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Abstract: We propose an expanded beam micro lens in stamdemectors, compliant with
harsh environment connections. Low Insertion |dsgh return loss and relaxed alignment
tolerances compared with SMF are demonstratedandCO band. We give two examples of

harsh environment optical fiber sensor applications
OCIS codes: (200.4650) Optical Interconnects; (060.2430) Fbeingle mode; (280.4788) Optical sensing and
sensors.

1. Introduction

Connections in harsh environment is a key elenetiié composition of the measurement line in simgbele

optical fiber sensors. For example, in the ASHLEYd&pean project (Avionics Systems Hosted on ailigtd

modular electronics Large scale dEmonstrator foltiple tYpes of aircraft), different optical sensowill be

implanted in multiple types of aircrafts. One oé thiggest challenge is often to couple light thiotlge sensor
device [1]. A solution to realize harsh single mambnnectors is to increase the mode field diansdtehe

output of the fiber. This extension is generallyaied by using ball or hemispherical lenses atetie of the
fibers [2]. This technique is interesting but nptimized in terms of insertion loss and return Jasalso needs
a specific connector housing. In this article, wepmse an innovative solution to increase the bdeameter
with low insertion loss, low reflectance and goegeatability by using standard connectors. Firstgiwe the
concepts and principle of this solution, then wiegnate it in standard connectors and measureetigtivity to

different contaminations. Finally, examples of ogtifiber sensor demonstrators pointing out theraxt of
these expanded beam connectors are given.

2. Theoretical concepts and principle of the expated beam connectors

Due to their very small mode field diameters (MFEipgle mode fibers are very sensitive to contantsydaser
power and alignment defaults either lateta| axial Az or angulard@ when injecting signal from one fiber to one
another whatever the application as illustratedriopnl. Expanded beam micro-lenses are very usefublax
lateral and axial positioning tolerances as casdsa in Table 1, where defaults that lead to 1xd@ss loss are
calculated with equations extracted from ref [3] different kinds of expanded Gaussian beams wivisB
are 55, 113 and 340 um, compared with SMF of 1609 FD at a wavelength of 1550 nm.

The lateral positioning tolerances is relaxed frafmto 82 um, the axial one from 57 to 59500 pnh\&it340

pm MFD expanded beam compared with SMF. But thellanglignment decreases with expanded beam from
2.6 to 0.08°. Then a MFD around 55 to 110 um isoadgtradeoff to relax lateral and axial positioning
tolerances without decreasing the angular ones amedpvith SMF.

Table 1: tolerances for 1 dB excess losa@550nm

MFD (um) | 8(°) AX (um) | Az (um) Fiber 1
SMF 10.5 2.6 2.5 57
55 0.5 13 1560
113 0.25 26 6250
340 0.08 82 59500

Fig. 1. Positioning defaults between two fibers

Moreover, expanded beam are less sensitive to pgéer and contaminants such as dust, oil and vater
harsh environment applications.



A solution to achieve such an expanded beam at & 8idér output consists in splicing a parabolicetat
graded index fiber (GIF) to a SMF and to cut thé& Gt a lengthLciop: from the splicing, where the Gaussian
beam siz€wis expanded at its maximuBawnmaxas can be seen in Fig. 2. In this case the wawe i€ plane at
the fiber output and the working distanzggeis null. This configuration is appropriate for exgled beam
connectors compliant with harsh conditions singledenfiber transmissions of at least 10 GBites already
demonstrated in 55 um MFD LC connectors as carebe m Fig. 3. Coupling loss as low as 0.5 dB fi@Orto

C band have been achieved for Return Loss as ki¢h aB [4].
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Fig. 2. Principle of the SMF GIF expanded beam miens Fig. 3. Expanded beancb@nectors

Fig. 4 shows a photo of the 55 pm expanded bearBMF-GIF output compared with a SMF pointing out
the expanded beam and the 125 um outer diametérréhaains constant, allowing the use of standard
connectors (see Fig. 3).

SMF SMF-GIF

Fig. 4. Optical microscope view of a SMF-GIF outpampared with a SMF when illuminated by visibighl

We have also pointed out the best conditions taxrédteral and axial positioning tolerances withgaing
down to critical angle tolerances and to achievih hogh coupling efficiency and low reflectance lwitery
tolerant fabrication process of this kind of expashdeam micro lenses [5].

Those expanded beam micro lenses can also be msgidical fiber sensor applications since functioas be
added in between the fibers thanks to the relaxéd and lateral positioning tolerances. For ins@b5 MFD
expanded beam fibers can be separated from moneltBamm with only 1 dB excess loss as can be Been
Table 1. Moreover, the micro lens can also begihesl to achieve a wide range of M2y and working
distancesz, depending on the lenglls) and opto geometric parameters of the GIF as caseba in Fig. 5
where the MFD and working distance are plotted Ametion of relativeLg length toLgiop: @S developed in [4,
5]. The maximum MFD is 55 um for a null working tdisce but it can achieve a wide range of MFD cosegti
between 10.5 to 55 um with working distances inaage of 0 up to 500 um allowing a wide range of
applications comprising optical fiber sensors.
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Fig. 5: (a) Analytical and BPM calculation of MFD@&working distance for a given GIF profile



3. Integration of expanded beam fibers in standara@onnectors

These expanded beam fibers can easily be integmtsthndard connectors such as FC, ST or even a
multipoint one, as can be seen in Fig. 6 showimpicture of a connector with two expanded beam §b&he
fibers are glued in connector ferrules with a staddprocedure. The ferrule are polished using cotiweal
optic fiber polishing machines compatible with mpesduction. This operating mode authorizes refiétain
terms of Insertion Loss and Return Loss.

Fig. 6:Example of multipoint connectors with expanded béaer

4. Contamination effect (oil, water, dust)

The robustness of the SMF GIF interface has beatuated over three contaminants: oil (0.03ml dr)ple
water (0.03ml droplet) and dust particles in corgmar with SMF and MMF (OM3 multimode fiber), as shro

in Fig. 7. The insertion loss deviation comparethwiontaminant free connections in LC connectorsasted

for 10 mating cycles each time in Fig. 7. The pbgktontact technology is able to exclude the ddqudbm the
interface due to the high pressure of the springdillg which leads to good optical results in water
contamination. Sometimes some liquid residue is ledding to higher losses for a single mode fater with

an oil droplet for instance. With solid particlentcamination, it is a matter of statistical partidistribution over
the core area; when the remaining area for paskgig becomes smaller, the insertion losses ine&reas
accordingly. The results in Fig. 7 show that theFSGIF is an interface with similar robustness coragao a
MMF in the presence of contamination and betten tB&IF.
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Fig. 7: Insertion loss deviatioA\IL) recorded over oil contamination (MIL-PRF-7808)ater contamination and dust patrticle
contamination (talc powder 10 microns) comparedhwintaminant free connections, for a SMF GIF L@8rmxtion, a SMF LC
connection and a MMF LC connection, each time W@hmating cycles

Such a behavior makes utilization of such connscilorharsh environments very useful especiallyenssr
applications. Moreover thanks to the high misalignintolerances as demonstrated in paragraph 2e thes
expanded beam connectors are less sensitive todharduced mechanical expansion.

5. Examples of optical sensor applications wheré¢ expanded beam connectors can be used

The study of the dynamic behavior of wind turbirlades by using Fiber Bragg Gratings (FBGs) has been
performed by IDIL Fibres Optiques. Arrays of FB@&@nsors were used to measure temperature, elongattbn
pressure. The FBGs were connected to the intewogeith optical connectors. Fig. 8 represents thadw
turbine equipped with FGBs arrays. These FBGs ipositalong the fibers are given in Fig. 9.



This work has been done during the collaborativeeaiech project AeroGust (Aeroelastic Gust Mode)ling
between industry and academia funded by the Europaon’s Horizon 2020. Humidity, salt mist, oil &n
vibrations make the use of the proposed expandawh lsennectors unavoidable for long term reliahility
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Fig. 9: FBGs position along the fibers

Fig. 8: Wind turbine equipped with FBGs

IDIL Fibres Optiques has also realized swell experits in IFREMER Labs with a dynamic scattering
processes measurement using Brillouin effect.
The fiber was fixed on a neoprene film which waafing on the salt water as represented in FigSa0.water,
dirt and vibrations make the use of expanded beamextors unavoidable.

ol = e

al fiber laying on tﬁé water surface

Fig. 10 Optic.

4. Conclusions

We have theoretically analyzed and experimentadisndnstrated the use of innovative expanded beasnsfib
integrated in standard connectors for SM opticakee applications with low insertion loss and |@flectance.
The connectors authorize transmissions of at lI&asGbit.s!, can be used in a broad range of wavelengths
(>200 nm) and should also support higher power s (up to 100 W expected). Due to its specifaadi
such connectors can be used in a large range dicafigns including moving pieces such as in raoigti
connectors.
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