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Thermal response evaluation of a special fiber sensor
F. C. Favero. 5. M. M. Quintero, Cicero Martelli, Arthur B. Braga and

Isabel C. 5. Carvalho

Pontificia Universidade Catalioa do Rio do Janeira. Rua Mangués de 850 Vicente 225, Gavea, 224 53-00),
Rig de Saneirg, BJ, Brazil

Introduction

High birefrmgence photonic crvstal fibers (HiBi
PCF) fibers are often consudered to be lemperaturs
independent since their birefringence arses from
the phyvsical prometry of the come instead of the
conventional  stress  mdueced  refmetive  amlex
variation i sohd HiBi fibers. Alhough thems s a
large difference n the temperatore dependence of
u siress mdoced HiBi fiber and o HiBi PCF fiber,
the HiBi PCF fiber dependence on lemperaturs
cannot alwavs be neglecied. Applications based
on high resolution interferometric devices are o
good example, In this case the matenal thermo
optical coefficient. playvs on important  role
affecting  the determimation of the resonant
wavelength of the interfemmeter due to chanpges
m the Gber birefrimgsnce,

Theory

The special fiber used was the PM-1550-01 HiBi
photonie ervstal fiber (from Crvstal Fiber). The
fiber is muds of a solid core suwromded by 6 rmps
of 2.2um holes armanged noan & fold symmetry,
the d'A= 042 guarantess its single modensss,
where d i3 the hole dismeter nnd A 8 the pitch
between the holes. Two opposite holes of the first
ring are substiuted by 4.5um holes m order w
induce o symmetry break, This gives nse to
birefringence  and = comsequently  to two
depgencrated modes, TE and TM,

In order to study the effect of lemperatire
varigtions on high birefringence photonic crystal
fiber the modal intedferometer presentsd m
Figure | was agsembled. The sensitivity of the
fiber himfmpence. with temperature EKTJ 14
represented by

dn, dn, JdB
P S 1
r"ar ar “ar
where Ban —nf i2)

The phase matching eondition varistion of the two
propagation modes w5 fmcton of tempemturs o
terms of interfenng wavelengths i gmven by

di, _hy dB Aol
dl" B dT LdT

3

Experimental Procedure

The fiber birefringence was estmated via two
i fferent methods: First the group velocity of the
two modes, TE and TM, is5 messured and the
phase delay betwesn inpul and ootpul sipmals iy
used Lo estimats the birefringence vin equotion (4)

L
Bmpn —n;= TH]

Whers 2 and n; carrespond to the group indices
of the show and fast modes, c = 300" sy and L i
the length of the fiber. A differential group delay
Ar=039 pr ot 1550 nm & obtamed, which
comesponds to o birefrimpencevalue B =7.8x/ .

SMF-3 1 PO Cheem
Tunshle Lxcer
Phoiodetecio b HIERFCE
Figure 1. Experimental set-up of the madal

interferometer. SM, single mode fiber, P, polanzer;
PC, poldarzaton contmoler.

The second method wsed o estimuie the fber
birsfringence s bassd oo the fmnge spacing
phsgrved in the spectrum  of the  maodal
interfemmeter { Figure 2} shown in Figure 1. Light
from a broad band optical source was- launchad
into the HiBi PCF {9.6cm long) at 457 o the fiber
was  exciting  equally  both polarecation
eipenmandes. The light reflects at the PCF fher
end tip and the resultmg signol is measured by the
photodetector, The fiber birefningence can then be
caleulated nsmg;
A_:'
5= (3}
2.L.B

Where S is the spacing betwesn the mnimums in
the spectrum,. The estimated birefringence s
B=R.1x 10,



DBD
PUC-Rio - Certificação Digital Nº 0812275/CA


PUC-RIo - Certificagéo Digital N° 0812275/CA

Capitulo 6. Artigos em Congressos

A

Intensity (dB)
2 4 B =

1530 71640 1850 10 157D

Wavelength (nm)

Figure .2 “ariahion of the spectrum of the moddl
interferometer with temperature,

L=
T
| |

.
.I'-f .

-k

L
T

i

kN

{12630 pm G+ 621 i

| O S el
40: 50 B0 YO0 BD 90 100

= Experimantal Resuts

Wavelength Variation (pm)

3

Temperature ("C)
Figure. 3. Vanation of wavelength (1) with temperatune.

In order to charseterize the system, the set up
deseribed i Figore 2 was used and o piece of 9.6
cm length of PCF sensing clement was placed m
an electrical furmace, whose temperature was
mdependently monitored by a thermocouple, The
invest gated temperaturs range ranged from: 30°C
to 100°C, and the varution of the wavelength with
temperature. was of 020pm'™C, as shown m
Figure 3, the results agmree with the [ierature
[13.4]

Numerical Simulaidion

A commercial fimite element code (Comsal) was
used to modsl the PCF fiber birefringence
depemdence  with  temperature. A twio-
dimensional, plrne-sirain state was assumed, The
density of the mesh decrepsed markedly outside
the microstrutured region, Monetheless, nearly
41000 elements were required (o model the PCF.
The silica formung the fiber optic was assumed 1o
have an index, r=1.445 fat 1L.55pm) and the wmr
holes were assimed an index, n=1, Numercal
smulations consisted of two steps: frst, the

93

change in refmetive index canssd by thermal
stress was determined, Secondly, the propagation
constants, fp oand Py wers calculated for the
distribution of the refraction ndex over the fiber
erasy section modified by thermal stresses, The
modal  field  milensity  with  electne flad
polurtzntions maps for two  Imear  orthoponal
polartrations (TE and TM) ame presented
Figure 4. The mtrinsic birefrmgence was fond to
be around 472107, The differences between the
calenlmed snd mensured values' for the fiber
hrefringence can  bhe  accountsd  for  the
peometrical pertarbation and the residual stress, of
the real PCF, Soch differsnces betwesn the real
fiber and the model can significantly contribute to
such diparities, Birefmgence varistions doe Lo
tempenture weme not observed, The experimental
mesult showsd birefrinpence satation of order of
107", which is out of the precision of Comsol
(Ex10rT),

Figure 4. Modal field intensity profile for TE and THM,

Conclusions

The hiréfrmpgence of a HiBi PCF fiber was
estimated via o group delay method and by a
miethod based on the frinpe spacmg observed
the spectrum of the medal mterferometer. The
measured  birefringenes was  fund to be
spproxmately B =& el which & in pgood
agresment with the values found n the hterature.,

Also, a oumencal simulation was  perdformed
showing the potential applicstion of the system
mmplemented to evaluats the design and propeniss
of & microstructurad fiber for device apph cation.
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Photonic Crystal Fiber Pressure Sensor

F. C. Favero, 5. M. M. Chuntero, Vindcros V. Silva, Cicero Martelli, Arthur M. B. Braga. Isabel C. 5.
Carvalho and Roberth W. A Llerena
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ABSTRACT
A hgh sensitvaty ophical fiber pressure sensor based on 2 modal imterferometer with high birefnngence photome fiber 1=
proposed and demonsirated The sensor dependence with hydrostatie pressure 15 evaluated both oumencally and
experimentally. The measured pressure sensitivity at room temperature is found to be 336 mmMPa’.

Keywords: Optical fiber sensor. photome erystal fiber (PCF), modal interferometer, pressure sensor.
1. INTRODUCTION

Optical fiber sensors based upon the enhanced sensitivity of photonic erystal fibers for pressure’ and straim” have besn
wtensrvely mmvestigated. For instance, Fu and co-workers demonstated a high sensibvity  pressure device
(346 omMPa""} obiamed with a fiber opfic pressure transducer based on a polarization mainfaining photonic crystal
fiber m & Sagnac Interferometer ing’. Here, the modal interference of the two orthogonal modes of 3 HiBi-PCF fiber is
used to form an m-fiber mterferometer to measure hydrostanc pressure. This sensor scheme has the advantage of being
compact whilst stll preserving the resonant sensitinity found in mterferomemic devices as well as the low temperature
dependence of the geometmcally mmduced birefringence of the HiBi-PCF fiber. A 2D mechamical analvsis of the fiber
structure coupled with a 2D vectonial modeling of the fiber modes 15 camied out 1n order to further understand the fiber
response o bvdrostatic pressure, The experimental validation of this shuctural’electromagnetic model will allow finther
analvzis and developments of specially failoved fibers for pressure sensing.

The zensor sensitivify against hydrostatic pressure relies, ultimately, on the stuchoal and matenial vanations expenenced
by the fiber under pres=sure. Such changes will subsequently modify the fiber birefingence through changme the TE and
TM modes effective mdices (B = n — npd. Hence, the fiber buefongence dependence with hyvdrostatic pressure ()
can be wmitten as:

_dny dn,, dB (0

Where P 15 the applied pressue and mix and mpy are the effective refrachve ndices of the fiber modes. The modal
wterferometer spectral response a5 function of pressure can be desenibed az:

df. Ao
e

AdL

2
i 2

where L 15 the length of fiber, With equations (1) and (2) one estimates the effect of the pressure on the fiber's
birefimgence as well as measure the pressure apphed to fiber after some cabibration.

LEXPERIMENTS

The photonie cry=tal fiber emploved as the pressure tranzducer 15 the high birefnngence PR-1550-01 fiber {from Crystal
Fiber, Inc ). The fiber 15 made of 2 zolid core sorounded by 6 nings of 2.2 Um holes amranged n an 8-fold symmetv, the
d = 042 muarantees its single modeness, where o 1= the hole diameter and A 15 the prich between the holes. Two

20th International Conference on Oplical Fibse Sensors, edited by Julian Jones, Bnan Culshaw,
Wolfgang Ecke, Jose Miguel Lopez-Higuera, Reinhardt Willsch, Proc. of SPIE Vol. 7503, 750354
@& 2008 SPIE - CCC code: 027 7-T36X00/%518 - doi: 10.1117/12.:835628
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opposite holes of the first nng are substituted by 4.5 m holes 1n order to mduce a svometry break. This mives nse o
birefningence and, consequently, to two degenerated modes, TE and Th. In order to study the effect of hydrostane
pressure on the HiBi-PCF, 3 modal interferometer was assembled as shown i Fig. 1. Light from 2 tuneable laser source
{(Bicron Optics sml23) 15 launched into a standard telecomy fiber (SKAF2E). At the SKME2S throughput the =igpal 1=
coupied mto a fiber polarizer and 2 polanization confroller that aligns the light polarization at 45" with the 9.6 cm long
PCFE fiber axis, thus exciing egually both polanizatnon eigenmodes. The resulfing mterference signal was measured m
reflaction by a photodetector miegrated nto the Micron Ophcs sml23 wntemogator. The zensmmg PCF fiber has 1tz end
face isclafed from the external medium by an end-cap keeping, this way, the Fresnel reflection of the fibar'an interface
copstant’. The end eap iz made of a capillary fber (internal hole diameter ~36 um) which iz spliced onto the PCF fber
and has 1ts free end collapsed by an electne are (mset Fip. 1), The fuson splice of the HiB1-PCTF fiber with the SKIF2E
fiber used 2 special technique® and presented a coupling loss of sbout 2.0 dB_ The main reason for such hizh losses 1= the
V parameter mizmateh between the two fibers. Further processmg of the PCFE fiber end face should suffice to bnng this
loss dowm to less than 1 dB:

Pressure Chamber
Tunable Laser (’C’j (P[j N Silicone Oil
Photodetector [ Sensertiean/ | |

SME-28 P

Figure 1 Expenmental set-up of the mods] mterferometer: SMEF28: sinzle mode fiber, P: polanzer, PC: polanzatnon conooller. Insets:
{a) HiBi fibar cross secdon, (b) Optical nnage of the splice between the PCF and the standard Sber and {c) fiber end-cap

To cahbrate the device agamst hydrostatic prezsure, the sensor head was placed in a pressure chamber mmersed mn a
controlled temperature sithcone cal bath. The maxmnum apphed pressure was 2.42 MPa and the temperature stabiluty of
the temperature bath 1= better thap 0,05 °C. Hence, all observed changes in the mterferometer spectrum can be infemred as
pressure affects.

The PCTF fiber burefiimpence. estimated 1na the modal mrerference and observed az an oscllanon in the mterferometar
spectum, was found to be B=8.1210" through a simple caleulation performed 1iz equation (3) below, where S is the
speciral spacmg between two minima of the spectrum cscillation. This value was finther confirmed by the measurement
of differential group delav between the two modes, TE apd TM, Ar=039 ps at 1350 om. which coresponds to 2
birefringence of B = 78«10 {see Equation (4) ). Both values can be considered equal within the experimental srror.

Ba f;‘_f (4
3. RESULTS

The mterferometnne HiBi-FCF fiber sensor spectral dependepce with hydrostatic pressure 15 presented 1 Fig. 2 and
measured o be linear with an angular coefficient of 3.36 omMPa ' This value is very similar to the one previously
reported in the literature for this fiber. 346 pmMPa' ¥ chowing that sensmivity of the measurement is determinad
mamly by the sensing fiber. Using equation (1) the fiber birefnngence dependence with hvdrostatic prezswre (5} was
found to be approximately 1.75 « 10" MPa™! (Fig. 3).

Proc. of GPIE Vol 7503 750364-2
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A commercially available finife element amalvsis soffware (Comsol) waz used to model the fiber birefringence
dependence with bydrostatic pressure. A two-domensional. plane-sirain sfafe was assumed. Nearly 41 000 alement: ware
reguured to model the PCF where most of the elements were concentrated around the stmactured area defining 2 very fine
mesh. The silica forming the opheal fiber was azsumed fo have a3 refractve mdex = 1245 (a6 1.55 pm) and the ar
holes were assigned with an mmdex n= 1. The pumencal modehng consisted of two basic steps: 1) estimanng the changes
m the Hber refractve mdex camsed by hydrostate pressuwre and 1) determumng the propagahon constants for the
orthogonally polanzed modes, fir and Sny. considenng the new dismbuhon of the refracnon index across the fiber
cross-section mduced by external pressure. The distmbubion of the induced stresses 15 visualized i terms of Von Mises
stress and showed m Fig. 4.3 Tt 1s possible to observe how the amr holes mfluence the mduced stress distnbubon and
mostof the fension 1s localized argund the two larger holes. The modal feld disinbution for TE 15 presented m Fig. 4.b.
The zemsinvity of the modal bumefnngence to the hydrostane pressure between the two fundamentz]l modes was
caleulated according to the equation (1) and found to be linear and approcamately Lp= 1.94x10" h—IPa':, showing
consistency with the experimental result (1.73x10" MPa™") caleulated using equation {3). The small differecce can be
credited to the geometmical perfurbations m the real PCF fiber which are not reproduced m the 1dealized mumerncal
model The experimental and nomerieal results for the HiBi-fiber burefringence dependence on hydrostatic pressure are
plotted in Fig 3.

x10%
: 1 1
45 L | 1 L] 'r A , =~ - Analytical Results
T _‘_F b ° F $ 4 |7 0 MPa 5| ™ Experimentsl Resulis !
460 & TN ¥ i --8~-0.33 MPa Linear Fit =
P e T J.,ﬁ..‘"T,ﬂp i o--a-- 060 MP3 4l
% AT+ \\ q:. : -‘ Ak [ =ce— .04 MP3 g
25 -4E=-— T S 1 t, ' Fl-e- 130 MPa 3]3 |
& L E A L RIS B [ 1.73 MPa
o r ] N B b i c
C 4aF " f ke 20T MPa Eoal
% PR a P fee-24o MPa o
E sl h.-'hﬁf", Ba R0 LA ' %
sl \ R B ]
L » % u B | B =-187x10%1 75210 Pressure
B2 - 1 | R*=0.0008
1545 154B 1551 1554 1857 ]

0.0 o5 1.0 18 20 2.5

Wavelength (nm) Pressure (MPa)
Figure 2 WVariatons in the spectmam of the modal Figure 3. Birefnngence varaton duse 1o applied prassure.
interferomater dus to the applied hydrostaric pressuze Soaight line is 3 lmear fit to experimental data, Dashed
ranging from 0 to 2 42 MPa. lime is the mumerical modeling.

In spute of the small ternperafure dependence of the mterferomeme sensor obzerved expenimentally, the numenecal model
was unable to show zny vaniation of the phase matchimg between TE and T for 2 large temperature range. The main
reason for this is that the software employed to model the fiber has a precizion limited to 107" whilst the temperature
dependence is of the order of 107 =C "

4. CONCLUSIONS

A povel sensor scheme using a HiB1-PCF fiber as the sepsing element was proposed and demonstrated. The device
presents hizh sensitivity with the applied pressure {336 nm MPz""). and a rather small cross sensitinity with temperature
{0.29 pmC). Mumencal modaling of the fiber under hvdrostatic pressure was performed showing a good agreement
with the expennmental resulis. One can, therafore, assume that this numencal method can now be used to design a vanety
of novel sensing fibers for hvdrostatic pressure measuwrements. The proposed fiber sensor has the advantaze over other
interferometric schemes. such the Sagnac mterferometer, of bemg simple and ease to mamufactwre. A drawback,
however. 15 the fact that 1t operates with polanization whick can be very hmuting when conmidermg applications at il:r.ng
diztances from the mterrozation unit. On the other hand, the sensor mammum operating prezsure and temperature lnmits
can be gquite high which 15 imterestmg for practczl apphicanons. In tws mmplementafion, due to- the mechanical

Proc. of SPIE Vol 7502 750364-3
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charactenztics of the semcor head, the lmifing pressure was 34.5 MPa at 150 *C. However, the range of measurement
was houted by the interferometnie interrogation method employed hera.
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Figure 4. {2} Voo Mises stress distribution nesr the core under bydrostanc pressare (P=2.42 MPa} and (&) TE field intensity profle:
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ABSTRACT

We report the fabrication and characterization of fiber optic devices based on photonic
crystal fibers (PCF) and mucrofibers. These devices have a simple configuration and
works usmg modal interference. The devices are constructed by splicmg a small stub a
PCF between single mode fibers or by tapering standard single mode fibers together
while they are being heated with a high temperafure flame torch. The response of the de-
vices and the characterization to surrounded refractive index. temperature, and axial strain
are analyzed. The transmission spectrum of these devices exhibit either a single notch or
sinusoidal mterference patterns which simplifies their analysis.

Kev words: Photonic crystal fibers, optical microfibers, passive fiber devices,

multiplexing, fiber optic sensors, refractive index sensors.

1.- Introduction

Optical fibers are one of the major technolo-
gical successes of the 20® century. This tech-
nology has developed at an incredible rate.
Although commmmcations 15 the major field
of applications, optical fibers have also non-
telecom purposes, for example, in beam deli-
very for medicine, machining and diagnos-
tics, sensing, among other fields. The out-
come of photonie erystal fibers (PCF) offers
a world of possibilities and perspectives 1n
design and performance for developing new
optical fiber-based devices and sensor com-
ponents [1], [2]. PCFs are novel optical wa-
veguides containing a periodic array of air
holes munning along the fiber around a solid
or hollow core. These fibers have recently
attracted great interest i1 many research areas
such as 1n nonlinear optics and measurement
sciences as their manufacturing process al-

lows for a high flexibility in the fiber design.
Microfibers, named for their diameters close
to or thinner than the wavelength of puided
light, have a large core-cladding index con-
trast for efficient optical confinement, large
evanescent fields, strong filed enhancement,
and large wavegide dispersions [3-5]. Due
to these properties, nucrofibers find applica-
tions in a variety of fields, including photonic
devices, opfical sensors. and nonlinear optics
[6-8].

The aim of this work 15 to present a series of
novel devices based on PCFs and nucrofibers
for sensing applications. PCF devices were
bwlt using the microhole collapse effect.
where a short piece of PCF 1s fusion spliced
to conventional single-mode fiber (SMF) [9].
The key element of these devices is to con-
trol the length of the microscopic zones on
whach the voids of the PCF are fully col-
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lapsed. Also, we present a simple microfiber
coupler which exhibifs mterference pattern
with sub-nanometer width finges and 15 used
as highly sensitive refractometer.

1.- Photonic crystal fiber devices based
on modes resonance

Passive and active devices, imnclading filters.
couplers, combiners, switches, modulators,
efc., are the building block of optical fiber
commmnications systems and sensor net-
wotks. Different techniques and phenomena
have been proposed or explotted to design a
mumber of devices with conventional optical
fibers. see for example [10]. As an alterma-
tive to these well-established devices those
based on PCF are emerping [11]. By other
hand. fiber ophic modal imterferometry has
been around for long as a sensing concept. In
the last years modal interferometry saw a
huge increase in inferest due to the new pos-
sibilities offered in this area by the availabili-
ty of PCF. This cicumstance induced a dy-
pnanucs that keeps nsing up to these davs
[12} Medal interferometers mvolve the
combination of light of at least two modes
that propagate in the fiber. The properties of
a PCF modal interferometer to different pa-
rameters are determuned by the type of inter-
ferometer, iis gecmefry. iis configuration
and the type of PCF used.

As mentioned above, our devices are based
on mucrobole collapse effect. We fusion
sphiced a stub of a properly selected mdex-
ouiding PCF between two single mode fibers
(SME-28). During the splicing process the
voids of the PCF were intentionally collapsed
over a confrolled microscopic length Ac-
cording to the collapsed zene and the length
of PCF used. different modes were excited
and recombined along the PCT length allow-
mng us to design and perform two' different
devices: a PCF notch filter and a PCF miterfe-
rometer. The fiber used in our experiments 15
a cost-effective large-mode-area PCF, com-
mercially Imown as IMA-10. The cross sec-
tion of such a fiber is shown in Fig. 1 and its
parameters are the followmg: cores size di-
ameter, 10 pm average diameter of the vo-
ids, 3.1 pm and average separation befween
the voids (pitch). 6.6 pm The external di-
ameter of this PCF 15 125 pm which simpli-

99

fies the splicing with standard single mode
fibers. The PCF has six-fold symmetry in the
void structure.

e [y
- i -

RAPF =nir

Fig. 1. Micrographs of the PCF and a 200 um:-
long collapzed zome. On bottom a schematic of
the propased devices. The broadening of the light

spot is illustrated by'the circle and cone.

The worlang pnnciple in cur devices is based
on the evolution of the propagating beam as
it travels from the SMF-in to the PCF and
back to the SMF-out. When the fundamental
SMF-in mode enters the collapsed region of
the PCF it immediately begins to diffract,
and consequently. the mode broadens. If w,
1s the radims of the light spot at the SMF-in-
PCF interface at a wavelength /. see Fig 1.
then after propagating a length I; of collapsed
region the radims of the light spot will be:

W= w.Jl—i i, fm, vf (1)

ns being the refractive index of the collapsed
region (solid silica fiber). Under these condi-
tions the PCF wall be excited with a Gaussian
beam of spot size of 2w (see the spot on the
PCF in Fig. 1). The mode field musmatch
combined with a short section of PCF allows
the excitation of a specific cladding mode 1in
the PCF and of coutse the fundamental HE;
core mode. We took advantage of this beha-
vior and we were able to fabricate and cha-
racterize the devices proposed below.

1.1.- Photonic cryvstal fiber notch filter

Wavelenpth filters are devices that exhibit
wavelength-dependent transmittance and are
used to block or select a specific wavelength
or range of wavelengths, thus playing an
important role in optical fiber systems. Here
we propose a simple PCF notch filter which
is fabnicated by splicing a stub of PCF to
SMF using the conventional arc discharge
techmigue. A commercial fision splicing
machine (Encsson FSU 955} was employed
to fabricate a collection of samples. A short
length of PCF (mn the 9-13 mm range) -and
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collapsed regions with different lengths were
found to be crucial. Notch filters wath rejec-
tion efficiency in excess of 35 dB in the
1500-1600 nm wavelength range were fabri-
cated. Deep notches in the transmission
spectra of the devicez were chserved,
some examples are shown in fipures 2
and 3.

Transmission { d8)

L] L5 0] £ (- 1
g b g O e
Fig. 2: Tranzmizsion specira of a device when it
iz i air (solid linel and when it iz immerzed in
index marching oil (domned lina).

Af Cowt

Fransmissicin {dB)
=

] — e e L o Y ] M e Y
LEi]) LB (S50 ] 154 1554 e = (] L1}
Wiivelengrh {nm)

Fig. 3 Tvansmizsion speciva af some_filters in the
1310-1590 mm wavelength range.

The dips observed in the transmission spectra
of our devices are therefore caused by the
overlappmg between the core and cladding
modes referred above The simusoidal mod-
ulation shown in Fig. 2 was observed when
the device was inmersed 10 index nmtching
Liquid. This suggests inference between core
mode and cladding modes 15 sensitive to the
external emvironment. Note that in all cases
the dips are very narrow and profound The
observed linewidth in all the fabricated notch
filters were ~1 nm while the maxinmum rejec-
tion efficiency was in excess of -35 dB.

Owing to the compactness of the filters they
can be set in series. thus allowing the filter-
ing of nmitiple wavelengths. Figere 4 shows
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the transmission spectrum of two filters when
they are mdependent from each other and
also when they are placed in series. We be-
lieve that these PCT filters have unigque pos-
sibilities. From the figure it can be seen thai
two wavelengths can be filtered sinmlia-
neously at the cost of increasing the insertion
loss.

Tran=mssssn (dHj

(] 1N w:“hlm.:—m[ LR (Lo
Fig. 4: Tranzmission specira of we noich filters
were they are mdspendemt (dotted lines) and
when they are ser in series (continuous fingl.

The sensing properties of individual devices
were studied first, particularly to strain and
temperature. Basically, these parameters
introduce muwmite changes i the device
length or in the modal index which mve rise
to small changes in the overlapping condi-
tions. As a result, the position of the notches
15 modified.

The response o axial strain and temperatore
of the notch filter was studied. These para-
meters infroduce nuwmmal changes in the
device length or in the modal index which
give rise to small changes in the overlapping
conditions. As a result, the position of the
notch 15 modified Figure 5 shows the ob-
served fransmission spectra of a device when
1t was subjected to axial tensile and compres-
sive strain. The spectra was centered at 1350
nm and subjected to stram (maximmm 2500
ug). Iis position was adjusted m the 1548.4-
15522 nm range Temperatwe dependence
of the devices was mvestigated in the range
of 25-250 °C measuring spectral shifis to
know how the structnral relaxation mechan-
1sm under a vanabon in temperatue affects
the position of the notch It can be seen from
Fig. 6 that the higher the temperature the
longer the notch wavelength Temperature
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sensttivity less then 9 pm/®C. depending on
the device length, was found. It was noted
that the spectral shufts are only due to thei-
mo-optical behavior. The transnussion peak
shghtly shifted to the longer wavelength in a
linear manner.

Trsiiniriaion | $E)

(LE] () I"IJ'- 1aas |!I|' !"I"' 13di IZ"I1'\I 15
“'.;L"Irn!l_& nmij
Fig. 5 Transmiszion spechrum position of a notch
filter obzerved when the device was under axial
Siriamn.
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Fig. 0. Position of the wotch az fimction of a
change i temperaiire.

1.2.- Photonic crystal fiber interferometer

Although up to the nuddle of this decade
modal inferferometry was supported by stan-
dard optical fibers, the outcome of PCFs
opened new windows m the optical fibers
sensing field; as consequence, a large flux of
published works in the last years has been
appeared. Those based in the nse of the mu-
crohole collapsing technigue have been
widely proposed since it only involves cleav-
ing and splicing which s a process that can
be camied out 10 any fiber-optics laboratory
[12]. A compact PCF mode mnterferometer
that operates in reflection mode is proposed
for BI sensing. A schematic diagram of the
interrogation method used is shown in Fisure
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7. The device consists of a ~12mm-long stub
of commercial photonic crvstal fiber (PCTE)
finsion spliced to standard optical fiber (SME-
28). Two collapsed zones m the PCF allow
the excitation and recomibination of specific
modes. This makes the device reflection
spectrzm to exhibit interference patterns with
extinction ratio of up 40 dB. The measuning
range goes from 1.33 to 145 which can be
measured i two different ways. The shift of
the mterference pattern or the power at a
fixed wavelenpgth can be monitored as a fane-
tion of the external index as it can be seen
from Fig. 8. In the former case a resolution
of 6.5%x107 can be achieved while in the later
case it is 5.9x107%, thanks to the high extinc-
tion ratio. We believe that the device pro-
posed here can be useful for industnal appli-
cations as well as for biochemucal measure-
ment or analysis if the device 1s coated with
lavyers that sensifive to biological targets.

& o =

=R

Fig. 7: Schematic of the intevrogation methed for
the sensor proposed.
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Fig. &7 Shift of the interfevence pamern az a_func-

fion of the exiernal index. The inset shows the

patterns for wo. indices.

Temperature modifies the propagation con-
stant of the modes participating m the mter-
ference and canses the interference pattern to
shifti Thus temperafwre compensation 1s
usually required. As it can be seen from Fig
9 owr interferometer has a temperature sensi-
tivity of ~8.5 pm™C and thus temperature
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fluctuations of around -6 °C can be tolerated
to achieve the aforementicnesd resolufion.
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Fig. 9: Imierference patterns at o values of
FERIPETanrs.

3.- Optical microfiber coupler

The silica nucrofiber coupler here presented
is fabricated following basically the same
method propesed in Ref [13]. We tapered
two twisted standard single mode fibers with
a tapering station The heating source was a
flame torch produced by a mixture of oxygen
and butane. As can be seen m Fig 10 the
final structare consists of two comical transi-
tion tapers and a central vmform waist. In
Fig 11 the output spectrum of the dewvice is
showed. This spectrum was obtamned by
lannching a supercontimmm source inio the
input fibers. The mset shows the interference
pattern exhibated by the device over 250 nm.
The device had a waist with diameter of 1
um noiform over 5 mm and was partially
embedded in Teflon

The fibers are adiabatically tapered so that
cnly the fundamental mode 15 supported. For
this reason. the device exhibits an almost
sinsoidal pattern due to the beating, or inter-
ference, between the two modes of the com-
posite wavegumide of the coupler.

To aveid degradation of the device without
affecting their optical properties we sand-
wiched o inside two lavers of DuPontTM
Teflon AF 1601, where the Teflon layers
were spincoated onto a BKJ wafer. The
adopted approach was desenbed by our
group m Ref [6] in order to protect micro-
nanofibers. The mucrofiber is embedded in
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untform Teflon layers and is charactenzed by
smooth swrfaces. In the central region the
coated microfibers exhibit evanescent field

that can be explotted for sensing.
I e 0 e [T
Tidtai wiria
e
[ )
L o
AT wsfmn + A Ly = Telkm Lsymn,

Fig. 10: Schematic of the micrafiber coupler and
the experimenial zemp for monitoring the partemn

shifis.
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Fig. Il: Zoom m arvound 1280 mm of the. rans-
mission spectrum of @ micrafiber coupler,

The sensor capabilities of the coupler device
were evalnated vsing solutions with different
glucose concentrations and it 15 showed
Fig. 12 1ul and 90 ul drops of glucose sohu-
tions with refractive index vaned form 1.33
(pure de-tomized water) to 1.38 were subse-
quently deposited mn the centre of the mucro-
fiber coupler nsing a nucropipette. As effect
of mcreasing of the refractive mndex of the
environment surrounding the coupler. the
pattern shifts towards long wavelengths. Fig.
12 shows the relationship between the sensor
responses and the vanations of the refractive
index. The sensitimaty of the device was 66
nm and 234 nm per refractive index unit for
1ul and 90 ul volume of analyte, respective-
Iy
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Fiz 13- Refractive-index-dependent shific af a 1
pm diameter micrafiber coupler embedded in
Taflon obrained with I nl thlack squares) and 80
il frad miangles} of water solutions with different
concentrafion of glucose.

4.- Conclusion

In this work we report on sumple photonic
devices built with photonic crystal fibers and
optical microfibers and their potential sens-
ing applications. By selecting the appropriate
collapse length in the splicing process it is
possible: to fabricate devices based on PCF
highly versatile. contpact and with high sen-
sitivity. By other hand. a microfiber coupler
was presenied The construction of such a
device is basically similar to that of fused
fiber coupler with the main difference that
the microfibers that compoge it have sub-
wavelength dimensions. The embedded mui-
crofiber coupler showed a pood sensitivity to
external refractive index changes,
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ABSTRACT

A =imple and compact photomee crvstal fiber (PCF) nterferometer that operztes m reflection mode 1= proposad for
refracove mdex (RI) sensing. The device conssis of 3 ~1 2mm-long stub of commercially available PCF (LAMA-10)
fusion splhiced to standard optical fiber (SAE-28). The device reflection spectrum exhibats interference patterns with
fnnge contrast up to 40 d5. Ons of the excited modes i the PCF 15 sensitive to external BRI therefore the devics can
be useful for refractrometry. The shift of the mterference pattern can be momitored s 2 funchon of the external
index. In the operatmg range. from 1 33 o 1.43, the maximum shift 1z less than the mterfarometer penod. so there 1=
no-ambigurty in the measurements. The maximuwm sensitrvity and resolution achieved were 735 nm per BRI units and
72107, respectively. Another approach io measure the external RI consists of monitoring the reflection power
located at the guadrature pomnt of the inference patiern m 2 properly selected wavelength. Consequently the
MeaTUNng range 1= narower but the resolution 15 hizher, up ~7x] 0", thanks to the high fringe confrast.

Keyword:: Fiber optics sensors; refractive index sensor, photonie crystal fibers, modal inferferomety

1. INTRODUCTION

Fiber optic sensors have beneficizted from the developmentz mitizlly conceived for the optical fiber
communications industry'™, These sensors are displacing fraditional sensors die to their inhevent advantages which
wnclude hight werght, very small size, immumity to electromaznetic mierferencs, lugh sensitivity, among others. The
momtoning or sensing of the refractrve mdex {BI} with opncal fibers 15 afiractng considerable atfennion by the
sensor community. The motivation anses by the fact that different chemical substances and severzl hiological
parameters can be defected by means of Bl changes. In chenucal, food or beverage mdustries, the monfoning of BRI
ic part of the quality control. In these mdustries, BRI sencors (refiactometers) with resolutions m the 107-10 range
are suffictent. On the other hand, the detection of pumute EI changes 13 emtical 1in biosensing. For example;
molecular hindings. chemical or biochemical reactions are manifested as refractive index changes” and
refractomatric-based sensors capable of resolving BRI changes smaller than 107 are hizhly desirable”. Owing to the
broad range of apphcanons aforementioned, thers 15 2 growing mterest on opheal fiber BI sensors or refiactometers.

To devise an optical fiber BI sensor one needs access the evanescent waves of the punded hght or to excite cladding
modes 1n the fiber since those are sensitive fo the smroundmg environment. Considerable research effort has been
placed on fiber desizn and mechanism to excite cladding modes. Cladding mode Bl sensors bazed on long-pencd
gratings wiitten m standard fiber” ¥ or slanted Brege gratmes" ' are compact and highly sensitive. Nevertheless,
they require a complex fabrication process or'costly read-out wnits are: The advent of PCFs'" '* has also opened new

2nd Congress of the International Commissson for Optics: Light for the Development of the Wosld,
edited by Ramon Redriguez-Vera, Rufino Diaz-Unbe. Proc. of SPIE Vol 3011, BO114K
2011 SPE - CUC code: 0277-7B8X01 17518 - doi- 101 117/12.801042

Proc.of SPIE Viel. 8011 801 14K-1
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possibibfies for Bl zensing. PCF: offer a3 number of possibilines in design and performance dus to thewr awn
struchme and their unique properties such as endless single-mode and large-mode area. Index swding PCFs have 2
zohd core m the fiber center and the cladding consists of a mucrostructured a1ray of awr charnels mnnimg along the
fiber 217 A vanahon in the channel zeometry and a [atoce structure offers a large depree of freedom for modifinng
the optical properties that can not be realized m conventonal ophical fibers. The confinement of hight to the cors by
modified total internal refraction 1n PCFs signifies many novel implementations 1n the field of fiber-optic sensing.
There is 2 prowing intevest in explonnz PCFs for advanced sensor comporents and devices'™ " The ability ta
fabncate fibers with unigue dispersion profiles and the strong overlap of the optical field with the open-ar channels
provides potential oppormumties for evanescent field sensing and robust devaices apphicatons.

Alternatively, one of the areas of greatest interest has been in the development of lngh-performarce mterferometne
fiber optic sensors. Optcal interferometers have plaved an mpertant role in both findamentzl and appled ressarch
dunng the past two centunes. Substantizl efforts have been undertaken on Sagnac mterferometers, nng resonators,
Mach-Zehnder and Michelson inferfercmeters, as well as dual-meode, polanmeimc, gratmg and etzlon-baszed
mterferometers® ' ' Alhough 1p to the middle of thiz decade modal interferometry was supparted by standard
optical fibers, the outcome of PCF s opened new windows m the ophcal fibers sensmp field: as consequence, a large
flux of published woiks in the last yvears has been appeared Those based i the use of the microbole collapsmg
tachnigue'*™ have been widely propesed since it only invelves cleaving and splicing which iz a process that can be
camted ouf m any fiber-ophics laboratory.

The propernes of 2 PCT modal mterferometer to different parameters are determmed by the tvpe of mterferometer,
15 geometry, its confisuration, and the tvpe of PUF used. The goal of the new proposss 15 focus on how to mprove
the characteristics inherent m a fiber optic sensor such as sensitivity, resolution. size. ranges. among others. In this
work, the capabality of the mn-reflaction modal meerfarometer for bulk external BRI detection 1=z propozed. We tock the
advantages offered by the modal interferomeny apd the propertres of PCFs to buld a compact PCF modal
interferometer capable to defect refractive index changes of the swroundmmg medmm. The device 1z fabrncated ia
mroro-holes collapsing techmigue spliemg 2 short sechon of PCF wath single-mode fiber (SME) and adding 2 gold
mirtor in the disial end of the cleaved Gber. Truly sinusoidal and stable inferference spectia were observed over a
specific wavelength window (1300-1800 nm) A high extinchion raho up to 40 dB for the mterference pattern 15
achieved. The hgh-vimabilifty of the imterference pattern allowed us montermg the external refrachive ndex changes
through z wavelength shuft or mten=ity shift A zensiivity of 735 pm per Bl umt (wavelength codified) and a
resolution of 7 x 107" measuring the power reflected in the quadrature pomt {intensity codified) are demonstrated.

2. FABEICATION AND OPERATION PRINCIPLE

Ohur devices were built usimg a PCF with six-fold symmety in the voud stmctare. Thas fiber 1= known as large-mode-
area PCF (LMA-ID), whech 15 commereially available. A drawing of the propozed detvices 1= shown i Fig. 1. The
parameters of the PCT are the followang: core size diameter, 10pum, average diameter of the vords, 3.lum, and
average separation between the vouds {pitch), 6.6pum. The external diameter of this PCE 15 125pm which smmphfies
the splicing process with standard fibers. For the fabricanon of the devices. a stub of PCF and standard optical fiber
(SMFE-28) were spliced with 3 commercal fusion splicing machine Encsson 995-FA . In genaral, splicmg machmes
Join two fibers together by making fivst a prefusion in which the fibers are cleared by low-level heating. After the
prefusion a mam fusion-process follows m whech the two fiber ends are exposed to zn intense discharge (hugh
temperature} for a few seconds. Dunng the mam fusion process the fiber are pushed and pulled to form a robust and
permanent join. The softening pomnt of PCFs 15 10 general lower than that of SMFs due to thew holey structure. Thus,
if an SMF and a PCT are sphiced with a defanlt program for splicing smgle- or mult-mode fibers the PCF's air boles
will enfirely eollapse over a certain length. In most splicing machines the mtensity and duration of the are discharge
of the main fusion proces: can be adjusted. Thus, one can contrel the lensth of the collapsad zone in the PCF
zllowing us o manage properly the paramesters used in the fabncation of the devices.

Proc. of SPIE Vol 5011 301 14K-2
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Figure 1. Drawing of the proposed devices and the schematic of its interrogation. L is the PCE length, [ and [, » are thee lenzths of
the collspsed mones.

The devices propozed falls meo the category of single mode-multinode-single mode (SMS) devices. where many
varants have been proposed in the literature™ . Depending on the SMS confizuration the transmission can exhibit
a peak, a dip or 2 sinusoidal pattern™ . In our caze the axcitation/overlapping of the modes is cared out with two
collapszed zones m the PCF. When the fimdamentz]l SMFE mode enters the collapsed region of the PCT if immediately
bezins to diffract, and conzequently. the mode broadens. The broadenmg 15 also expenenced by the excited modes 1n
the PCT when travel to the SMF. Ifw, 15 the radias of the hight spot at the SMF-PCT interface at a wavelengih i see
Fig. 2. then after propagating a length [, of collapsed remon the radms of the lizht spot will be

W e e "

ny baing the refractive index of the collapzed region (solid silica fiker). Under theze conditions the PCF will be
excited with a Gamssian beam of spot mize of 2w which 15 1n general larger than the PCF core diameter. Owring to the
axal symmetry and the mode field musmatch the excited modes are those that have smmlar azimuthally symmetry,
ie, the HE,; core mode and probably the HE:,-like ¢ladding mode. To support the above mechanism. in Fig, 2 wea
show the caleulated longzitudinal component of the tme-averaged Povofing vector of the HE o-like claddmg mode.
for a wavelength of &= 1350nm. From Fiz. 2 1t can be noted that the field of the HE;-hke mode penenates: the
enfire core mode zrea; therefore it strongzly overlaps with the fundamental HE ) core mode.

Figure 2 Micrographs 3 200 pm-lons collapsed zooe and the PCF cross section w, snd w are described in the text. The HE -, -like
cladding mode of 3 LMA-10 calculated at 1550 mm usimg commercial sofimeare COMSOL Multiphysics (showing area equal o
G 0m 60 mm) .

Proc. of SPIE Vol. 80117 801 14K-3
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3. RESULTS AND DISCTSSION

Dunng the fzbrcanon process, we found that when the twro collapsed zones had simolar lengths, for exampls, when
Iy and 1,5 were ~160=201m the reflection spectum of the devices exhibated sipnsoidal mterference patterns. see Fig.
3. Thes behanior 1s consequence of the recombination of the excited modes 1 the PCT. To achieve hugh extinetton
ratio-and to avoid distornon of the nterference pattemn 2 section of ~2cm of SMT was laft coated and murored at the
distal énd. see Fiz. 1. Mode interferometers are sensiiive fo liquids or coatingzs deposited on the fiber surface™ 7
The mteraction of claddmg modes with the external index changes then propagahon constznt, and then, the phase
differerice. This causes a shift i the mterference pattern. To correlate the shaft versus the external mdex 1 our
interferometer the wheole length of PCT was mmmersed in cabibrated Cargille oils. Betwesn consecufive
measurements the swface of the PCT was cleaned with acetone and ethanol Fizure 3 shows the observed shift i a
1 2mm-long mterferometer as a funchon of the external mdex in the 1.33-1.43 range. It can be noted that the shaft o
that range 15 ~36 nm, less that the interferomeater period, so there 1= no-ambigmity in the measurements. The sheft 1=
more propunent for indices m the 1.41-1.43 range In this range the sensitivity reaches a value of 735 nm / RIT,
where BIU refers to refractive index umts. Thus, if a shift of 50 pm of the interference pattern can be resolved the
resolution of the device is ~Tx 107, This resolution 1= zn order of magnitude higher than that of interferometers built
with LMA-§ PCFs". In addition. the present interferometer 1s three fmes shorter. The hizh extinction mfio (in
exceeds of 40 dB), the double pass and the types of modes excited m the PCF confbute to the ngh resolution.

40 o T T 1
W ] >
35 i ,-"'- :.-'_\ \,' r"f_h_‘_'}.‘a..__ .I' -
‘:\\H F shine R -
L1 Ll i N g i i
; | III I|' i = =
I". Y R T a .
bl | ?' ] b i 4
z | ] :
= I Vi , {an : |
- Wi tazy | i | 143 o
= | | | s
=15 Vo W il :
t AT §A30 1530 1845 1540 1AGE NITD 18I0 1456 'u-aa“ ~ -‘
10 =~ Wanvehengh {nma) _-_' 4 #
St e o d
L1 +---.-I..- -,l---..- i i i i i 7

1.3 1.3 135 1. 137 13 13 140 1.4 142 143
Refractive Index

Frgure 3. 5hifi of the mierfarence pattern as s funcoon of the external mdex. The mset shows the observed patiems when the
index was 1.42 or 1.43. The leagth of the device was 12 mm

As can be seep m Fig. 4. we made a close uwp of a2 mmmmum of the interference pattern of a 12mm-long
infexferometer showme three different BRI values that are closed to each other. The inset in Fiz. 4-(3} shows a
reflected wnterference pattern that can not be standing out at first motance. MMakme 2 close up 1 one of the areas
the reflected spectum allowed us to see that the shift 15 minima]l but quanhfizble. If we want fo get 2 higher
sensitivity, this can be achieved with the same device. If we locate the guadrature pomnt (see the arvow i the inset:
figure) and monitor the power at 2 wavelength, in our case L= 1554 8 om. and by taking 1.412 as reference, we can
soe that an merement of 4 %10 in the refractive index causes 2 fransmission change of pearly 1.4 48, as it is shown
i Fig. 4-(b). Large changes mm the reflection are due to the hizh extinchon ratio of the mterferometer. Thus. a
resolution of Tx10™ can be achieved if power changes of (.01 dB can be resolved. provided that the optical zource
does not fluctuate dunng the measuremends or that femperature vanahons have no effect or zre compensated.
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Temperatme fluctuatons affect the performance of any sensor znd our interferometer 15 not an excephion. The
propagation constznt of the propagated modes along the fiber and the geometnieal dimencions are modified by
temperature, which causes a shift in the interference pattern. As a result. the dependence of the mterferometer to
temperature was studied. A sensifivity of 9 pm / "C was obtained. Thus, temperature fluctuations of around 6 °C can
be tolerated to achieve the resclifions mentoned above. It 13 important to pomt out that highly stable, single
frequency lasers for telecom wavelength range ave commercially avalzble Rl measurements in a fixed or confrolled
temperaiure envronment are also feasible. Therefore, the aforementioned resolufions are reachable. Mote that the
momtonng the reflected power at a fixed wavelenpgth can be cammed out by a simple read-out unit, consisting for
example of a lazer and a detector, which has a considerable lower cost than complete spectrometers.
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Fignre 4. {a) Observed reflection specosa in 8 12 min-long device for thres indices indicated in the figurs: The inset shows the
reflected interference pattem showmg the quadramre pomt locaied in order 1o measure the changes in power. (o) Eeflecaoon
changes 3: 2 funcdon of the external refractive index The moniiored wavelength was 1554 8 nm

4. CONCLUSIONS

In this work we report on simple photonie crvstal fber mterferometers for refractive mdex sensing. Such devices are
buiit by spheing a segment of properly selacted PCF between standard optical fibers. Durmg the splice the vouds of
the PCF are intentionzlly collapzed over a microscopic region. The collapzed zones introduce a mode field mizmaich
and zllow the excitation and overlappmg or recombination of azmuthally symmenie modes m the PCF. As 2 result,
the devices exhibit 2 smuscidal interference pattern The mterferometer proposed here 15 more compact than others
based on PCF. In addition, the fringe contrast i around 40 dB, whick 1= higher than that of any other modal
interferomater reported unfil now. The potential i our mterferometer for refractometic sensing was demonstrated.
The maximum sensitivity, for the 1.42-1 43 range. of a 12 mm-long device was found to be ~735 nm / BIU. Thus, a
resolufion of ~Tx10" can be achieved if & shift of 50 pm of the interference patfern can be resohved When the
Optical power 15 monttored {(wavelength at the quadrature point) the sensitivity 15 ~2 775 dB/RIU. Thus, a resolution
of ~7x10" can be achieved provided that reflachon power changes of 0.01 dB can be resolved. The abowve
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sensitvities and resolunons are possible of the temperanwe 1= kept constant. The high resoluton 15 possible for the
type modes sxcited 1n the PCE and the lugh finge conmast. Optmuzahon of the PCEF structre mayv enhance the
performance of the devices even fimther Thus. the explodanon of the PCTE devices here propozed in rezl applications
seems proousing. We believe that the interferometer proposed here can be useful for mdustnal appheatons as well
as for biochemical measurement or analysis if the device 1= coated wath lavers that are zensitive to biological targets.
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