenb;
17 - Komnbomep

Fig.4. Flow diagram of the device for measuring birefringence embedded in the
fiber by the elastic twisting method: 1- light source (semiconductor laser); 2 -
power supply unit of the light source; 3 - lens that creates a parallel light beam;
4 - mechanical modulator; 5 - polarizer with a rotation angle o in azimuth;

6 - lens for introducing radiation into the OF; 7 - adjusting device; 8 - measured

MUK U3/1y4eHHe C AJIMHOK BOJIHEI
1=1,55 MKM, IMUTaeMBIH OT CTabU-
nu3aTopa ToKa 2. O6beKTuB 3 co3-
JaeT Iapae/lbHBI IIYUYOK CBETA,

optical fiber; 9 - platform of the tension mechanism; 10 - fixing of the OF; 11 -
block; 12 - load, pulling the OF; 13 - platform of the rotating mechanism (rotor);
14 - analyzer at the output of the OF; 15 - photodetector; 16 — synchronous
amplifier; 17 - computer

IIpepelBaeMBbIl  MeXaHHYeCKHUM
MOAYIATOPOM 4, U IpPOXOASIIHH
4Yepes JIMHEeUHBIU I0A4pH3aTop 5. [I0BOPOT IOISPH-
3aTopa M3MeHseT a3MMYTaJIbHBIH YIoJI o [I0 OTHOIIe-
HHIO K MOJIOKEeHUI0 ocer NuHenHoro /[JIIT Ha Bxome
BC. O6BeKTHB 6 C IOCTUPOBOYHBIM CTOTUKOM 7 QOKY-
CHUpyeT H3/Ty4YeHHe Ha BXOAHOM TOpeLl UCC/IefyeMOro
BOJIOKHA 8, 3aKpeIlIeHHOI0 Ha IIIoIaJKe 9 HaTsK-
HOT'O YCTPOMCTBA C IIOMOILBIO OIITHYEeCKOro Kies 10.
HaTs>keHue nepeflaeTcsi HUTBIO, [IEPeKUHYTOH Uepes
610K 11, a ero BeIMYHWHA PeryIHupyeTcsi rpy3om 12
(~0,4 H). Bpamenue BC BOKpyT ocH BOJIOKHaA obecrie-
YMBAaeTCS BpallalolIMM MeXaHH3MOM 13, Ha IJo-
IaJIKe KOTOPOTO 3aKpeIjisieTcss ONTHYeCKHUM KJleeM
10 BTOpOIl KOHel] BOJIOKHA ([OJIHHA YHIPYro CKpy4H-
BaeMOIo OTpe3ka BOJIOKHA paBHa z). H3nyueHHe,
IocTymnampinee ¢ Beixofga BC, IIPOXOOUT aHA/IH3aTOP
14 u peructpupyercsa poropromom 15. ITpomoaynupo-
BaHHBIN QOTOTOK IIOCTyIaeT Ha CHUHXPOHHBIM YCH-
JIUTeNb 16, BeJIMYKMHA CUTHAJIa PETUCTPUPYETCS KOM-
IIbIOTEpOM 17.

dasoBas
o popmyine:

3agepkka  Rtd  ompepensertcs

cosRtd= (Imax_lmin>/(1max+lmin)’ ®)
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exactly along the center of the workpiece, etc. Our
[24], however, showed that LoBi-fibers made from
our workpieces and foreign workpieces firms had
weak birefringence with a beat length of up to L, ~
80 mm. In the foreign-made LoBi-fibers available to
us, embedded linear birefringence was of the same
order. We believe that it is associated with a very
small misalignment of the axis of rotation when
drawing with the center of the core in the workpiece.
In this sense, real LoBi-fibers can be referred to
spun-fibers with a very weak embedded linear
birefringence. This makes it possible to apply the
spectral method to LoBi-fibers with the calculations
and according to formula (4) and the limitations in
2.3:70 mm=<Ly,,,<0,02 mm.

Aweak birefringence creates additional difficulties
in the use of the spectral method. To measure large
beating lengths, long lengths of measured LoBi fibers
~ 100 m are required. Winding such segments even
over relatively large radii will lead to an additional,
induced by bending, linear DLB, which will be
measured as an embedded linear SLP, since the
embedded BOFS itself is small.
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re Lyae Lyin ~ AHTEHCUBHOCTH HU3/1y4eHHUs], [I0TyYeH-
HBle [IPY BpallleHU ! aHalIu3aTopa 14, XapaKTepH3yIo-
I[Me 3UIMITHYHOCTh CBeTa Ha BbIXofe BC B oTCyT-
CTBUHU JHUXPOKM3Mda BOJIOKHA.

Kak mokasaHo B paborte [25], obmas ¢popmyra
st $a3oBOM 3aJepKKH Rtd, mpuMeHHUMast KO BCeM
BUJAM [ABYJIy4YeIllpeJOM/ISIOIIUX BOJIOKOH, HMeEeT
BHU;

AB (§+7/2)(1-c0os2Qz)cos20.-Q-sin2Qz sin 2o,

i = 6
sinRtd 5 o , (6)

rge: Ap=2m/L, - CKOpOoCTb HapacTaHUs (a3oBOK
33/Iep>KKH C IJIMHOU Z BOJIOKHA MeXX/y BOJITHAMH
OPTOTOHA/IBPHBIX THMHENHBIX OIS PU3aLIUH H3-3a
BCTPOEHHOro juHernHoro [JIII ¢ mnuHOM 6ue-
HUH L;
Yo=21/L; - aHAJIOTUYHO, CKOPOCTb HapaCTaHU S
da30BOM 3aJep>KKH MeXJy BOJTHAMH OPTOrO-
Ha/JbHBIX LMPKYISPHBIX IIOASPHU3aLHMH H3-3a
LU pKyn1spHoro IJII ¢ nnuHON 6ueHUH L;
§y=2m/L,, - yI7IoBas CKOPOCTb BpallleHHUs OCeH
BCTPOeHHOro JHUHenHoro JJIII B cIHpaJbHOHU
CTPYKType C IIarOM CIIMpaJH L,;
§=Cy+t@/z; @ - yrom ympyroro Kpy4yeHHS

i g

3. THE METHOD OF ELASTIC TWISTING
OF A FIBER AROUND AN AXIS
3.1. Experimental setting of elastic twisting
and measurement technique
The method of elastic twisting around the fiber axis
makes it possible to measure the phase beat length
of the birefringence embedded in the fiber. During
twisting, up to 10+15 revolutions, the influence of the
circular birefringence formed is negligible and does
not interfere with the relatively simple interpretation
of the results through the phase delay Rtd between
modes differing in orthogonal polarizations. They
are fast and slow waves in the HiBi-fibers, and in the
spun- fibers, this is the phase delay between linearly
polarized modes, into which an elliptically polarized
state resulting from the propagation of light through
the spun fiber can be propagated (see Fig. 3). The
angle of phase delay Rtd is equal to doubled angle of
ellipticity Rtd=28=2-arctg(b/a).

The scheme of the experimental setting is shown
in Fig. As a light source, semiconductor laser 1 is
used that generates radiation with a wavelength
1=1.55 microns, fed from current stabilizer 2.
Lens 3 generates a parallel light beam interrupted
by mechanical modulator 4, and passing through
linear polarizer 5. Rotating polarizer changes

PHOTONICS vOL. 12 N2 6 (74) 2018 625
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obpa3na BOJIOKHA JJIMHOM z (3HaK BBIOMpAIOT
[0 OTHOIIEHHI0O K HAaIpPaBIeHHUI0 KpydeHHS
B CIIMPa/IbHOM CTPYKTYpe);

Y=@/{z - yuTeHO LUPKyAsgpHOoe [JIII, BO3HHKa-
Iolllee IIPH YIIPYyroM KPy4YeHHUH BOJIOKHA BOKPYT
ocu [26], p=6,85;

o — a3UMYTa/IbHBII yToJl BXOAHOIO OIS pH3aLi-
OHHOTI'O COCTOSIHUS;

Q=(aB/2) +[e+(v/2)T, 7)

Q) - IpoCTpaHCTBEHHAs YacToTa.

Kak BupHO 13 dopmyinsl (7), yron yIpyroro Kpy-
YeHHS @ BXOOMUT B IIPOCTPAHCTBEHHYIO YacTOTy Q)
u obecmeurBaeT IepHUOAHYECKOe H3MeHeHHe da3o-
BOM 3aJlep>kKKU Rtd B Ipolriecce yIpyroro Kpy4eHHSI.
Bornee Toro, kak mmoxasas Pamuiu [26], ympyroe kpyue-
HUe BbI3bIBaeT cj1aboe mupkynspHoe IJIII:

y=¢/(n2), (8)

rae p=06,85 01 KBapLeBblX BOTOKOH. PU3HUYeCKH 3TO
O3HavaeT, UTO B BOJIOKHE JIJIMHOK Z MOXKHO ITOJIyYUTb
nupKyasipHoe [JIII ¢ pnuHON b6reHUN L-=z, TOIBKO
C/lesIaB Ha JJIMHe BOJIOKHA L 0K0JI0 7 000pOTOB BOKPYT
ocu. Kak moxkaswsIiBaeT OIBIT [25], BIMAHUEe HaBeleH-
HOro KpydyeHHeM LHPKyaspHoro IJIII CTaHOBHUTCS
3aMeTHBIM Ha4yMuHasi ¢ ~20 06OPOTOB BOKPYI OCH
BOJIOKHA IIpU JjIUHe obpasua z=1 m. Popmyier (5)-(8)
BBIBe[leHbl /i1 MOHOXPOMATHYeCKOro CBeTa, I103-
TOMY JJIMHA OMeHUH 3ech pa3oBasi.

MeTonHMKa H3MEpeHHH CieAyoomas.
HHeM BXOOHOIO IOoisipyU3aropa 5

Bpaie-
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azimuthal angle a relative to the position of axes
of linear birefringence at the OF inlet. Lens 6 with
alignment table 7 focuses radiation at the input
end of test fiber 8 fixed to platform 9 of the tension
device using optical adhesive 10. The tension is
transmitted through a thread let through block 11,
and its magnitude is regulated by load 12 (~ 0.4 N).
The OF rotation around the fiber axis is provided by
rotating mechanism 13, on the platform of which
the second end of the fiber is fixed with optical glue
10 (the length of the elastically twisted fiber segment
is z). Radiation supplied from the OF output passes
analyzer 14 and is registered with photodiode 15. The
modulated photocurrent is supplied to synchronous
amplifier 16, the signal value is recorded with
computer 17.

The phase delay Rtd is determined by the
formula:

cosRtd =T, i)/ Tnax + Linir)» (5)

Imax

where I, I, are the intensities of radiation
received by the rotation of analyzer 14, characterizing
ellipticity of light output in the absence of sun
dichroism fibers.

As shown in [25], the general formula for the phase
delay Rtd, applicable to all types of birefringence

fibers, is:

sinRtd= A?B. (§+y/Z)(l—cosZQz)c;SZZa—Q-ststmZoc

, (6)

YCTaHABAMBAKOT IIPOM3BOJIbHBIN
YyTOJI O II0 OTHOIIEHHIO K OCSAM 40

IJIII  #ccmeayeMoro BOJIOKHA.
BpamieHueM aHaausartopa 14 30
IOy4YaloT MaKCHMaabHoe I,
M MHHHMaJbHOE I, 3HaYeHHUS
MHTEHCHUBHOCTEH  JJIHUIITHYe-
CKOM IIOJISIPHM3allMM Ha BBIXOJe
BOJIOKHA. PacCUMTHIBAIOT 110 $Hop-
mysne (5) cosRtd. 3atem moBopa-
YUBAIOT BXOJHOU IIOJISIPU3aTOP

20

Rtd, rpan.

10

-10

5 Ha HebGOJBIION YroJl M aHAJIU-
3aTopoM 14 cTapawTCcsa IOy~
YUTh MAKCHMaJIbHOE 3HAYeHHe
cosRtd. Korma 3HaueHHe cosRtd

-1800 -1080

-360 0 360 1080 1800 2520 3240 3960 4680 5400 6120

YroJ1 IOBOpTA

OOCTUIaeT 3HaueHHUs, NpUbIU-
3UTEeJBHO PaBHOIO eJHHHUIe,
MOXXHO YTBepXKZATh, YTO a3HMY-
TJIBHBIH YO/l paBeH a=0, TO eCThb

Puc. 5. TunuyHbil 2paguk 3asucumocmu ¢pazosoli 3adepxkku Rtd om yzaa ynpy-
2020 Kpy4eHus @ 0Ast HiBi-80A0KHaA npu a3umymanbHom yzie o = 0

Fig.5. Typical plot of the phase delay Rtd as a function of the angle of elastic
twisting @ for HiBi-fiber at azimuth angle o« = 0
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Ha BXOJle CBeT IIOJSPU30BaH BJO/Nb OJHOM K3 oceil
JJIIT BonoKHA. OTCYMUTHIBAS OT 3TOTO IIOJIOKEHHS
IOSIPHU3aTOpa 5, MOXKHO IONYy4YUTh N06oe Tpeby-
eMoe 3HauyeHHe a3MMYTJIBHOIO yIaa o. JlalbHeH-
mue MeTOOHWKH H3MepeHHH OTIHMYAIoTCs /s pas-
JUYHBIX [BYJIydelpeloMISIONKX BOJOKOH: HiBi-,
LoBi- 1 Spun-BosIOKOH.

3.2. HiBi-BonokHa

s mpuMeHeHHS MeTOoOUKH K HiBi-BomokHam
HY>KHO MOAHGULIPOBATE popmyiy (6). DTH BOIOKHA
BBITATHUBAIOT 0Oe3 BpalleHHUsI 3arOTOBKM, CJIeLOBa-
TenbHO, §;=0. [103TOMy B BBIPa>kK€HHUHU MAJISI HOBOMU
IIPOCTPAHCTBEHHOM YacTOThHl Q) Benu4uHa AB/2 cTa-
HOBUTCSI CYIIeCTBEHHO 60JIbIlIe BTOPOTo YiIeHa:

ABI2E+(v/2)=[1+(1/2u)](¢/2), ©)

IenCTBUTENbHO, AP~21/(2+10 MM), a ¢/z~N-21/(1 m),
4TO Aaxke npu 10 o6opoTax yrnpyroro KpyueHus yI0B-
neTBopsieT ycaoBHIO (9). KpoMe Toro, s COOMIOAeHUS
ycoBus (9) MBI Bcerjia MOKeM YBeIHYHUTb AJIMHY Z
H3MepsieMOro BojiokHa. C TOUHOCTBIO 10 YJIeHOB BTO-
POro IMOpsiAKAa MaJIOCTH IIPOCTPAHCTBEHHAS YacTOTa
Q~AB/2. [Nanee BeOepeM a3MMYTa/NbHBIN yroa o=0.
BripaskeHHe (6) YIPOCTUTCS:

where: AB=2n/L; is slew rate of the phase delay
with a length z of fiber between the waves
of orthogonal linear polarizations of
embedded linear birefringence with the beat
length L,
Yo=2m/Lcissimilarly, the rate of increase of the
phase delay between the waves of orthogonal
circular polarizations due to a circular
birefringence with the beat length L;
§,=2n/L,, is angular velocity of the axes of the
embedded linear birefringence in the helical
structure with a spiral pitch L;,;
§=8,+¢/z; ¢ is the angle of elastic twisting
of a fiber sample with length z (the sign is
chosen with respect to the twisting direction
in the spiral structure);
Y=¢/pz is considered circular birefringence
that occurs with elastic twisting of the fiber
around its axis [26], p=6,85;
aisthe azimuth angle of the input polarization
state;

Q=(aB/2) +[e+(v/2)T, ?)

Q is spatial frequency.
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sinRtd = (L, /)-(1-c0s2Qz)-[1+(1/2u) |-(¢/ 2).

dyHKIMS sinRtd THHEHHO 3aBUCHUT OT yIJIA KpYy-
4yeHUs @. Ha puc. 5 mpuBeneH rpadpuK 3aBUCHMOCTH
Rtd () BBIYHCIIEHHBIN 10 TOYHOH dopmyte (6). BUnHO,
YTO MaKCHMYMBI KolebaHU, 00yC/IOBIeHHBIE BBIpa-
skeHHeM 1-cos2Qz, neskaT Ha OOHOM HpﬂMOIZ.

TaHTreHC yIla HaKJIOHa tgd IpsSIMOM, IIPOXOAs-
e Yyepe3 MakKCUMYyMBI Rtd,,,, (), T03BoO/IsIeT ompesie-
NUTh AIUHY 6HeHUI NHHeHHoro JIJIII BCTPOeHHOro
B HiBi-BO/JIOKHO:

tgd=Rtd, . (¢)/ 9=[1+(1/2n)] L,/ (nz).

MeTonuKa U3MepeHHH cienymomas. HiBi-BomokHO
3aKpeIlISIIOT Ha YcTaHOBKe (pHC. 4) U PUKCUPYIOT OIITH-
YeCKHUM KjieeM. BBOASAT pacTATHBAIOLIYI0 HArpPy3Ky ~
0,3+0,5 H.Ilepen BpalleHHeM OIpelessiorT Io II. 3.1
II0JIO’KEHHEe a3HMYTaJIbHOro yriaa a=0. 3TO COOTBeT-
CTByeT ciydato cosRtd=1, Rtd=0. HauuHaioT Bpale-
HHe BOJIOKHA BOKPYT OCH C marom 10°:20°. He MeHss
IIOJIOKEHU ST BXOMHOTO IIOJSIpH3aTOpa M IIOBOpPaYMBas
aHa/IM3aTop 14, onpezessioT 10 IPUHKUMaeMoMy GoTo-
JeTeKTOPOM CHUTHaJy BeJIUYMHBI I, U I, U 110 dpop-
Mmysie (5) ompemensiioT $a3oBy 3aepKKy Rtd. CTpost
rpaduk THma puc. 5. ITo obHapysKeHHBIM MaKCHMY-
MaM IIPOBOASAT MPSMYIO JIMHHUIO, I10 HAK/IOHY KOTOPOH,
3Has JJIMHY U3MePSeMOTo BOJIOKHA, IIOIyYaIOT JJIHHY
6buenuii L, BctpoeHHoOro B HiBi-BosokHO JJIII.

3.3. Spun-BOJIOKHa

®opmyna (6) 6el1a BbIBeleHA /1S SPUN-BOJIOKOH [25].
ITo cpaBHeHHIO ¢ dopmynon Ajasi HIBi-BOJOKOH OHa
YYUTBIBAeT BpalleHHe oceil [IJIII, o6pasyoniyux CIu-
PasBHYIO CTPYKTYpYy: §=§+¢/z; § =2n/L,,. Ilpudem
IIaTr CIHMPAJIBHOM CTPYKTYpPhl OOBIYHO KOPOTKHI
L, ~3+4 MM, a nnuHa OHeHHE BcTpoeHHOoro [JIIT
B 3+4 pasa bonbme. Takum 06pa3oM, CKOPOCTh IIPO-
CTPAaHCTBEHHOIO BpaIlleHHUs §, IIpeBbIIIaeT He TOIbKO
CKOPOCTb KPy4eHH I BOJIOKHA BJIOJIb OCH, HO M CKOPOCTb
HapacTaHus $a30BOM 3alep>KKU OPTOTOHAJIbHBIX
JIMHEHHO IIOJISIPHU30BaHHBIX BOMH AP. [ToaToMy ympy-
roe KpydeHue fobaBisieTcs K (MM BbIUHUTAETCS U3)
BpalleHHI0 ocer [JIII, MONy4eHHOMY IIPH BBITSIKKE
BOJIOKHA KaK MaJias fobaBKa. DTUM 06yC/I0BI€HO CpaB-
HHUTeJIbHO IIPOCTOe IOBefleHHe hU3MepseMOr Ppa30BOL
33lep>KKH Y Spun-BojiokHa. Kak BUHO U3 pHC. 6, IIpU
no6oM 3HAUEHUH a3HMMYTaJIbHOIO yINa O QYHKIIUS
Rtd(p) mpencTaBisieT cobor CHHYCOUIY OLHOM M TOH
>Ke aMIIIUTY[Bl, HO C J06aB/leHHeM H3MeHSIOIeHncs
IIOCTOSHHOM COCTaBIAIOIel. M3Mepsiss aMIUIMTYyRy
CHHYCOM/IBI OT IIMKA JI0 [THKA, I10JIy4aeM BO3MOKHOCTb
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Puc. 6. 3asucumocmp ¢azosoll 3adepxku R ; om yaaa ynpy-
2020 KpY4eHUsl ¢ spun-60A0KHA 0AUHoL 1,0 M, CO BCMpPOeHHbIM
AuHeliHbim JJ1M ¢ 0auHol 6uenull Ly =15 mm, wazom cnupans-
Holl cmpykmypebi oceli /1M Ly, = 4 mm: a) o = 0% b) ot = 45°
Fig.6. Dependence of the phase delay R,,on the elastic
twisting angle ¢ of the spun-fiber with a length of 1.0 m, with
the embedded linear birefringence with a beat length of L, =15
mm, the spiral structure of the birefringence axes L., =4 mm:
a)o=0°Db)a =45

As can be seen from formula (7), the elastic
twisting angle ¢ enters the spatial frequency Q and
provides periodic variation of the phase delay Rtd in
the process of elastic twisting. Moreover, as shown by
Rashley [26], elastic twisting causes a weak circular
birefringence:

y=¢/(n2), (8)
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where 1=6.85 for quartz fibers. Physically, this means

90 ) . . . P
that in the fiber with length z circular birefringence
80 1 beat length L.=z can be obtained, only making in the
fiber length L. of about 7 turns around its axis. As
70T the experiment [25] shows, the effect of the circular
60 1 birefringence induced by twisting becomes noticeable
starting from ~20 turns around the fiber axis at a
= 50+ specimen length z=1m. Formulas (5) - (8) are derived
& for monochromatic light, so the beat length here is

s 07 phase.

a 301 The measurement procedure is as follows. By
rotating input polarizer 5, an arbitrary angle o is
20 | set with respect to the axes of the birefringence of
the studied fiber. Rotation of analyzer 14 produces
107 the maximum I, and minimum I, values of the
o= TS intensities of the elliptical polarization at the fiber
10 100 1000 10000 100000 | output. Calculations are made using formula (5)
Lb (Mxn) cosRtd. Then, input polarizer 5 is rotated by a small
Puc. 7. 3asucumocmp makcumanbHoli $pazosoli 3adep>kKu angle and using analyzer 14 an attempt is made to
0m 0AUHbI bUeHUL 8CMPoeHH020 AuHeliHo20 JJ1TT spun- obtain the maximum value cosRtd. When the value
‘:]O’:"(';"S:O‘ftg' ZS:/;AC/’) M, CNAOWHAA AUHUA - LEw = 3 M of cosRtd ~ 1 is reached, it can be argued that the
F},g]. Deppendence of the maximum phase delay on the beat aznru;th angle is a=0, 1.e.,. at th.e 1qput, light is
length of the embedded linear birefringence of spun- fiber: o = polarized along one of the fiber birefringence axes.
0°z=1,0m, solid line - L,, = 3 mm; dotted line- L,,, = 5 mm By counting from this position of polarizer 5, any
desired value of the azimuth angle « can be obtained.
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OIlpenenuTh IJIMHY OHMEeHHU L BCTPOEHHOrO B Spuml-
BOJIOKHO JHHenHoro [JIII. eHCTBUTEeNbHO, U3 POp-
Myibl (6) B MHTepBaJle IIepBBIX HECKOIBKUX 000pOTOB
YIIPyroro KpydeHus (MOKHO IlpeHebpedb WIeHaMHU
C (p/z) IpU A3UMYTAJIBHOM YIJIe a=0° c/lefiyeT:

sinRtd = M(l— €052Qz), (10)
(A/2) +&
a [IpH a3MMYTa/IbHOM yIjIe o =45°:

(aB/2)’
282

sinRtd = §0~(A[i/2) [1+ }-sinZQz.
(AB/2) +&5

Kax 6p1710 CKa3aHO, y SPUN-BOJIOKOH AT CITPAIbHOM
CTPYKTYyphl L, B 3-4 pasa MeHbllle JUIMHBI OHeHUN L
BCTpoeHHOoro [JJII1, II03TOMY BTOPLIM YJIEHOM B IIPIMBIX
CKObKax MOXKHO ITpeHebpeub, U KOIPOHUIIMEHTHI IIPU
FapMOHMYECKUX YIeHAaX CTAHOBATCS PaBHBIMH. B 3Kc-
IIeprMeHTe Pa3sHUIlA B aMIUIMTyJaX IIPU PasaMYHBIX
A3MMYTa/lIbHBIX yIJIAX O IIPAKTHYeCKH He Habmomga-
etcst [25]. [inst ynobcTBa M3MepeHUH KeJlaTellbHO MeTh
TEOPETUYECKYI0 3aBUCHMOCTh MAKCHMaJIbHOIO 3Have-
Hus Rtd,,, pu a=0° oT AJIKUHBI OMEeHUH L, BBIUHUCIIEH-
HYI0 110 popmyiie (6) 17151 U3BECTHOIO 3HAUYeHH s Iara L,
CIIMPAJIBHOKM CTPYKTYpPhl. I'padHK 3TOM 3aBUCHMOCTH
IIpuBeZleH Ha pUC. 7 (CIUIOIIHAS THUHUS) 11 L, =3 MM,
z=1 M. BuzHo, 4yTo dyHKUHUS Rtd,, (L;) HeoqHO3HAUHA,
1 TpebyeTcs MOMOMHUTENbHASE UHPOPMALUS A/ TOU-
HOTO oIpeie/ieHHs] $a30BOM [JIMHBI OHMeHUI (HaIlpu-
Mep M3 CIIeKTPa/JIbHOTO MeTofa U3MepeHHH, CM. BBIIIE).
HeogHO3HAYHOCTE MOMKHO MCKJIIOUMTh TaKKe, eCIH
MMeeTCd B HaJIMUHK BOJIOKHO C JIPYTMM IIaroM Kpyd4e-
HUSA L, HallprMep, ¢ MeHblIIeH CKOPOCTBIO BpallleHH ],
HO BBITSIHYTOe M3 TOM K€ CaMOH 3aroToBKH. Ha puc. 7
IIpHUBeZieHa Takke 3aBUCUMOCTS Rtd,,, (L) st L, =5 MM
(myHKTHP). BUgHO, UTO 7151 6OMBIIKX 3HAYeHUH L, (11pa-
Bas 4acTb IpadUKa) IPOUCXOOHUT yBeIHueHHe 3HaueHU N
Rtd,, (L) mpu nepexozme ot L, =3 MM, K L, =5 MM, Torma
KaK [/ MaJblX 3HaueHUH L (leBast 4acTb rpaduka)
[IPOMCXOOUT yMeHbIlleHHe STHX 3HadeHHH. TaKUM
obpasom, 1o oTHomeHHUIO Rtd,,(L;) I/ OBYX BOJOKOH
MOKHO MCK/IIOUMTh HEOOHO3HAYHOCTD IPadrkKa.

MeTopyKa HM3MepeHUH C/Ieflylomas. Spun-BoJIOKHO
MIOMeILAIOT Ha YCTAaHOBKY (pPHC. 4) U QUKCHUPYIOT OIITHU-
YeCKMM KjeeM. BBOAST pacTATHBAIOIIYIO HAIpPy3Ky
~0,3+0,5 H.Ilepen BpalleHHeM OIIpelesioT Io II. 3.1
IIOJIOKEHHE a3UMYTaJbHOro yria a=0. ITO COOTBET-
cTByeT ciy4aro cosRtd=1, Rtd=0. HaduHalOT Bpamiath
BOJIOKHO BOKPYT OCH C marom 10°:20°, He MeHsIsI II0JIOXKe-
HHS BXOJHOI'O IIOJISIPU3aTOPa M IIOBOPAYMBAas aHAIM3a
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Further measurement procedures differ for different
birefringence fibers: HiBi-, LoBi- and spun- fibers.

3.2. HiBi- fiber

For application of the method to HiBi-fibers it is
necessary to modify formula (6). These fibers are
drawn without rotation of the workpiece, therefore,
€,=0. Therefore, in the expression for the new spatial
frequency Q, AB/2 becomes significantly larger than
the second component:

AB/2>E+(v/2)=[1+(1/2u)](¢/2), )

indeed, AB~2m/(2+10 mm), and ¢/z~N-2n/(1 m),
which even at 10 turns of the elastic correction
satisfies condition (9). Furthermore, to satisfy
condition (9), we can always increase the length
z of the measured fiber. Up to components of the
second order of smallness, the spatial frequency
Q=~AB/2. Next, we choose the azimuth angle a=0. The
expression (6) is simplified:

sinRtd=(L, /x)-(1-cos2Qz)-[1+(1/2u)]-(¢/ z).

The function sin Rtd linearly depends on the
twisting angle ¢. Fig. 5 shows plot of dependence
Rtd(@) calculated by accurate formula (6). It can be
seen that the maximum of the oscillations due to the
expression 1-cos2Qz lie on one straight line.

The tangent of the slope angle tgd of the straight
line passing through the maxima Rtd,,(¢) makes
it possible to determine the beat length of a linear
birefringence embedded into the HiBi-fiber:

tg8=Rtd, . (0)/ 9=[1+(1/2u)]-L, / (nz).

The measurement procedure is as follows. The
HiBi- fiber is installed on the setting (Figure 4) and
is fixed with optical adhesive. Tensile load of ~0.3
+ 0.5 N is applied. Before rotation, the position of
the azimuth angle «=0 is determined as in 3.1. This
corresponds to the case osRtd=1, Rtd=0. The fiber
is rotated around its axis with a pitch of 10°+20°.
Without changing the position of the input polarizer
and by rotating analyzer 14, the values I,,, and I,
are determined according to the signal received by
the photodetector and according to formula (5) the
phase delay Rtd is determined. The graph such as
shown in Fig. 5 is plotted. According to the detected
maxima a straight line is plotted, the slope of which,
knowing the length of the measured fiber, is used to
obtain beat length L of the birefringence embedded
in HiBi-fiber.
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TOp 14, ompezensioT 0 IIPUHUMaeMOMY QOTOLETEKTO-
POM CHTHQJy BeTHUYHHSI I, U I, 1 110 dopmyre (6,10)
ompenensiioT $as3oBy0 3afepKKy Rtd. CTposT rpaduk
THIIa pUC.6. [To aMIUIUTY/Ie KonebaHU OT ITHMKa [0 ITHKA
IOJTy9aloT 3HaueHue Rtd,,,,. IIo TeopeTHUeCKOM 3aBHUCH-
MOCTH THIIA PUC. 7 OIIpeie/IsoT AJIUHY OHeHu L.

3.4. LoBi-BosOKHa

MeToayKa HM3MepPeHHH aHaJIOTMYHas I. 3.3 IS Spun-
BOJIOKOH. ITOCKONBKY II€pBOHAYAJIBHO OKHIAJIOCh, YTO
LoBi-BoJIOKHa MOT'YT HMeTb O4eHb OOJIBIIHe ITHHEI OHe-
HuH (L,~1 M), To clefyeT OLIeHUTb BO3MOXKHOCTb M3Mepe-
HUSI MaKCHMaJIbHOTO 3HaYeHMSs JJHHBI OHeHUI MeTo-
JIOM YIIPYyroro KpydeHus. OTHOIIeHHe CHUTHAaJ/IIym
B Halllell CXeMe CHHXPOHHOIO [eTeKTUPOBAaHHUS He
npeBbimano S/N=5-10°. MaKCHMaJbHOe OTHOLIeHHe
Lnax/Inin OTPAHHUYHMBAETCS OTHOLIEHHEeM CHUIHa/l IIyM
Lyax/Lnin<S/N. TloactaBnsis B dopmyny (5 MHOIydIUM
MMHHMaJIbHOe 3HaueHHe $pa30BoH 3afepkKH Rtd, ;,=0,6°,
YTO COOTBETCTBYeT L,~300 MM. Bripouem, Gosbiiasi 4yB-
CTBHUTEJIPHOCTb [10Ka He TIOHa06MIack.

HccnemoBaHus: LoBi-BOJIOKOH ITOKA3BIBAIOT [24], 4TO
dasoBas 3amepkka Rtd, n3amepeHHas 6e3 ympyroro Kpy-
YeHUs, COCTaBIsieT Rtd~2°+4° nys MHOrux GUpM, TIIa-
TeJIbHO MCKJ/IIOUYABIINX IPUYMHBI BOSHUKHOBEHM A [1apa-
3UTHBIX [IBYJIyd4eIllpesloMJIeHHMH. Rtd,, ~2°, coriacHo
dopmyre (6), cOOTBeTCTBYeT IIHHe 6reHUH L,~80 MM
1 CosRtd=0,9994. TakuM 06pa3oM, MOKHO YTBEPSKAATb,
YTO B ITpOLiecce BBITSKKK LoBi-BOJIOKHA ITpHOOpeTaIoT
3HA4YHTe/IbHOe BCTPOeHHOe TUHeKHoe JIJITIT.

3AKJTFOYEHUE

PaccMoTpeHBI QH3HUecKHe OCHOBBL M 0071aCTH IIpHMe-
HHMMOCTH [ByX OCHOBHBIX METOLO0B H3MepPeHUS BCTPO-
eHHoro JIJII1 BOJIOKOHHBIX CBETOBOZOB: CIIEKTPAJIbHOIO
MEeTOZ,a ¥ MeToJa YIIPyroro Kpy4yeHus. [IokasaHo IIpu-
JIO’KeHHe 3THUX MeToOoB K TpeM Tumam BC: BC, coxpa-
HSIIOIIMe JIMHEeHHYIo nonspusanuio (HiBi-BolokHA);
BC, coxpaHsOIIHe HaIlpaBJieHHe BpallleHHs BeKTopa
37IeKTPUYECKOro Ioss (Spun-BosiokHa); ¥ BC ¢ Bparme-
HHEM 3aTOTOBKH, B KOTOPOX MHUHHMHU3HUPYIOTCS UCKYC-
ctBeHHBIe [IJIIT (LoBi-BO/IOKHA). Ho,upoﬁﬂo OIIMCaHa
MeTOAMKA H3MepeHHUH JINHBI O6HeHHUI BCTPOEHHOTO
JJIII. OTMedeHBbI 00/1IaCTH NPHMEHHUMOCTH PacCMOT-
PeHHBIX METOZOB.
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3.3. Spun-fiber

Formula (6) was derived for spun-fibers [25]. Compared
with the formula for HIBi- fibers, it takes into account
the rotation of the axes of the birefringence forming
a spiral structure: §{=§,+¢/z; §,=2n/L,,. Moreover,
the pitch of the spiral structure is usually short
L,,~3+4 mm, and the beat length of the embedded
birefringence is 3 + 4 times larger. Thus, the speed
of spatial rotation ¢, exceeds not only the fiber
twisting speed along the axis, but also the rate of
phase delay rise of orthogonal linearly polarized
waves AB. Therefore, the elastic twisting is added to
(or subtracted from) the rotation axes of birefringence
obtained when drawing fibers, as a small additive.
This is the reason for the relatively simple behavior of
the measured phase delay in the spun-fiber. As can
be seen from Fig. 6, with any value of the azimuth
angle o function Rtd(y) represents a sine wave of the
same amplitude but with the addition of varying
constant component. By measuring the amplitude
of the sinusoid from peak to peak, we can determine
the beat length L, embedded into the spun-fiber of
the linear birefringence. Indeed, it follows from
formula (6) in the interval of the first turns of elastic
twisting (one can neglect the components with ¢/z)
at the azimuthal angle a = 0°:

sinRtd = ﬁ(l - C0s2Qz), (10)

and at an azimuth angle a = 45°:

(AB/2)°

sinRtd =
2¢;

§0~(AE/2) {1+ }-sinZQz.
(AB/2) +&

As has been said, the pitch of helical structure
L,, of the spun-fibers is 3-4 times less than the beat
length L, of the embedded birefringence, so the
second component may be neglected in the square
brackets, and the coefficients of the harmonic
components become equal. In the experiment, the
difference in amplitudes for various azimuthal
angles o is practically not observed [25]. For the
convenience of measurements, it is desirable to have
a theoretical dependence of the maximum value of
Rtd,,x at a=0° from the beat length L, calculated
from (6) for the known value of the spiral structure
pitch L,,. The plot of this dependency is given in Fig.
7 (solid line) for L,,=3 , z=1 m. It can be seen that
the function Rtd,,,,(L;) is ambiguous, and additional
information is required to accurately determine
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CONCLUSION

Physical bases and areas of applicability of two basic
methods for measuring the embedded birefringence
of optical fibers are considered: the spectral method
and the elastic twisting method. The application
of these methods to three OF types has been
demonstrated: OFs maintaining linear polarization
(HiBi-fibers), OFs maintaining the direction of
rotation of the electric field vector (spun-fibers), and
OFs with the rotation of the workpiece, in which
artificial birefringence is minimized (LoBi-fibers).
The technique of measuring the beat length of the
embedded birefringence is described in detail. Areas
of applicability of the methods are considered.
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MATHHUTHASA
MHKPO®JIIOHUIHUKA

B nocnegHve gBa roga nosBMAOCL HECKOMbKO
0630p0B MO HOBOW AWCLMNANHE, HAXOASLENCs
Ha CTbiKe OMOTEXHONOTUA, MMKPO3NEKTPOHUKM
W QUMKN MArHUTHLIX SIBAEHUA — MArHWUTHOM
Mukpodatonanke. MukpoGaonanka uam TexHono-
rius "lab on chip" (Mukpobuonoruyeckas naoparo-
pus, YMELLAILLASCS Ha OBHOM MUKPOCXeMe) CTana
NO6OYHLIM MPOAYKTOM Pa3BuTUsS oToauTorpadu-
YeCKMX METOZOB, MO3BOMSOWMX NPOTPABAMBATL
B KpUCTanNe CNOXHbIE CTPYKTYpbI. ToNbKO B Clyyae
MUKPOGIONANKM BMECTO MPOBOZOB B Yune 0bpa-
3yeTcs pa3BeTBfeHHAs CMCTeMAa MWKPOKAHA/OB,
a B POAM 3M1EMEHTOB MUKPOINEKTPOHUKN BLICTY-
naloT MUKpopeakTopbl. Mukpodaionanka umeet
PSif, 0COBEHHOCTEN, KOTOpble OTAMYAIOT ee 0T Tpa-
AULAOHHON XUMUK:

= 6onbluas yaenbHas NoBepXHOCTb MUKPODMIONA-

HbIX CACTeM: peLleHie npobaeMbl TennooTBoAa

W NOAAEPXAHNS TEMNEPATYPHOTO PEXUMA;
® Mable YACNa PeilHONbACA: NPOCTOM pacyet

LBWKEHWS XMAKOCTW, XapaKTepu3ylowerocs

NAMUHAPHBIM TEYEHHEM,
= JOMUHMPOBAHME KANUANAPHDLIX CUA HAf FpaBK-

TaUMOHHDLIMU: He TPeBYIOTCS MOLLHbIE HAcoCbl,

HeT npobnembl HePAaBHOMEPHOTO pacnpefene-

HUS KOMMOHEHT 10 BbICOTe.

Mcnonb3oBaHMe  MArHWTHBIX  XMAKOCTENA
LOMONHUTENLHO — PacLUMPSIET  UHCTPYMEHTapuit
MUKPOQMIOMANKM 33 C4eT BBeAeHUS QYHKLNMA
yNpaBieHus C NOMOLbID  MArHUTHBIX Mofed
OT NOCTOSHHbIX MArHWTOB W NPOBOZAOB, IETKO MHTEr-
PUPYEMbIX B MUKPOQIONAHBIE YUMbI.

[lo mamepuanam A. [amaxos, bioa. MATO, m. 19,
Ne 19, Ne3

I'PA®EH /i1 CIIMHTPOHHUKHAU

rpadeH 3HAMEHUT CBOMMM YHUKAIbHLIMM
TPaHCMOPTHLIMK CBOCTBAMMW, HO BOT €ro

MarHWTHbIE XapaKTepUCTUKKM He OYeHb
Bblpa3uTesbHbl.  [leCTBUTENbHO,  ANS
UCNonb3oBaHUs  rpadeHa B KayecTse

KaHana CrMHOBOTO TPaH3MCTOpAa, B KOTO-
POM MOL BAUSHMEM 31eKTPUYecKoro nons
ynpaensiolwero 3nekTpoga (3aTeopa) npo-
NCXOAMUT MpeLeccus CrvHa NponeTaiolnx
3N1EKTPOHOB, TpebyeTcs AOCTATOYHO CWAb-
HOe CNWUH-0pbUTaNbHOE B3aWMOAENCTBME.
OTO B3aWMOLENCTBUE SBASETCS CUALHBIM
B nonynpoBogHukax rpynnbl AllIBV 6naro-
naps ddexty Pawbbl, npepckasaHHOMY
eute B 1960 roay [3. U.Paw6a, OTT, 1960, 2,
1224]. OcHoBoIi 3ddekTa ABNAETCA CyLIECT-
BEHHOE B3aWMOLENCTBME 30HbI  MPOBO-
AWMOCTU W BANEHTHOM 30Hbl B 3TUX MOAYy-
npoBofHMKax. bnarogaps 3ddekty Pawobbl
CMWH-0pbUTaNbHOE B3aNMOAENCTBUE B ITUX
NoAYNpOBOAHMKAX OKa3blBAeTCS HA NATb
NOpSAKOB BENUYMHLI BOMbLE, YeM TO, YTO
MOXHO 6bl10 6bl paccyMTaTb OBLIYHLIM
obpazom (B 0ZHO30HHOW Mogenu). 310
W NO3BOAUAO PACcCMATPMBATL MaTepuansl
AllIBV B kayectBe paboumx MaTepuanos
KaHana CrWHOBbIX TPaH3UCTOPOB. OAHAKO,
Ha MpaKTUKe BbISCHWUAOCb, YTO W B HUX
CnuH-opbuTanbHOE B3aMMOAENCTBME BCe-
TaKW He JOCTaTOYHO CUAbHOE.

Pa3s rpadeH AueH SIPKUX MArHWUTHbIX
CBOWCTB, MOXXHO NONP060BaTh WX "NpUBNTL",
T.€. BBECTM rpadeH B KOHTAKT C MAarHUTHLIM
Matepuanom, a UMeHHO, U30NSTOPOM, ANs
YCTPaHEHUs WYHTMPOBAHMS TOKA. B Kkaue-

CTBE TAKOro MarHUTHOTO M30/19TOPa MOXHO
UCnonb3oBaTb MAEHKY OKCMAA eBpomnus
(EuO) — maTepuana, B KOTOPOM 06pasyloTCs
MArHUTHbIE NOASPOHbI. 3TO M 6bIN0 Npoje-
naHo rpynnon B.T.Cropyaka u3 Kypyatos-
CKOTO MHCTUTYTA B paboTe [D.V.Averyanov
et al. ACS Appl. Mater. & Interfaces, 2018,10,
20767], BbINONHEHHOW B pamKax rpaHTa
Poccuinckoro HayqHoro ¢oHaa. Hago oTme-
TUTb, YTO Fpynna AABHO W YCMeWwHo uccne-
[yeT MarHuWTHble MOASpOHbI  MeTofaMM
MIOOHHOW CMUHOBOW penakcauuu B pas-
JINYHLIX MaTepuanax — MeTainax, noaynpo-
BOAHMKAX W u3ongrtopax. CylectBoBaHue
MarHWTHbIX MONSIPOHOB HbLINO NpefckasaHo
3./1.HaraesbiM B 1967 ropy. 3ateMm OHM
AKTUBHO UCCNe0BANNCH B PA3INYHDLIX MaTe-
puanax. OgHako B NocaefHUe rodbl B 3TOM
06M1aCTW HACTYNUAO HEeKOTOopoe 3aTullbe,
M COOTBETCTBYIOLWME  3KCMEpUMEHTaNb-
Hble paboTbl 6binn BO306HOBAEHLI UMEHHO
rpynnoit  B.T.Cropyaka.  MarHuTHbIN
nonsipoH akTuyeckn saBnsieTcs 061aKoM
deppomaruutHon dasbl atomoB Eu, okpy-
XaoWMM 31eKTpoH. Mpu 3TOM BCS cpeaa
ABNSETCS  CMWUHOBO  Pa3ynopsBOYEHHON.
(GeppoMarHuTHoe (CMMHOBO  YMOpSAOUEH-
HOe) COCTOSHWe 06pasyeTcs B pesynbTare
0OMEHHOr0  B3aMMOAENCTBUS  3NEKTPOHA
C aromamu Eu.MarHuTHbie  NONAPOHbI
OTKPbLIBAKOT O4eHb WHTEpecHble BO3MOXHO-
CTW B CNIMHTPOHMKeE.

o mamepuanam B. Botopkos, MepcT, 2018,

m. 25,8bin.13/16.
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