Design Tailored Efficient Broad-Band Fiber Optic Light
Source for Mid-IR Molecular Spectroscopy

Ajanta Barh,* Somnath Ghosh,™? R. K. Varshney,* and Bishnu P. Pal*”

Indian Institute of Technology Delhi, New Delhidia— 110016.
2INSPIRE(DST-India)Faculty,Institute of Radio Physics, Calcutta University |kéa, India — 700009
*Corresponding authorbppal@physics.iitd.ernet.in

Abstract: An efficient compact ~ 80 cm long microstructurgdical fiber-based broad-band (5.0-
6.3 um) mid-IR light source with power conversiofficeency > 40% has been designed by

exploiting FWM with commercially available CO lases pump.
OCIS codes. (060.4370) Nonlinear Optics, Fiber; (190.4380) Nuweér Optics, Four wave mixing; (060.4005)
Microstructured fibers(160.4330) Nonlinear optical materials.

1. Introduction

Rapid advancement in fiber fabrication techniquas @development of suitable relatively low-loss miale of good
transparency in recent years have opened up a lad¢ferm for mid-IR photonics in the wavelength rarigy- 25 pm
[1,2]. Within this mid-IR window, 5 — 6.5 um is very essial for molecular spectroscopy of various
organic/inorganic molecules and non-destructive inaddiagnostics. Compound like As-H,,®, HCHO,
CH;COOH, CH, CCl, and various hydrocarbons show strong absorptiathignrange. Carbon (C) presence can
also be detected in this spectral regime. Additignahis wavelength range is very effective fotelst medical
treatment like, non destructive soft/hard tissulatain, laser surgery for brain, nerve, eye, skiorneal stroma etc.
[3]. However, over the years it has been a challeogtetelop simple but efficient scheme(s) to prodaser of
sufficient power to address these applications. tha purpose, a high-power, compact, efficient aalibble
continuous wave (CW)/pulsed laser sources in thid-IR region is desirable. In this paper we propase
microstructured optical fiber (MOF) based mid-IRusm® generation covering 5 — 6.3 um by exploitioglmear
(NL) degenerate four wave mixing (D-FWM) effect. d&itpbgenide glass is considered as fiber core natand
commercially available CW CO laser of 10 W powertlas pump (~ 5.um). This superior D-FWM bandwidth
(BW) is realizable through precise tailoring of tfiber's dispersion profile so as to realize paesitiquartic
dispersion at the pump wavelengih)( The fiber lengthl) was also optimized to ~ 80 cm in order to achieve
efficient phase matching between the propagatinges/and the generated D-FWM signal.

2. Fiber design and results

Among various potential nonlinear phenoméfla D-FWM is the dominant mechanism for wavelengtnstation
provided certain phase matching condition is setisftUnder the D-FWM process, pump photons of wengthA,
get converted to a signal photohy & 4;) and an idler photoni( < ). In a highly NL single-mode fiber, the
maximum frequency shiftt}s) depends on both the magnitude and sign of its @dameter$5]. On one hand,
positive , leads to broad-band and flat gain where as neggiiveduces the flatness and BW of the D-FWM
output. Thus higher order dispersion managemersrig critical in such fiber desigis].

To attain the goal, we propose an arsenic seleffideSe;) based MOF with 4 ring of hexagonally arranged
holes, filled with polyethersulfone (PES) (cf. Figa)). Fabrication compatibility of these two maks is already
reported[2]. To limit confinement lossat < 1dB/m) and to tune dispersion profile, we havesen the rods (of
radiusrs) in the & cladding ring to be different from its surroundiriggs. Design optimization for the targeted
performance led to fiber parametersfas 2.8um, r; =r, =r4 = 0.59 um ands; = 0.64 um. To attain sufficient
amplification factor AF = P,,/P;,), over the targeted wavelength regime of 5 ~ 83 we have assumed an input
pump ¢, ~ 5.6 um) of 10 W power Ry), whose wavelength approximately falls around 2fezero dispersion
wavelength 4zp = 5.676um) of the designed fiber. In order to suppressroplo¢ential NL effectsl. was optimized
to ~ 80 cm. Note that, we have calculated the inptgnsity as ~ 0.06 GW/cnwhich is much lower than the
threshold power for other NL effects to ocddi. Dispersion D) of the designed fiber is shown in Fig. 1(b).
Additionally due to this tight confinement of lightside the AgSe core, the mode fields experience almost uniform
nonlinearity (~ 1x18’ m%W) during propagation and very low material losslB/m in the targeted wavelength
range).

In our initial simulations, we studied D-FWM penfoance under lossless, undepleted pump conditioareity
is assumed to be transferred only.dand;. We also show that launching of a weak idRg)(along with the pump
improves the D-FWM efficiency through stimulatedF®M. Variation of AF with generated spectrum lat= 50
cm is shown in Fig. 1(c). From this figure, we d¢aterpret that, for 5.61m pump, the spectrum become broadest.



The central dip around pungpdue to the linear growtlAF = 1 +yPgL) of generateds and4; at both sides ofp,
wherey is the well known NL parametéf].
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Fig. 1. (a) Cross section of the designed MOF. Claddintsists of 4 rings of PES rods (white circles) endeedin the AsSe matrix (black
background); (b) Dispersion curve for optimum stuwe, Ao = 5.676um; (c) Variation ofAF for different/, neglecting pump depletion and
material loss. With pumping at 5.@in (red curve), output spectrum is almost uniforrthv@i-dB BW ranging from 5 — 6,8m.

In the next step, assuming CW conditions, we hdudied the complex amplitude) (z) (j = p, i, s) and
corresponding powelP(,,) variations along the propagation distancgtf study the effect of pump depletion and
spectral dependence of material lag} lfy numerically solving the three coupled ampléwstjuation$5]. We have
also optimized thé;, at ~ 15 mW to get maximui®, for short length of fiber with sufficient BW ar&F. As a
sample, for one set df (6.3um)and; (5.06um), variations inAF andP,,; with L were studied (cf. Figs. 2(a) and
2(b)), which yielded optimunh = 78 cm. Even after inclusion of pump depletionl dwss, averag®y, > 4 W is
achievable with a conversion efficiency > 40%. Eméire signal spectrum is shown in Fig. 2(c). dh de seen that
the spectral BW is very similar to the undepletedecwith averagdF =~ 22+2 dB. Note that, in this case the
optimumL becomes ~ 80 cm. Such a fiber, if experimentablized should be attractive as a mid-IR fiber @pti
light source covering a broad “molecular fingerpriegime”.
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Fig. 2. (a) Variation ofAF along length fords, As and A including pump depletion and material loss; (b)tgti power P, variation; (c)
Optimum output spectral 3-dB BW (5 — @) with pump depletion and loss for three differept MaximumAF is~ 22+2 dB.

3. Conclusions and Acknowledgement

In this paper, we report a compact and efficiemtaldrband mid-IR fiber optic source design via wamgth
translation through D-FWM process in a specialtglchgenide MOF. Achievable amplification is showenbe~
2242 dB with a 5.61 pm pump of 10 W power from 83~cm long designed fiber for a broad spectral @amfgh —

6.3 um. Average power conversion efficiency is > 40%udlour proposed fiber-based broad-band sourcetsf g
fabricated, should motivate and open up new rebeavenues in mid-IR photonics for molecular spesttopy as
well as medical applications.
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