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Abstract: This work presents first time successfully fabricated silica few-mode microstructured op-

tical fiber (MOF) with hollow GeO2-doped ring core and strongly induced twisting up to 790 revo-

lutions per meter. Some technological issues for manufacturing of GeO2-doped supporting elements 

for large hollow cores as well as described above complicated spun MOFs are discussed. We intro-

duce some results of tests, performed for pilot samples of designed and manufactured described 

above untwisted and twisted MOFs with outer diameter 65 µm and hollow ring core inner diameter 

30.5 µm under wall thickness 1.7 µm and refractive index difference n=0.030, including their geo-

metrical parameters, basic transmission characteristics and measurements of far-field laser beam 

profile patterns. 
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Typical hollow (or air) ring core (HRC) optical fibers differ by large single silica hol-

low core with doped walls (or drawn from supporting capillary, fabricated from special 

optical glass / material with refractive index material higher, than pure silica) to provide 

great refractive index difference between air in hollow core, core walls and outside silica 

cladding, that affords unique optical waveguide properties. Nowadays, HRC microstruc-

tured optical fibers (MOFs) / photonic crystal fibers (PCFs) as well as pure HRC optical 

fibers are primely targeted for generation, maintenance and transmission of orbital angu-

lar momentum (OAM) modes in optical telecommunication systems, based on spatial (e.g. 

mode) division multiplexing (SDM / MDM) technique [1-3]. Also, this type of optical fi-

bers is declared as mode converters for differential mode delay reduction in laser-based 

multi-Gigabit data transmission short range optical networks with multimode optical fi-

bers [4, 5], higher-order mode dispersion compensation [5, 6] and acousto-optic control of 

polarization [5].  

Presented work is exactly focused on described above HRC optical fiber geometry, 

while there are other groups of other well-known both “initial” (“basic”) and “spin-off” 

following similar fiber optic structures, containing:  

–  ring (or annular) core optical fibers (pure silica core and cladding with inclusion 

of high refractive index material layer on core / cladding boundary) [1-3, 7-13 et al.]; 

– ring core MOFs and PCFs (silica center, bounded by ring from higher refractive 

index material / glass (doped silica), and air holes in periphery) [14, 15];  

– hollow core MOFs and PCFs, also known as hollow core photonic bandgap fibers 

(pure silica circular fiber with large air central hole (e.g. “core”) and small air holes in 

periphery part, placed according to desired designed geometry) [1, 2, 16-31 et. al.]; 

– anti-resonant hollow core fiber (AR-HCF) with complicated geometry: so-called 

“revolver” fibers – single / double / triple ring AR-HCF and single / double noodles nested 

AR-HCF [3, 29, 32-34 et al.] and nodeless nested AR-HCF [3, 29, 32, 33, 35, 36 et al.], “grape-

fruit” [37, 38 et al.], “ice-cream” [29, 39 et al.]. 

There is a set of known published works, focused on design and simulation of HRC 

MOFs, that guide and support propagation of various number of OAM modes: 146 and 

70 modes at =1100 nm and 2000 nm, respectively (HRC MOF with total outer diameter 

116 µm, 4 µm air core, bounded by phosphate optical glass ring with wall thickness 2 µm 

and difference between doped ring and pure silica refractive indexes n=0.11) [40], 180 

OAM modes over =1500…1700 nm wavelength band (HRC MOF with total outer diam-

eter 116 µm, air core diameter 51 µm, ring wall thickness 1.5 µm with n=0.12 (analogue 

to FBG1 glass – 56.7% SiO2, 0.35% Al2O3, 30% PbO, 4.15% Na2O, and 8.65% K2O)) [41], 22 

OAM modes at =1550 nm (HRC PCF with total outer diameter 28 µm, 11 µm air core, 

bounded by lanthanide (LaSF09) optical glass ring with wall thickness 0.1 µm and 

n=0.37) [42], 436 at =1550 nm with 400 modes over S+C+L bands (203 µm HRC optical 

fiber with 100 µm hollow ighly-GeO2-doped-ring-core under ring wall thickness 1.5 µm 

and n=0.15) [43], 874 OAM modes at =1550 nm with 514 modes over almost all telecom-

munication band (62.5 µm HRC PCF with 20 µm air core, bounded by As2S3-ring with 

wall thickness 0.5 µm and extremely high n=1.00) [44] and up to 1004 OAM modes over 

extended wavelength range, covering almost all ratified telecommunication bands (O, E, 

S, C, L), under record high number of 1346 OAM modes at =1550 nm (62.5 µm HRC 

optical fiber with 20 µm air core, bounded by As2S3-ring with wall thickness 0.9 µm and 

extremely high n=1.00) [45]. 

It is obviously, earlier on published papers, containing not only simulation, but pri-

marily results of tests, performed for successfully fabricated designed optical fibers, are 

of special interest. However, in spite of declared HRC MOF great potentiality for guiding 

and transmission of OAM modes [1 – 3, 40 – 45], there are not so much reports, presenting 

properties, results of tests and measured data of manufactured HRC fibers. Finally, there 

is just a set of works, prepared by group of the same authors, that shew experimentally 

verified ability of stable transmission for 12 OAM modes over C-band along designed and 

fabricated HRC optical fiber with air core diameter 6 µm, bounded by ring with wall thick-

ness 5.25 µm and n=0.03 [3, 46 – 49] with following enhancing supporting AOM mode 
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quantity up to 28 by enlarging air core diameter up to 19 µm under the same ring param-

eters [50]. While other “experimental” papers present propagation of OAM modes over 

ring core optical fibers [1 – 3, 9, 10, 51 – 53] and hollow core “grapefruit” MOF [3, 54, 55]. 

In addition, twisted or spun MOFs and PCFs are not only declared as new (alternative to 

primarily fiber Bragg gratings) type of fiber optic probes for sensors of strain / twisting 

[56 – 58] and magnetic field / electric current [59] or special optical fibers for polarization 

maintenance, generation of optical activity [60 – 65] or mode filtration [66], but also, they 

are positioned as new optical fibers with great potentiality for guiding and transmission 

of OAM modes, which was confirmed by not only theoretical simulations [3, 67 – 71], but 

also by experimental researches [72 – 77]. This work presents results of attempt to combine 

all described above fiber optic structures: hollow core MOF, ring hollow core optical fiber 

and twisted MOF. First time, we successfully fabricated silica few-mode MOF with hollow 

GeO2-doped ring core and strongly induced twisting up to 790 revolutions per meter. 

Some technological issues for manufacturing of GeO2-doped supporting elements for 

large hollow cores as well as described above strongly twisted MOFs are discussed. We 

introduce some results of tests, performed for pilot samples of designed and manufac-

tured described above untwisted and twisted MOFs with outer diameter 67 µm and hol-

low ring core inner diameter 25 µm under wall thickness 0.85 µm, including their geomet-

rical parameters, basic transmission characteristics and measurements of far-field laser 

beam profile patterns. 

2. Fiber Design 

Proposed HRC MOF pilot design is represented on Figure 1. It is composed of central 

hollow air core with radius r1, bounded by GeO2-doped silica ring with outer radius r2 and 

wall thickness r = (r2 – r1). There are 108 air holes with inner radius r3 and pith , placed 

over hexagonal geometry in the periphery part of fiber, which forms total proposed HRC 

MOF structure with outer radius r4. 

 

 

Figure 1. Proposed hollow GeO2-doped ring core MOF design. 

We utilized rigorous numerical full-vectorial Finite-Element-Method by using com-

mercially available COMSOL Multiphysics® software for preliminary modal analysis of 

designed GeO2-doped HRC MOF under following preliminarily chosen parameters: hol-

low core inner radius r1=5 µm; GeO2-doped ring wall thickness r=4 µm (HRC outer ra-

dius is r2=9 µm); GeO2-doped ring and pure silica difference of refractive indexes n=0.03; 
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air hole radius r3=1.7 µm; pitch =3.25 µm. Modal analysis was performed at the wave-

length =1550 nm. Here GeO2-doped ring refractive index value was estimated by well-

known Sellmeier equation [78 et al.] with substituted coefficients, experimentally meas-

ured for GeO2-SiO2 glasses [79, 80] under particular dopant concentrations, while un-

known can be evaluated by earlier on developed method [81]. 

OAM modes can be obtained by combination of eigenmodes (“even” and “odd” 

modes) with a π/2 phase shift, that is described by well-known summarized expressions 

[1 – 3, 7 – 45 et al.]. Therefore, two OAM modes are localized and supported by proposed 

designed and simulated HRC MOF (Figure 2). 

 
Even Odd OAM Phase Plot 
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Figure 2. OAM mode formation by combined even and odd eigenmodes of designed HRC MOF. 

3. Fabrication of GeO2-Doped Supporting Tubes – Preforms of Hollow Ring Core 

We applied conventional modified chemical vapor deposition (MCVD) method for 

fabrication of silica supporting tubes with GeO2-doped walls, which are preforms of hol-

low ring cores. Here commercially available basic silica supporting tubes with outer di-

ameter 22 mm, wall thickness 2 mm, length 650 mm were used as basic element for HRC 

preforms. These cheap supporting tubes have high OH–-group concentration (it is more 

than 1000 ppm—analog to the brands Heraeus Suprasil Standard, Saint-Gobain Spectrosil 

A and B, Corning HPFS 7980, JGS1, Dynasil 1100/Dynasil 4100, Russian GOST 15130-86 

“Optical quartz glass” KU-01, etc.), while it provides ability for low temperature MCVD-

process operation to avoid tube deformation and redundant evaporation of highly GeO2-

doped quartz near-surface layers. 

Developed and verified technological process for fabrication of GeO2-doped silica 

tubes contains the following sequential steps: 
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1. Flushing of supporting tube in distilled water with further drying under normal con-

ditions. 

2. Installation of supporting tube in the chucks of MCVD station. 

3. Supplying SF6 gas to the inside of the tube for chemical etching of distorted near-

surface quartz layers. 

4. Deposition of phosphor-silicate quartz layers to prevent the diffusion of OH-groups 

from the supporting tube to the germane-silicate quartz layers. 

5. Deposition of germane-silicate quartz layers for an improvement in refractive index 

and material photosensitivity by the formation of germanium oxygen-deficient cen-

ters. 

According to mentioned above technological process description, we performed se-

ries of several GeO2-doped supporting tubes experimental fabrication with further re-

drawing them to capillaries / HRC preforms. As a result, optimal parameters and regimes 

of technological process were successfully empirically selected: 

- Delivering rate and concentration of gas mixture / reagents (in particular, GeCl4 

in vapor-gas mixture to prevent bubbles, that lead to further cracking of fabricat-

ing supporting element). 

- Oxygen torch movement speed and its flame temperature. 

- Numbers of torch passes. 

- Dried oxygen flow rate (in mm3 per minute (mm3/min)), going through the bub-

bler systems with GeCl4 and SiCl4, during torch passes.  

- Ratio between numbers of phosphor-silicate quartz layers (4…9) and germane-

silicate quartz layers (20…55). 

During the first series of experimental fabrications, 50 numbers of torch passes were 

selected. However, here we have got supporting tube cracking as yet it was placed in 

MCVD station chucks, or increased fragility of fabricated capillaries, redrawn from suc-

cessfully deposited undestroyed tube, that lead to their collapsing under further MOF 

drawing. After second series of experiments, we detected, that typical dried oxygen flow 

rate over 400 mm3/min during its passing through the bubbler system with GeCl4 and 

40…50 mm3/min for SiCl4 bubbler system lead to “boiling” of germane-silicate quartz lay-

ers, deposited over insight surface of the tube, or, e.g., occurring of bubbles in GeO2-doped 

layer. Therefore, during the third series of experiments, optimal regimes were empirically 

detected: 50 torch passes, 400 mm3/min dried oxygen flow rate under going through GeCl4 

bubbler system and 105 mm3/min dried oxygen flow rate under going through SiCl4 bub-

bler system. Also, we add final deposition of 5 pure quartz layers to prevent the cracking 

of previously deposited thick germane-silicate quartz layers during preform cooling due 

to great difference between linear expansion thermal coefficients of pure silica and highly 

doped germane-silicate quartz. 

Therefore, we successfully fabricated preforms for GeO2-doped HRCs by proposed 

technique: from supporting tube with deposited germane-silicate quartz layers (Figure 

3a,b) under GeO2-dopant concentration 20.5 mol%, providing desired core-cladding re-

fractive index difference n=0.030, and further their redrawing to capillaries.  

However, during MOF stack formation another same problem occurred, concerned 

with cracking of capillary, already placed into the stack. After new series of experiments, 

we detected, that possible cause of capillary destruction may be explained by fact, that 

closed (fused) end of capillary extends beyond the outer diameter of supporting element 

(Figure 3d). During MOF stack formation, supporting elements are densely pack in the 

outer main supporting tube, so compression between them occurs, that leads to cracking 

and destruction of GeO2-doped capillaries due to their increased fragility, explained by 

also mentioned above difference between linear expansion thermal coefficients of pure 

silica and highly doped germane-silicate quartz. 

We developed and verified an alternative method for fusing (ending) of GeO2-doped 

capillary, that provides successful solution of described above problem. Instead of con-

ventional positioning of capillary end face to the side of the oxygen torch flame, we place 

capillary itself with desired length to the flame, after heating its ends are pull out up to 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 May 2023                   doi:10.20944/preprints202305.1814.v1

https://doi.org/10.20944/preprints202305.1814.v1


 

 

splitting in the heated place, and formed conical ends are fused (closed) (Figure 3c). As a 

result, fused ends do not extend beyond outer size of capillary, that eliminates the prob-

lem of cracking and destruction of GeO2-doped capillaries due to compression in dense 

pack during MOF stack formation. 

 

 

 

(a) 

 
(b)     (c)    (d) 

Figure 3. GeO2-doped silica supporting tube: (a) tube; (b) supporting tube refractive index profile; 

(c) and (d) fused (closed) ends of GeO2-doped capillary: (c) by proposed method with splitting; (d) 

by conventional method.  

4. Fabrication of Silica Microstructured Optical Fibers with Improved Induced Twist-

ing 

In the earlier on published papers [82 – 88], we described in details all previously 

successfully performed stages of drawing tower modifications, that provide to improve 

twisting of fabricated MOF from initial weak 10 revolutions per meter (rpm) up to 66 rpm 

[82, 83] and further 100, 400 and 500 rpm [87, 88]. We have chosen to develop the method, 

proposed in [1]: rotation of optical fiber preform during the drawing process. 

 During the first stage, we installed a stepper motor with rotation speed 200 revolu-

tions per minute to the feed unit of tower to add the rotation option to the drawing system, 

which provided maximal induced chirality over optical fiber only of 100 rpm under the 

drawing speed of 2 m per minute. We have designed and fabricated a special fluoroplastic 

rotational adapter (Figure 4a), that directly connects an excess pressure hose to the top 

end of the cane and fixes it without twisting, to prevent drops in pressure between the 

hose and the top end of the cane due to the sealed internal space of the rotational adapter 

under ability of cane rotation during the MOF drawing with the desired speed. At the 

same time, we tested, verified and work out the full-cycle technique of twisted MOF fab-

rication: from MOF stack formation, redrawing it to MOF cane and following MOF draw-

ing from the cane with twisting under specified excess pressure and drawing temperature 

[82, 83]. During this stage, we successfully fabricated following MOFs with twisting from 

10 rpm (rotation speed is 20 revolutions per minute with MOF drawing speed 2 meters 

per minute) up to 66 rpm (rotation speed is 200 rpm with MOF drawing speed 3 meters 

per minute): hexagonal geometry with shifted core [82, 83]; hexagonal geometry, that pro-

vides quasi-ring radial mode field distribution [82, 83]; equiangular spiral six-ray geome-

try [87, 88]. Further, by combining the maximal rotor rotation speed 200 revolutions per 

minute and low drawing speed 0.9 meter per minute, typical hexagonal geometry MOF 

with shifted core under pitch 0.65…0.700 and 3…4 spatial guided modes were 
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manufactured with twisting 217 rpm, which is finally the maximal possible induced chi-

rality order for described above equipment. 

Therefore, to improve MOF chirality, during the next stage, we have replaced in-

stalled stepper engine to new commutator motor with maximal rotation speed 2000 revo-

lutions per minute, and carried out series of engineering and research and technological 

works on second set of drawing tower modifications [87, 88]. In addition to design, fabri-

cation and installation of new carrier for motor fixing on the feed unit chuck, new drive 

belt with an improved length due to increasing the distance between the commutator mo-

tor shaft and feed unit chuck, new special supporting pad with the fixed commutator mo-

tor, protective shroud, and driving system in the drawing tower feed unit, outside control 

panel, connected to power supply and driver for commutator motor, we proposed and 

manufactured a special device for additional fixing of MOF cane to prevent its unaccept-

ably strong vibrations in the horizontal plane with further destruction, occurring under a 

rotation speed of more than 300 revolutions per minute. This fixing device contains a ring 

stand with a clamped piece of fluoroplastic tube with a corresponding diameter, which 

was mounted between the tower feed unit and the tower furnace [87, 88].  

 

   
(a) (b) (c) 

Figure 4. Adapters for excess pressure feeding to MOF cane capillaries under its rotation: (a) com-

pleted and jointed fluoroplastic rotational adapter with installed MOF cane; (b) destroyed fluoro-

plastic adapter under increased rotation speed of up to 600 revolutions per meter; (c) commercially 

available flanged drilling swivel, utilized instead previously installed fluoroplastic adapter.  

As a result, the performed modifications provide improvements in the preform rota-

tion speed in the drawing tower feed unit of up to 2000 revolutions per minute with twist-

ing of up to 1000 rpm under a drawing speed of 2 meters per minute for silica few-mode 

optical fiber with typical “telecommunication” (“coaxial”) geometry (solid core, bounded 

by one outer solid cladding) and up to 500 rpm under the same drawing speed for MOFs. 

By using developed technique, we have successfully fabricated pilot samples of silica 

few-mode MOFs with six GeO2-doped cores and induced twisting of 50, 100, 400 and up 

to 500 rpm [87, 88]. However, further increase of rotation speed leads to progressive de-

struction (abrasion) of the mentioned above fluoroplastic rotational adapter over friction 

surfaces (Figure 4b), which disables it and blockages of MOF cane capillaries. Therefore, 
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during the next stage of drawing tower modification, we replaced fluoroplastic rotational 

adapter (Figure 4a,b) to commercially available flanged drilling swivel (Figure 4c), that 

provides feeding of excess pressure to cane capillaries under rotation speed 500…1000 

revolutions per minute. This device enables gas feeding with pressure of up to 0.8 MPa 

with desired the maximal rotation speed of its spindle of 1000 revolutions per minute.  

To provide precision movement of swivel relative to central axis of the drawing 

tower furnace flame space, we designed and fabricated special caprolon bracket, contain-

ing swivel movement system along Y-axis and device for its attachment, that provides 

swivel movement along X-axis with tight connection between cane and swivel. Also, spe-

cial multicomponent sealed duralumin adapter tube was designed and manufactured to 

attach MOF cane to the feed unit chuck. The tube is fixed by chuck jaws, that provides 

rotation of drawn MOF. As a result, the swivel with adapter tube was mounted in the 

drawing tower feed unit by caprolon bracket (Figure 5a). Here the chuck of the feed unit 

is rotated by commutator motor via belt drive, while adapter tube is rotated via its fixation 

by chuck jaws (Figure 5b). The MOF cane is installed to the bottom of the adapter pipe, 

sub-pressed by hold-down nut and tighten by silicon sealing rubber. Described above 

configuration enables to feed excess pressure to MOF cane capillaries without its uncon-

trolled drop over attached unit, that provides desired chiral MOF drawing with cane ro-

tation speed of up to 1000 revolutions per minute (Figure 5c). 

 

   
(a) (b) (c) 

Figure 5. Modification of drawing tower feed unit: (a) caprolon bracket with swivel and adapter 

tube; (b) adapter tube fixation by chuck jaws in the feed unit; (c) the whole system, prepared for 

twisted MOF drawing with improved cane rotation speed of up to 1000 revolutions per minute.  

5. Twisted Silica Few-Mode Hollow GeO2-Doped Ring Core Microstructure Optical 

Fiber: Results 

We successfully fabricated two samples of GeO2-doped HRC MOF with and without 

induced chirality by typical three steps of MOF manufacturing technique [82, 83, 87, 88]: 

(1) MOF stack (preform) formation, (2) cane (pre-fiber) fabrication by re-drawing, and (3) 

drawing of MOF from the cane with optionally induced twisting. 

During the first step, we re-drew high-purity fused synthetic silica supporting ele-

ments (rods and tubes with a content of hydroxyl groups (more 1000 ppm) to micro-rods 

and capillaries with an outer diameter of 1.37 mm and cut them into segments with 

lengths 30 cm long. Here we utilized cheap silica supporting tubes with a some OH–-group 

concentration (more than 1000 ppm—analog to the brands Heraeus Suprasil Standard, 

Saint-Gobain Spectrosil A and B, Corning HPFS 7980, JGS1, Dynasil 1100/Dynasil 4100, 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 May 2023                   doi:10.20944/preprints202305.1814.v1

https://doi.org/10.20944/preprints202305.1814.v1


 

 

Russian GOST 15130-86 “Optical quartz glass” KU-01, etc.), because the MCVD-process 

should be performed under low temperatures to prevent tube deformation and redundant 

evaporation of highly GeO2-doped quartz near-surface layers, especially for large GeO2-

doped HRC preparation. Therefore, after a series of operations for the treatment of both 

capillaries and micro-rods (end melting in the flame of an oxyhydrogen torch under blow-

ing by dried oxygen, chemical cleaning by concentrated hydrofluoric acid, washing by 

distilled water, drying in a muffle furnace, etc.), we formed an MOF stack by manually 

placing these prepared elements inside an 18 mm inner diameter silica substrate tube (Fig-

ure 6a), according to the desired cross-section geometry/structure (Figure 1) with central 

fabricated GeO2-doped HRC-preform, and melted its end by using MCVD station. 

During the second step, by using a drawing tower, we drew MOF cane (Figure 6b) 

with a length of 0.5 m and an outer diameter of 3 mm from the prepared stack under 

vacuum at 0.5 atm, with a feeding speed of 10 mm per minute, a drawing speed of 0.5 m 

per minute, and a drawing temperature of 1920°C [82, 83, 87, 88]. 

The third step contained the installation of prepared MOF cane into the feed unit of 

the drawing tower. Then it is driven into the high-temperature furnace and re-drawn to 

optical fiber under twisting provided by the installed commutator motor with swivel un-

der drawing temperature of 1900°C, excess pressure 25 mbar and increased rotation speed 

of up to 1000 revolutions per minute. Therefore, we fabricated two samples of GeO2-

doped HRC MOF with outer diameter 65 µm, hollow ring core inner diameter 30.5 µm 

under wall thickness 1.7 µm and n=0.03: one untwisted (Figure 6c, e) and other with 

induced twisting of 790 rpm (Figure 6d, f) with length about 30 m. 

 

    
(a) (b) (c) (d) 

  

(e) (f) 

Figure 6. Silica GeO2-doped HRC MOF: (a) stack; (b) cane; (c) cross-section of drawn untwisted 

GeO2-doped HRC MOF; (d) cross-section of drawn GeO2-doped HRC MOF with twisting 790 rpm; 

(e) longitudinal cross-section of untwisted HRC MOF; (f) longitudinal cross-section of spun HRC 

MOF with twisting 790 rpm. 

 

Because the main attention was paid for HRC, the most part of holes in the MOF 

periphery part were deformed, while central part, containing HRC with surrounding area, 

kept its desired geometry. 

Transmission spectra are presented on Fig. 7. We researched wavelength band 

=950…1700 nm by using a halogen lamp as a light source, programmable monochroma-

tor, germanium photodiode, optical amplifier, and optical power meter. Here lengths of 

both untwisted and twisted tested HRC MOF samples was 5 m. It is noticed, that for un-

twisted HRC MOF transmission wavelength range corresponds to short wavelengths and 

it is block already after =1300 nm, while twisted HRC MOF may transfer optical emission 

over all mentioned above tested wavelength band. We re-check this effect by the same 
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tests, performed for other 2 MOF samples, been cut from the opposite ends of drawn 

MOFs, but these measured spectra were analogously to Figure 7. 

 

  
(a) (b) 

Figure 7. Silica GeO2-doped HRC MOF transmission spectra: (a) untwisted HRC MOF; (b) 

HRC MOF with twisting 790 rpm. 
 

    
(a) (b) (c) (d) 

Figure 8. Far-field laser beam profiles, measured at the receiving end after propagation over 

5-meter long silica GeO2-doped HRC MOF with ROFL launching conditions via MMF 50/125: (a) 

untwisted HRC MOF, “red” laser =650 nm; (b) untwisted HRC MOF, DFB laser =1550 nm; (c) 790 

rpm, “red” laser =650 nm; (d) 790 rpm, DFB laser =1550 nm. 
 

Results of the first test series, concerned with far-field laser beam profile measure-

ments are shown on Fig. 8. Here we utilized “red” laser with operation wavelength =650 

nm and DFB laser with operation wavelength =1550 nm. Here radially overfilled launch-

ing conditions via conventional multimode optical fiber (MMF) 50/125 pig-tail were pro-

vided, and it was connected to HRC MOF via free space by the field fusion splicer preci-

sion alignment system. According to measured images of laser beam profile at the receiv-

ing end after its propagation over 5-m long of tested HRC MOF, strongly twisted HRC 

MOF forms desired “donut” structure at both =650 nm and =1550 nm wavelengths, 

while untwisted HRC MOF provides ring radial mode field distribution at short wave-

length =650 nm with falling apart to typical speckle pattern under long wavelength 

=1550 nm. 
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Figure 9. Dynamics of laser beam profile pattern, measured at the receiving end after propa-

gation over 5-meter long untwisted HRC MOF, connected to “red” laser (λ = 1550 nm) via MMF 

centralized launching conditions over researched range of distance between MOF receiving end and 

IR-camera objective 0…100 µm. 

 

      

0 µm 10 µm 15 µm 20 µm 30 µm 40 µm 

      

50 µm 60 µm 70 µm 80 µm 90 µm 100 µm 

 
Figure 10. Dynamics of laser beam profile pattern, measured at the receiving end after propa-

gation over 5-meter long 790-rpm-twisted HRC MOF, connected to “red” laser (λ = 1550 nm) via 

MMF centralized launching conditions over researched range of distance between MOF receiving 

end and IR-camera objective 0…100 µm. 

 

The next test series was also focused on “red” laser (=650 nm) beam profile meas-

urements after propagation over 5-m-long HRC MOF. However, here we provided cen-

tralized launching conditions also via MMF 50/125 pig-tail by fusion splicer alignment 

system under variation of distance between IR-camera objective and MOF receiving end-

face. Therefore, 0 µm distance corresponded to maximal contrast of detected MOF end 

face image (“ring” due to centralized launching conditions – Fig. 9, Fig. 10 “0 µm”), while 

further distance increasing up to of 100 µm modified laser beam pattern and after 20 µm 

added some interferometric / optical vortex-like effects. It can be noticed, that under the 

mentioned distance between IR-objective – HRC MOF receiving end face 30 µm and more, 

untwisted HRC MOF laser beam profile contains speckle pattern, while 790-rpm- twisted 

HRC MOF represents stable “quasi-vortex” structure supposedly due to strongly im-

proved mode coupling. 

6. Conclusions 

This work presents designed and first time successfully fabricated samples of silica 

few-mode twisted GeO2-doped HRC MO with outer diameter 65 µm, HRC inner diameter 

30.5 µm with GeO2-doped wall thickness 1.7 µm and refractive index difference n=0.030, 

and strongly induced chirality with twisting up of to 790 rpm. Some technological issues 

are discussed, concerned with fabrication of GeO2-doped supporting elements for large 

GeO2-doped HRCs as well as of strongly twisted MOFs. We presented results of the tests, 

performed with pilot samples of described above designed and fabricated MOFs both 
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untwisted and twisted, including their geometrical parameters, basic transmission char-

acteristics, as well as measurements of far-field laser beam profiles.  

Experimentally verified, that strongly induced twisting of HRC MOF provides de-

sired “donut” structure of radial mode field distribution superposition at both” short” 

(“red” =650 nm) and “long” (C-band center =1550 nm) wavelengths. It can be consid-

ered as some new type fiber optic diffractive element for mode filed management and 

summation / conversion. By analyzing a set of measured laser beam profiles, optimal 

launching conditions were detected: first of all, ROFL is required to provide desired mode 

field structure (“donut” vs “ring”). Increasing the distance between tested HRC MOF re-

ceiving end and camera objective up to of about 30 µm and more modifies and adds to 

beam profile pattern some interferometric effects. 

Detailed research of the presented twisted few-mode GeO2-doped HRC MOF prop-

erties for utilization in measurements/sensors or/and laser systems, telecommunications 

etc. require their customization for these applications as well as an additional series of 

tests and experiments in future works. 
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