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(2-D) Oye=0, Oy(E,H)=0 (2.5-D) Oye=0, (E,H) ~ exp(—ikyy), ky ~ sinf




Resonant evanescent excitation of OAM modes in a circular step-index fiber

Overview

Oblique incidence of semi-guided waves
® Fiber resonator, HCMT model
OAM modes of the fiber

® Resonance properties

Bundles of semi-guided waves

Semi guided waves at oblique angles of incidence

~ Wy = ke = 2mc /A
e Incoming slab mode {Niy; ¥in}, (E,H) ~ Tiy(x) e—ilky + kzz)’
incidence angle 0, k*Nj, = k; + k2, ky = kNiy sin 6.

® y-homogeneous problem: (E,H) ~ e~ ik everywhere.

High-contrast slab & fiber

ns = 1.45, ny = 3.45, nc = 1.0, d =022 um; n; = 1.45, ny = 3.45, a = 0.22 um, p =2 um; variable g.
TE- / TM-excitation at A = 1.55 um, varying 6.

Semi guided waves at oblique angles of incidence

e Qutgoing wave {Nout; Pour}» (E,H) ~ Tou(.) e—ilky + kff),
kN2, = K2+ K2, ky = kN sin 6.

° k2N§ut > k)z,: k¢ = kNout cos Oy, Wave propagating at angle Oy,

Nout Sin Oy = Nip sin 6.



Semi guided waves at oblique angles of incidence Semi guided waves at oblique angles of incidence

e Qutgoing wave {Nout; Pour}, (E,H) ~ Toy(.) ek + kﬁg), e Qutgoing wave {Nout; Pour}» (E,H) ~ Tou(.) emilky + kfg),
kN2, = k2 + k2, ky = kNiy sin 6. KENZ, = K2+ K2, ky = kN sin .
® Scan over 0:
* K*Noy < k§ Dok = 14/ k% — k2N, €-evanescent wave, change from ¢-propagating to &-evanescent if kN2, = k>N2, sin® @
the outgoing wave does not carry optical power. =~ mode {Nou; Wou} does not carry power for 6 > O,
critical angle O, sin ¢ = Nout/Nin.
Critical angles Critical angles

ng > ng > ne, ng > ng > ne,
N, single mode slabs, Ntg > Ntm > ns, n, single mode slabs, Ntg > Ntm > ns,
TEo in: TE,. ™ in: TMy.
® Propagation in the substrate and cladding relates to effective indices Noy < ng ® Propagation in the substrate and cladding relates to effective indices Noyt < ng
~~ Rig+Rmnvm+Tre+Trm=1 for 6 > 6, sin Oy = ns/NTE. ~~ Rig+Rmm+Tre+Ttm=1 for 6 > 0, sinfs = ns/NTM.

® TM polarized waves relate to effective mode indices Noyt < N1m
~> Rm=Ttm =0, Rig+Trg =1 for 6 > frm, sin ftm = Ntm/N1E.



High-contrast slab & fiber Simulations: Hybrid coupled mode theory

® 0, kygiven, E H ~ exp(—ikyy),

® Slab waveguide:

~£b
EY i kP
£0(x, ) = <i1) (ky,x) €T K (ky)z,
p

p € {TE, TM}.
® Fiber:

ei(r,p) = (g).(r) Salid lje Z.
J

ng = 1.45, np =345, ne = 1.0, d = 0.22 pm; ny = 1.45, ny = 3.45, a = 0.22um, p = 2pm; variable g. x.z) = Z 2) o (x. 2 +Zb 2) YP(x, z +Zc. <(r
TSE—/TM—excitationat)\C:1.55um, varying 6. ' ’ (H>( ’ ) > fP( )wp( ’ ) ~ P( )d’p( ) ) - ]T,b]( ’90)7

TE input: 0, = 20.88°, 65 = 31.13°, O = 41.94°; TMinput: 0, = 32.24°, 65 = 50.66°.
p e s ™ p e s r= r(x7 Z), o= Qp(x, Z). Ios bp, cj: ?

o = DA 8 o =

HCMT model, discretization HCMT model, Galerkin procedure

x

1-D linear finite elements

«

1j} —':ao : : : a::j : : : a:—N V x H — iwegeE =0

01 f Y Y Y Y Y Y Y T —VXE—I(A),U,OH:O
20 21 %2 ZN-1 ZN Z

8y — —iky ' (9 //

N
52 :pr,iaj(z)’ - //K(F,G;E,H)dxdz:O forall F, G,
=0

z

bp(z) analogous. where

r ) K(F,G:E.H) =F*- (Vi, xH) —G* - (V, X E) — iwegeF* - E —iwpG* - H .
G () = Sohaloif) )+ sl 2 + S
P P J

E
= de(Hi) (x, Z), ay € {];,J,pr,Cj}, ag: ?
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HCMT model, solution

E E;
Insert <H> = zk:ak <Hk>’
select {u}: indices of unknown coefficients,
{g}: given values related to prescribed influx,

require / K(E;,H;E,H)dxdz =0 for [ € {u},

compute Ky = //IC(EI,HZ;Ek,Hk)dxdz.

> Kupar =0, 1€ {u},

ke{u,g}

(Kuu Kug) <au> =0, or

OAM modes of the coated step-index fiber

Kuutty = =Ky ea, .

4 4
neing ine=1.45:3.45:1.0, 3 3
a=022um, p=2pum, A =1.55um: > 2
TE(0, 1), TE(0, 2), TE(0, 3), 1 1
TM(0, 1), TM(0, 2), TM(0, 3), E 0 E 0
OAM(£L,1),1=1,2,...,20, = =

OAM(+£1,2),1=1,2,...,11, -1 -1
OAM(+1,3),1=1,2,...,5, ) o
OAM(+£1,4),1=1,2,3,

OAM(%/,5),1= 1,2, 3 3
OAM(+1,6); -4 -4

90 orthogonal modes.

(f,) (r.0,7) = (@(r) e 17 e~ ikNmy

angular order [ € Z, effective index Np,;
degenerate modes OAM(/, . ) and OAM(—I, . ).

HCMT, further issues

plenty.

Oblique resonant excitation of the fiber

The fiber supports a guided mode with effective index Ny,

C» Resonant interaction with the waves in the slab expected at 0 ~ 0y,
where ky, = kNtgsinf ~ kNp, sin 0, = Npm/Nte  (TE input).



Angular spectrum, TE excitation
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Angular spectrum, TE excitation
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Angular spectrum, TM excitation
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Angular spectrum, TM excitation Amplitudes at resonance, TM excitation
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OAM(=+13, 1), TE excitation OAM(=+13, 1), TE excitation, varying gap
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Laterally limited limited input

Gaussian bundles of semi-guided waves

® Superimpose 2-D solutions for a range of k, / a range of 0,
such that the input field resembles an in-plane confined beam.
® Incoming wave, “small” wy:

@y —y0) — (2 —z<>))2

(E7H)in (x,y,z) ~ ¢ (W)/2)2 ‘I’in(ky();x) eii (kyO(y B yO) + kZO(Z B ZO))

Focus at (yo, z0),
primary angle of incidence 6y,
k‘-o = kNin sin 90,

kz() = kNin cos 90,

Wy = 4/wk.

width Wy, (full, along y, 1/e, field, at focus),

Gaussian bundles of semi-guided waves

e Superimpose 2-D solutions for a range of k, / a range of 0,
such that the input field resembles an in-plane confined beam.

(E:H) (x,y,z) =
(ky B kyO)z

2 . .
A/ e Wi (\I’in(ky;x) e~ ik(ky)(z —20) 4 p(ky; x, z)) ek (y = y0) dk,

Focus at (yg, 20),
primary angle of incidence 6,
ky() = kNin sin 90.

Gaussian bundles of semi-guided waves

e Superimpose 2-D solutions for a range of k, / a range of 0,
such that the input field resembles an in-plane confined beam.
® Incoming wave, “small” wy:

2

(E.H), (x,c.0) ~e W/2? @, (kyo;x) e KNVl

20

Focus at (yo, 20),

primary angle of incidence 6y,

kw = kNin sin 90,

k0 = kNi, cos 6,

width Wy (full, along y, 1/e, field, at focus),
width W (full, cross section, 1/e, field, at focus),
Wy = 4/wx, W = W, cos 6.




Excitation by semi-guided beams Excitation by semi-guided beams
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Pi(y): Power fraction diverted from the incoming beam to the fiber, at axial position y.

Excitation by semi-guided beams Excitation by semi-guided beams
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Ar: Amplification ratio max, |Efiber|?/ max; |Ein|?

Ps(y): Power fraction diverted from the incoming beam to the fiber, at axial position y. max, Pt~ 0.8, A~ 10", (purity ~ 0.9999).



Concluding remarks

Resonant evanescent excitation of OAM modes
in a high-contrast circular step-index fiber:

® an exceptionally simple, efficient scheme for the generation
of waves that carry high order orbital angular momentum,
® similar resonance features for variations
of vacuum wavelength ) instead of angle 6,
® an optical resonator of travelling-wave type
with an open, lossless dielectric cavity,

® concept transfers to other fiber/slab configurations, e.g. to systems
with slightly lower contrast, or to a non-coated, high-index dielectric rod.




