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Refractometric sensors based on long period optical fiber gratings

I. Flores Llamas, O. Kolokoltséyand V. Svyryd
Facultad de Ingenida, Universidad Nacional Adhoma de Mxico
*Centro de Ciencias Aplicadas y Desarrollo Tedgito, Universidad Nacional Adhoma de Mxico
C.U. México D.F,, C.P. 04510, Tel. +52(55) 5622 3060, Fax: +52(55) 5616 1855,
e-mail: ifloresllamas@yahoo.com, vladimirsk@hotmail.com,
olegk@aleph.cinstrum.unam.mx.

Recibido el 27 de octubre de 2004; aceptado el 25 de mayo de 2005

In this work, results of the design of uniform and non-uniform long-period gratings are presented, with a view to being used as refractome
sensors. We found an optimal combination of the longitudinal variation of the fiber refractive index and the grating period, which increa:
the sensor linearity in comparison with a uniform grating, without decreasing its average sensitivity within a range of the external refract
index from 1.41 to 1.44.

Keywords: Long-period fiber gratings; refractometry; genetic algorithms.

En este trabajo se presentan los resultados deidide rejillas de péodo largo uniformes y no uniformes, con el fin de ser usadas como
sensores refractogtricos. Encontramos una combin@edptima de la variadin longitudinal deindice de refracéin de la fibra y el péodo

de la rejilla, la cual incrementa la linealidad del sensor en comgaracn una rejilla uniforme, sin disminuir su sensibilidad promedio
dentro de un rango dahdice de refracdin externo de 1.41 a 1.44.

Descriptores: Rejillas de peiodo largo; refractomei; algoritmos gegticos.

PACS: 42.81.Pa; 42.81.Wg

1. Introduction 2. Analysis of the LPGs response

LPGs, photoinduced in single-mode optical fibers, have the

Long-period gratings (LPGs) have experienced an increasingrc’perty of coupling the fundamental core mode (LPto

presence over the last few years in telecommunications [1— '|fferent order c!addmg modes (bP), yielding a ”af?sm's'
and sensing applications [4,5]. One of their important advans ion spectrum with several loss bands, corresponding to each

tages over Bragg gratings is that their fabrication process iFIaddri]ng fthdle exgeri;zncifng C(_)fupling. _The cen_tral \t/)vave?
simpler and, therefore, has a lower cost. Besides, they presel‘?lngt s of the loss bands of a uniform grating are given by [1]:
Ipw retro-reflection and high sensitivity in sensing applica- A = (n¢dd — neff)A’ @
tions [4]. co clyé

e

Changes in the center wavelength of uniform LPGs, duévhere nel/ is the core mode effective i”d?’@iﬁ is the
to the variation of the index of refraction of the surrounding ¢ladding mode effective index of ordgrandA is the grating
medium, have been determined both experimentally and thderiod. In order to determineg//, the core indexu, the
oretically [4,6,7]. It has been found that this characteristic re.cladding index:,, and the modefwave!ength must be consid-
sponse depends on a combination of the grating paramete@/€d. Similarly, to determine;// the fiber can be modeled
such as the cladding mode order coupled to the fundamer®S 2 fiber with no core, so that only the cladding inaex
tal core mode, the difference between the fundamental corél® external medium index, and the modes wavelengths
mode and the cladding modes effective indexes, and the graft¢ed to be considered. In general, these effective indexes de-
ing period. Moreover, the sensitivity of this type of refrac- Pénd on thg material apd vyavegwde dispersions in the f_|ber
tometric sensors mainly depends on the cladding mode orddfl- To obtain the effective indexes of the core and cladding
and the grating period [7]. On the other hand, the characterigodes, the stg}pflndex fiber approximation [8] can be em-
tic response is non-linear, particularly in the range of the surPloyed. Sincen/; depends oms, the variation of the latter

rounding index, where the device sensitivity is higher [6,7]. auses changes on the center wavelengths .
For the investigation carried out in this work, a single-

This work presents a proper technique to achieve an agnode optical fiber with core and cladding radii of 3.8 and
ceptable degree of linearity in the refractometric sensor re62.5 um respectively was considered. The core is com-
sponse. It is shown that an LPG whose parameters, such assed of 4.03 m% Ge£9.7 m% B0 and 86.27 m% SiQ)
core and cladding refractive indexes and period, vary longiand the cladding of pure SO In addition, the Sellmeier
tudinally, may provide a reasonably linear characteristic reequations were used to determine the material dispersion in
sponse over a certain interval of the external index of refracboth core and cladding [9]. Using these parameters, the re-
tion. sponse was calculated for a uniform LPG with a periadl (
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of 300 um, length ) of 5 cm, coupling coefficientx() of
0.35 cnt!, and a dc component of the UV-induced index
change ofl.4 x 1073, The response was obtained for the

8" order cladding mode, because this combination of mode
order and grating period provides high sensitivity to the ex-
Figure 1 shows the change in the
central wavelength as the external index increases from 1.
to 1.6. It can be observed that the refractometric sensor re-

ternal index variation.

sponse is non-linear and decreases pronouncedhy; ap-
proachesi;. Whenns =~ ns the loss band almost disap-
pears. Also, forng > ng, this loss band reappears at a
much higher wavelength [6]. According to Eq. (D), can

be modified if there is a change in the effective index dif-
ference[An.;; = (n¢ff — n%/7)] orin A. These consid-
erations suggest that a certain variationmgfand A, along

~
~

the grating, may modify the response for a particular inter-

val of n3, especially if the grating has regions wherg is
less than some values af inside the interval. This is be-

cause those regions will not contribute to the grating center
wavelength, since they experience a wavelength shift and car

be neglected within the grating wavelength working range

Thus, in order to obtain a modified response, it is necessar

to design a non-uniform LPG in which the cladding index, or

both the cladding and the core indexes, and the grating perioc

vary longitudinally.

3. Simulation and results

|. FLORES LLAMAS, O. KOLOKOLTSEV, AND V. SVYRYD

Surrounding medium, n;

LPG Sections
\ y _

1\ \ il

ot WCLLEEOLETHRRRD O LT T
\ / /

Fiber cladding, n»(z)

) \
\ I
Fiber core, n(z) \

a) Grating period, A(z)
146 T T T T T T
- 303
S 145 g_
- {302 =
P <
2 N
£ 144 4 301 __S
q) —
E 300 8-
. O = o
yg 143 =
(O] ©
1200 £
o O
1.42 1208
0 1 2 3 4 5
b) Grating position, z [cm]

To show the characteristic response linearity of a nonFIGURE 2. Non-uniform LPG proposed to obtain a linear charac-

uniform LPG, a grating photoinduced in the fiber described"

above and illustrated in Fig. 2a is proposed. Such a gratin
has total length, = 5 cm, x = 0.35 cm™*, and a longi-
tudinal linear variation of.; andns, as shown in Fig. 2b,
maintaining the index differencex{ — ny) constant. It also
has a particular period chirp, which is also shown in Fig. 2b.
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FIGURE 1. Central wavelength calculated for the loss band cor-
responding to the 8 order cladding mode, for an LPG with
A = 300 um, L = 5 cm, ands = 0.35 cm™* as a function of
ns.

eristic response as a functionof, (a) schematic diagram of the
PG, grating sections are indicated by dotted lines and (b) longi-
dinal linear variation of.; (dashed line) and» (dotted line),
preserving 1 — n2) constant along the grating, and period chirp
(solid line).

Since the LPG spectral response was calculated using the
fundamental matrix approach [10], the grating was divided
into M = 17 sections, each having a lengthof/.

Figure 3 illustrates the change in the central wavelength
of three different gratings. Firstly, a uniform LPG (a) with
ny = 1.450, no = 1.445, A = 300.4 pm, L = 5 cm, and
x = 0.35cm~!. Then, a non-uniform LPG (b), with the same
characteristics as the proposed grating above, except that it
has a constant period of 3Q@n. Finally, the proposed grat-
ing (c). Note that for external index values from 1.41 to 1.44,
the two non-uniform gratings response presents ripples, due
to the grating segmentation; in other words, a ripple appears
when the external index nearly matches the cladding index of
one section, so that the effect of this section is neglected, pro-
ducing a slight wavelength shift to a greater value. However,
if the LPGs are modeled by a greater number of sections or
by a continuous method, these ripples will disappear. Also
note that grating ¢ has a response with a higher degree of lin-
earity than gratings a and b in the external index range from
1.41to0 1.44.
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WO different LPGs. Once the range of such parameters has been

g 1440 4 | found, an optimization method can be applied in order to find
= 1430_- 1 the values_ th.at pest fitalinear _charactenstlc response. A uni-
= | a ] versal optimization approach is the use of a Genetic Algo-
5 1420 J rithm (GA) [11]. Such a technique will find optimal parame-
S 1 : ters for each section, intended to best fit the grating response
0 1410+ c 1  toalinear shape.
g 1400 - . Optical fibers with a longitudinal variation of the core
E 1390_' ] and cladding refractive indexes can be manufactured using
g ] ] a modification of the vapor-phase axial deposition technique
O 1380 . [12]. A preform, with a longitudinal variation of the refrac-
© ] l tive index, may be fabricated; then the fiber can be drawn, so
1370 4 . X . :
————S that it has a continuous index change of about 2% of the core
1.34 1.36 1.38 1.40 1.42 1.44 or cladding indexes within a length of tens of centimeters.

External index. n The technique of ion implantation may also be employed for
1 3 . L . .
_ this purpose [13,14]; it can be carried out in a wafer, cut from
FIGURE 3. Central wavelerlgljth calculgted for _three LP_Gs with 3 sjlica preform. Once the implantation and annealing pro-
pr 5?;“ a”_d’l’“ 4:500'35 fT 445‘35 f“;\‘:t'_ogggnj' a)_ab“”'form cesses have been performed, the wafer must be joined to the
with ; = 1.450,n2 = 1.445, and\ = 300.4 pm; by anon- - o 4inal nreform, in order to draw the fiber. A section of fiber

uniform LPG with a longitudinal linear variation of; andns as f timet | ith ind h to 30% i
shown in Fig. 2b, and\ = 300 um; c) the proposed non-uniform atew cgn |me elrs ong, W_' an index ¢ f';mge up to on
the longitudinal index profile, can be obtained.

LPG with a longitudinal linear variation of; andns, and a period
chirp as shown in Fig. 2b. The fabrication of the designed gratings may be carried

out by the point-by-point writing technique with a carbon

e dioxide laser, in silica single-mode fibers manufactured with
1.04 T one of the above technologies. For example, the method de-
- 1 scribed in [15] is appropriate for this purpose.
. 081 4
c
.2
B 06- - ,
= \ 5. Conclusions
C 044 - L. .
© W) | The characteristic response of a refractometric sensor, based
= 02 v on a uniform LPG, is non-linear. It has been shown that such
] ’ aresponse becomes linear for a specific external index range,
if a non-uniform LPG is properly designed, in which the core
0-01 T and cladding refractive indexes and the local period vary with

a certain pattern. Furthermore, some regions or sections of

v T v T T T T T T T T T T T M
1300 1320 1340 1360 1380 1400 1420 1440 1460 . o :
the grating must have a cladding index less than the index of

Wavelength, 7 [nm] the surrounding medium, within an interval close to the up-
FIGURE 4. Calculated transmission loss bands of LPG cfor= per limit of the working refractive index range of the device,
1.415 (solid line), n3 = 1.425 (dashed line), andhs = 1.435 because in this interval those sections experiment a shift to a
(dotted line). somewhat higher wavelength value and do not contribute to

h lculated ission | band of ; the measured loss band. In addition, a genetic algorithm can
h T 3_‘3‘?‘ cu at? tranfsmhlss_mdn OS‘:‘ afm 0 LPfG h(C), Ohe used in order to optimize the refractometric response, in
three distinct values of the index of refraction of the sur-q,o words, to find the index and period values of the LPG

rounding medium, within the device linear range, is Showngg yiqng that yield the most linear change in the central wave-

in Fig. 4. The change in the grating central wavelength Canength
be appreciated, as well as the attenuation magnitude for these
three examples, which is considered to have a proper value to

be detected by an optical spectrum analyzer.
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