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Abstract

We theoretically and experimentally investigate iaglemode-multimode-singlemode (SMS) structure Hasa
chalcogenide (AS;) multimode fiber and conventional silica singleradibers. The experimental results show a general
agreement with the numerical simulation resultsedasn a wide angle-beam propagation method (WA-BPMg
chalcogenide fiber and silica fibers were mechdlyicspliced and packaged using a UV cured polyméhwa low
refractive index on a microscope slide. Multimodteiference variation was observed by photo-indue&dctive index
changes resulting from both a localized laser iatéwh at a wavelength of 405 nm and a UV lamp. f@sult provides a
platform for the development of compact, high-ogitiguality, and robust photonic nonlinear devices.
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1. INTRODUCTION

Multimode interference (MMI) has been intensivalyéstigated in photonic integrated waveguides hadihique
performance of self-imaging of the input light @iés well known and widely employed in beam spiitecombiners and
multiplexers  for optical communications [1-3]. Retlg, multimode interference occurring in a
single-mode—multimode—single-mode (SMS) fiber stieeehas been studied for applications in novataptievices, e.qg.,
displacement sensor [4], stain and temperatureosdb$, refractometer sensor [6] and edge filter feavelength
measurements [7]. These optical devices, baseduom an SMS fiber structure, offer all-fiber solutsofor optical
communications and optical sensing with the adygetaf ease of packaging and connection to ot system.

Chalcogenides are rapidly establishing themselgdeahnologically superior materials for emergipglecations
in non-volatile memory and high speed switching #id have been considered for a range of otherelgutivonic
technologies. Chalcogenide glasses offer a wedlthttoactive properties such as exceptionally higinlinearity,
photosensitivity, ultrafast nonlinear responsepwa phonon energy matrix, the ability to be dopethwveictive elements
including lanthanides and transitional metals dredossibility to form detectors, lasers and arguhf Unlike any other
optical material, they have been formed into a iude of shapes, including optical fibers, thinmfd, bulk optical
components, microsphere resonators, metamatendlsanoparticles, patterned by CMOS compatiblegssiog at the
sub-micron scale. To date, applications includitipatast all-optical switching, supercontinuum gexi®n, broadband
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wavelength conversion, all-optical signal procegsuitrafast pulse characterization and Raman fidgers have been
demonstrated extensively using chalcogenide gibessf[9-11].

In this paper, we present an investigation of ligtapagation within an SMS fiber structure basedlwdcogenide
and silica fibers, which has not been addresséal so the literature. The chalcogenide fiber basedtimode interference
device is fabricated and packaged by using UV curibue to the photo-induced refractive index chane the
chalcogenide glass material, the spectral respacisieved for multimode interference also variesvaioth power and
irradiation position for a localized laser irradeat with a maximum output power of 10 mW at a wawejth of 405 nm.
The peak shift of the spectral responses of 2 rerbkan realized and we also achieved a power izariat 1565.4 nm as
high as 8.94 dB depending on different localizexktarradiation positions along the chalcogenitberfi The fabricated
device offers the potential for low-cost, robust§sembled fully integrated all-optical switchingldnnable filter devices
due to its unique high nonlinearity and ease ofitalion.

2. THEORETICAL ANALYSIS

An SMS fiber structure consists of input and outgilita singlemode fibers with a short section afitimode fiber
sandwiched between them as shown in Fig. 1. A obeltide multimode fiber section was sandwiched bebamwo
standard silica singlemode fibers and forms a sjdiber multimode interferometer.

Chalcogenide multimode

Silica singlemode fiber fiber Silica singlemode fiber

Figure 1. Schematic of an SMS fiber structure basesdlilica singlemode fiber-chalcogenide multiméiler-silica singlemode fiber.

Based on the numerical models using a WA-BPM ptesem [12], Fig. 2 (a) and (b) present the amplu
distributions of the propagating optical fields ahé corresponding coupling loss to the outputlsimgde fiber as a
function of propagation distance for the MMI devidgom Fig. 2 (a) and (b), one can see that the iignificant
multimode interference for the numerical sampl&dfF occurs when the propagation distance is lotigen 10 mm and
the coupling loss reaches a maximum value of -5@U08B propagation position of Z=18.91 mm. The dated results
show that the eigenmode interference within the Mddeétion is determined by both the size and thract¥e index of the
MMF core.
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Fig. 2. (a) Light propagation within the chalcogenimultimode fiber; (b) Calculated coupling los®taput singlemode fiber for

different chalcogenide multimode fiber lengths whies wavelength of input light is 1550 nm.

3. EXPERIMENTAL RESULTSAND DISCUSSION

The chalcogenide fiber used in the experiments ésramercial step-index multimode fiber provided ®xford

Electronics, with an AS; core (OD=180 pum) and &S, cladding of lower refractive index (OD=275 um). The
chalcogenide multimode fiber cross section is shiowkig 3.

Fig. 3. Microscope image of chalcogenide multiméber cross section.

The SMS sample was manufactured by sandwichingdinemercial chalcogenide multimode fiber between two
silica single mode fibers (SMF). The fiber coregavaligned using 3D translation stages, and alignmas fixed by
embedding the fibers in UV curable polymer withoavIrefractive index. Figure 4 shows the resultindprid SMS
structure manufactured from a 48.4mm long chalcoigemultimode fiber packaged on a microscope slitiee
transmission spectra of the fabricated hybrid SM8iak were then recorded using a broadband Erbiope® Fiber
Amplifier (EDFA) source (1520~1570 nm) and an ogltigpectrum analyzer (YOKOGAWA AQ6370).



Fig. 4. Image of a chalcogenide multimode fibetwvétlength of circa 48.4 mm sandwiched betweensilica singlemode fibers and

packaged on a microscope slide.

Figure 5 (a) presents the calculated and meastmadniission spectra of the hybrid SMS structure:rtieasured
insertion loss is circa -13 dB. Results show a garegreement with theoretical predictions. Themipancy between the
calculated and measured results could be due bathbetalignment between SMFs and MMF and the apmations made
in the calculation (simulated transmission for &#hSSincludes some approximations, such as the R approximate
operator). In order to demonstrate the stabilityhef SMS fabricated, Fig. 5 (b) presents the trassion spectra of SMS
device as they vary with time before/after the UlMegcuring process. The changes in the transmisgientra are due to

the temperature change and further curing of thenper glue.
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Figure 5. (a) Calculated and measured spectral nesgof the hybrid SMS device over a wavelengtgeai 1520~1570 nm; (b)

change in the SMS transmission spectra before/dieglue curing.

It is well known that a chalcogenide glass hasgh fihotosensitivity, and thus its refractive ind@ vary with
external laser irradiation. Therefore the specésponse achieved from the multimode interfererit@mthe SMS device
can also vary with a laser irradiation. To demaatstthis effect, the chalcogenide MMF were irreetieind scanned by a
localized CW laser with a maximum output power @fdW and operating wavelength of 405 nm. The lapet size on
the chalcogenide MMF was estimated to be circa 7>ch, providing an irradiation intensity of 1.43*1®W/cnt. The
resulting changes in the transmission spectrum wergitored by the OSA in real time. Fig. 6 showat tthe spectral



response red-shifts by 2 nm and power variatiotsgisas 8.94 dB at=1565.4 nm were observed for different localized
laser irradiation positions along the chalcogeffider. The entire chalcogenide MMF was then irrgetisby a UV lamp
(Hamamatsu L9588-02A, wavelength range: 240-400with)an average output power of 410 mWcRig. 6 shows that
significant changes of the SMS spectrum occur apoveer variation at 1563.3 nm as high as 7.57 dBbeaachieved.
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Figure 6. Transmission spectra of the chalcogeBM& device before/after irradiation by a 405 nnetasd a UMamp.

4. CONCLUSION

In conclusion, as a first proof of concept, we haveposed and demonstrated a chalcogenide MMF faBER]
structure. An acceptable agreement between thaimgrdal characterization and numerical simulatibthe structure
has been realized. Due to the high photosensitvityhe chalcogenide glass material itself, theladgenide SMS
structure can be utilized to form a range of fumadilities over near- and mid-IR wavelength rangash as tunable filter
and all-optical switching fiber device. This georgetay also be considered as a promising platfamnlifiear signal
processing devices with thresholds orders of madag lower compared to conventional silica badeet filevices.
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