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Abstract: This paper mtroduces and theoretically malyze the generation of erbital asngular mementum (OAM) modes with
different polarization m 2 few-mode optical fiber using short-period gratings [Bragg gratings) at telecommunication
wavelengths. The medal characteristics of the supperted medes have been studied using 2 full-vector trus-moede analysis.
Additionally, 2 appropriztely designed raised-cosme zpodized gratimg iz emploved to couple the HE,, core mode to the
counter-propagatmg claddng mods. In contrast to the long-period prating based OAM mode generation, the present
scheme i3 free from periodic back-coupling of optical power mte the fundzmentz] core mede which drastically enhances
the OAM mode purity. The =l-prder OAM beam has been generated by combining the first higher order core medes with 2
w2 phase shift between them. This peper zlso shows that by combining different hicher order modes, it 1z possible to
cbtain a linearly polarised OAN mode or a circulaly pelarized OAM mede. Finally, I alse report thet in fibers with larger
core radius, the higher order QAW meds of topelogical charge =2 or higher can zlzo be generated usmg similar zpproach
of using short-period gratings. The topelogical charge of the OAM mede is verified by cobserving both the coaxizl and off
axizl mterference fringes.
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1. Introduction

An optical vortsx 15 2 commeon type of structured light. which can be broadly categorized mte two types: phase vortex and
poelzrization vortex [1-3]. Polarization vortices zre generated when the pelarization direction i3 completely undet=rmined at the
bezm center, leading to a pelarization singularity at the beam center. The polarization characteristics of 2 cylndrical vector beam
(CVE) ._Dﬁﬂspﬂnds to those of 2 vortex beam. The other vortex beam i characterized by having 2 helical wavefront of exp(ilg),
where g i3 the azmuthal angle and | 1z the topelogica] charge. m which the phase i3 ._u}mplnt_h undstermined zt the beam center.
The intensity profile of both of these vortex beams, polarization as well 2s phase vortex, exhibit a doughnut shape with 2 central
dark region. The discovery made by Allen ot al. m 1992[4] that beams with 2 helical phasze front exp(#g) have orbital angular
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momentum (OAM) of /#i per photon was 2 major breakthrough m our Imowledge of the characteristics and uses of optical
vortices. The phase vortex beams, zlso kmown 2z OAM medes, have wide range of zpplications across differsnt fields, eg. m
optical mttrn}-mampﬂauon [3, 6], optical imagmg [7], quantm opties [3], c-p‘uual tweezers [0 10], nonlmezr optics [11 1"']
nane-scale microscopy [13, 14] ete. Very I“i'_‘Eﬂﬂ‘i.- due to their unique properties, the QAN beam have attracted great attention
developing novel multiplexing te«:h.uiques i.ucreasi.ug the datz carrying capacity of optical chanmnels [15-19]. To generate OAM
beams, seversl method have besn devised, such zs spiral phese plate [20-23], computer generated helograms [24-26],
mictotesonator of subwavelength pratmg [27-32], helically twisted fiber [33, 34].

Ma]u}rm of OAM beam generation and conversion techmiques are primarily based on discrete components, and the
zszociated complexity of opticzl slisnment mazkes them difficult to use m compact. low-loss systems as well 25 i long-distznes
systems. Recent research advances have made it possible to generate and puide vortex beams in optical fiber, which has
considerably reduced the extemal mterference and morezsed the transmission efficiency, rismg 2 lot of research mterest to
explore novel fiber designs for OAM bezm generation. For OAM mode generstion m commercial opticel fibers with
conventionzl step-index profile, typically the nitial step invelves exciting the first few guided modes at the fibet s mput end, and
then the appropriste meds coupling s achieved through the utilizztion of fiber gratings and'or fiber modeselective couplers.
Ameng various mede coupling techniques, the optical fiber grating based technique has attracted much attention in the process of
generating OAM, owing to the zvailzbility of the matured gratmg fzbrication techmology, pessibility of high spesd volume
reproducibility of gratngs, and the freedom they offer in tziloring the transmission spectra of pre-selected guided medes.
Numergus studies both the theereticz] and experimental have been conducted to demonstrate how to generate an OAM mede and
switch betwesen the OAM modes m fiber usimg acoustically mduced LPFG [33, 36], mechanical long-peried fiber-gratmg [37],
long petied gratmg [33], fiber Bragp prating [39-42], heliczl Brage prating technology [43], helical long peried fiber prating [44],
multi-ring zir-core fiber [43], helically twisted hellow-core antiresonant fiber [46].

The LPFG based OAM bezm generstion technique has s own advantzges znd mherent shortcomings, e.g., the OAM beam
suffers badly due to the (i) mherent cross-sensitivity of the LPFG to 2 number of external perturbation parameters, and (i) 2
slight mismatch i the gratmg length of LPFG leading to the back-couplmg of optical powser from the vortex beam to the
fundamental mode of the fiber, reducing the mede purity. The LPFGs are much mors sensitive to extemal pernurbations, such as
temperature, stram. refractive mdex, and so on, then the fiber Bragg gratmgs (FBGs) [47]. Furthermore, it 15 well known that the
transmission spectum of LPFG varies periodically with grating length. Now, since 21l the supported modes of 2 few mode fiber
already carry some energy right through the launching end (determimed by the spot-size overlap of the opticz] source with various
guided modes). a precise control on the LPFG length iz needed to ensure high mede purity of the generated OAMbeam. A slight
mersase m the prating length from the precise grating length needed for 100%% power couplmg would lezd to powsr coupling
back from LPy, mode to the fundamentz] mede, leading to reduced meds purity of OAM beam. On the other hand, 2 slight
decrzase in the grating length from the precise gratng length needed for 100% power couplmg would anyway result in poor
moede purity of the OAM beam. So, even if the other perhwbation parameters remzin constant znd the gratmg length varies the
powet would couple from fundamental mode to tztget mede and zpzin coupled back to the fundzmentsl mode [48]. Thus, the
grating length must be chosen very carefully in co-propagzting coupling. On the other hand, m the case of FBG, the mods
coupling mecreases with gratmg length and then starts szmrsting after 2 certain length, without power being coupled back to the
fimdzmental mods [47].

In this paper, | present 2 countsr-propagating cladding mode zssisted modsl for generating OAM moeds m optical fiber.
Contrary to the conventionzl FEGs, the counter-propagatmg claddmg mode based grating designs hewve added advantzges of not
requirmg my cireulztor or bulky prism to re-routs the reflected mode, which m in geners]l nesded to avoid the backyeflectad
mods from damaging the mput laser cavity. The backward-propagating cladding meds quickly gets sbsorbed by the pelymer
coating of the fiber. In this model, I have considered 2 two mode fiber, where the findzmental core mode (HE]] vector mode),
and the first higher order neatly degenerats modes (TEq, HE-g."lgr odd and Thdu vector modss) are emecited. Thess vector modss
cotrespond to the LPy, and LPy; medes i scaler mode approximation. A suitzbly designed uniform FBEG iz considersd mside the
fiber core region order 1o reflect the fundamental mode by coupling with the symmetric order cladding meds. T have then
shown that ciroularly pelarized OALD (CP-OAM) mode or linsarly pelarized OAM (LP-OAM) mode of = l-order can be
generated by combining remainimg higher order vector modes by introducing an zppropriate phese shift between the participating
maodes.

2. Model and Theory

The generation of OAM modes i3 commenly zchizved by combiming higher-order degenerate vector modes or scalar modes
with 2 phase difference of 2. Consider two mods fiber which, under wezkly guiding spproximation, can support Ly, md LP,,
modes. LPy mode represents the HE';.'II'I'.TECTGI mods and the fust higher order mede LPy represents quadruply degenerate vector

modes, namely, TE.., HEq; /998 and TMur vector modes.
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Although many research groups have presented various zpproaches to gensrate OAM mede, but nealy 2l of these studies
construct the vector modes usmg LP modes [1, 37, 49]. The LP,, modes (7 = 0) have degenerate even and odd forms. QAR mode
m opticel fiber with topological charge (also called order of OAM mode) | can be generated by superpesing the degensrate LPIm
modes with :%phase difference.

OAM,, = LP;™ + i LP{¢ (1)

However, LP modes do not represent the true eigenmoedes of 2 fiber. To accurately determine the mode field distribution in
zn opticzl fiber, 2 comprehensive vector modz] analysis is required. In spite of this, most of the studies use spproximate scelar
modes with the followmng tramsverse electric field distributions [1, 3] to obtzmed OAM mode m fiber,

E(r,¢) = Fin(r) @(1¢) (2)

A thorough explanation of the notation for differsnt erder vector modes as defme m Equanon 2, slong with their respective
fizld orientations are discussed m [1-3].

To mvestigate the generation of OAL medes m optical fibers comprehensively, a full vectorial zpproach, deveid of amy
spproximate modes, is considered m this study. For zn optical fiber, the longitudmal field components satisfy the followmg
differential equations,

e 1¥w, 1w, [kﬁnz[r}—ﬁ?z]"y:n (3)

ot ' rar | agt

where ¥ = E. and H., ko is the free space propagation constant, the distribution of refractive mdex is expressed by niy), znd §
iz the propagation of the particular mede. The longitudnal field compenent distribution for even core mode, HESS™ . across the
vartous regions of the optical fiber are well deseribed m [30],

EAr,¢) = AJ.(xk.r)cos(mg) for 0<r<a

= B.K,,(y.r) cos(mg¢) for r=za
and

H.(1.¢) = Cofp(kr) (—sin(mg¢)) for 0=r=a
=D K, (y.r)(— sin(mg)) forr=za 4)
Similarly, for odd mode, HEZS, the solutions are taken as,
E.(r.¢) = AJn(k.r)sin(mg) for 0<r=<a

=BJ,(va)sin(mp)  forr=a
and

H.(r,¢) = CoJp (k) cos(mp) for 0<r=a
=DJn(yr)cos(mg)  for rza (3)
where &, = r'f:“| n: — ngﬁ and y, = ky (n2ss —nZ. The transverse field components are then obtaimed from axial field

y =
components usmg Maxwell"s curl equations [30, 31].
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In the full vectorizl methed, the transverse electric field of the HE, mode can be represented 2s follows:
HE'E':-‘E'TL — Ei:-‘E'ﬁ.(.r’ ¢) ? + E;.‘.—‘E'ﬁ (T_, ¢} ¢

min

= [EZ"(r, ) cos (@) — 3" (r,¢) sin(¢)]%

HEZ(r, @) sin (@) + E™ (r, ¢) cos(@) [¥ (6)

Similztly the expression of electric field for odd HE..mode, TE. mode and Th,. mode czn zlzo been written [501].

Thus, we see that the vortex mode with =1 order can be obtzmed by linsarly combining the different vector modes like
HET" and HES]" |, or HEZ{"and TEa, or HES{™ and TM.. Higher order (=2) vortex mode can zlso be generated using a
combination of HEY]™ and HEI]" modes or EHY™ and EHTT" modes. The =1 order vortex mode has the following form:

0AM ., = HEY™ + i HESS®
= HE3® + iTEy,

=HE3™" T iTMy (7

To verify that the resultent beam carries orbital angular momentum (DAL, an mterference (sither coaxiz]l mterfersnce or
off-zxial interference) between the generated vortex beam and a reference Gaussian beam iz petformed. And by examining the
resulting interference pattem, the topolegical charge (2lse called order of OAM meds) of the corresponding vortex beam can be
determimed.

3. Result and Discussion

3.1. Vortex mode generation

In this section, we will discuss the OAM mods generation i fiber by locking at two differsnt configurations (7 for
circul zrly-polarized OAM (CP-OAN) mode generation and (#) for lmeasly-polarized OAM(LP-OAM) mode generation. In this
znalysiz, the fibet under consideration comprizes an outer cladding repion made of silica and a2 core region doped with 3.1
mole % of GeQl: . 5idl, with 2 radius of 6 ww ad mdex contrast of 0.0047 has 2 V-number of ~2.83 at wavelength of 1530 nm.
The fiber diameter 15 setto 12 o 50 that it can theerstically support six vector modes: H.':'.‘h" . TEw, HEx even & odd, and Tha.
By cohersntly combining these vector moedss, this fiber can theoretically suppert six QAN medes, 25 seen m Equation 4,
zssociated with = 1 topelogical charge.

A uniform Bragg grating [48] 45 written inside the cors region. As it is well kmown that the fundzmental HE,, meds is not 2
vortex mode (25 can alse be seen from the mterference pattem of reference spherical Gaussian beam and HE; mede m Figurs
8(k)). Simee OAL] 13 not carried by the findamental HE,, mode, its existence just makes the OAM mode purity worse. Therefors,
the undesirable HE;; mode can be reflected back with the =id of 2 Bragg prating by coupling it with 2 cote mode or cladding
mode, which will discuss m detzils m zection 3B.

= B |

3.1.1 Circularly polarised OAMmode generation
- - - N - - T -
Hers we numerically mnzlyze the OAM mede with topolegical charge /= =1 by numerically settmg a - phase difference

between two degenerate HE:, modes. Becanze the HE:, modes are orthogonzlly polanised. the OAM modes that are generated
will be cirenlaly polarized.

OAM ., = HES™ + i HE3® (8)

The mtensity znd phese distributions of the generated QAW beam zre fllustrated i Figure 1. The annular intensity pattem
with pelarization of HE: mode can be clearly seen m Figure 2. Interference between the genersted annular beam and 2 spherical
Gaussian beam has been nvestigated to confirm whether it i a vortex beam or not. Figure 1(z) and (b) show the mterference
pattems of annular shaped beam and reference beam. As can be seen, the mterference pattem is 2 spiral, which mdicates that the
amnulzr beam i3 2 vertex bezm. The topological charge of the vortex beam (order of the OAM mods) can be determmed by

4
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counting the number of spiral rotations. The single spiral mterference pattern as shown i Figure 1(2) and (b) cearly ndicate the
OAMN. ; (cockwise) and QAR (counterclockowise) mode, respectively. The phase distribution of superpesed two degenerate
HE: ]Ill}ﬂ"' zre displayed m F‘lmlf"' 1({c) and (d). The rotation of the phasag zlzo mdicatng that the doughnut shaped beam iz 2
vortex beam with 2 tu-pu-lﬂm.,al charge /=% 1, as the phase rotates cnly one time over 27. When we interfers the vortsx beam
with zn off-zmizl plane wave, we can see 2 fork-like frings pattem, this is another signamre of vortex beam. The mterfersnce
pattermn between the vortex beam =nd the reference plame wave 13 depicted m m Figure 1(2) znd (£). It can be seen from these
figures that the interference pattetn of the vortex beam and the plane wave are forked like fringes, the number of the branch
each of these figures iz one which equals the topelogical charge of the vortex bezm.

The coherent superposition of even and odd HE:, modes with 2 = phase direction vields the circularly polarised OAM 1st-
order mode. By twisting or latersl squeezing the fiber, one can_ achieve this phase delzy between the degenerate modes. In
litersture, 2 number of very mnovative methods for genersting - phase differsnce between fiber modes have been reported.
MeGlon et 2l hawe propesed a straightforward approach to mdu the phase difference by applyving stress to the fiber using
rectangular lead weights. [32]. Shubui Li ot al. have demonstrated that the phase difference can be obtzmed by using 2 rotator and
a flat slab [37]. Hers, we can rezlize the T phase diffrence between the HE: even and odd modes by launching circularly
pelzrized (CP) light at the mput end of the fiber. To generate the CP state of the mput light. 2 pelarizer and quater wawve plate are
usad together.

Figure 1
Coaxial interference pattern of (a) OAM; and (b) OAM-; with a reference Gaussian beam. Phase pattern of generated (c)
OAM; and (d) OAM:,. Off-axial interference pattern of (g) OAM-; and (f) OAM:; with Gaussian beam
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3.1.2. Linearly polarised OAM mode generation

It iz zlso possible to obtzin the linezddy polarized OAM., modss by combiming the other distmet vector modss defmed n
Equation 4 (last 2 row). Among the four higher order mode, HESY™ and HEZ}® are stricfly degenerated, having orthogonal
polzrization states and the exact same effective refractive mdex, but the TE,, m:ui Thi: meds have slightly different effective
mdicas. The simulated =ffective mdices of the vectors modses can be caleculated 2z 144693224 (HE ), 144460120 (TE..).
144460061 (HE:) and 144458877 (Thiy) at wavelength of 1550 nm. As we can see, the mdex differsnce between adjacent fust
higher order vector medes are Angp_pyy ~ 6% 1077 md Angz_py ~ 1.84x 1077, which is extremely small With an
madequate mdex difference (An ~ 10‘5}: we can claim that the two modes remain dﬂg&u&rate. It 1z well kmown that TE and T
modes coexist zlongside HE:, modes m multimede fiber. Because thetr mdex difference iz so smzll, they will pair to gensrate 2
linezrly polarised mode at the output. The field distributions of TE.., HES™ , HESJ® . TM., modes are depicted in Figure 2
zlong with the field distribution of linsztly polarized (LPy) mode formed by sup&rpusmg of HEA{® mmd TE., mnd HES]™ mnd
Thday. So, their linear combination (see last 2 rows, Equation 4) generates lmearly polarised vortex beam.

Figure 2
Top row (a and b): Modal intensity pattern and polarization distribution of first higher order vector modes: HEH"", TEn,
HEN™ and TMy. Bottom row (a and b): intensitv and polarization distribution of the mixing vector modes
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Figure 4
Varation of transmission of LPG (blue) and reflection of FBG (green) with grating length
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However, mtroducng 2 7.2 phase delay between them is critical. Simce the fimdamental mede, HE,, does not carry QAR
the technique that prezentad i this model iz that to reflect this undesirable HE,; mode by coupling it to the backward propagating
cladding meds with 2 very narow bandwidth at 2 predetermined wavelength. Within this bandwidth, we have TEy, HE:, and
Thior at the output (transmission) end. When the phase differsnce between the medss is % the OAM modes will be generated.
And the phase difference between modes, Ag, iz defined by the mode propagation constant 5 as well 2z the length of the fiber,

Ap = (Byg2y — Breor) X L (%)

where L is the fiber length and m can be any mteger m =0, 1, 2, ... Therefore, the Ag between the modes can be contrelled
by varying the fiber length, and 2s long 2= it 13 (m + 12) =, the =1-order LP-OAM modes will be at the output, transmission end.
Hers, 23 an example, T have plotted Figure 3 for = polarised OAML, light, and the same procedurs can be used for other lmesr
polarisation states as well. As an illustration, the equation for x polarized OAM., generated by the combination of TE. and
HESH is written 25

O0AM,, (%) = HE%® — i TEy, (10)

Figure 5
Transmission spectrum for HEy core mode-HE 15 cladding mode coupling (red) and HEx core mode-HE 5 cladding mode
coupling (blue) (a) without apodization and (b) with pure cosine apodization. Intensity of (HEn + HEn) at the (c)
resonance wavelength and (d) at edge of transmission point of bandwidth
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The well known signaturs mterference pattern of the generated OAM mode for the combination TE., and HES{? is plotted in
Figure 3(z). The correspending phase distribution iz z2lso plotted i the szme figure (Figure 3(b). The same can zlso be obtzined
for other combination zs mentionsd m Equation 4 (last 2 rows).

3.2. Fiber bragg crating

Fiber Bragg gratmps (FBG) are reflecting pratmg that are used for counter-dirsctionzl modal couplng between puided
maedes of optical fiber [48, 53], Their operztional principle is based on (i) the phase matching between the coupled modes, and (i)
modal overlap betwesn these modes over the grating region. The phase matching condition is given by [48].

(‘&:ff t Bepr T Mu—u T K-.-—-.-) XA=2m (11)

where, ﬁ':ﬂ- iz the effective mdex of mede =, and K, 15 the s¢lf coupling coefficient of mede x. The wavelength at
which the resonance coupling occurs is given as
- M 1
A, = Jerr reit) (12)
BT Xu—pHoe— <

A 2

Here, ngff and n';ff are the effective refractive indices (1gsr = "i- ) of the two coupled modes, respectively, and & is the
free space propagation constant. In the gratmg region, the cors refractive mdex gets modified as,

n.(2) = n[1+ o(2){1 + cos (= 2)}] (13)

In thiz stmulation, the considered fiber with 2 cors dizmeter of 12 microns, supports the fimdementzl mede (HE, ) and furst
higher order mede group (TE., Tk, and HE:). Smee the fundamentzl HE,, meds does not czrry OAM, its presence only
worsens the OAM mode purity. Te improve OAM mode purity we can (i) either redirect power from HE: mode to OAM
carrying HE: mede, or (if) reflect back the HE,, mode. The fist option, ie., coupling power between HE,, and HE:; modes
require extremely high contrel over the gratng length as co-directional couplmg (LPG basd coupling) s elways zssociated with
petiodic power coupling between the coupled modes (zee Figure 4), resultng i deteriorated OAM mede purity. Two
possibilities might arise: (@) grating length is smaller than the optmum length, resulting m some power still carried by HE.,
mede, of () grating length is larger then the optimum length, resulting i power coupled back to HE. mods from the HE: mode.
Further, since the co-directionz]l modsl couplimg iz extremely sensitive to extzmal permwbations as compersd to the counter-
directionzl modal coupling [47], a slight change in the environmental conditions might jeopardize the delicate grating length
requirements. Contrast to the co-directional couplng, the counter-dirsctional coupling (FBG based coupling) iz (i) free from
pertodic recoupmg of power, and (i) relatvel v wezkly mfluenced by environmentsl perturbations.

As previeusly stated, the Bragg grating is 2 reflecting gratng that can be used to coupls power betwesn countsr propagating
moedes. As a result, wecan selectively reflect the undesirzble mede using FEG at the pomt of need. In this simulation, [ used 2
uniform non-tited Bragg grating with 2 grating strength of 0y = 10™*; 5 is related to maximum RI perturbation (Ax) in the

grating region via AN = g, Az we kmow, the symmetric gratings coupls modes with the same arimuthzl numbers, therefors
the fundamentzl core mede which has m = 1 can be coupled to the countsr propagating cladding mode HE,. modes. For the

8
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optical fiber parameters used m this study, the required gratmg period is A = 0.343 um to get a Bragg reflection at 1.35 um,
caused by grating assisted resonant excitation of counter-propagating HE,; cladding mode. In Figure 3(2) we have plotted the
transmission spectum correspending to HE,, core mode - HE,. cladding mode coupling (red curve) znd HE:, cors mode - HE o
cladding mode couplmg (blue curve). As expected, ne resonanes is observed corresponding to the HE: core meds - HEi.
cladding mode coupling, which matches with our predictions. Fiber Brage pratings with uniform refractive mdex modulation
exhibit 2 series of side-lobes at both sides of the Brapg wavelength as shown m Figure 5(z). This sidelobes are appezrmg m the
reflection spectrum due to zbrupt changes i the BI profile 2t the grating boundaries. Therefore, It is essential to minimize and, if
at zll fezsible, eliminzte these sidelobes i order to have low side-lobe suppression (SLS) ratio. This means that as the sidelobes
become less promment, thers i3 2 clearer and more promment reflection pesk. This is particularly advantazeous m applications
requirmg high spectral purity, such a2z wavelength division multiplexing (WD) systems, high precizion sensors, and others.
Decreased sidelobe levels lead to 2 cleaner signal with less nterference from neighboring channels, thereby improving the signal-
to-neise ratio. The grating apodization, which is 2 varistion of BI medulation strength zlong the grating length, 45 2 very well
kmown technique used to reduce the sidelobes. Apodization mvelves 2 gradual tapering of the refractive mdex medulation, which
mitigates ghrupt transitions, resulting in a significant suppression of sidelobes. In thizs simulation, I have used 2 raized-cosine
zpodized gratmg profile which has the following form for its grating strength,

(=)

o(z) = gycos (

) (14)

Figure 5(b) shows the transmission spectrz of uniform period FBG with raised cosme apodization profile. Changing the
amplitude medulation depth has 2 notzble mpect on the spectral properties and performance of the Brage gratmg, mcluding 1)
Beflectivity, t)Bandwidth and 1) sidelobe Suppression. Higher modulztion depths correspond to greater refractive mdex
changes, I"'SUltIIlE m stronger reflection pezks and larper bandwidth, but can zlso elevate sidelobe levels. A tradeoff will emist
between sidelobes and htgh modulation depth. Th&rﬁfu:srﬂ_ the apodized gratng has been considered m order to have high
reflectivity while minimizing sidelobe levels. As can be seen the sidelobe zre suppressed and ripples are reduced. As the
findzmental mode 15 coupled to 2 backwszrd propagating cladding mede by FBG, 2 doughnut-shaped like mtensity profile is
anticipated at the output end. As we approach the band edge, the presence of the HE,; moede leads to the pradual fading of the
distimetive doughnut-shaped mtensity profile. Here, we would like to mention that the bandwidth of high mede purity OAR
moede can be brozdened by mcorezsimg the graimg strength and’ or, mors prefersbly, by using zppropriately chirp Bragg gratings.
The cumulative mtensity profile of HE,; mede + HE: mode at two differsnt wavelengths: one at the dip of the transmission
spectra (marcen circle i Figure 5(2)) and the other at the transmission edge point (green square i Figure 3(a)) are shown n
Figure 3(c) and Figure 3(d), respectively. The annular shape clearly shows that only HE: mode exists at the flattened resonance
wavelength zround 1.33 wm, whereas the Gaussian like mtensity profile mdicates that both HE:, and HE,, modes exist outside
the grating bandwidth at the cutput end.

To have 3 purely HE:, mede, we must alse suppress the TE and T moedes, which can be zecomplished by coupling the
forward propagating TE znd Th modes to counter propagating cladding TE znd Th modes by emploving two additionzl uniferm
gratings with the appropriate prating period. Here, | would like to mention that reflecting unwanted core modes by means of
coupling theose to counter propagating cors moedss, would risk damaping the light source at the mput end of the fiber. In contrast
to this, the energy coupled to the counter propagating cladding medes 1z dissipated by sbserption m the fiber jacket and therefore
m thiz analvsis, [ have considered powsr coupling to 2 higher order clzdding mode.

3.3, Verification of the model

Using a similar zpproach, OAM mode with higher order can alse be generated. To show that the even and edd combination
of HE,., mede can produce QAN mode of order /=m - 1 (zse called topelogical order 0, T carried out the same procedure for
HE,,, HE:; =nd HE:, modes. In crder to support many guided modes, m the subsequent study we have considerad fiber with 2
core radius of 9.6 wm. The mtensity distribution znd the mterference pattemn for each generated OAM mods of order | are plotted
m Figurs §. The mtensity and coaxiz] mterference of HEL] moeds have been shown m Figure 8(z) and ['I:-} respectively. We can
ses that no spiral &maﬂs are observed, which mdeed imply that HE,, mods has zero topelogical charge, /=1- 1 =10, which alse
mdicates that HE,, does not carry OAM. The doughnut like shape m Figure 8(c) and (g) clextly indicate the higher topelogiesl
order (/=1 and I= 2) OAM carrying modes HE: and HE:,, which can be verified by locking inte the interference pattem.

We can see that the higher the azmuthal number, the wider the central dark region. In addition, the correspondmg
mterfersnce pattems zre depicted i Figure 6(d) and (), respectively. The single spirel m Figure 6(d) confims that the generated
mode iz 2 vortex mode of order /=2 — 1 = 1| while the double spiral n Figure 6(f) clextly shows the output mode iz 2 second
order (/=3 — 1 = 2) vortsx mods.
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Figure 6
Intensity distribution of (a) HE s, (c) HE 2; and (¢) HE ;; core modes. Interference pattern of OAM- for (b) # ETI™ +
HER'd , (@) HEFT+ iHES " and () HEF™+ iHES]"
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4. Conclusion

An anzlysis of OAM carrymg modes m optical fiber has been presentsd using the true vector modal analysiz of 2 few mode
optical fiber. In contrast to the widely used artificial construction of vecter modes using the approximate LP modes, this study is
based on exact vector medes: TE, Th and HE medes of the optical fiber. An appropriztely designed raisedeosime apodized Bragg
grating iz considered to reflect back the undesirable HE), core mode by coupling it to counter propagating cadding meds and 2 1
phase shift between the appropriste modes has been considered for OAN mode gensration. In contrast to the long-peried grating
based OAM mods generation, the present scheme is free from periodic backeoupling of opticz] powsr inte the fundzmental core
mode, thersby drastically enhancing the OAM mode purity over the gratmg wavelength window. By combming different higher
order modes we have obtaimed both the lmearly polanised OAM mode as well 2s the circul zly polarised OAM mede. Finaly, I
have alzo shown that in fibers with larger core radis, the higher order OAM mode of topological charge 2 or higher can zlso
be generated using 2 similar approech. The topelogical charge of the OAM mods has been verified by observing both the coamial
zs well 23 off axizl mterference frmges. Our model 1s relativel v straightforward as it consists of standard fiber gratmes mstead of
specizlly designed fibers such as ring-shaped fibers or other complex designs, 23 mentioned in the mtroduction.
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