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Potarization states in twisted ontical fibres

Unimodal excitation and propagetion of 1+ fes hit alroady b dernonstrated [1]. This type of
pure mode excitation 18 1 f great witersst it ¢ of multimode u[".l{'ﬂ': fibres. Further-
MOTre, fécent exper s have shown that tubular modes can be tras ‘led in the same fibre with little
cross-talk [2] The i 3 tubular modes Is good only if we know
their true state of polanization. However, r2al uniform Nbres are neve pertectly Clrcularly symmetric so
that the polarization eigensrates are not circular and remain Vo sonie extent uniknown A strong twist
applied 1o the multimode fibre Hits the degencracy and enables us to improve the injection efficiency
aid modal purity As 1s the case in twisted monomode fibres, a twist also helps to preserve the modal

urity along the fikre This iz one of the mativations for ¢ tudymng the state of polatization 1n twisted
.-wlfnnr\df_' optical fihres

We chall be concerned sty with the ray optics limit (A = 0). In this limuy, ditlerent mode groups

e coupled together We ackninwledge with thanks the observation made by an enonymous referee that,
h:-r small or moderate twists the cirenlarly rolarized e penetates of the untwisted fibre are not coupled
by the twist and, consequantly the eigenstaies 1z nan chrcular. Our ray oplics result (lingar polarizations)
applies to twists greater than ahout 1000 turns/metre Moderately twisted optical fibres behave as

ptically aotive marerials with circular eigenstates of polarization. both clockwise and counterclockwise

[1] We show that, for multimade optical finres and strong twists, polanzation eigenstates may become
hneer, L, radial and azimuthal (s2e Fig 1). The esseice of our argumient is that the modes of propa-
gation {n multin 4l 1ibres can be aycurately described by ray theory. On the other hand, it is

well kn FIECE OF diglecthic Can be Gescinibed by a symmetnical permittivity tensor, and
that the s nsuch materials ave linsar [4)

Stric 1 fe only for plane wases in homogeneous media. It holds approxi-
mal thesoale of the inhomoageneity Is large compared (o the beat wavelength
pEtween | - POLATITE Otlisrwise the tiho! apsneities niay ~L'-u1‘16 the eigenstates

of poanzetion, and the polarization siate get Selined by the local | piopeilies o f the material.
v particular, when the medium 8 8atropic, the lozal siate of posani2ation |s arhi.sa,r) since the two

elgenstaies are dezenorate and sry gaven Inftial state evolves siong a ray path ac ording to the integrated

torsior of thal path (& purely geometncal Gusntily) We will g nat the strong anisotropy case
applies ta mosl modes propagating in twisted niuitimode optical fibres whenever the twist exceeds about
LOUG tuens/mietre. Adthough such a hagh twist rate may be eallstic forsitica fihreg, 10 may be encoun-
eledf C astic). The regquircd (u be stialber for Hibres with larger
Avaluss | e to be af the wave opucs result merges into
the ray DPICE TCs
We shall fieet racall f et referance ablaing - T U WRCETNIng the puiariZaiton stales
of modes in isotropic fnontwistad ) multimads fibree [3] Nex shill clanify the steps of our analysis
fwisted ( ;'—!5 al fikr=s Fir 'if‘l, Wit prive 1 8 hast wavelor _;»"r' ~urve far tu hllrafr odes as a function of
the twis? rate
Isentroap e ‘_F}'H?t».
We are ¢ ':'_*n'--.t_' gradied-andax, cir aly swviminerric fibres descyibed 0y §OIME Mmonot --‘1'._‘8.”)r‘
1easing rélre ve lndex ni{r) We ¢onside 23 8t have ar Exp (iug) depindenue “the field on
the azimuthal angic @, p boitlg 81 mteger that wa slall take g5 positive, for defitntencsy. For suck modes

the polarization state is a function of rediuc only Mogt anthors pick up depenerate modes wit h opposite
azimutnal numbers and consider the cos (ué) and sin (pé) azimutha ndsnece of the fjeld This

proccduic is tep 1. ! Micates the miy ' . polarzation state 1 that case depends
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Figure fell 1 . .
igure 1 Polarization eigenstates of tubular mozes In strong!,

teyiste sitimode fivres

on g, us well | 1 s emphasize hol

»,‘31 5 ; asonr Let us thus emphazize here cur cholce of af exp (iu¢), u > 0, dependence. Fc
wvalue, the e e s o ' e
g * 1 crel are two eigenstateés of polanizetion They are cuircular, respectively clockwise (H I‘ /
ang cCounterciockwise !L” i : & } S e ( F "]UL?S)

odes). While this is true for me
& fille Liis 1s trus lor most high-order modes, the argunient is simpler

Far tiik 1 X ot
for tubulal modes becauss such modes can be reprosen:

4 constant distance ¢ froni the axis. Conslde- 3 . ¥ helical rays, that is by rays that remain at
o - i s, Lonsides any anuial nonsircular eigenstate of polarization. The law
ol ray optics recalied earlier state that the feld r " vy

. . ctehion (with respect (o the principal
patii) is in an opposite sense 1o the intec torsinn of thie rav 1:3']' Becau E:;l{ihiai UU”"?}I s e
uver @ pe i at b : M ¥ path. because this integrated torsi
) .[ a Pc_nud ol the heiix 1s never a multizie oi # (25 geomelry casily shows) we cnn*EuSd th :L)lsmn
paiarization siate depends on 2. But ths ¢c e iade s S

§ 06 2. But this contradicts the concent o -
: t OnLragicts the concept ol mode recalled carlier. The only way

I8 (O assumie :r'ld' i ” staie 1§ n".lliH" f N ! i g ¥ g
el 1% st o ¢ } ang remains, cig .']' In tha CASC. A geq ClriCal 1 I'[a!llr|
" "N‘_’]'\ amounts , BTG it nat cas Dmetric l 1of

10 2 phase sluft, which spiits a
: ¢h 5] art the two a ‘
The sttuation is schematically summod up mph 2a ;H F‘TOP-%“W" ciEbirs
D & <3, It 1s useful to quote here the expression for the

igth, for the special case of & whular niode at cut-off in a square-law fibre:
at roleneth f : ;
Bear wavelength drr, /(28)Y? (1)

u<l

/

e
opbb

{a)
g0 e
— P
ges weowts =~
o e Ty
(b} -

Frgure @ Schumasic rep-osc
(2} For isotrop'e square lan

&nd siates of polanization for y > O end lorw < 0

FOMSHY Ty 5190 squaredaw fibres
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where e 1s the coie radius and A the relative index change. Note thal the optical wavelength does nol

enter into Equation 1. Note also that, by combiung degenerats £ p wodes we can generate the true
mode with hinear polanizations But the ;_\{3‘_31,;'5'_.-;-' e not uniform (that is, not pointing 10 the sanic

L 5 T . - hiie The daly jena g e LY T o 1 T §
direction at every pointin the cross-section), Thus the v idely used LP modes, wit ch arc supposed Lo be

) exsstence in circu'arly symmetric fibres

linearly and uniformly polarized, have no physic

Twisted fibre

By ‘twisted’ fibre, we snderstand 4 fibre whose axis remains siraight, but ith one end rotated by 7
turns/metre with tespect to the other end Clearly, the strain thus induced preserves the rotational

§% MIMELry of the { Therefnre mades who Relds have an exp (4 szimuthal varistion continue

10 exist (while cos (u¢), sin (ug¢) modes no longer exist)
The theory of photoclasticity shows that un 2ot such a strain, the permitiivity tensor at a distancer
from axis takes the fonm
1 0 0

.= gy = nir) o § ingm (2)

0 2rgrmr 1

where 7 is, a¢ before, the twist in turns/metre s & &2 & prot Jclastic constant of the order of 0.15 for
silica: n(r) is the index of the unstiaineg hore. ine sizciric fisld B of a plane wave with vector k in such
& medium obeys the equation

(kxhx + (u,'c']zir)f. =0 ()
where kx is the 3 x 3 anusymmetrical matrid defined in [6). Nontrivial solutions of Equation 3 exist
only if the determinant of the 2+ 2 matrix in the bracket in Equation 3 vanishes. This provides us with
the value of k, =f as 2 function of k,, the radial component of k, u/r. the azimuthal componem_ufh
and r. By considering onl) puraxial rays, and by assuming that the perturbation due to the twist is small
we have obtaincd the following approximatior for the two 8

o

. = k—(k? + utirt)2ky —mgariulr) (k? + @uiry*1"?}. (4)

Here, k = (w/c)n(r) while kg = (¢ (D) One must exclude only extremely small angles (of order g17)
of the rays with respect to axis, ard rather Ia g wugles (3 0.1 radians) We have checked by comparison
with an exact numerical solution of Equation 3 that Equation 4 is valid in practical cases.

Application of the standard Hamiltonian equations of ray optics enabics us 10 determine the contants
of motion B, for the helical rays that are of special interest to us and carrespond to r = constant In
gensral, k, # 0 because the meadiuni is not isotropic In the present case, however, 1T turns out that
k. = 0 for hoth states We thus arrive a! the beat wavelength

Beat wavelengih = 27/, —f-) = 2l (5)
again for helica! ray's at cut-ortin squaredaw media, The two expressions e Lquations 1 and 5 ar
. 1 1) .
equal wlign = A F.'_‘;"\(.’f.
Going back 1o Bquation 3 we find that 8, ~orresponde to 2 radial electric field, as shown on Fig. 2b,
: le ¢ = 1 ite <2 & rurns’t
while B carresponds (o an a7imuthal fis.s Lia0 bt s reasoniable to ass dme that |y 7 2 TUh metre

the electric field 18 curculariy polatized, as is the case ln seircp f |
According to a pravious footnote i situation is preseqved fur farges twist rates, unti il ~r:em
mode groups couple togeTher Whep the beat wavelength between the material local c;,'.-emlta'.es is I(‘i;
then about m{-'lfa':"‘ (the bea! wavelength betweer thepy—landpud 1 scalar modes) the ray oplics
result with linear polarizations apphes Note that in the himit p = 09, scalsr modes withy — 1 and p + 1
int of being almost coincident, The electromagnetic coi-

azimuthal numbers overlap radially to the po

aY varialinnes e -
poncnts aséociated with these scaiar n des huve in part the same azimuthal varialions [((u=-1)+1
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Figure 3 Beal wave'ength betvween the :genstates of polarization es a function of tarsion for & multimode square-lpy
fibre (27 = 804m; & = 0.01; A, = 1 um) at cut-0ff, Under 2 turns/metre the effect of 1orslon ik negligible; below
1000 turns/matre the eigenstates of polarization are those of Unstrained myltmode fibres, Bayond 1000 turns/metre
the sigenstates gre linagr, e shown ir Fig 1. The broxer ling I2 Gualitative and requires further investigation

(u+ 1)~ 1] and, therefore, they are coupled by the (circularly symmetric) perturbation introduced by

the twist, In this way, linear polarizations n: gonzraied out of elrculzr polarizations, Fig. 3 shows

the evolution of the beat length for a squarcaw fibic, &t cut-off w nent the torsion increases. We have

not yet analysed in detail how the situation described in this short communication merges with the .

situation for small or moderate (wist rates :
The resully given here were first prescnted at the Thecreticsl Workshop on Oplical Waveguide,

Norway in September 1981,
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