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A b stra c t. A n cm bedded íiber B ragg grating (FB G ) sensor, vvhich fabricated in IM S, for 
tem peraturc sensing was proposed. The tem perature responses o f  the in-fiber B ragg gratings 
(FBGs) have becn investigated. It was found that these responses ranged from  10.6 pm/°c to 12.0 
pm/°c. The tem perature scnsitiv ity  o f  the FBGs w as 0.2°c. The strain responses rem ained 
tem perature indepenđent ovcr a tem perature range o f  20 -  180 ’c .  T he results ob tained  are in 
agreem ent, within the expcrim ental error, with predictions based on m aterial param eters. A lthough 
the tem perature response is nonlinear over the tem perature range 20 ° c  to 180 ° c ,  in practicaỉ 
system s the tem peraturc response o f  the sensor m ay be assum ed to be linear w ith in  the 
tếm perature range 20 °c to 80 °c.
Key\vords: F ibcr Bragg G rating  (FBG ), sensor, strain, tem perature sensor

1. I n t r o đ u c t io n

The F iber B ragg G ra ting  (F B G ) firs t presented by  H i l l  et aỉ. [1 ] in  1978 is a structure on an 
optica l íìber in w h ich  the re íra c tive  index o f  a íìber core is p e r io d ica lly  m odulated vvith a p itch  A  
(F igure  1).

The index m odu la tion  is induced by  exposing the íìbe r to an in teríerence pattem  form ed 
between in te rĩe ring  u ltra v io le t (U V )  beams o f  lig h t b y  double-beam  o r phase m ask technique. The 
center wavelength o f  the reA ection  ẢB is named “ B ragg w avelength” . The B ragg w ave leng th  is

\ = ỉ n \  (1 )

where n is thc e ffective  re ữ ac tivc  index o f  the íìber core. The FBG  form s a d is tribu ted  reAector, acting  
as a naưovv band channcl d ropp ing  spectral í ĩlte r  in  transm ission, and as a narrovv band re íle c tion  
Tilter. The typ ica l bandw id th  o f  the re ík c te d  lig h t is about 0.1 nm  to  0.3 nm. The re ílec ted  B ragg 
wavelength is depenđent upon the p itch  o f  the grating, and is sensitive to strain and tem perature 
according to the re la tionships:

(2)
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vvhere and AXbt are the strain and 
tem perature induced B ragg vvavelength 
sh ifts , Xu is thc Bragg \vavclength, pa is 
the pho toc lastic  coe ffíc ien t o f  the fiber, 
a  is the co e ffic ie n t o f  therm al expansion 
and Ẹ, is the thenno -op tic  coeffĩc ien t. A  
change in the e ffec tive  re íractive  index 
and/or the g ra ting  pcriod  w il l  cause a 
sh ift o f  the B ragg w avelength. Sensing 
p rin c ip le  is based on that sh iít o f  the 
Bragg w ave leng th  in  response to 
applied stra in , tem perature o r pressure 
changes.

F B G  sensor is one o f  the most 
a từactive op tica l íìbe r sensors because 
o f  s im p lic ity  in  structure and su itab ility  
fo r m u ltip le xed  and
d is tr ib u te d /m u ltip o in t sensing

applications, and to  the fact that sensing in fo rm a tion  is encoded in an absolute parameter, nam ely thc 
resonant wavelength. The measurand is transduced to the w ave lcngth  o f  lig h t re ílected by  the FBG, an
absolute parameter, e lim ina tin g  errors associated w ith  d r if t  o f  thc zcro p o in t o f  the measurement,
com m on in strain gauge systcms in  w h ich  the gauge and lcad w ircs  sce va ry ing  and d iffe ren tia l 
therm al environments. FBG  sensors e xh ib it m any other d is tingu ish ing  featurcs such as, small size, 
lig h t mass and high reso lu tion , su ita b ility  fo r  remote measurcment. It  can be used w ith  great 
advantages over e lectron ic sensors fo r in  situ  sensing to  m o n ito r o r measurement in  harsh
environm ents or hazardous environm ent, due to its im m un ity  against e lectrom agnetic íìelds, hum id ity ,
nuclear rad ia tion  and the m ost chem ical m atenals [2 ]. The most com m on advantageous app lica tion  o f  
the FBG  is a smart m on ito ring  fo r c iv i l  engineering, bu ild ings  and bridges; o il,  gas, o r e lectrica l pow er 
generation industries [3 ,4 ]. The app lica tion  to geophysical e xp lo ra tio n /m on ito rin g  is one o f  the 
p rom is ing  applications to  take advantages o f  fib e r sensors. FBGs are sensitive on ly  to  the environm ent 
experienced along the gauge length o f  the sensor, typ ica lly  o f  the o rdcr o f  5 -  10 m m . The small 
dimensions o f  the fíber a llo w  the m o n ito ring  o f  structures w ith  ve ry closc clearances.

T h is  paper describes períorm ance o f  a prototype o f  the FB G  tem perature sensors at 
temperatures up to 220°c . The system consists o f  íibers w ith  FBG s and the surface parts inc ludc an 
optica l source, detectors, op tica l couplers and an optica l spectrum  analyzer fo r m on ito ring .

2. Experiments

The FBG s were fabricated in  the Institu te  o f  M ateria ls  Science ( IM S  in H ano i) w ith  re íle c tiv ity  
o f  approxim ate ly 30%, and had a Bragg vvavelengths la y ing  from  1530 nm  to  1570 nm . Experim ental 
device consists o f  an E rb ium -doped Super Fluorescent Source (SFS), F B G  sensors, a temperature 
contro lled  pad or liq u id  bath and temperature m on ito r. The FBG  re flected signals is fed to an O ptica l 
Spectrum A na lyze r (O S A ) A G IL E N T  86142B to locate the B ragg w ave leng th  and m on ito r 
waveiength shiíts. A  schem atic o f  the system is shown in  íìgure 2.

Fig. 1. Structure o f  the F iber Bragg G rating.
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The SFS consists o f  an E rb ium -doped fìber 
pumped by a 980 nm Laser D iode through 
vvavelength d iv is io n  m u lt ip lie r  (W D M ). The 
output from  a SFS is coupled to  a FBG  sensor by 
fc/apc connector. The lig h t reílected from  the
sensors is d irected to  O S A  through 1550 nm
output port o f  the W D M  . The reso lution o f  the 
optica l spectrum analyzer was 0.06 nm, and the 
peak wavelength was d isp layed to  the order o f

0.001 nm. The FBG  tem perature was m onitored by a P latinum  1000 Q  resistive therm o-sensor (Pt 
R T D -E P H Y -M E S S  G m b H ) w ith  a l im it  devia tion  o f  0 ,15 °c  fo r  0 ° c  -ỉ- 100°c  range and 0 .2 5 °c  fo r a 
range above 100°c. A glass therm om eter w ith  graduation o f  0 .5 °c  also was used fo r  com parison fo r 
tem perature belovv 120°c. The t ip  o f  the therm o sensor was assembled close to the grating, so that the 
reading tem perature in the therm o sensor indicated the actual tem perature o f  the FBG. Both sensors 
then vvere attached to sm a ll m etal s trip  form ed a probe and placed in  investigated environm ent. The 
experim ents were carried out in  d iffe re n t environm ents (a ir, so lid  as w e ll as in  liq u id  environm ents).

The tem perature set by con tro lled  heating source, had been tuned in sm all increments and fixed  
in about 15 m in  to a llo w  ach iev ing  therm al equ ilib rium  fo r m easuring the sensor’ s characteristic. In 
the cxperim ent w ith  liq u id  environm ent, the probe conta in ing  the FB G  was imm ersed in to  a water bath
heated by an e lectrica l heater, the FBG  tem perature changed fro m  -6 ° c  to  100°c. For the a ir
environm ent we put the probe inside sm all closed oven, its tem perature were changed from  2 0 ° c  to 
2 2 0 °c . A s to  so lid  env ironm ent case w e used copper pad w ith  tem perature con tro lled  by Peltier cooler 
in a range -1 -ỉ- 6 0 °c  and b y  heating gun w ith  m axim um  tem perature up to  4 0 0 °c .

3. R csu lts  and d iscussion

F igure  3 shovvs the therm al sh iít o f  the Bragg vvavelength fo r  the FBG sensor w ith  center 
wavelength o f  1548.6 ln m  at 2 5 °c , íitted  by linear equation. W ith  the increase o f  the FBG 
tem perature, the Bragg w ave length  sh ifts  to  the longer d irection . The tem perature sens itiv ity  is 11.8 
p m /°c . F o r a ll tested F B G ’ s sensors the observed sens itiv ity  ranged fro m  10.6 p m /°c  to  12.0 p m /°c . 
The detection sens itiv ity  o f  the tem perature measurement using O S A  dem odulation  is around 0.2 ° c  
based on w avelength reso lu tion  ± lp m  o f  the device.

The temperature se ns itiv ity  o f  a FB G  sensor could  be enhanced by com b in ing  w ith  the 
wavelength sh ift under stra in  due to therm al expansion and w ith  the one due to  tem perature induced 
re íractive  index change. The FB G  was embedded in the copper base o f  thickness 0.5 mm. The 
embedded length was 55m m . The copper strip  then had been changed to an A lu m in u m  a llo y  strip  o f  
the same 0.5 m m  thickness. The resu lt p lo tted in  íigu re  4 shows the wavelength sh ift fo r  a bar FBG  
sensor (F B G 1 ) and those w h ich  are embedđed in C u (F B G 2) and A I base (F B G 3) over a temperature 
range o f  3 0 °c  to  150°c w ith  center wavelength o f  1530.4 nm at 2 5 °c . The wavelength sh ift observed 
fo r bar FB G  is dom inated by the the rm o-op tic  co e ffic ie n t o f  the fib e r w ith  a con tribu tion  the therm al 
contraction o f  the fib e r itse lf, w h ile  fo r  embedded FBGs the therm al expansion o f  the substrate is 
dom inated over the therm al contraction  o f  the fíber, and the wavelength sh ift is govem ed by the sừain 
induced by the substrate therm al expansion and therm o-optic  coe ffic ien t. The tem perature sens itiv ity  
o f  embedded cases increased to  14.6 p m /°c  fo r  FBG  w ith  Cu base and 28.2 p m /°c  fo r an A lum inum  
a lloy base.

« ■ »

FBG

Fig. 2. A schem atic o f  the experim ent.
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Fig. 3. The w avelength shift o f  the FBG  sensor tem pcrature. The 
experim ental data set was íitted  by first order equations.

The theoretica l
w avelength sh ifts  due to 
therm al expansion ’ s strain, 
calcu lated fro m  the therm al 
expansion coeffic ien ts  
quoted in  reíerence [5 ] and 
from  the measured 
wave length  s h ift due to 
stra in response o f  the FB G  
are p lo tted  fo r  com parison 
in  F ig .5. The data shows a 
reasonable agreement
between the theore tica l and 
experim enta l response fo r 
Cu base. For an A lu m in iu m  
a llo y  base it  deviates more.
T h is  d iscrepancy between 
the measured FB G  data and 
the theore tica l p red ic tion  
m ay be a resu lt o f  the 
dependence o f  therm al 
expansion co e ffic ie n t o f  the 
a llo y  on tem perature. The 
tem perature se ns itiv ity  o f  
the B ragg w ave length  arises 
from  the changc in  period  
associated w ith  the therm al 
expansion o f  the íìber, 
coupled w ith  a change in  the 
reữ active  index aris ing  from  
the the rm o-op tic  effect. The 
sừain se ns itiv ity  o f  the 
Bragg w ave leng th  arises 
from  the change in  period  o f  
the fibe r, coup led  w ith  a 
change in  the re fractive  
index a ris ing  from  the 
s tra in -op tic  e ffects. So, the 
B ragg w ave leng th  sh ifts  
exh ib ited  b y  FBG 2 and 
FBG 3 are determ ined b y  the 
stra in im posed by  the
therm al contraction  o f  the sample to vvhich each is attached, and b y  the re írac tive  index change o f  the 
core, determ ined b y  the the rm o-op tic  coe ffic ien t, w h ile  FBG1 w ave length  sh iíì is govem ed by therm al 
s tra in  o f  the fib e r and re írac tive  index change o f  the core on ly . Some authors m entioned about a

80 100 
T e m p e ra tu re  (°C)

Fig. 4. The w avelength shift for a b ar FBG sensor (FB G 1) and those which 
are em bedded in Cu (FBG 2) and A! base (FB G 3). The experim ental data sets 

were íitted by  first order equations.
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therm al dependence o f  the stra in  sens itiv ity  o f  an FBG , w h ich  w o u ld  be a resu lt o f  the tem perature 
dependence o f  the sừess-optic co e ffic ie n t o f  s ilica  glass. They found that the strain response changed 
on average by 0.21 ± 0.03 fm  HE- 1  'C - l  over a range o f  temperatures between 100-400 "C [6 ]. 
H ow ever, th is  n ea rly  n e g lig ib le  tem perature dependence has not been observed in  our experim ents. 
The re s p o n se s  o f  thc FB G  to stra in  m e a su re d  at a range o f  tem pcratures betwcen 2 0 °c  and 18 0 °c  can 
be considered as tem perature independent w ith in  the accuracy lim its  o f  the experim ent and equals 
5.247 nm /m m  o r 1.1 pm /^e.

It was observed that the tem perature dependence o f  the therm o-op tic  co e ffĩc ie n t is linea r over 
the tem perature range 2 0 ° c  to  220°c at a wavelength o f  633 nm  in  unbuffe red sing le-m ode fib e r [7 ]. 
H ow ever, the m agnitude  o f  the average therm o-op tic  co e ffic ie n t is know n to decrease at longer 
w avelengths, therefore it  is possib le  that the temperature dependence o f  the the rm o-op tic  co e ffíc ien t

w i l l  also be d iffe re n t at longer 
wavelengths. Thus it  is 
m ean ing fu l to  fin d  out any 
non linear e ffec t fo r  FB G  sensors 
at 1550 nm. A  non linear 
tem perature response was 
suggestcd in  a study o f  the 
tcm perature dependence o f  
gratings in h ig h ly  doped Ge íìbers 
[ 8 ]. The authors observed a linear 
tem pcrature response over the 
tem perature rangc 2 9 6 -5 7 6 °K , 
the non linear tem perature 
responsc was ind icated  o n ly  by  a 
single m casurement at 7 7 °K . The 
authors o f  Refs. 9-11 also 
rcported measurements o f  
hydrogenated sing le-m ode
te lecom m unica tion  í ĩb e r (S M F 28 ) 

fibe r that suggested a non linear w avelength response; however, o n ly  three measurement po in ts  were 
presented over the tem pcrature range 7 7 -5 7 3 °K . Thereíore the o rig ins  o f  thc n o n lin e a rity  were not 
c lea rly  established. I t  m ay bc the same n on linea rity  at cryogen ic temperatures [ 1 0 ].

The  non linear tem perature dependence o f  the B ragg vvavelength is m ost l ik e ly  due to  the 
tem perature depenđence o f  the the rm o-op tic  coeffíc ient, p rov ided  that any other n o n lin e a rity  in  the 
reported experim enta l systems is accounted for. O ur data also shovvcd sm all n o n lin e a rity  o f  the 
therm al response o f  the B ragg w ave length  over 2 0 °c  to 18 0 °c  tem pcrature range. The second order 
p o lynom ia l least-squares (S O LS Q ) f i t  o f  the data gave goođ regression co e ffic icn t R 2-  d iscrepancy in  
the order o f  10 ' 4 (R 2 =  1 ind icates a períect f it) . A  temperature rangc fo r typ ica l F B G  sensing and 
C o m m u n ica tio n s  app lica tions is about 2 0 ° c  to  8 0 ° c .  O ur resu lt has showed that w ith in  th is 
tem perature range the linea r f i t  o f  the data is acceptable fo r practica l use. For the bar F B G  sensor the R 
square va lue decreases less than 5.10*3: R 2 =  0.9997 o f  linear f i t  com pared to R 2 =  0 .9999 o f  SO LSQ  
fo r w ho le  2 0 °c  to  180 °c  tem perature range. For embedded in  Cu base FB G  the R 2 o f  linea r f i t  is
0.9983 in  2 0 ° c  to  8 0 °c  range com pared to  R 2 =  0.9994 o f  SO LSQ  and R 2 =  0.9963 o f  linea r f i t  fo r  
who le  2 0 ° c  to  18 0 °c . Such va lue m ay be explained by ins ign iíìcan t dependence o f  the í ĩb e r  therm o- 
optic co e ffíc ie n t from  tem perature. For embedded sensors the tem perature dependence o f  the therm o
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Fig. 5. The m easured sh iíì and prcdic tion  data for em bedded in Cu and
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expansion co e ffic ie n t o f  the base m ay add the extra non linearity  in  the sh ift. T he  theore tica l pred iction  
o f  the n o n lin e a rity  in the therm al response o f  the Bragg w ave length  was described in  [11 ,12]. The 
sensor’ s s ta b ility  depends h ig h ly  on the therm al s tab ility  o f  the experim ent environm ent. A verag ing  
over 50 events in  experim ent w ith  P e ltie r coo le r in  good isolated space y ie ld cd  the s ta b ility  o f  1 pm, 
vvhich is app rox im a le ly  equ iva len t to the temperature sens itiv ity . In  o thc r cases the s ta b ility  \vas o f  
about 10 pm. T h is  change m ay be addresscd the therm al convention  inside expcrim ent vo lum e.

Based on received FB G  characteristics in  th is paper tw o  designs o f  the sensor were presented:
1. a m in ia tu re  tube w ith  the sensor ends inside and 2. a C opper or A lu m in u m  tube w ith  the embedded 
sensor. These sensors can bc m u ltip le x in g  in  line  vvith other fo llo w in g  FB G  stra in  o r temperature 
sensors.

4. C o n c lu s io n

The tem perature responses o f  the in -fib e r Bragg gratings (FB G s) have been investigated. It was 
found that these responses ranged from  10.6 p m /°c  to 12.0 p m /°c . The tem perature sens itiv ity  o f  the 
FBG s was 0 .2 °c . The stra in responses rem aincd tem pcrature indcpcndcnt o vc r a tem perature range o f  
20° c  -  1 80 °c . The  results obta incd are in  agreement, w ith in  the expcrim cn ta l e rror, w ith  predictions 
based on m ateria l parameters. A ltho u gh  the temperature response is non lin ca r over the tem pcrature 
range 2 0 ° c  to  180°c , in  p ractica l systems the temperature response o f  the scnsor may be assumed to 
be linea r w ith in  the tem perature range 2 0 ° c  to 8 0 °c .
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