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Since the discovey of photosensitivig in opticd fibers there has been gred interes in the
fabrication of Bragg gratings within the core of a fiber. The ability to inscribe intracoe Bragg
gratingsin thes photosensitie fibers has revolutionizel the field of telecommunicatiosiard optical
fiber basel senso technology Ove the lag few years the numbe of researcherinvestigating
fundamentalas well as application aspecs of thes gratings has increasd dramatically This article
reviews the technoloy of Bragyg gratings in opticd fibers It introduces the phenomeno of
photosensitivig in opticd fibers examine the properties of Bragy gratings and presers sone of
the importart developmergin devices and applications The mog comman fabrication techniques
(interferometri¢c phag mask and point by point) are examinel in detal with referene to the
advantage and the disadvantagein utilizing them for inscribing Bragy gratings Reflectivity,
bandwidth temperatureard stran sensitiviy of the Bragg reflectos are examinel ard novd and
speci Bragg grating structure sudh as chirped gratings blazed gratings phase-shifte gratings,
ard superimpose multiple gratings are discussedA formalism for calculatirg the spectraresponse
of Bragg grating structure is described Finally, devices and applicatiors for telecommunication
ard fiber-optc sensos are describedand the impad of this technolog on the future of the above

area is discussed © 1997 American Institute of Physics [S0034-67487)01312-9

I. INTRODUCTION

The discovey of fiber optics has revolutionizel the field
of telecommunication making possibe high-quality, high-
capacity long-distane telephomr links. Over the pag three
decadesthe advancemestin opticd fiber has undoubtedly
improved and reshapd fiber-optic technology Today, opti-
cd fibers are synonymos with the word “telecommunica-
tion.” In addition to applicatiors in telecommunicationop-
tical fibers are also utilized in the rapidly growing fields of
fiber sensorsfiber lasers ard fiber amplifiers Despie the
improvemers in opticd fiber manufacturig and advance-
mens in the field in general bast opticd componerga such
as mirrors, wavelengh filters, ard partid reflectos have
been a challeng to integrat with fiber optics Recently,
however all thes hawe change with the ability to alter the
core index of refraction in a single-moe@ opticd fiber by
opticd absorptim of UV light. This photosensitiviy of opti-
cd fibers allows the fabrication of pha® structure in the
core of fibers Thes pha® structuresor pha® gratings are
obtainel by permanentt changirg the index of refractian in
a periodic patten along the core of the fiber. A periodic
modulation of the index of refractim in the fiber core acts
like a selective mirror for the wavelengh tha satisfies the
Bragg condition In othe words it forms a fiber Bragy grat-
ing. The grating periad ard length togethe with the strength
of the modulatio of the refractive index determire whether
the grating has a high or low reflectivity over a wide or
narrav range of wavelengths Therefore these parameters
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determire whethe the Bragy grating acs as a wavelength
division multiplexe in telecommunicationsa narrow-band
high-reflectane mirror in lase or senso applications or a
wavelength-selectefilter removirg unwanta lase frequen-
cies in fiber amplifiers.

The first observatios of index of refractim changes
were noticed in germanosilia fibers and were reporta by
Hill ard co-workerd?in 1978 They describel a permanent
grating written in the core of the fibers by the argan ion laser
line at 483 nm launchel into the fiber. This particula grating
had a very week index modulation which was estimate to
be of the orde of 10 resultirg in anarrow-banl reflection
filter at the writing wavelength.

Photosensitivit in opticd fibers remaina& dorman for
severhyeas after its discovey by Hill et al.! mainly due to
limitations of the writing technique However a renewed
interes has risen with the demonstratio of the side writing
technige by Meltz et al.® almog ten yeas later. In the last
few years groups worldwide achievel breakthrough in di-
red opticd inscription of high-qualiy gratings into the core
of opticd fibers using various techniqus sud as the inter-
ferometric pha® mask and point-by-poirt exposue to ul-
traviole lase light. Gratings with a wide range of band-
widths and reflectivities can be formed on time scales
rangirg from afew nanoseconsi(duratian of the lase pulse
to a few minutes dependig on the characteristis required.
Thes gratings are low-loss in-line fiber devices tha can be
written into the core noninvasivey when and whetre desired,
offering narrow-baud wavelengh selectia to preci® speci-
fications.

Fiber-optc photosensitivig has indeed openel a new
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era in the field of fiber-optic based devide$.Innovating Bragg Reflector

Output‘ mirror

Argon lon Laser tube
|

new Bragg grating structures find their way in telecommuni-
cation and sensor applications. Devices like filb@bry—
Perot Bragg gratingsfor bandpass filterschirped gratings \/(

T

for dispersion compensation and pulse shaping in ultrashot h {\
work, andblazed gratinggor mode converters are becoming Bogg gmg
routine applications. Fiber-optics sensing is an area that ha
embraced Bragg gratings since the early days of its discov 288
ery. Fiber Bragg gratings have become almost synonymou o scope o
with the field itself. Most fiber-optics sensor systems today ' Scanning Fobry Perof
make use of Bragg grating technology. Detector m
With in a few years from the initial development, fiber u L4

Bragg gratings have moved from laboratory interest and cu- o . _ o
riosity to the brink of implementation in optical communica- F_IG. 1. Dl_stnbuted feedback cw argon ion laser. The fiber reflection filter
. . . ts reflection spectral response is showakes the place of the output
tion and sensor systems. In a few years, it may be as difficultqqcior giving rise to narrow-band oscillatigafter Ref. 3.

to think of fiber-optic systems without fiber Bragg gratings

as it is to think of bulk optics without the familiar laboratory

mirror.. . . terfered with the Fresnel reflected beéfio reflection from
This review article covers the technology of Bragg 9"alihe cleaved end of the fibeand initially formed a weak

ings in optical fibers. It introduces the phenomenon of pho-

itivity in fib . h . ‘B standing-wave intensity pattern. The high intensity points al-
.tosensmvr[.y In Mbers, exgmmest e properties of Bragg gralyy o the index of refraction in the photosensitive fiber core
ings, fabrication techniques, and presents some of th

: k _ o> ._permanently. Thus, a refractive-index perturbation that had
|mportant deve'opm?”ts in devices ar_wq _appllcatlpns. _SeCt'O e same spatial periodicity as the interference pattern was
Il gives a brief overview of photo_sen3|_t|V|ty_ in optical fibers. formed, with a length only limited by the coherence length of
It covers areas such as defects in optical fibers, enhancem(ig}te writing radiation. This refractive-index grating acted as a

technques n photosens!t!v!ty, and the major ?C‘?epte istributed reflector that coupled the forward propagating to
mechanisms of photosensitivity. In Sec. lll, a description ofth

the most popular and efficient techniques for inscribingb
Bragg gratings in optical fibers is given. Techniques such ag
interferometric, phase mask, and point by point are describe

in detail. Section IV describes the various properties o
Bragg gratings and different types of grating structures, som
of which are blazed gratings, chirped gratings, and type |
Bragg gratings. In Sec. V, a description of thematrix for-

was launched into the core of a specially designed fiber in-

e counterpropagating light beams. The coupling of the
eams provided positive feedback, which enhanced the
trength of the back-reflected light, and thereby increased the
tensity of the interference pattern, which in turn increased
the index of refraction at the high intensity points. This pro-
ess was continued until eventually the reflectivity of the
Igrating reached a saturation level. These gratings were, thus,
. ; ; called self-organizedor self-inducedgratings since they
mahsm f(_)r S|mulgt|ng the spectr.al response .Of Bragg gratformed spontaneously without human intervention. The spe-
ings is given. Using this formalism, a few simulations of cially designed fibers were supplied by Bell Northern Re-

some common Bragg grating structures with various ParaMgearch, and had a small core diameter that was heavily doped

eters are calculated. Finally, Sec. VI gives a brief descr|p'uor\1Nith germanium.

,Of the \{arious applications gnd'devices ysing Bragg gratings For almost a decade after its discovery, research on fiber
in the fields of telecommunication and fiber sensors. photosensitivity was pursued sporadically only in Canada us-
ing the special Bell Northern research fiber. During this time,
Il. PHOTOSENSITIVITY OF FIBERS Lam and Garside(1981) showed that the magnitude of the
photoinduced refractive index change depended on the
square of the writing power at the argon ion wavelerg&s
nm). This suggested a two-photon process as the possible
Hill and co-worker$? discovered photosensitivity in  mechanism of refractive-index change. The lack of interna-
germanium-doped silica fiber at the Communication Retional interest in fiber photosensitivity at the time was attrib-
search Center in Canada. During an experiment that was camted to the effect being viewed as a phenomenon present
ried out to study the nonlinear effects in a specially designeanly in this special fiber. Almost a decade later, Sfone
optical fiber, visible light from an argon ion laser was proved otherwise; he observed photosensitivity in many dif-
launched into the core of the fiber. Under prolonged expoferent fibers, all of which contained a relatively high concen-
sure, an increase in the attenuation of the fiber was observettation of germanium.
Following that observation, it was determined that the inten-  Self-organized Bragg gratings are in effect narrow-band
sity of the light back reflected from the fiber increased sig-reflection filters in optical fibers. Hill and co-workérased
nificantly with time during the exposure. This increase inone of these gratings in place of the output reflector of an
reflectivity was the result of a permanent refractive-indexargon ion laser and were able to obtain stable cw oscillation
grating being photoinduced in the fiber. This new nonlinearat 488 nm(see Fig. 1 This represented the first reported
photorefractive effect in optical fibers was called fiber pho-demonstration of distributed feedback oscillation of a gas
tosensitivity. In their experimeritthe 488 nm laser light that laser operated in the visible region of the spectrum. The out-

A. History of photosensitivity and fiber Bragg
gratings
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FIG. 2. Oxygen-deficient germania defects thought to be responsible for the
photosensitive effect in germania-doped silica. An electron is released or
breaking of the bond.
0 T | T |
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put reflector was removed from the laser head and a micro Wavelength (nm)
scope ObJeCtIV? Ien; was usgd, to couple th? be,am into thﬁG. 3. Transmission loss spectrum of a At thick preform before and
core of the optical fiber containing the reflection filter. after being irradiated by 244 nm UV radiati¢after Ref. 1.

Although the discovery of photosensitivity in the form of
photoinduced index changes played a key role in the ad-
vancements of optical fiber technology, devices such as th@ermanium—boron codopirld. Photosensitivity has also
self-inducedgratings were not practical. This was becausebeen observed in a fluorozirconate fifedoped with ceri-
the Bragg resonance wavelength was limited to the argon ioHm:erbium, where Bragg gratings were inscribed using 246
wavelength (488 nm). Slight tunability in the resonance nm radiation.
wavelength could be achieved by longitudinally straining the
fiber during the Bragg grating formation process. However,
this method does not allow the fabrication of gratings tha
have resonance wavelengths in the infrared region, which
of interest in optical communications. Moreover, in the blue-  The fact that the change of the index of refraction in a
green wavelength regions, these gratings are intrinsically urgermanosilica fiber is triggered by a single photon at
stable owing to the continuing photosensitivity of the fiber.~240 nm, which is well below the band gap at 146 nm,
This causes the grating to continually evolve during its usemplies that the point defects in the ideal glass tetrahedral
as a Bragg reflector. The grating can even disappear comnmetwork are responsible for this process.
pletely if it is exposed to light of a different blue-green Defects in optical fibers first attracted attention because
wavelengti? A further problem with self-induced gratings is of the unwanted absorption band associated with them,
their small photoinduced refractive-index charigae to the  which caused transmission losses. These defects are often
two-photon procegsTherefore, to achieve detectable reflec-called color centers due to their strong absorption. Normally,
tivities, long gratings are required, thus, making these typethese defects are caused by the fiber drawing prdceswd
of gratings not useful for localized sensing. ionizing radiatior?® A great deal of researéhhas been di-

In 1989, Meltzet al?® showed that a strong index of re- rected in minimizing the formation of these defects. How-
fraction change occurred when a germanium-doped fiber wasver, with their implication to fiber Bragg gratings, the role
exposed to UV light close to the absorption peak of aof the defects in optical fibers has changed dramatically.
germania-related defect at a wavelength range of 240-250 Experimental results suggest that Gev8bng bonds
nm. Figure 2 shows an oxygen-deficient germania defecare responsible for the photosensitivy of modified chemical
thought to be responsible for the photosensitivity invapor depositiofMCVD) germanosilica fiber. Although it
germania-doped silica. The peak wavelength of absorption adippears that the Ge—Si wrong bond has a high efficiency for
the well-known GeO defect is at 240 nm1° This absorp- triggering the processes responsible for the index change in
tion has been shown to bleach when exposed to U\he glass, it must be made clear that Ge—Si bonds may not be
radiation!*? as shown in Fig. 3. Hand and RusSalevel-  the only trigger mechanism, just the most efficient found so
oped a model to explain the change in the index of refractiorfar. The Ge-Siwrong bond has an absorption band at
by relating it to the absorption changes via the Kramer— 240 nm?2 Ultraviolet light processing leads to a bleaching
Kronig relationship. The model proposed the breaking of theof this absorption bant? resulting in the creation of new
GeO defect resulting in a GéEenter with the release of an defects, and hence, the evolution of new absorption bands.
electron, which is free to move within the glass matrix until The creation of defect bands has been repdft&d® cen-
it is retrapped. tered at 195, 213, and 281 nm. The radiation induced defect

Fibers, other than the ones doped with germanium, alsoenters were identified and characterized by electron spin
exhibit photosensitivity phenomena. Fibers doped withresonance spectroscopESR. In 1986, Friebele and
europium®* cerium?® and erbium:germaniurtRef. 16 show  Griscont® were the first to report on what is now termed the
varying degrees of sensitivity in a silica host optical fiber,Ge(1)", Ge(2) , and GeE defect centers. The Ge(1)and
but none is as sensitive as the germania. One fiber dopinGe(2)  centers are composed of an electron trapped at a
producing large index modulatiorief the order of 10%) is  four coordinated Ge substitutional for Si in the Si@trahe-

itg. Defects in germanosilica optical fibers
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dral network, with the Ge(I) center being coordinated to 7%
four O-Si bonds, and the Ge(2)center to one O—-Ge and —‘E‘ 50
three O—Si bond® The GeE center is axially symmetric, S
consisting of an unpaired electron trapped at an oxygen va- _E 40
cancy in thesp® orbital of a single germanium back bonded £ |
to three neighboring oxygens forming a trigonal pyramid. § 30+
It is well established that the Ge—Si and Ge—~@@eng 5 204
bondsare responsible for the photosensitivity of germano- ‘g
silica glass. Photoionization of therong bondsriggers the é’ 10
processes responsible for the index change in fiber. Irradia-
tion with ~240 nm UV light ionizes avrong bondto form a 0 . .

2 250 300
GeE center. The electron released in this process may re- Wavelength (nm)
combine immediately with its GEEcenter to give recombi-
nation luminescence, or it may diffuse through the matrixFIG. 4. Optical absorptioon spectr_a of a g(_ermanosilica preform rod heated in
until it becomes trapped at a (@ of Ge(2) center to form a 2 He @tmosphere at 500 °C for different timéfter Ref. 31.

Ge(1)” or Ge(2) center, respectivel§/?

(=]
o

a germanosilica preform rod heated in a hydrogen atmo-
sphere at 500 °C for different times are shown in Fig: 4.
Photosensitivity of optical fibers may be thought of as aThe growth of the broad 240 nm absorption band is clearly
measure of the amount of change that can be induced in thevident. This indicated that the reaction of hydrogen mol-
index of refraction in a fiber core following a specific expo- ecules at Ge sites produced germanium—oxygen deficiency
sure of UV light. Since the discovery of photosensitivity andcenters assigned to the broad 240 nm absorption band.
the first demonstration of grating formation in germanosilica  Figure 5 shows the absorption spectrum changes in the
fibers, there has been considerable effort in understandingfrared for a germanosilica fiber exposed to 1 atm pressure
and increasing the photosensitivity in optical fibers. Initially, of hydrogen gas at 100 °C. The sharp absorption peak at 1.24
optical fibers that were fabricated with high germanium dop-um, due to molecular hydrogen, is saturated after 10 h. The
ant levels or under reduced oxidizing conditions were proverabsorption band due to OH formation, is comprised of two
to be highly photosensitive. Recentlyydrogen loading (hy- absorption peaké closed together, which emerge in the
drogenation), flame brushin@ndboron codopindhave been spectra after 10 h of treatmenthsorption peaks at 1.3ém
used for enhancing the photosensitivity of germanosilica fi{Si—OH) and 1.41um (Ge—OH]. This indicates that hydro-
bers. In addition to the above techniques, exposure with 198en molecules react with germanosilica glass and form OH
nm ArF excimer laser radiation proved to be an alternativeabsorbing species. Figures 4 and 5 suggest that the
method for inscribing strong Bragg gratings in fibers withoutgermanium—oxygen deficiency centers and OH species are
the need of H loading. This method may be thought as aformed from thermally driven reactions between hydrogen
photosensitive enhancement technique to the usual 240-2%Md germanosilica glass. The inscription of Bragg gratings in
nm band irradiation for inscribing Bragg gratings in ger- hydrogen loaded fiber undoubtedly involves both thermal
manosilica fibers. and photolytic mechanisms. Atkins and his co-work&ns-
vestigated the thermal effects by exposing germanosilica
glass(loaded 1 mol % hydrogeno a CQ laser operating in

Hydrogenation or hydrogen loading of optical fibers is a5 o\ mode for 10 s. The CQaser beam was absorbed by
simple technique for achieving very high UV photosensitiv-

ity in germanosilica optical fibers. Hydrogen loadifig car-
ried out by diffusing hydrogen molecules into fiber cores at
high pressures and temperatures. This technigue, which er

C. Enhanced photosensitivity in silica optical fibers

1. Hydrogen loading/hydrogenation

i

i
hances photosensitivity, allows permanent changes in the fi %07 | 7 3 hous I
ber core index of refractiofas high as 0.02following UV sl |77 10 hours ,f I
. .. . . 1 |-—-—- 48 hours :
irradiation (this change is of the same order as the core/ ¢ —__191 hours ,l:
cladding index differende It should be noted that the in- % 204 /
creased fiber/waveguide photosensitivity as a result of hydro-y //

gen loading is not a permanent effect, and as the hydroger= 15
diffuses out, the photosensitivity decreases. z
Measurements of spectral response in the infrared of UV § 107
irradiated hydrogenated samples indicated the formation of 5
OH absorbing species. On the other hand, UV irradiation of -\ ,
untreated samples showed no OH formafioff It appears 3
the hydrogen molecules react in the glass at normal Si- 1.0 12 1.4 1.6 1.8 2.0
O-Ge sites, forming OH species and UV bleachable germa- Wavelength (um)
nium oxygen deficiency centers, which are responsible fofig 5. absorption spectrum changes in the IR for a germanosilicate fiber
the enhanced photosensitivity. Optical absorption spectra afxposed to 1 atmospheric pressure of hydrogen gas at 1(4fte€ Ref. 3.

C
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500 strong absorption band at 240 nm in the Ge-doped core, ren-

2 dering the core highly photosensitive so that UV light can
E 4009¢ induce a significant change in its refractive index. This
H\Ea '* After exposure flame-brush technique has been used to increase the photo-
B 3007 ¢ to CO, heating sensitivity of standard telecommunications fiber by a factor
c L) L. . .
S 3 greater than 10, achieviffchanges in the index of refrac-
3209 tion >10"3. The enhanced photosensitivity techniques of
§ 100 ”-q flame brushing and hydrogen loading follow the same con-
a cept. In both cases, hydrogen is used in a chemical reaction
o * with germanosilica glass to form germanium—oxygen defi-
j — : , . o ciency centers that are responsible for the photosensitivity.

175 200 225 250 275 The formation of Bragg gratings in flame-brushed germano-
Wavelength (nm) silica fibers undoubtedly involves both thermal and pho-
tolytic mechanisms, except in this case, the thermally driven

FIG. 6. UV spectra of 1 mol % kloaded germanosilicate glass befre) . . . .
and after(M) 10 s exposure to a CJaser bearafter Ref. 30. chemical reactions occur simultaneously as the hydrogen dif-

fuses into the core at elevated temperatures. Subsequent UV

the glass, resulting in equivalent heat of 600 °C. The lerradlatlon then bleaches the germanium—oxygen deficiency

. - center band giving rise to index changes.
absorption spectrum, shown in Fig. 6, clearly shows growth There are several advantages in enhancing fiber photo-

of the germanium-—oxygen deficiency-center band near 249, iy iy by the flame-brushing technique. The increased
nm, from 20 dB/mm before heating to 380 dB/mm after heat- y Dy the . Shing que.
ing photosensitivity in the fiber is permanent, as opposed to hy-

. : .- : rogen loading where the fiber loses its photosensitivity as
The simplest mechanism envisioned for the formation Of[jhe hydrogen diffuses out of the fiber. It allows strong Bragg

ﬁ;a%gvgiﬁg%?iéz ?g%%?i?g?ﬂg?y%ﬁgﬁgﬁ;'Iéﬁi/ggiresag?r@ratings to be fabricated in standard telecommunications fi-
tions forming germanium—oxygen deficiency centers. This isbers that typically exhibit no intrinsic photosensitivity. Lo-
. ) . " calization of photosensitivity due to the relatively small
followed by an immediate UV bleaching of the germanium—g. o1 be used to brush the fiber. However one mai
. o . . . , jor
oxygen deficiency centers giving rise to index changesd - . . .
L rawback in this technique is that the high-temperature flame
There are several advantages of enhancing fiber photosen§,\|l—e akens the fiber
tivity through “hydrogen loading.” The first and foremost '
advantage is that hydrogenation allows strong Bragg gratings
to be fabricated in any ge_rmanosilica fi_ber, including stan-; ooron codoping
dard telecommunications fibers that typically have low ger-
manium concentration, and hence, low intrinsic photosensi- Boron as a codopant in germanosilica fiber enhances UV
tivity. Second, permanent changes occur only in regions thaghotosensitivity in optical fiber¥ A comparison of the rela-
are UV irradiated. Finally, unreacted hydrogen in other sective photosensitivity of four different types of fibers includ-
tions of the fiber slowly diffuses out. Thus, leaving negli- ing boron codoping is given in Table I. The fibers were irra-
gible absorption losses at the optical communication windiated with modest power intensities of 1 Wfifrom a
dows. frequency-doubled cw argon ion laser until the grating re-

It should be pointed out that the tail of the OH broad- flectivity saturated. The results showed that the fiber contain-
band absorption peak at 1.39 and 14t resulting from ing boron had an enhanced photosensitivity. This fiber was
gratings written in H loaded standard single-mode optical much more photosensitive than the fiber with higher germa-
fibers introduces losses, which are often unacceptable to tel®ium concentration and without boron. In addition, saturated
communication network systems designers_ However, bjndex changes were higher and achieved faster than for any
loading fiber with deuterium instead of hydrogen, the UV of the other fibers. This implies that there is an additional
induced absorption peak is shifted to longer wavelengths, ounechanism operating in the boron-codoped fiber, which en-
of the erbium amplifier band of 1.56m.>3 hances the photoinduced refractive-index changes.

The germanium—boron-codoped fili@able ) was fab-
ricated with a germanium composition of 15 mol %. In the
absence of boron, this fiber would have a refractive-index

Flame brushing is a simple technique for enhancing thalifference of 0.025 between the core and cladding. However,
photosensitivity in germanosilica fib&.The region of the when the preform was drawn into fiber, the measure value
optical waveguide to be photosensitized is brushed repeater An dropped to 0.003. It appears that the addition of bo-
edly by a flame fueled with hydrogghydrogen-rich flame  ron reduces the core index of refraction. This result is not
and a small amount of oxygen. The flame reaches a temperaurprising, as it is known that the addition of boron oxide to
ture of approximately 1700 °C. The photosensitization pro-silica can result in a compound glass that has a lower index
cess takes approximately 20 min to complete. At these tensf refraction than that of silicZ Studies have shown that the
peratures, the hydrogen diffuses into the core of the fibeboron-doped silica glass system results in lower refractive-
very quickly and reacts with the germanosilica glass to proindex values when the glass is quenched, while subsequent
duce germanium—oxygen deficiency centers. This createsthermal annealing causes the refractive index to increase.

2. Flame brushing
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TABLE |. Photosensitivity comparison of four different types of figRef. 35.

Time for
Saturated index  Maximum reflectivity reflectivity to reach
Fiber design FibeAn modulation for 2 mm Bragg grating saturation
Standard low-loss fiber ~ 0.005 3.510°° 1.2% 2h
4 mol % germania
High index fiber 0.03 2.5¢10°* 45% 2h
20 mol % germania
Reduced fiber 0.01 5 x10°4 78% 1h
10 mol % germania
Boron-codoped fiber 0.003 7 x1074 95% 10 min

15 mol % germania

This is consistent with the fact thatn dropped from 0.025 much less effective than a standard fiber that has enhanced
to 0.003 when the preform was drawn into fiber, since fiberphotosensitivity.

are naturally quenched during the drawing process. This ef-

fect is assumed to be due to a buildup in thermoelasti- ArF excimer vacuum UV radiation

stresses in the core of the fiber, resulting from the large dif-  photosensitivity, and hence, the inscription of Bragg
ference in thermomechanical properties between the boromyratings in optical fibers has been associated with the bleach-
containing core and the silica cladding. It is well known thating of an absorption band located near 5.0 €45 nm
tension reduces the refractive index through the stress-optisang. Recently, however, it has been demonstrated that
effect. Ultraviolet absorption measurements of the fiber beBragg grating devices can be inscribed in telecommunication
tween 200 and 300 nm showed only the characteristigibers using the ArF excimer vacuum UV radiation at 193
germanium—oxygen deficiency-center peak at 240 nm. Tham383° Albert and co-worker® fabricated fiber Bragg grat-
boron codoping did not affect the peak absorption at 240 nmings using a KrR248 nm and ArF (193 nm excimer laser
nor the shape of the 240 nm peak, and no other absorptiofiyht with a phase mask. Bragg gratings fabricated using 193
peaks were observed in this wavelength rafigehe absorp-  nm irradiation appeared to develop much stronger reflectivity
tion measurements suggest that boron codoping does not effran gratings inscribed with 248 nm under similar excitation
hance the fiber photosensitivity through production ofconditions. It is clear from their results that the 193 nm ex-
germanium-—oxygen deficiency centers as in the case of hytimer laser source provides an efficient technique for inscrib-
drogen loading and flame-brushing techniques. Instead, it ijg refractive-index patterns in Ge-doped silica fibers. An
believed that boron codoping increases the photosensitivitydvantage of using shorter-wavelength light in inscribing
of the fiber by allowing photoinduced stress relaxation toBragg gratings is the possibility of higher spatial resolution
occur. In view of the stress induced refractive-index changes diffraction-limited techniques, such as the point-by-point
known to occur in boron-doped silica fibers, it seems likelywriting.

that the refractive index increases through photoinduced

stress relaxation initiated by the breaking of the wrong bonds ) ) o
by UV light. D. Mechanism of photoinduced refractive index

Table Il shows a comparison of photosensitivity of vari- change

ous fibers and enhancing technigdé3he results show that Bragg gratings have been written in many types of opti-

standard telecommunication fibers are not very photosenseal fibers using various methods, however, the mechanism of
tive, showing little difference between different varieties ofindex change is not fully understood. Several models have
standard fiber. The higher germanium-doped Cornipgy- been proposed for these photoinduced refractive-index
out’ fiber is more photosensitive than standard fibers, but ischanges. The only common elements in these theories is that

TABLE Il. Comparison of the photosensitivity of various fibers and enhancing techni&efs37.

GeG, in fiber core Reflectivity of 1.5 mm Time required to
Fiber type mol % Bragg grating % inscribe the grating

Philips, matched cladding 5 17 60 min
Philips, depressed cladding 4 20 60 min
Deeside fiber 5 17 60 min
Corning payout fiber 8 29 90 min
Hydrogenated standard fiber 4 60 10 min
High index fiber 20 77 10 min
Reduced fiber 12 97 5 min
Boron codoped 17 91 1 min
Hydrogenated boron- 17 87 10s

codoped fiber
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the germanium—oxygen vacancy defects, Ge—-Si or Ge—-G
(the so-called Yrong bonds) are responsible for the photo-
induced index changes.

During the high-temperature gas-phase oxidation pro-g¢
cess of the modified chemical vapor deposition technique £ 3%
Ge(O, dissociates to GeO due to its higher stability at el- £
evated temperatures. This species, when incorporated imé 200
the glass, can manifest itself in the form of oxygen vacancy g
Ge-Si and Ge—Ge “wrong bonds.” Since highly doped ger- §
manosilica core optical fibers are photosensitive to UV ra-
diation in the range of 240-250 nm, these oxygen vacanc)
defects have been directly linked to the mechanism of photo
induced refractive-index changes in each of the proposel 49 210 230 280 270 200
models. Although there is experimental evidence for the va- Wavelength (nm)
lidity of some of the proposed models, there are conflicting
reports regarding their calculated contribution to the meaF'rCi;-nTal:VS;‘;SOfg:E”resﬂFﬁg? be:gfizo”?n"gﬁ) :2‘; ?ffééi?;tﬁ? gi”n? o
sured induced refractlve—mdgx Chang?' It is bellev_ed tI‘]aﬂlodegfiber. Thoepchange in atttgngatimglid circleg is also shown(afterg
more than one process is involved in the photoinduceget. 12.
refractive-index changes, and hence, to the grating formation
dynamics. Below, some of the proposed models will be dis-

400

cussed. Bragg grating with 81% reflectivitysee Fig. J. The band at
241 nm is partially bleached and new absorption bands arise.
1. Color center model Using the Kramers—Kronig relation, the observed changes in

. e absorption spectrum indicated that only 16% of the index
The _color center .model assumes Fhat photomdl_Jce hange inferred from the reflectivity of the grating can be
changes in the absorption spectrum give rise to change in thaeccounted for. It seems that the attenuation at wavelengths
index of refraction through the Kramers—Kronig relation- o, 50 nm: which could not be measured due to measure-
ship. The Kramers—Kronig relationship giverfas ment limitations, could be responsible for a substantial part
€(N) of the index change.
e(N)=1+ j N —N dn’, (2.1) Atkins et al?* reported a more detailed study of absorp-

) ) . ) tion changes in optical fiber preforms cores. They measured
relates the real and imaginary parts of the dielectric ConStaVHbsorption changes between 165 and 300 nm, for 3 mol %
e=e,tle=(n+ '_")2’ wheren is the refractive index and  germania MCVD optical fiber preform cores before and after
is the absorption index. The relationship arises from the caug)y, exposure. The absorption changes observed in the region
sality condition for the dielectric response and demonstrategs >00_300 nm, were consistent with those previously
that the index change produced in the infrared/visible regio'?eportedz when phase gratings were written into fibers. Fig-
of the spectrum by the photoinduced processing results fron),e g shows the UV absorption spectra of the optical fiber
a change in the ab_sorption spectrum of the glass in the val)reform core befor¢Fig. 8 ()], and after 30 min UV expo-
far-UV spectral region. sure[Fig. 8(ii)]. The induced UV spectra changes are shown

In this model, proposed by Hand and Russ&lV ex- iy Fig. giii). It is evident that the 240 nm band is bleached,

posure changes the material properties of the glass and intrgpq 5 strong and broad absorption band centeredl@6 nm
duces new electronic transitions of defettslor centers

The underlying premise of this model is that the photosensi-
tive effect arises from localized electronic excitations of de-
fects. The wrong-bond defects, which initially absorb the 4007
light, are transformed to defects that are more polarizable b _
virtue of the fact that their electronic transitions occur at £ 3004
longer wavelengths or have stronger transitions. §
According to the color center model, the refractive index 2 200
at a point is related only to the number density and orienta§
tion of defects in that region and is determined by their elec-% 100 -
tronic absorption spectra. §
Williams and co-workers measured the changes, be- 04
tween 200 and 350 nm, in the absorption spectrum of ger
manosilica glass fibers that were irradiated with UV light. .00 ——————————
The inferred refractive-index change using the Kramers- 180 200 220 240 260 280
Kronig calculation was within a factor of 3 of that estimated Wavelength (nm)
fr(.)m tqg reflectivity of the Bra.'gg grating. Atkins and IG. 8. UV absorption spectra of 3 mol % germania MCVD optical fiber
Mizrahi™ reported on the absorption spectrum, between 20Qreform core(i) before andii) after 30 min of UV exposure. The induced
and 300 nm, of a fiber core before and after inscribing auv spectral changes are shown(iii) (after Ref. 24.
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grating is thermally erase@quare} (after Ref. 25. Refractive index
grating

is present. It is believed that this absorption band corre-

sponds to the Ge€Ecenter. Kramers—Kronig calculations of FIG. 10. Response of a photorefractive material to a sinusoidal spatial light
the absorption changes shown in Fig. 8 resulted in a calclPa!e™

lated index change, which was in good agreement with the

index changes estimated from a Bragg grating written in fi-SIt€S t0 from negatively charged G¢ and G€2) _ electron

. 7 —
bers of similar composition and under the same UV expoIrapS'feSpeCt'Ve@' The GeE hole traps and G&)~ and
sure. Ge2)” electron traps result in electric dipoles with spacing

Atkins et al?* also found that the induced absorption of the order of several angstroms. Each resulting dipole will

changes could be completely reversed by heating the fiber 8f0duce a static dc polarization field that extends many mo-
900 °C for 60 min and subsequently duplicated by reeXloolecular spacings. These static ele_ctrlc fields induce local in-
sure at the same intensity and duration used in the first ed€x Of refraction changes proportional B8 through the dc
posure. Figure 9 shows the growth of a Bragg grating writter<€"" €ffect. During the writing process of a Bragg grating,
in AT&T Accutether fiber(10 mol % germanigwith UV when the fiber is exposed to UV interference pattern, the free

exposure and upon thermal erasure by heating from & Cdalectrons in the high intensity regions will diffuse until they
laser. The grating was rewritten under the original UV expo-2'€ rapped by defects in the low intensity regions. This re-
sure conditions. No significant change in the photosensitivinfiStribution of charges within the fiber will create periodic
of the fiber was observed. The bleaching of the absorptioyPace-charge electric fields. The periodic refractive-index
band and subsequent creation of new absorption bandd'ange is proportional ta¥E?, where x'* is the third-
agrees with the redistribution of defects first suggested b)(?_rder nonlinear coefﬂ_ment, ard is the electrlg f'el_d of the
Hand and Russeff The fact that the absorption changes dipole source. The d'pOIG_ model was partly |nsp|re_d by the
reverse as a grating is heated is consistent with mechanisrRbtorefractivity models in crystals, where there isr£2

of grating formation in which the absorption changes play aohase shift of the !ndex change rglau_ve to the mterference
major role. It is interesting to point out that their results arePattern of the UV light as shown in Fig. 10. Although this
in conflict with other reported resuffsin which each cycle Mechanism works very well for photrefractive crystals, it

of writing and erasing a grating was found to reduce thegMight be difficult to justify in the case of photosensitive
fiber's photosensitivity. Nevertheless, there is strong evifiPers due to the large numbgr dgr315|ty of dipoles required
stimates of at least X108 cm™3 GeE centers are

dence linking the mechanism of refractive-index changes, 4€ ired
least in part, to the color center model. To date, the colof®quI'e ).
center model is the most widely accepted model for the for- .

. . . - 3. Compaction model
mation mechanism of Bragg gratings, however, it is not clear

whether this model alone can always account for all the ob- ~ The compaction model is based on laser irradiation in-
served index changes. duced density changes, which lead to index of refraction

changes. Irradiation by laser light at 248 nm at intensities
well below the breakdown threshold has been shown to in-
duce thermally reversible linear compaction in amorphous
The dipole model is based on the formation of built-in silica leading to index of refraction changes. Fiori and
periodic space-charge electric fields by the photoexcitatioeviné® used a KrF excimer laser to irradiate thin-film
of defects. Photoionization of the germanium—oxygen defia-SiO, samples grown on Si wafers. Figure 11 shows the
cient centers, Ge—Si or Ge—Ge, creates positively chargedhriation of this oxide thin-film thickness as a function of an
GeFE hole centers and free electrons. The free electron difaccumulated UV dose for a nominally 100 nm oxide sample.
fuses away and gets trapped at neighboringlGand G¢2) At an accumulated dose of 2000 Jfcnit is obvious that

2. Dipole model
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index. During UV irradiation, the wrong bonds break and
promote relaxation in the tensioned glass, hence, reducing
frozen-in thermal stresses in the core.

In this model, the refractive-index changes result as a
consequence of stress relief in the core of the fiber. This
mechanism is initiated by breakage of the “wrong bond” by
UV light. Although there is an abundance of breakable
“wrong bonds” in germanosilica core fibers, this is not the
case for pure silica core fibers, which are not photosensitive
in the UV. Like the compaction model, the stress-relief
model is also relatively new and more research will be re-
quired to accurately determine its validity.

-2.25

-2.00

Refractive Index

-1.75

Nomalized Oxide Thickness

—1.462

- —
10 10 10 10
Accumulated Dose (Jjem’) lll. INSCRIBING BRAGG GRATINGS IN OPTICAL

FIG. 11. Observed compaction of a 100 nm thick oxide as a function ofFIBERS

accumulated UV dosgircle); the same sample after thermal annealing for A Externally written Bragg gratings in optical fibers
1 h at 950 °C in vacuungsolid circle. Evolution of the refractive index

during laser irradiatior{solid squark (after Ref. 43. Inscribing Bragg gratings in optical fibers is a formi-
dable task. The requirement of a submicron periodic pattern
makes the stability a severe constraint on the techniques able
to write Bragg gratings in optical fibers. To date, there are
only a few externally written fabrication techniques, namely,

index during laser irradiation. After annealingrfd h in a . . . :
6 R . : the interferometric technique, the phase mask technique, and
vacuum 10° Torr at 950 °C, the compaction disappeared ; : .
the point-by-point technique.

and the original thickness and preirradiated refractive-index
v_alue was retrit_eved. Co_ntinued accu_mulatio_n of UV irra_dia- 1. Interferometric fabrication technique

tion beyond this reversible compaction regime led to irre- he interf ic fabricati hni he fi

versible compaction until the film was entirely etched after a T € Inter erqmetnc a ru;anon tec nique, t € Irst exter-
total accumulated dose of 17 000 JfcrAn approximate lin- n'all er_tlng technique of forming Bragg grat|3ngs 'T‘_pho“’se”'
ear relationship has been found between the index of refrac,s’—'t've fibers, was demopstrateq by Memzal. It. ut|I|;ed an
tion and the density changd {//V) by simply transforming interferometer that split the incoming UV light into two

the measured thickness variation into a volume variation usbeamS and then recombined them to form an interference

ing (AV/V)=3(At/t)/(1+20), whereo is the Poisson’s pattern. The fringe pattern was used to expose a photosensi-

ratio andt is the thickness. Fiori and Devifiealso measured tive fiber, inducing a refractive index modulation in the core.

the refractive-index variation in hydrostatically compressed®'299 gratings in optical fibers have been fabricated using
silica as a function of pressure. Their results were in ver,?Oth @mplitude splitting and wave-front-splitting interferom-

good agreement with those found in laser compacte(?ters' These two different types of interferometers will be

a-Si0,, which confirmed their hypothesis that laser and hy_examined nlgxta litting interf litud
drostatically induced compaction arise though similar physi- _(f"‘) Amp ltude-splitting Inter erometeln an amp |.tu e
cal mechanisms. This result led them to suggest that the phé‘p“ttlng interferometer, the UV writing laser light is split

nomenon of compaction @f-SiO, proceeds through internal into two equal intensity beams and are later recombined after
structural rearrangements in the material and not primarilyfaversing through two different optical paths. This forms an
through a process of defect creation. interference pattern at the core of a photosensitive fiber. Cy-

The compaction model is relatively new and it has notImdncal lenses are normally placed in the interferometer to

been examined thoroughly. Although there is some Wonjocus the interfering beams to a fine line matching the fiber
published on compaction in germanosilicate fibers, nofO'e: The Brggg grating pgrloak, which is identical to the
enough is known yet in this area. period of the interference fringe pattern, depends on both the

irradiation wavelength\,,, and the half-angle between the
intersecting UV beamsp (Fig. 12.
The period of the grating is given by

Aw
- 2sing’

there is a reduction in the thickness of the filiapproxi-
mately 15% and a corresponding evolution of the refractive

4. Stress-relief model

The stress-relief mod¥lis based on the hypothesis that A
the refractive-index change arises from the alleviation of
built-in thermoelastic stresses in the core of the fiber. Thevhere\,,, is the UV wavelength an@ is the half-angle
fiber-optic core in a germanosilica fiber is under tension duéetween the intersection UV beartsee Fig. 12 Although
to the difference in the thermal expansion of the core and théhe interference pattern is formed in gldwsthin the core of
cladding as the glass is cooled below the fictive temperaturthe optical fibey, its period is the same as it would be if the
during fiber drawing. Through the stress-optic effect, it isbeams were interfering in air. This is a result of the refraction
known that tension reduces the refractive index and is, theresf the beams coupled with the shortening of the wavelength
fore, expected that stress relief will increase the refractiveas they enter the glass. The Bragg conditiag=2nA,

(3.9
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FIG. 12. Experimental setup for the production of Bragg gratings in optical
fiber by UV irradiation interferometer method. FIG. 13. Schematic of prism interferometer for fabricating Bragg gratings.

(derived in Sec. IV states that the Bragg resonance Wave_f[erferometers that have been used to fabricate Bragg gratings

length,\g, in the core of the fiber is twice the product of the Ilj og,tlcgl f|?ers are flt7he prism interferomefet® and the
effective core indexn, and the period of the grating. Hence, oyAs |rr]1ter er_omftﬁ o ; din fabri
a Bragg grating resonance wavelength can be represented.in schematic of the prism Interferometer used in fabricat-

terms of the UV writing wavelength and the half-angle be-NY Bre_lgg grating is _shown ir_1 Fig. 13. The pris_m Is made
tween intersecting UV beams as from high homogeneity ultraviolet-grade fused silica allow-

ing for good transmission characteristics. In this setup, the

UV beam is expanded laterally by refraction at the input face

E— (3.2 of the prism. The expanded beam is spatially bisected by the
sin ¢ prism edge, and half of the beam is spatially reversed by
total internal reflection from the prism face. The two half-

From Eqg. (3.2 one can easily see that the Bragg gratingbeams are then recombined at the output face of the prism,
wavelength can be varied either by changing and/or¢.  giving a fringe pattern parallel to the photosensitive fiber
The choice oh,, is limited to the UV photosensitivity region core. A cylindrical lens placed just before the setup helps in
of the fiber, however, there is no restriction set on the ChOiC%rming the interference pattern on a line along the fiber
of the anglep. core.

The most important advantage offered by the amplitude-  The experimental setup for fabricating gratings with the
splitting interferometric fabrication technique is the ability to |loyd interferometer is shown in Fig. 14. This interferometer
inscribe Bragg gratings at any wavelength. This is accomconsists of a dielectric mirror, which directs half of the UV
plished by simply changing the intersecting angle betweembeam to a fiber that is perpendicular to the mirror. The UV
the UV beams. This method also offers complete flexibility heam is centered at the intersection of the mirror surface and
for producing gratings of various lengths, which allows thefiber. The overlap of the direct and deviated portions of UV
fabrication of wavelength narrowed or broadened gratingspeam creates interference fringes normal to the fiber axis. As
Furthermore, unique grating geometries, such as linearlih the case of the previous interferometers, a cylindrical lens
chirped gratings, can be produced by using curved reflecting ysually placed in front of the system to focus the fringe
surfaces in the beam delivery path. pattern along the core of the fiber.

The main disadvantage of the amplitude-splitting inter- A key advantage of the wave-front-splitting interfero-
ferometric technique is its susceptibility to mechanical vibra-
tions. Displacements as small as submicrons in the position

Ny

Ag

. . . . Broadband
of mirrors, beam splitter, or mounts in the interferometer can E?‘n?sourge

cause the fringe pattern to drift, washing out the grating. fpor
Furthermore, due to long separate optical path lengths in- . cence rom N

volved in the interferometers, air currents, which affect the  tefwoUvbeams Mosk

refractive index locally, may cause a problem in the forma- / 'T\\ / < ﬁ\\
tion of a stable fringe pattern. In addition to the above short- \i/ ) \i < ‘{ ——
comings, quality gratings can only be produced with a laser rormation of \//// - | } UV beam
source that has good spatial and temporal coherence with  segggmaing ’\\;‘\\\ |
excellent output power stability. { N T T <«

(b) Wave-front-splitting interferometersWave-front- S Miror T VT
splitting interferometers are not as popular as the amplitude- T T
splitting interferometers for grating fabrication. However, Opfical spectrum

analyzer

they have some useful advantages over the amplitude-
splitting interferometers. Two such wave-front-splitting in- FIG. 14. Schematic of Lloyd interferometer for fabricating Bragg gratings.
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pattem Optical Fiber FIG. 16. Experimental arrangement of for narrowing the linewidth of an
‘ excimer lasefafter Ref. 48.
o —= Fiber holder These spectrally narrow linewidth excimer lasers may oper-

ate for extended periods of time on the same gas mixture
with little changes in their characteristics. Commercially
available narrow linewidth excimer systems are complicated
FIG. 15. Experimental setup of an excimer pump dye IaserwithafrequenC)QSCi"ator amplifier configurations, which make them ex-
doubled BBO crystal for generating UV light at 245 nm for inscribing Bragg tremely costly. Othonos and L‘@edeveIOped a low-cost
gratings in an interferometer. simple technique where existing KrF excimer lasers may be
retrofitted with a spectral narrowing system for inscribing

¢ is that onl tical C 4. Thi Bragg gratings in a side written interferometric configura-
meters 1S that only oné optical component IS USed. 'Sion. In that work, a commercially available KrF excimer

greatly reduces the sensitivity to mechanical vibrations. “]aser(Lumonics Ex-600 was modified to produce a spec-
addition, the short distance where the UV beams are SePFally narrow laser beaniFig. 16 with a linewidth of ap-

rated reduces the Wave-'front distortion induced by air cur, roximately 4< 10" 12 m. This system was used to success-
rents and temperature differences between the two mterfes)-

Cylindrical
Lens

: . ully inscribe Bra ratings in photosensitive optical
ing beams. Furthermore, this assembly can be rotated eas %grs“s 9% 9 g P P

to vary the angle of intersection of the two beams for wave- An alternative to the above system, which is becoming
length tuning. One disadvantage of this system is the "m'tai/ery popular is the intracavity frequency-double argon ion

tion on the grating length, which is restricted to half of the lasef® that uses beta-barium bora®BO). This system ef-

beam width. Ano.ther d|§adyantagg is the range OT Brang?iciently converts high-power visible laser wavelengths into
wavelength tunability, which is restricted by the physical ar-deep ultraviolet(244 and 248 nm The characteristics of
rangement of the interferometers. That is, as the intersectio, ese lasers include unmatched spatial coherence, narrow

angle increases, the difference between beam path lengt Rewidth and excellent beam pointing stability, which make

increases. Therefore, th_e_ beam coherence length limits th&ﬁjch systems very successful in inscribing Bragg gratings in
Bragg wavelength tunability. optical fibers'®

(c) Laser source requirementtaser sources used for
inscribing Bragg gratings via the above interferometric tech- )
niques must have good temporal and spatial coherence. Tife P1ase mask technique
spatial coherence requirements can be relaxed in the case of One of the most effective methods for inscribing Bragg
the amplitude-split interferometer by simply making suregratings in photosensitive fiber is the phase-mask
that the total number of reflections are the same in both armsechnique’®®! This method employs a diffractive optical el-
This is especially critical in the case where a laser with lowement(phase maskto spatially modulate the UV writing
spatial coherence, like an excimer laser, is used as the sourbeam(see Fig. 1¥. Phase masks may be formed holographi-
of UV light. The temporal coherence has to be at least theally or by electron-beam lithograph§ Holographically in-
length of the grating in order for the interfering beams toduced phase masks have no stitch error, which is normally
have a good contrast ratio, thus, resulting in good qualitypresent in the electron-beam phase masksowever, com-
Bragg gratings. The above coherence requirement togetheficated patterns can be written into the electron beams fab-
with the UV wavelength range need&t0-250 nmforced  ricated maskqquadratic chirps, Moire patterns, etcThe
researchers to initially use very complicated laser systems.phase-mask grating has a one-dimension surface-relief struc-

One such system consists of an excimer pumped tunablerre fabricated in a high-quality fused silica flat transparent
dye laser, operating in the range of 480—500 nm. The outpub the UV writing beam. The profile of the periodic gratings
from the dye laser is focused on a nonlinear crystal to doublés chosen such that when an UV beam is incident on the
the frequency of the fundamental ligtiig. 15. Typically, = phase mask, the zero-order diffracted beam is suppressed
this arrangement provides 10—-20 ns pulsgspending on to less than a few perceftypically, less than 5%of the
the excimer pump lasgrapproximately, 3—5 mJ with excel- transmitted power. In addition, the diffracted plus and minus
lent temporal and spatial coherence. An alternative to thidirst orders are maximized; each containing, typically, more
elaborate and often troublesome setup is a specially designéldan 35% of the transmitted power. A near-field fringe
excimer laser that has a long temporal coherence lengthpattern is produced by the interference of the plus and
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FIG. 17. Schematic of the phase-mask technique for photoimprinting &G, 18. Schematic of the phase-mask geometry for inscribing Bragg grat-
refractive-index Bragg grating in a photosensitive optical fiber. ing in optical fibers. The plus and minus first-order diffracted beams inter-
fere at the fiber core, placed at a distahctom the mask.

minus first-order diffracted beams. The period of the fringes

are one-half that of the mask. The interference pattern phQ; qers that interfere to form the fringe pattern on the fiber
toimprints a refractive-index modulation in the core of a pho-ganate from different parts of the maskferred to as dis-
tosensitive optical fiber placed in contact with or in Closetanced in Fig. 18. Since the distance of the fiber from the
prO.X|m.|ty immediately behind the phase ma(ﬂqg. 17. A phase mask is identical for the two interfering beams, the
cylindrical lens may be used to focus the fringe pattern alongequirement for temporal coherence is not critical for the

the fiber core. formation of a high contrast fringe pattern. On the other

_ The phase mask greatly reduces the complexity of the g a5 the distande increases, the separationbetween
fiber grating fabrication system. The simplicity of using only .o o interfering beams emerging from the mask, in-

one optical element provides a robust and an inherently o qeq In this case, the requirement for good spatial coher-
stable method for reproducing fiber Bragg gratings. Since thg,ce js critical for the formation of a high contrast fringe
fiber is usually placed directly behind the phase mask in the,,yern as the distande extends beyond the spatial coher-
near field of the diffracting UV beams, sensitivity 0 me- gnce of the incident UV beam, the interference fringe con-
chanical vibrations and, therefore, stability problems arg ,q; i deteriorate, eventually resulting in no interference
minimized. Low temporal coherence does not effect the writ; 4 The importance of spatial coherence was also demon-
ing capability (as opposed to the interferometric technigue g ateq by Dyeet al® who used a KrF laser irradiated phase
due to the geometry of the problem. mask to form gratings in polyimide film.

KrF excimer lasers are the most common UV SOUICeS e of the advantages of not having to position the fiber
used to fabricate Bragg gratings with a phase mask. The U y5inst the phase mask is the freedom to be able to angle the
laser sources, typically, have low spatial and temporal cohelgpa rejative to the mask forming blazed gratings. Placing
ence. The low spatial coherence requires the fiber 10 bghq eng of the exposed fiber section against the mask and the
placed in near contact to the grating corrugations on theyner end at some distance form the mask, it is possible to
phase mask in order to induce maximum modulation in theange the induced Bragg grating center wavelength. From
index of refraction. The further the fiber is placed from thesimple geometrysee the inset in Fig. 29one can derive a

pha;e mask, the Iqwer the induceq index modulation, resu"general expression for the tunability of the Bragg grating
ing in lower reflectivity Bragg gratings. Clearly, the separa- qnter wavelength, given by

tion of the fiber from the phase mask is a critical parameter
in producing quality gratings. However, placing the fiber in r
contact with the fine grating corrugations is not desirable due  As=2nA\/1+| 1/, (3.3
to possible damage to the phase mask. Othonos antf Lee
demonstrated the importance of spatial coherence of UWhereA is the period of the fiber grating, is the distance
sources used in writing Bragg gratings using the phase-madkom one end of the exposed fiber section to the phase mask,
technique. Improving the spatial coherence of the UV writ-and| is the length of the phase grating. For a fixed phase-
ing beam not only improves the strength and quality of themask period changing will result in blazed gratings with
gratings inscribed by the phase-mask technique, it also reehanging center Bragg wavelength. In the experiments de-
laxes the requirement that the fiber has to be in contact witlscribed in Ref. 54, a phase mask with=0.531um (I
the phase mask. =10000um) was utilized resulting ilg=1.5580um at

To understand the significance of spatial coherence im=0 (the fiber placed parallel to the phase maskgure 19
the fabrication of Bragg grating using the phase-mask techshows the theoretical curve for the tunability of the inscribed
nique, it is helpful to consider a simple schematic diagramBragg grating as a function of distance The experimental
(see Fig. 18 Consider the fiber core to be at a distafice values for the peak reflectivities of the Bragg gratings are
from the phase mask. The transmitteldis and minusfirst  also shown for different values.

4320 Rev. Sci. Instrum., Vol. 68, No. 12, December 1997 Fiber Bragg gratings



15661.0

3 0 um 500 um
1560.5 ]
1560.0 | 4
E T :"-|""|""|""
z : 1557 1558 1559 1560 1.561
© 1559.5 |
o
[0] i
>
2
1559.0 Phase
1558.5 |
15580 &
0 100 200 300 400 500 600
r (um)

FIG. 19. Experimental result of tuning a Bragg grating by tilting the writing fiber.

A variation to the phase-mask scheme with the fiber ingrating plane is produced separately by a focused single
near contact to the masfas described aboyehas been pulse from an excimer laser. A single pulse of UV light from
demonstrated® This technique is based on an UV transmit- an excimer laser passes through a mask containing a slit. A
ting silica prism. The—1 and+1 orders are internally re- focusing lens images the slit onto the core of the optical fiber
flected within a rectangular prism as shown in Fig. 20 androm the side, as shown in Fig. 21, and the refractive index
interfere at the fiber. This noncontact technique is flexibleof the core in the irradiated fiber section increases locally.
and allows quick changes of the inscribed Bragg wavelengthThe fiber is then translated through a distafceorrespond-

ing to the grating pitch in a direction parallel to the fiber axis
3. Point-by-point fabrication of Bragg gratings and the process is repeated to form the grating structure in

The point-by-point techniqd@ for fabricating Bragg the fiber core. Essential to the point-by-point fabrication

gratings is accomplished by inducing a change in the indeechnique is a very stable and precise submicron translational

of refraction a step at a time along the core of the fiber. EacgYStem. _ . N
The main advantage of the point-by-point writing tech-

Incident nique lies in its flexibility to alter the Bragg grating param-
WV Laser Beam eters. Because the grating structure is built up a point at a
¥y time, variations in grating length, grating pitch, and spectral

‘l7;-u ‘-ﬁﬁﬁ-nu‘-‘.g
Phase Mask /\/\ Slit Image on fiber core

/ UV Transmitting Slit
et Prism i |
Incident Lens imaging
UV Laser Beam slit on fiber
Fiber core

\ Y / /

Fiber Bragg grating Pricise Motorized
Translational Stage

Fiber holder

FIG. 20. Noncontact technique interferometric phase-mask technique for
generating fiber Bragg gratings. FIG. 21. Setup for point-by-point grating fabrication.
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lation amplitude and period. Also shown are the incident, diffracted, and

FIG. 22. Reflection spectrum of a third-order Bragg grating fabricated usinggrat'ng wave vectors that have to match for momentum to be conserved.
the point-by-point methodafter Ref. 57.

1, 2, 3, 4, and um have been written in single-mode Ge-
response can easily be incorporated. Chirped gratings can %ped fiber using mask-imaging techniques. Because of the
produced accurately simply by increasing the amount of fibegjmpiicity of the source and setup, the recording of coarse
translation each time the fiber is irradiated. The point-by-period gratings by mask-imaging exposures, in some cases,
point method allows for the fabrication of spatial-mode may be more flexible than other techniques. Complicated
converter®® and polarization-mode converters or rocking grating structuresblazed, chirped, etccan be readily fab-

. 9 . . .
f||t_ers5 that have grating periodsy, ranging from tens of ricated with this method by implementing a simple change of
micrometers to tens of millimeters. Because the UV pulsgnask.

energy can be varied between points of induced index
change, the refractive-index profile of the grating can be tai-
lored to provide any desired spectral response.

One disadvantage of the point-by-point technique is thatV- FIBER BRAGG GRATINGS
itis a tedious process. Because it is a step-by-step procedurg, Properties of Bragg gratings
this method requires a relatively long process time. Errors in o , . .
the grating spacing due to thermal effects and/or small varia- _In .'ts S|mples_,t form, a f|ber Bragg gra.t|ng.con5|sts of a
tions in the fiber's strain can occur. This limits the gratingspe”c’d'c modulation of the index of refraction in the core of

to a very short length. Typically, the grating period requireda sipgle—mode optical fiber. These types OT uniform fibgr
for first-order reflection at 1550 nm is approximately 53ograt|_ngs_, wherg the phase fron'gs are perpendicular to the fiber
nm. Because of the submicron translation and tight focusin%DngItUdInaI axis and the grating planes are of a constant

required, first-order 1550 nm Bragg gratings have yet to b eriod (Fig. 23, are consi_dered the fund:_imenta_l building
demonstrated using the point-by-point technique. Malg locks for most Bragg grating structures. Light guided along

et al®>” have only been able to fabricate Bragg gratings thafhe core of an optical fibe.r_willlbe scatte.re(_j by each grating
reflect light in the second and third order, which have a gratplane' If the Bragg condition is not satisfied, the reflected
ing pitch of approximately 1 and 1,6m, respectively. Fig- Ilght from each of the su_bsequent planes becomes progres-
ure 22 shows the reflection spectrum of the third-order Brag Ively out of.phas'e andlw!ll eventually cgnc_el out. Where the
grating fabricated using the point-by-point method. This ragg condition is satisfied, the contributions of reflected

third-order grating is made up of 225 index perturbations"ght from each grating plane add constructively in the back-

with grating periodA, of 1.59 um resulting in a grating ward direction to form a back-reflected peak with a center

length of 360um. The grating has a peak reflectivity of 70% wavelength defined_ by the g_rfiting pa_rameters. .
at 1536 nm and a full width at half-maximum of 2.7 nm. The Bragg grating condition is simply the requirement
that satisfies both energy and momentum conservation. En-

ergy conservationf{w: =% w;) requires that the frequency of
the incident radiation and the reflected radiation is the same.
In addition to the above well-known techniques for fab- Momentum conservation requires that the incident wave vec-
ricating fiber Bragg gratings, high-resolution mask projectiontor, k;, plus the grating wave vectoK, equal the wave
has been demonstraf8es a means of inscribing Bragg grat- vector of the scattered radiatidq, this is simply stated as
ings in optical fiber using excimer laser pulses. The mass K+ K=K 4.1
projection system consists of a excimer laser source generat- ' f '
ing an UV beam, which is incident on a transmission maskwhere the grating wave vectd,, has a direction normal to
In Mihailov and Gower§® experiments, the transmission the grating planes and it has a magnitude/& (A is the
mask consisted of a series of UV opaque line spaces. Thgrating spacing shown in Fig. 23The diffracted wave vec-
transmitted beam was imaged onto the fiber core by a mutor is equal in magnitude but opposite in direction to the
ticomponent fused silica high-resolution system having a deincident wave vector. Hence, the momentum conservation
magnification of 10:1. In their work, gratings with periods of condition becomes

4. Mask image projection
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2mn\ 27 1.0
- “2
which simplifies to the first-order Bragg condition ]
Ag=2nA, 4.3 .-E‘o.e ]
where the Bragg grating wavelengthg, is the free-space- §
center wavelength of the input light that will be back re- @ 04 -

flected from the Bragg grating, amdis the effective refrac-
tive index of the fiber core at the free-space-center 02 ]

wavelength. Some of the properties such as reflectivity and /\
bandwidth of the simplest type of grating, namely the uni- 00 ~ NS\ A\,
form Bragg grating, will be discussed below. 1549.6 1549.8 1650.0 150.2 1650.4

Wavelength (nm)

1. Uniform Bragg grating reflectivity FIG. 24. Bragg grating reflection spectrum as a function of wavelength
detuning.
Consider a uniform Bragg grating formed within the

core of an optical fiber with an average refractive inagx

The index of refractive profile can be expressed as An 1
AN=\ga TR + N/ (4.8
0

21X
n(x)=ngp+An cos( T) (4.4
where An is the amplitude of the induced refractive-index
perturbation(typically, 10 °~10 ?) and x is the distance
along the fiber longitudinal axis. Using the coupled-mode
theory analytical description of the reflection properties of
Bragg gratings may be obtainédhe reflectivity of a grat-
ing with constant modulation amplitude and period is given
by the following expression: The Bragg grating resonance, which is the center wave-
02 sint?(sl) length of light back reflected from a Bragg grating depends
— 5 , (4.5 on the effective index of refraction of the core and the peri-
AK® sint?(sl) +s” costf(sl) odicity of the grating. The effective index of refraction, as
whereR(I,\) is the reflectivity, which is a function of the Wwell as the periodic spacing between the grating planes, will
grating lengthl, and wavelength.. ) is the coupling coef- be affected by changes in strain and temperature. Using Eq.
ficient, Ak=k—=/\ is the detuning wave vectork (4.3), the shift in the Bragg grating center wavelength due to
=2mny/\ is the propagation constant, and, finallg, Strain and temperature changes is given by
=/Q?— Ak?. The coupling coefficient), for the sinusoidal

whereN is the number of the grating planes. The parameter
a is ~1 for strong gratinggfor grating with near 100%
reflection whereasa~ 0.5 for weak gratings.

2. Strain and temperature sensitivity of Bragg
gratings

RO\ =

. . . . o Jn dA oan JA
variation of index perturbation along the fiber axis is givenAAg=2| A —+n —|AI+2{ A —=+n —]|AT. (4.9
by al al JT oT
mAnp(V) The first term in Eq(4.9) represents the strain effect on an
:—77, (4.6) optical fiber. This corresponds to a change in the grating
A spacing and the strain-optic induced change in the refractive
where 7(V)~1—1N?, V=2.4. Thisy is a function of the index. The above strain effect term may be expressed as
fiber parameteN that represents the fraction of the inte- ANg=Xg(1-po)e,, (4.10

grated fundamental-mode intensity contained in the core. At . _ . . _
the Bragg grating center wavelength, there is no wave-vecto¥herepe is an effective strain-optic constant defined as

detuning and\k=0, therefore, the expression for the reflec- n2
tivity becomes Pe=7% [P12— (P11t P12 ], (4.1)
R(I,\)=tanif(Ql). 4.7

wherep,; andp4, are components of the strain-optic tensor,
The reflectivity increases as the induced index of refractiom is the index of the core, andis the Poisson’s ratio. For a
change increases. Similarly, as the length of the grating intypical optical fiberp;;,=0.113,p;,=0.252,»=0.16, andn
creases so does the resultant reflectivity. A calculated reflec=1.482. Using these parameters and the above equations, the
tion spectrum as a function of the wavelength detuning ixpected sensitivity at-1550 nm is a 1.2 pm change as a
shown in Fig. 24. The side lobes of the resonance are due tesult of applying 1ue to the Bragg grating. Experimental
multiple reflections to and from opposite ends of the gratingresults of a Bragg center wavelength shift with applied stress

region. on a 1548.2 nm grating are shown in Fig. 25.
A general expression for the approximate full width at The second term in Ed4.9) represents the temperature
half-maximum bandwidth of a grating is given‘by effect on an optical fiber. A shift in the Bragg wavelength
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) ) ) FIG. 27. Schematic of transmission profile for a strong fiber Bragg grating
FIG. 25. Bragg grating wavelength as a function of applied stress for &nowing loss to radiation modes on the short-wavelength side, sharply modi-
1548.2 nm grating. The Bragg grating was the output coupler of an erbiumfied by the cladding-modes structure.

doped fiber laser.

due to thermal expansion changes the grating spacing andust be due to light leaving the fiber from the side, and to
changes the index of refraction. This fractional wavelengthanalyze it one must take into account radiation-mode cou-
shift for a temperature changeT may be written && pling. Usually, radiation-mode coupling, which is routinely
_ observed from surface relief gratings made by physically
Ahg=Ag(a AT, (412 etching the core in a polished optical fiber, is a smooth func-
where a=(1/A)(dA/dT) is the thermal expansion coeffi- tion of the wavelength. However, the transmission spectrum
cient for the fiber(approximately, 0.5%10 °© for silica).  of the Bragg gratindas seen in Fig. J7consists of multiple
The quantity=(1/n)(dn/dT) represents the thermo-optic sharp peaks that modulate this coupling, and it is a direct
coefficient and it is approximately equal to &0 © forthe  consequence of the cylindrical cladding-air interface. This
germania-doped silica core fiber. Clearly, the index change ieffect may be eliminated by dipping the cladding into glyc-
by far the dominant effect. From Ed@4.12), the expected erin, which in effect eliminates the cladding-air interface.
sensitivity at a~1550 nm Bragg grating is approximately Nevertheless, the cladding-mode radiation-related problems
13.7 pm/C. Figure 26 shows experimental results of a Bragthecome very serious with large excess losses at wavelengths
grating center wavelength shift as a function of temperatureshorter than the peak reflection wavelength. As a result,
highly reflective chirped gratings have lower reflectivity at
3. Cladding and radiation-mode coupling shorter wavelengths when the signal is coupled form the

Bragg gratings written in a highly photosensitive fiber, longer-wavelength side of the fiber grating. There are several

such as, fiber which has been hydrogenated, have a Ve%pproaches to avoiding the _radiation-m_ode effect. One pro-
pronounced transmission structure on the short-wavelength?Sed method to counter this problem is based on suppres-
side of the Bragg pealsee Fig. 272 This feature is only sion of the normalized refractive-index modulation for this
observable in the transmission spectriviewed in reflec-  COUPIing by having a uniform photosensitive region across

tion, only the main peak appeargherefore, this structure the cros;—sec_tion plane of the optical fiéfrom the or-
thogonality principle of the modes, the overlap of the modal

fields and the grating-index modulation would be zero in this
case. The LR, mode will, therefore, not couple into any of
the cladding modes. Since the §sfnode only has a signifi-
cant filed distribution over the core and the part of the clad-
1550 1 ding immediately next to the core, it is usually sufficient to
] have only this part of the optical fiber photosensitive. Al-
though it is possible to introduce a photosensitive cladding
around a photosensitive core, it is, however, very difficult to
obtain the same photosensitivity over both cladding and core.
The second proposed method is to use a high NA fib&he
use of a high NA fiber increases the gap between the main
grating band and the next cladding-mode coupling band, so it
1548 , , , , leaves a useful operating band. However, such a band is only
0 40 80 120 160 approximately 7 nm wide in a high-NA fiber, and this is
Temperature ( °C) much less than what is desired in most applications.
FIG. 26. Bragg grating wavelength as a function of temperature change for Recently, Dong and co-worké’?sproposed and demon-

a 1548.2 nm grating. The Bragg grating was the output coupler of anStra_ted a meth.Od for suppressing the coupling from gl.Jide.d
erbium-doped fiber laser. optical modes into cladding modes. A depressed cladding is

1551

1|A=1548.20+12.8x10° T ‘

Wavelength (nm)

2
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added between the photosensitive core and the normal clad- (q)

ding. Such a depressed cladding is very effective in reducing ot ),
the cladding-mode field strength over the core region of the o {1} ~~
optical fiber and, therefore, reduces the coupling strength be- ;« A—2,
tween the guided mode to the cladding modes. By introduc- —nn IOUNN
ing a depressed cladding with appropriate index and thick- Outout A

ness, substantial suppression of the coupling into the
cladding modes can be achieved. This method can also be

combined with the photosensitive cladding method to
achieve a further suppression of the coupling.

Ly INput Spectrum

|

Transmission

o

A //» Quput Spectrum
}“g

B. Types of fiber Bragg gratings Wavelenath

There are several distinct types of fiber Bragg grating ()
structures such as the commamagg reflector the blazed
Bragg grating and thechirped Bragg grating These fiber R=99.5% R=99.5%
Bragg gratings are distinguished either by their grating pitch  input 10em ’ Output
(spacing between grating planes tilt (angle between grat- 7 —fmm—""
ing planes and fiber axisThe most common fiber Bragg
grating is theBragg reflector which has a constant pitch.
Theblazed gratinghas phase fronts tilted with respect to the
fiber axis, that is, the angle between the grating planes and 1 1.55 MHz
the fiber axis is less than 90°. Thohirped gratinghas an 1 AN
aperiodic pitch, that is, a monotonic increase in the spacing
between grating planes. A brief overview of these Bragg
gratings along with some of their applications will be pre- _ , , , ,

. o . FIG. 28. Fiber-optic bandpass filters using Bragg reflect@sfilter ar-
sented. In addition, a (_jescrlptlon of what is Commonly re'ranged in a Michelson-type configuration, giifilter arranged in a Fabry—
ferred to astype Il gratings as well as some novddragg  perot-type configuration.
grating structureswill be given below.

tion. Continuous tunability, without mode hopping, was
1. Common Bragg reflector achieved when both the gratings and enclosed fiber were
Thecommon Bragg reflectowas the first intracore fiber stretched unlfo.rmly._

Bragg grating fiber lasers can also be used as sensors

grating inscribed using the “self-induced” writing method. i
This simplest and most used fiber Bragg gratings are iIIus\-Nhere the Bragg reflector serves the dual purpose of tuning
trated in Fig, 23 element and sensét.A series of Bragg reflectors having

Depending on the parameters such as grating length an(HStht wavelength-encoded signatures can be multiplexed

magnitude of induced index change, the Bragg reflector call ;ng??,%r laser sensor _ configuration formultipoint

function as a narrow-band transmission or reflection filter orrc"

a broadband mirror. In combination with other Bragg reflec-

t_ors, these devices can be_arranged to fun_ction as bandpassgzzed Bragg gratings

filters. Two such configurations are shown in Fig. 28. o ) )

Bragg reflectors are considered as excellent strain and  1ilting (or blazing the Bragg grating planes at angles to
temperature sensing devices because the measurements %@ fiber axis(Fig. 29 will result in light that is otherwise
wavelength encoded. This eliminates the problems of ampliguided in the fiber, to be coupled out of the fiber core into
tude or intensity fluctuations that exist in many other types of00sely bound guided cladding modes or into radiation
fiber sensors. Since each Bragg reflector can be designatgPdes outside the fiber. The tilt of the grating planes and
with its own wavelength-encoded signature, a series of thesgféngth of the index modulation determines the coupling
gratings can be written on the same fiber, each having gfficiency and bandwidth of the light that is tapped out.
distinct Bragg resonance signal. This configuration can be
used for wavelength division multiplexing or quasidistrib- Cladding
uted sensing® These gratings have also been demonstrated /
to be very useful components in tunable fiber or semiconduc- /™
tor lasers’~®° It serves as one or both ends of the laser _":€ /
cavity, depending on the laser configuration, and it tunes the -
laser wavelength by varying the Bragg resonance feedback Blozed Index moduiation
signal. Ball and Moregp demonstrated a continuously tun- FIG. 29. Schematic diagram of a blazed grating. Light is directed either

able single-mode erbium fiber |§Ser- In their laser S)/_Steml.upward or downward depending on the propagation direction of the bound
two Bragg reflectors were used in a Fabry—Perot configuramode.

Tapped Light

Core
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FIG. 30. Vector diagram for the Bragg condition of a blazed grating. The ! A+ Cladading
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The criterion to satisfy the Bragg condition of a blazed h n;
Shor P ——

grating is similar to that of the Bragg reflector that was ana-
lyzed earlier. Figure 30 illustrates the vector diagram of the long 2.

Bragg condition(energy and momentum conservajidor o _ S S
the blazed grating. Here, the wave vector of the grating iiIG. 32. Schematic d!agrqm of a chirped grating with an aperiodic féich
or forward propagating light as shown, longer wavelengths travel further

incide.nt at an ang'?‘# _With respect to the fiber axis. The g the grating before being reflected. A schematic diagram of a cascade of
magnitudes of the incidend; and the scattered;, wave  several gratings with increasing period, which are used to simulate long

vectors must be equaléE &=¢&;). Simple trigonometry  chirped gratinggb).

shows that the scattered wave vector must be at an aggle 2

with respect to the fiber axis. Applying the law of cosines towas reduced ta- 0.3 dB. This is important in fiber commu-

the momentum diagram gives nications that use several signals at different wavelengths.
2, &2 2 Another interesting application of blazed gratings is in

&t & 2616 codm—2¢) =K7, (4.13 mode conversion. Mode converters are fabricated by induc-
which reduces to cogf=K/2¢ and shows that the scattering ing a periodic refractive-index perturbation along the fiber
angle is restricted by the Bragg wavelength and the effectivéength with a periodicity that bridges the momentum mis-
refractive index. It is clear from Eq4.13 that, for blazed match between the modes to allow phase-matched coupling
gratings, not only different wavelengths emerge at differenbetween the selected modes. Different grating periods are
angles, but different modes of the same wavelength alsased for mode conversion at different wavelengths. Hill
emerge at slightly different angles due to their differentet al®® demonstrated efficient mode conversion between for-
propagation constants. Figure 31 shows the output couplingzard propagation L§g and LP; modes.
of 488 and 514.5 nm light from an argon ion laser. The green
argon ion wavelength has two modes and the blue wave3. Chirped Bragg grating
length has three modes, Wh_ich propagate in the fiber. These A chirped Bragg grating is a grating that has a mono-
wavelengths, as well as their modes, are well separated anghjcally varying grating period, Fig. 32. This can be realized
resolvak_)le, _th_us, the grating tap acts as a spe_ctrometer aw axially varying either the period of the grating or the
mode discriminator. Meltz and Moréyhave achieved out- ndey of refraction of the core or both. Chirped gratings have
coupling efficiencies as high as 21% at 488 and 514.5 NM.peen written in optical fibers using various meth8€° A

Erbium-doped fiber amplifiers are now an integral partyy ple exposure technique has been used byetitll”® in
of long-haul high-bit-rate communication systems and argorming a 1.5 cm long chirped grating. The effective mode
finding applications in areas of wide bandwidth amplifica-jndex of the waveguide was modulated linearly over the grat-
tion. Kashyapetal’® demonstrated the use of multiple jng length with radiation from an excimer laser and then the
blazed gratings to flatten the gain spectrum of erbium-dopedame length was reexposed with a phase mask to produce a
fiber amplifiers. A gain variation of-1.6 dB over a band- |inearly chirped grating. A chirp of 0.4 nm was demonstrated
width of 33 nm in a saturated erbium-doped fiber amplifierg; 1549 nm. The delay induced by the gratings was shown to

be approximately 120 ps over the entire bandwidth of the
A, grating.

A highly repeatable and simple technique for producing
chirped gratings is based on the phase mask where the linear
chirp is approximated by a step chirp. In this technique, a
cascade of several gratings with increasing period are used to
simulate a long chirped grating shown in Fig.(BR The
chirped structure is initially inscribed on the phase mask and
@ (o) then the mask is used to fabricate the chirped Bragg gratings

FIG. 31. lllustration of separated wavelength tapped out at different anglesl.n the photosensmve fiber. Clearly’ thisis a hlghly repeatable

Image of the radiation out-coupled at the 488 and 514.5 nm from a fibe@Nd controllable .teC_hnique for producing any type of chirped
Bragg grating tap. From Meltz and Morégfter Ref. 74. Bragg structure in fiber.

Titted Bragg Grating
in optical fiber core
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FIG. 33. Emission spectrum from a fiber amplifiey without and(b) with 4. Type Il Bragg gratings

a broadband chirped fiber Bragg filtefter Ref. 83 In an experiment carried out to study the relationship
between pulse energy and grating strength, a series of single-
With the introduction of an erbium-doped amplifier in pulse gratings were produced with an UV excimer laser
long-haul high-bit-rate communication systems, the mairbeam® The UV beam was focused to an area of approxi-
limitation in transmitting over such distance is the pulsemately 15<0.3 mn? at the fiber. The peak-to-peak index
broadening caused by chromatic dispersion. Dispersionmodulation of each grating was estimated from its reflection
induced pulse broadening can be eliminated by an elemespectrum using coupled-mode theory with the result summa-
having a dispersion of opposite sign and equal magnitude tdzed in Fig. 34. It is apparent that there is a sharp threshold
that of the optical fiber link. In a chirped grating, the reso-at a pulse energy of 30 mJ, above which the induced index
nant frequency is a linear function of the axial position alongmodulation increases dramatically. Doubling the pulse en-
the grating so that different frequencies, present in the pulsergy from 20 to 40 mJ results in an increase in the photoin-
are reflected at different points and, thus, acquire differentiuced index modulation by almost three orders of magni-
delay times(Fig. 32. Chirped gratings, therefore, can be tude. Below the threshold point, the index modulation seems
used as dispersion compensators to compress temporally grow linearly with energy density, whereas above the in-
broadened pulses. dex modulation it appears to saturate. Figure 34 shows that
In telecommunication systems, residual pump light emit-these single-pulse Bragg gratings have induced index
ted from an optical fiber amplifier can cause major problemschanges as high as 0.006, which is comparable to the core-
The performance of a receiver can be adversely affected bgladding index difference of 0.02. The gratings formed with
the residual pump power emitted from a preamplifier be-a low index of refraction modulation were labeledtgpe |
cause it can cause excess noise and receiver saturation. Téed those formed with a high index of refraction modulation
fiber amplifier performance can be improved by reflectingwere calledtype Il
back the unabsorbed pump light at the amplifier outpdit. The behavior observed in Fig. 34 suggests that there is a
Farrieset al® demonstrated the use of broadband chirpectritical level of absorbed energy, which triggers off a highly
fiber Bragg grating for pump rejection and recycling of un- nonlinear mechanism, initiating dramatic changes in the op-
absorbed pump light from an erbium-doped fiber amplifiertical fiber. Examination of a type Il grating with an optical
In that work, an amplifier was pumped with a 980 nm diodemicroscope revealed a damaged track at the core-cladding
laser and a broadband chirped fiber Bragg filter centered anterface. This damage track appears only in type Il gratings,
980 nm was used to reject and recycle the unabsorbed pumghich suggests that it may be responsible for the large index
light. Fig. 33 shows the output spectrum of the emissionchange. The fact that this damage is localized on one side of
from the amplifier, including the pump signal and amplifiedthe core suggests that most of the UV light has been ab-
spontaneous emission, with and without the chirped gratingorbed, most likely never reaching the other side. Although
filter attached to the doped fiber. Without the fiber fi[teig.  the origin of the process is not fully understood, Russell
33(@)], an unabsorbed pump power of 1 mW was measurecet al® have proposed that the process is initiated by high
which was larger than the signal output power of 0.25 mW .single-photon absorption at 248 nm, exciting electrons into
With the fiber filter spliced to the output of the doped fiberthe conduction band of silica, where they seed the formation
[Fig. 33b)], the residual pump power was reduced by 30 dBof a “free”electron plasma. This would then produce an
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A typical spectrum of a type Il grating is shown in Fig.
36. A characte_rlstlc of tYP_e Il Bragg gratings _'S that th?y FIG. 37. Changes in reflectivity and center wavelength of a type | Bragg
have a very high reflectivity and large bandwidth. The ir-grating with temperaturéafter Ref. 8.
regularities in the spectra are a sign of grating nonunifor-

mity, which is not surprising because of the nonuniformitiesy¢ sirong gratings during the fiber drawing process before
in the intensity profile of the excimer laser writing beam. In 4pjication of the protective polymer coating. Although the
addition, type Il gratings transmit wavelengths longer tha”concept of fabrication of single-pulse type | and type I

the Bragg center wavelengths but strongly couple shorteBragg gratings during the fiber drawing process has been

Wavelengths into the cladding,. permitting the gratings to aCEuccessfully demonstraté8” the quality of in-line gratings

as effective wavelength selective taps. _ must be improved. One distinct advantage of producing fiber
Results of stability tests have shown type Il gratings t0gaqq gratings during the draw process is that in-line fabri-

be extremely stable at elevated temperatures. At 800 °C 0VeLyinn avoids potential contact with the pristine outer surface

a period of 24 h, no degradation in grating reflectivity wasgg the glass. Whereas, off-line fabrication requires a section

evident. At 900 °C, the grating reflectivity decays quite o the fiber to be stripped off its UV absorbing polymer
slowly until a permanent component appears. At 1000 °Cegating, in order for the grating to be exposed. This drasti-

most of the grating disappears after 4 h. For comparison, g8,y weakens the fiber at the site of the grating due to sur-

shown in Fig. 37, type | Bragg gratings are completelytyce contamination, even if the fiber is subsequently re-
erased at 800 °€ This provides evidence that the mecha- coated.

nism behind high-reflectivity type Il single-pulse gratings
differs from the usual type | mechanism. The superior tem- _
perature stability of type Il gratings make them useful for5. Novel Bragg grating structures

sensing applications in hostile environments. o (a) Superimposed multiple Bragg gratindg®ecently, the
One of the most attractive features of type Il gratings isauthor and co-workef8 demonstrated the inscription of sev-
that highly reflective gratings can be formed in just a feweral Bragg gratings at the same location on an optical fiber.

nanoseconds, the duration of a single excimer pulse. This Bhis is of interest as a device in fiber communications, la-
of great practical importance for large-scale mass production
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FIG. 36. Reflection and transmission spectra of a type |l grating. For waveFIG. 38. Reflection spectrum for seven Bragg gratings superimposed at the
lengths below the Bragg wavelength556 nnj, light is strongly coupled  same location on an optical fiber. The seven gratings cover a span of 60 nm
into the cladding(after Ref. 84. ranging from 1500 to 1560 nriafter Ref. 88.
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FIG. 39. Reflectivities for each Bragg grating as a function of the number of
gratings superimposed on the same location. The lines through the symbols

are a guide to the eye@fter Ref. 85. trum of this grating structure is shown in Fig. 40. There is a
strong reflection at five discrete wavelengths corresponding
sers, and sensor systems. Because multiple Bragg gratingstat the spatial frequencies of the grating, with reflectance
the same location basically perform a comb function, thisvarying from 30% to 95%. These superstructure gratings can
device is ideally suited for multiplexing and demultiplexing be used as comb filters for signal processing, and for increas-
signals. The beauty of this device is that it does not requiréng the tunability of the fiber laser grating reflector.
much space because all the gratings are written at the same (c) Phase-shifted Bragg grating8ragg gratings gener-
location of the fiber. This lends itself to optical integratedally act as narrow-band reflection filters centered at the
technology, where the issue of size is always a concern, anBragg wavelength because of the stop band associated with a
can also be used for material detection where the multipl@ne-dimensional periodic medium. Many applications, such
Bragg lines can be designed to match the signature frequems channel selection in a multichannel communication sys-
cies of a given material. Figure 38 shows the reflectivity fortem, would benefit if the fiber grating could be designed as a
seven Bragg gratings superimposed on the same area of tharrow-band transmission filter. Although techniques based
photosensitive fiber. Figure 39 illustrates a plot of the indi-on Michelson and Fabry—Perot interferometers have been
vidual Bragg grating reflectivity as a function of the numberdeveloped for this purpos8iheir use requires multiple grat-
of gratings written at the same location. Each time a newngs and may introduce additional losses. A technique com-
grating was inscribed, the reflectivity of the existing gratingsmonly used in distributed feedbadlP®FB) semiconductor
was reduced. As showffFig. 39, even after superimposing laser€®?can be used to tailor the transmission spectrum to
five gratings, the reflectivity from each of the gratings wassuit specific requirements. The technique consists of the in-
higher than 60%. Another interesting observation is that theroduction of phase shift across the fiber grating whose loca-
center wavelength of the existing Bragg gratings shifted tdion and magnitude can be adjusted to design a specific trans-
longer wavelengths each time a new grating was inscribedission spectrum. It is a generalization of an idea first
due to a change of the effective index of refraction. proposed by Haus and Sh&Rin 1976. The principle of the
(b) Superstructure Bragg gratingSuperstructure Bragg phase shift was demonstrated by Alfernessl®* in peri-
grating is referred to a grating fiber structure fabricated withodic structures made from semiconductor materials where a
a modulated exposure over the length of the gratifigdne  phase shift was introduced by etching a larger spacing at the
such approach used by Eggletenal ®® was to translate the center of the device. This forms the basis of single-mode
UV writing beam along a fiber and phase-mask assemblphase-shifted semiconductor DFB las€r# similar device
while the intensity of the beam was modulated. They used amay be constructed in optical fibers using various tech-
excimer pumped dye laser with a frequency doubler to proniques:

duce 2.0 r_nJ at 240 nm. H-ydrogenated, smgle—mode, boro 1) Phase masks, in which phase-shift regions have been
codoped fiber was placed in near contact with a phase mask, . . !
written into the mask desigif.

f"‘”d the gltraviolet light was fo_c used through t_he phase mast<2) Postprocessing of a grating by exposure of the grating
into the fiber core by a cylindrical lens, exposing a length of region to pulses of UV laser radiation, which has been

approxmate!y 1 mm. To fabrlcgte a 40 mm long superstruc— described in Ref. 97Fig. 41).
ture, the excimer laser was periodically triggered at interval o . . .

. ) And postfabrication processing using localized heat
of 15 s to produce bursts of 150 shots at a repetition rate o treatment. which has also been repofed
10 Hz, while the ultraviolet beam was translated at a constant ’ P '
velocity of 0.19 mm/s along the mask. The resulting period  Such processing produces two gratings out of phase with
of the grating envelope was approximately 5.65 mm, form-each other, which act as a wavelength-selective Fabry—Perot
ing seven periods of the superstructure. The reflection specesonator allowing light at the resonance to penetrate the stop
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FIG. 41. Normalized transmission spectra before and after a phase shi

induced in a Bragg grating structure using UV postprocessiiigr Ref.
97).

illustrated in Fig. 42. The electric fields of the backward and
forward waves can be expressedBgx,t) =A(x)exdi(wt
=BX)] and Ey(x,t)=B(X)exdi(wt+pX)], respectively,
whereg is the wave propagation constant. The complex am-
plitudes A(x) and B(x) of these electric fields obey the
coupled-mode equatiofts

dA(x) . .
ax =ikB(x)exd —i2(AB)x],
(0=x=<lI)
dB(x) :
dx =—ik*A(x)exdi2(AB)x], (5.1

where A 8= 38— B, is the differential propagation constant
(Bo is w/ A, andA is the grating period and « is the cou-
pling coefficient. For uniform gratingg; is constant and it is
related to the index modulation depth. For a sinusoidal
modulated refractive index, the coupling coefficient is real
and it is given byzAn/\.

Assuming that there are both forward and backward in-
puts to the Bragg grating, and boundary conditid@(®)
=By andA(l)=A,, then closed form solutions féx(x) and
B(x) are obtained from Eq5.1). Following these assump-
tions, the closed form solutions for dependencies of the
%wo waves area(x)=A(x)exp(=iBx) and b(x)=B(x)

X exp(Bx). Therefore, the backward outplreflected wavge
ay, and the forward outputransmitted wavg b, , from the
grating can be expressed by means of the scattering &trix

band of the original grating. The resonance wavelength de-

pends on the size of the phase change. One of the most | 20| = Su Szl |3 , (5.2)
obvious applications includes production of very narrow- b 1Sz Sz2l (Do

band transmission and reflection filters. Moreover, multipleyith a;=A, exp(pl) andby=By, and

phase shifts can be introduced to produce other devices such

comb filters. They can also be used to obtain single-mode is exp(—ipBol)

operation of DFB fiber lasers. Su=S22= —AB sinh(sl)+is cosksl)’ 6.3

K sinh(sl)

V. SIMULATIONS OF SPECTRAL RESPONSE FROM S1,= Sy; eXp(2i Bol) =
1272l 0" —AB sinh(sl)+is cosksl)’

BRAGG GRATINGS

A. T-matrix formalism where s=\[«|>—AB%. Based on the scattering-matrix ex-

The spectral profile from a Bragg grating structure maypression in Eq(5.3), the T matrix for the Bragg i¥*
be simulated using th&-matrix formalism. For this analysis,

two counterpropagating plane waves are considered confined Qo| _ T T @ , (5.4)
to the core of an optical fiber in which an intracore uniform of [Tar Tz [by
Bragg grating of length and uniform period\ exist. This is where
A ApB sinh(sl)+is coshsl
@ s - T1=To=exp—iBol) B sinft )- nsh ,
8 — a, al __ |a IS (5.5
b, — b |b|  |bs '
- i K sinh(sl)
0 I T1o=T3=exp(—iBol) s
(b) oM A . :
A ] - LT The T matrix relates the input and output of the Bragg grat-
EOR I" - ‘:)m [ao]=T1 T, T, ﬂ ing and is ideal for analyzing a cascade of gratiffgg. 42.
o | R z Figure 42b) shows a series of gratings back to back with a
T, T, - T, total lengthL. This grating structure is made up ofm”

Bragg grating segments. Each segment has a different period

FIG. 42. lllustration of theT-matrix model:(a) a single uniform Bragg
grating and(b) a series of gratings with different periods back to back.
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profiles correspond to different grating lengttiscm; solid, 2 cm; dashed, |ength for different indexes of refraction. The solid line corresponds to 0.5

and 4 cm; dotteyd % 10~ index of refraction change.
4o T T T T an 56 Bragg grating of 2 cm in length. In these simulations, the
bg] 12 ‘m-17imip ol (58 index of refraction changes were varied. For the first grating

i = 4 ivity is 909 .
and the spectral reflectivity of the grating structure is givenWlth An=0.5x10"", the reflectivity is 90% and the band

by |ag(\)/bo(A)|2. It should be noted that this model does width is approximately 0.074 nm. Reducing the change of

. L . the index of refraction to half the value of the first grating
not take into account cladding-mode coupling losses. Next An=0.25¢104), the reflectivity decreases to 59% and the

the reflectivity spectral response of a few Bragg grating
structures will be calculated using thismatrix formalism.

B. Uniform index of refraction Bragg gratings :
1. Grating length dependence °® ]
The reflection spectral response for uniform Bragg grat-
ings is calculated using th&-matrix formalism described
above. The objective of this set of simulations is to demon-
strate how the spectral response of a grating is affected as thi
length of the grating is altered. The index of refraction
change is assumed uniform over the grating length, however, %21
the value of the change is reduced accordingly with increas-
ing grating length such that the maximum grating reflectivity 00 :
remains constant. Figure 43 shows the spectral profile of — '* Wave::zgfh o) 15508
three uniform Bragg gratings. Clearly, as seen from the vari-
ous plots, the bandwidth of the gratings decreased with in- o
creasing length. The 1 cm long uniform grating had a band-
width approximately of 0.15 nm, the 2 cm long grating was 041
0.074 nm and, finally, the 4 cm long grating was 0.057 nm.
Theoretically, Bragg gratings may be constructed with ex- z
tremely small bandwidths by simply increasing the grating 3
length. However, in practice, such devices are not easy toE 02
manufacture. The error associated with the spacing betweer 4om chrip
the periods of a gratingduring manufacturingis cumula- ‘ i
tive, therefore, with increasing grating length, the total error Bnm ohip
will increase, resulting in out-of-phase periofdeading to
broadening of the Bragg grating=urthermore, if a long per- 1548 1550 1o55
fect Bragg grating is constructed, the effects of the environ- Wavelength (nm)
ment have to be considered very carefully. For example, any
strain or temperature fluctuations on any part of the gratindj'G- 45. (&) Spectral ref!ec_tivity response from different Bragg gratings
showing the effect of chirping. All gratings are 10 mm and the index of

will cause the perlods to move out of phase, resultlng Inrefraction change is assumec 10~ for all. The solid curve corresponds

broadening the spectral responses of the Bragg grating. o g chirp, the dashed and dotted curves correspond to 0.2 and 0.4 nm chirp,
respectively(where the chirp value is over the length of the gratind)
2. Index of refraction dependence Spect_ral refl_ectivity response from highly chirped Bragg gratings for the
) ] ] ) ) following chirp values of 1, 4, and 8 nm over the 10 mm length of the
Figure 44 shows a set of simulations assuming a uniformyratings.

Reflectivity
o
(=2

o
'S
1

1nm chirp

ecti
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bandwidth to 0.049 nm. A further decrease in the index of 1o
refraction change An=0.1x10"%) results in a reflectivity 10 ]
of 15% and a bandwidth of 0.039 nm. It appears that the s ]
bandwidth approaches a minimum value and remains con-
stant for further reduction in the index of refraction change.

oW

g
=3
1
o
(=3

Reflectivity

3. Chirped Bragg gratings

1
'S
|

The simulations shown in Figs. & and 45b) show
chirped Bragg grating structures. Three different reflection o2 1
spectra are shown in Fig. @&, corresponding to three dif-
ferent chirped values, 0, 0.2, and 0.4 nm over the entire g, : f . .
length of the grating. In these simulations, all the gratings are 15400 15495 15500 18505 1551.0
assumed 10 mm in length with a constant index of refraction Wavelength (nm)
change 110 *. with increasing chirp Value’_the reerprty FIG. 46. Spectral reflectivity response from Gaussian apodised Bragg grat-
response becomes broader and the reflection maximum d@ys. The apodization profiles plotted against the length of the gratiiys
creases. In these simulations, the chirp gratings are approxism) are shown in the inset at the upper-right corner.
mated with a number of progressively increasing period grat-
ings whose total length amounts to the length of the chirpspectral reflection response. It is interesting to point out that
grating. The number of “steps{the number of smaller grat- in both the apodized Bragg gratings the sidelobes have been
ings) assumed in the calculations are 1@imulations indi-  eliminated.
cated that calculations with more than 20 steps will give  Apodization of the spectra response of fiber Bragg grat-
approximately the same resulEigure 45%b) shows the spec- ings using a phase mask with variable diffraction efficiency
tral response from Bragg gratings with very large chirp val-has been reported by Albest all®* Bragg gratings with
ues(l, 4, and 8 nm over the 10 mm length of the grating sidelobe levels 26 dB lower than the peak reflectivity have
Clearly, with increasing chirp value, it is possible to span abeen fabricated in standard telecommunication fibers. This
very large spectral area, with a reduction in the maximunrepresents a reduction of 14 dB in the sidelobe levels com-
reflectivity of the grating. This problem may be overcome bypared to uniform gratings with the same bandwidth and re-
increasing the index of refraction modulation. flectivity. Figure 47 shows the spectral reflection response of
an apodized and an unapodized fiber Bragg grating reflector

C. Apodization of the spectral response of Bragg reporte_:d by the same gro&_?f where they have achieved a
gratings reduction of 20 dB in the sidelobe levels.

. o ] A cosine apodization technique has been reported re-

~ The reflection spectrum of a finite-length Bragg gratingcently by Kashyaget al 2 obtained by repetitive, symmetric

with uniform modulation of the index of refraction is accom- longitudinal stretching of the fiber around the center of the
panied by a series of sidelobes at adjacent wavelengths. It {ating while the grating was written. This apodization
very important to minimize and, if possible, eliminate the scheme is applicable to all types of fiber gratings, written by
reflectivity of these sidelobe®r apodize the reflection spec- gjrect replication by a scanning or a static beam, or by use of
trum of the grating in devices where high rejection of the any other interferometer, and is independent of length. The
nonresonant light is required. An additional benefit of simpjicity of this technique allows the rapid production of
apodization is the improvement of the dispersion compensgiher gratings required for wavelength-division multiplexed

tion characteristics of chirped Bragg gratirtg%In practice, systems\WDM) and dispersion compensation.
apodization is accomplished by varying the amplitude of the

coupling coefficient along the length of the grating. A 0

method used to apodize the response consists in exposing the |
opFicaI fiber wi_th the_ interference pattern formed by two non- 104 wnapodzed -
uniform ultraviolet light beam$®® In the phase-mask tech- = \
nique, apodization can also be achieved by varying the ex- S
posure time along the length of the grating, either from a é -201
double exposure or by scanning a small writing beam or é 7
using a variable diffraction efficiency phase mask. In all & 304
these apodization techniques, the variation in the coupling .
coefficient along the length of the grating comes from local -40-
changes in the intensity of the UV light reaching the fiber. ]
Figure 46 shows two plots of apodized grating with a -50 . ‘
Gaussian shape index of refraction change. The index of re- 1549 1649.5 1550 15505
fraction changes are shown in the upper inset, which are Wavelength (nm)

plotted a.gamSt the Iength of the grat[mg' Th.e fgll width atFIG. 47. Reflection spectrum of fiber Bragg gratings photoimprinted with a
half-maximum of the index of refraction profile is doubled sitorm diffracting phase mask and with a phase mask with a Gaussian

for one of the curvesthe dotted curvg resulting in a larger profile of diffraction efficiency(after Ref. 105.
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ser chip is antireflection coated on the output face and coupled to a fiber 0 = ‘ T L B
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V1. APPLICATIONS OF BRAGG GRATINGS FIG. 49. Measured reflection spectra from the long grating mirror written in
A. Fiber Bragg grating diode laser a photosensi_tive telecommunication fiber using a KrF excimer laser in an
interferometric setugafter Ref. 117.

A fiber Bragg grating may be coupled to a semiconduc-
tor laser chip to obtain a fiber Bragg diode la¥¥rA semi-  was reported by Reekiet al*%in 1986. Since then, several
conductor laser chip is antireflection coated on the outpufaser configurations have been demonstrated with two or
facet and coupled to a fiber with a Bragg grating as illus-more intracavity grating$t'~*6
trated in Fig. 48. If this Bragg grating reflects at the gain A simple Bragg grating tunable Er-doped fiber laser was
bandwidth of the semiconductor material, it is pOSSible tOdemonstrated by the author and co-workers, where a broad-
obtain lasing at the Bragg grating wavelength. The gratinthand Bragg mirror and a narrow Bragg grating served as the
bandwidth can be narrow enough to force single-frequencyigh reflector and the output coupler, respectiVélyThe
operation with a linewidth of much less than a gigahertz.hroadband Bragg mirror was constructed by writing five
High output powers, up to 20 mW, have been obtained wittBragg gratings, each separated spectrally by approximately
these types of lasef$? An added advantage of these systemsp.5 nm. The resultant spectral profile of this Bragg mirror is
is that the grating has a temperature sensitivity around 10%hown in Fig. 49. The fiber laser consistetiao2 m long
of that of the semiconductor laser, reducing temperature inerhium-doped fiber with Bragg gratings at each ¢mead-
duced wavelength drift. These fiber grating semiconductopand and narrow bangroviding feedback to the laser cav-
laser sources have been used to generate ultrashort mogg;. The output coupler to the fiber laser cavity was a single
locked soliton pulses up to 2.9 GHZ, grating with approximately 80% reflectivity and 0.12 nm

One problem in distributed Bragg reflectd®BR) laser  |inewidth. Figure 50 shows the broadband fluorescence ob-
manufacture is the precise control of the laser wavelengthained from the Er-doped fiber laser system before the lasing
Routine production of DBR lasers with a wavelength specithreshold is reached. The spectrum is the typical characteris-
fied to better than 1 nm is difficult, but optical Bragg gratingstic broadband gain profile from an erbium-doped fiber span-
can be manufactured precisely to the wavelength requireching a range of several tens of manometers, namely, between
With antireflection coating on the semiconductor chip, the1 45 and 1.65um. Superimposed on the gain profile is a
lasing wavelength may be selected from anywhere in the
gain bandwidth by choosing the appropriate fiber Bragg grat- 4
ing. Clearly, such an approach will increase the yield from
the semiconductor wafers. In addition, since each laser has to 120
be coupled to a fiber, the Bragg grating may be written after
the packaging process has proved to be successful, thus, re g 1.00 - Feedback from thg/
ducing the time spent on unsuccessful products. broadband Bragg mirer

1.40

1.00

0.80 4

1540 1550 1560

B. Fiber Bragg grating lasers

0.50 |

Amplitude (nanowatts)

The majority of Bragg grating fiber laser research has
been on erbium-doped lasers due to its potential in commu-
nication and sensor applications. The characteristic broad- | : . ‘ . .
band gain profile of the erbium-doped fiber around the 1550 1400 1450 1500 1550 1600 1650 1700
nm region makes it an extremely useful tunable light source. Wavelength (nanometers)

Employing this doped fiber in an optical cavity as the lasing
FIG. 50. Broadband fluorescence obtained from an erbium-doped fiber la-

medium, along with some tuning element, results in a Ccm_ser. Superimposed on the gain profile is the broadband mirror at 1550 nm.

tinuously tunable |a}ser source over it$ broad gain prOf”e-_ INithin this peak there is a notch at 1550 nm corresponding to the Bragg
fact, a tunable erbium-doped fiber with an external gratingyrating (after Ref. 117.
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£ 50+ coupler to close the legs containing the grating of a Mach—Zehnder arrange-
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1400 1450 1500 150 1600 1650 1700 from the amplifier increases the output noise.. Anpther way to
Wavelength (nm) overcome the problem of low pump absorption is by codop-

ing the erbium-doped fiber with ¥b.1?? This increases the
FIG. 51. Output spectrum from erbium-doped fiber laser at various Couple%lbsorption at the pump Wavelength by more than two orders

input powers varying from below the lasing threshold of 0.5 mW to nearly . . . . .
lasing at 1.0 mW and fully lasing at 1.5 mW. The inset at the upper-leftOf magnitude and enables high efficient operation of centi

corner shows the lasing spectrum as a function of coupled pump power dneter long lasers with relatively low Er concentration.
1.5 and 3.0 mW(note that the laser power at 3 mW is approximately 40 Kringlebotnet al!?®reported a highly efficient, short, robust

times stronger than that at 1 mw single-frequency and linearly polarized3trYb®*-codoped
fiber laser with fiber grating Bragg reflectors, an output

. power of 19 mW, and a linewidth of 300 kHz for 100 mW of
broadband peak3.5 nm at 1550 nm corresponding to the ggg m diode pump power.

reflection of the fluorescence from the broadband Bragg mir- Rare-earth-doped fiber lasers emitting at aroungn2

ror, and within this peak there is a notch at 1550 nm corréyaye potential uses in medical application, eye-safe LIDAR,
sponding to the narrow Bragg grating. With increasing inCi-ang sensors. Continuous lasers in then band using doped
dent pump power, the losses in the fiber laser cavity argper has been reported since 1988127 All these lasers
overcome and lasing begins. At pump powers just abovg,qved silica or fluoride based fibers codoped with thulium
threshold value, the notch due to the Bragg grating begins t9n4/o0r holmium. Bojet al12® have demonstrated a diode

grow in the positive direction and as the pump power in-n,mneq thulium-doped silica fiber laser with intracore Bragg
creases further, the laser grows even stronger by depletlr@raﬁngs in the 1.9—2.1m band.

the broadband fluorescen@eig. 51). In Fig. 51, the output
spectrum, from the erbium-doped fiber laser, is shown for
various coupled pump powers into the doped fiber, startin
below the lasing threshold at 0.50-1.0 mW and 1.5 mW, A single Bragg grating in a single-mode fiber acts as a
where the laser line at 1550 nm begins to grow. At 3.0 mWwavelength-selective distributed reflector or a band rejection
of the coupled pump power, lasing is dominant. This isfilter by reflecting wavelengths around the Bragg resonance.
shown in the inset at the upper left-hand corner where &lowever, by placing identical gratings in two lengths of a
vertical line at 1550 nm represents the lasing wavelength. fiber coupler, as in a Michelson arrangement, one can make a
Single-frequency Er-doped Fabry—Perot fiber lasers bandpass filtet?® This filter, shown in Fig. 2@&), passes
using fiber Bragg gratings as the end mirférs®are emerg-  only wavelengths in a band around the Bragg resonance and
ing as an interesting alternative to DFB diode lasers for uséiscards other wavelengths without reflections. If the input
in future optical CATV networks and high capacity WDM port is excited by broadband light and the wavelengths re-
communication systens? They are fiber compatible, flected by the gratings arrive at the coupler with identical
simple, scaleable to high output powers, and have a lovoptical delays, then this wavelength simply returns to the
noise and kilohertz linewidth. In addition, the lasing wave-input port. If, however, a path-length difference 8f2 is
length can be determined to an accuracy of better than O.ihtroduced between the two arms, then it is possible to steer
nm, which is very difficult to achieve with DFB diode lasers. the reflected wavelength to arrive at the second input port,
Fiber lasers can operate in a single-frequency mode, prareating a bandpass filter. In principle, this is a low-loss fil-
vided that the grating bandwidth is kept below the separationer, however, theresia 3 dBloss penalty for the wavelengths
between the axial mode spacings. Furthermore, it is neceshat are not reflected, unless a Mach—Zehnder interferometer
sary to keep the erbium concentration low eno(afew 100 is used to recombine the signal at the outffitAn efficient
ppm) to reduce ion-pair quenching, which causes a reductioandpass filter was demonstrated by Bilodetal 11%2ys-
in the quantum efficiency, and in addition may lead to strongng a scheme identical to that presented in Ref. 130. The
self-pulsation of the lasét®~*?°The combination of these device had back reflection of 30 dB. However, all wave-
practical limits implies that the pump absorption of anlengths out of the pass band suffered from the 3 dB loss
erbium-doped fiber system can be as low as a few percendssociated with the Michelson interferometer.
resulting in low output lasing power. One solution to this Optical fiber communication systems employing wave-
problem is to use the residual pump power to pump ardength division multiplexing/demultiplexingV\DM/D) tech-
erbium-doped fiber amplifier following the fiber lasét. niques require low-loss, compact, stable, and reliable com-
However, in such cases the amplified spontaneous emissiggonents, which can be used as wavelength-selective channel

. Filters and mode converters
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dropping or inserting filters. By adding a second coupler toD. Pulse dispersion compensation

close the legs containing the gratings of Fig(@l8as in a One of the main problems that occur in single-mode op-
Mac?SZZghnder arrangement, one can make a drop—adgly) fipers is chromatic dispersion, causing different wave-
filter™" (Fig. 52. The Mach—Zehnder is balanced so that anyjength components of a data pulse to travel at different group
optical signal in the 1550 nm transmission window launched,g|ocities. This causes broadening of the signal pulse and
into the input fiber(port A or C) is coupled into the output increasing bit-error rates. With increasing network data rates,
fiber (port D or B). The two identical Bragg reflection filters chromatic dispersion in standard single-mode fiber is the
and the input coupler, which has a precise 50:50 splittingnain limiting factor in performance. For a low data rate of
ratio at the center wavelength of the reflection gratings, fornr2.5 Gbit/s, a signal can be transmitted without significant
a Michelson interferometer transmission filter. The pathdegradation for up to 1000 km. However, this distance drops
length in each arm of the interferometer is set equal, thugio 60 km at 10 Gbit/s and to 15 km at 20 Gbit/s. In addition,
giving maximum transmission. Any signal launched into porta large portion of the already worldwide installed fiber is
A, at the transmission wavelength of the Michelson interfer-optimized for transmission at 1.3am. This type of fiber
ometer, will be coupled into port B. An input optical signal €xhibits high chromatic dispersion of the order of 17 ps/
S(\,), at the transmission wavelength of the Michelson in-N"M km when used to transmit at the more commonly used

terferometer X ,), can be multiplexed onto an optical signal {€lécommunication wavelength of 1.36n. .
containing many discrete wavelengB¢\,....,) by launch- Chirped fiber Bragg gratings provide the means for dis-

ing into ports A and C, respectively, with the output signal pe_rsion gompen;ation. Th? basig principle of o.peration of a
3 (N\1...,...m) being transmitted into port B. Conversely, an chirped fiber grating as a dispersion compensating element is

optical signalS,(x) can be demultiplexed into port B from that different wavelength components of the broadened pulse

; . . . are reflected from different locations along the Bragg grat-
an optical signal containing many discrete wavelengths

: . . ing. Therefore, the dispersion imparted by the grating in re-
2'()\1.I”ET. ')'\m) Iaur;)cr_]ed Lnto po_r:tAa W';h thetr%malnder of the flection to a pulse with a given spectral content is equal to
signa ( 1---m) €ing transmitted into port L. ) twice the propagation delay through the grating lergtas

Placing two identical Bragg gratings in series on a

single-mode fiber results in a Fabry—Perot etalon within the 2L
fiber core. Figure 2@®) shows one such construction with = v_g (6.3)
99.5% reflectors, a free-spectral range of 1.06 GHz, and a ) _ o
finesse of 660. With the advancements in the inscription ofVherévg is the group velocity of the pulse incident on the
Bragg gratings in optical fiber, it is now possible to obtain 9rating. Therefore, a grating with a linear wavelength chirp
etalons with finesse, as high as several thousands. of A\ nm will have a dispersion of

By tilting or blazing the Bragg grating at angles to the r
fiber axis, light can be coupled out of the fiber core into ~ d= 41— (ps/nm. (6.2
loosely cladding modes or to radiation modes outside the
fiber/* This wavelength-selective tap occurs over a rathefEggletonet al*® demonstrated dispersion compensation by
broad range of wavelengths that can be controlled by th@ulse compression with the use of a chirped grating. Figures
grating and waveguide design. One of the advantages is tha8(@ and 53b) show, respectively, the 21 ps input pulse and
the signals are not reflected in, thus, the tap forms athe compressed 13 ps reflected pulse. To show that the ob-
absorption-type filter. An application, that was already men-sSe€rved compression is not due to truncation of the pulse

tioned in Sec. IV B 2 is that this grating tap can be used as &P€ctrum by the grating, the direction of the grating was
gain flattening filter for an erbium fiber amplifier. reversed, which resulted in the pulse stretching to 40 ps as

With a small tilt of the grating planes to the fiber axis shown in Fig. 5&). Pulse stretching is expected because the
(~1°), one cammake a reflecting spatial-mode coupler SUChsign of the dispersion in the reversed case adds to the disper-

that the grating reflects one guided mode into another. It i$'on of the optical pulse.

interesting to point out that by making long-period gratings Fiber dispersion compensation using a chirped fiber
) ’ ; i 134
one can perturb the fiber to couple to other forward goin Bragg grating was demonstrated by Williasal. They

. , Ysed short ulsefFig. 54 and gave an experimental dem-
modes. A wavelength ﬂltggr based on this effect has_beegnstration o[f) the use of a chirped Bragg gFr)ating to compen-
demonstrated _by H'”?t al. The_z spatlal-_mode cpnvertl_ng sate for the pulse broadening arising from negative group
grating was written using the point-by-point technique with aye oy dispersion and nonlinear self-phase modulation in a
period of 590um over a length of 60 cm. Using mode Strip- |gngih of fiber. Short pulses of 1.8 ps were sent through 200
pers before and after the grating makes a wavelength filteg,, o optical fiber, which had a measured group delay disper-
In a similar manner, a polarization-mode converter or rock-sjon of — 100 ps/nm km. These pulses suffered significant
ing filter in polarization maintaining fiber can be made. A dispersive broadening in the fiber. A 50:50 coupler between
rocking filter of this type, generated with the point-by-point the fiber and a linearly chirped fiber Bragg grating provided
technique, was demonstrated by Hill and co-work8re1  output of the pulses directly from the fiber and those re-
their work, they demonstrated an 87 cm long, 85 step rockflected off the grating. These pulses were measured tempo-
ing filter, which had a bandwidth of 7.6 nm and a peakrally by cross correlating them with pulses taken directly
transmission of 89%. from the laser.
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% FIG. 54. Experimental configuration used to investigate dispersion compen-
¥ sation of a linearly chirped fiber Bragg grating.
T I T T T T | with civil structures to monitor load levels. They have also

-80 -40 0 40 80

been successfully tested as acoustic sensing arrays. Applica-
Time Delay (psec) y g arrays. App

tions for fiber grating sensors should also be emerging in
process control and aerospace industries in the near future.

The temperature sensitivity of a Bragg grating occurs
principally through the effect on the index of refraction and
to a lesser extent through the expansion coefficidns is
described in detail in Sec. IV B3t is noteworthy that tem-
perature sensitivity can be enhanced or mulled by proper
bonding to other materials. The maximum operating tem-
peratures may be around 500 °C, however, this may depend
on the fabrication condition of the Bragg grating. For ex-
ample, type Il gratings may operate at higher temperatures
than type | gratings.

| . : N [ : : Strain affects the Bragg response directly through the
80 -40 0 40 80 expansion or contraction of the grating elements and through
the strain-optic effectsee Sec. IV B B Many other physical
parameters other than tension can also be measured such as
©) pressure, flow, vibration acoustics, acceleration, electric,
magnetic fields, and certain chemical effects. Therefore, fiber
Bragg gratings can be thought off as generic transducer ele-
ments. There are various schemes for detecting the Bragg
resonance shift, which can be very sensitive. One such
scheme involves the injection of a broadband ligiener-
ated by a super-luminescent diode, edge-emitting light-
emitting diode, erbium-doped fiber super-fluorescent sgurce
into the fiber and determining the peak wavelength of the
reflected light. Another way involves the interrogation of the
Bragg grating with a laser tuned to the sensor wavelength, or
— — by using the sensor as a tuning element in a laser cavity.
-80 -40 0 40 80 Detecting small shifts in the Bragg wavelength of fiber
Time Delay (psec) Bragg grating sensor elements, which corresponds to
changes of the sensing parameter is important. In a labora-
FIG: 53. Traces_qf_optice_al pulses before and after reflection from a chirpeqory environment, this can be accomplished using a high-
grating. () The initial chirped pulse with duration of 211 ps, (b) com- . . - o
pressed pulse after reflection from a chirped grating with duration of 13pr_eC|5|on_opt|caI spectrum analyzer_' In praCtlcal appllcatlo_ns,
+1ps, and©) stretched pulse after reflection from a reversed chirped gratNiS function must be performed using compact, low-cost in-
ing with duration of 4@ 1 ps. From Eggletoret al. (after Ref. 46. strumentation. Schemes based on simple broadband optical
filtering, interferometric approaches, and fiber laser ap-
proaches allow varying degrees of resolution and dynamic
range, and should be suitable for most applications.

Fiber Bragg gratings are excellent fiber-optic sensing el- The most straightforward means for interrogating a
ements. They are integrated into the light guiding core of theBragg grating sensor is based on a passive broadband illumi-
fiber and are wavelength encoded, eliminating the problemsation of the device. Light with a broadband spectrum,
of amplitude or intensity variations that plague many othemwhich covers that of the Bragg grating sensor, is input to the
types of fiber sensors. Due to their narrow-band wavelengtlBystem, and the narrow-band component reflected by the
reflection, they are also conveniently multiplexed in a fiber-grating is directed to a wavelength-detection system. Several
optic network. Fiber gratings have been embedded in comeptions exist for measuring the wavelength of the optical
posite materials for smart structures monitoring, and testedignal reflected from a Bragg grating element including a

(o)

SHG Intensity (arb. units)

Time Delay (psec)

SHG Intensity (arb. units)

E. Fiber Bragg gratings sensors
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FBG S Bragg grating
signal |, low pass Isolator sensor
> Broadband Filters { fiter Bioadband—» = S— )
coupler Reflected light
2 Reflected light /
!
. FBG |,/ 77 — 5 i | Tunable Fiber
» Edge Filter signal [y low pass . Fabry-Perot
edge
""""" A
FBG | |
»Tunable narrowband signal | & Pass band
Fiter i funabile fitter FIG. 56. Schematic of a tuned filter based interrogation technique for fiber
R Bragg grating sensor.
A
configuration, the Fabry—Perot filter with a bandwidth of 0.1
FBG nm is locked to the Bragg grating reflected ligiR)(using a
$ignal | interferometiic feedback loop. This is accomplished by dithering the fiber
» Unbalanced 4 S | IATEYAS _ .
Inferferonmeter Fabry—Perot resonance wavelength by a small amypit
¥ cally, 0.01 nm and using a feedback loop to lock to the
A Bragg wavelength of the sensor return signal. The fiber

Fabry—Perot control voltage is a measure of the mechanical
or thermal perturbation of the Bragg grating sensor.
Operating the fiber Fabry—Perot filter in a wavelength-
o ) ) ) o . scanning mode provides a means for addressing a number of
miniaturized spectrometer, passive optical filtering, tracking;pq, Bragg gratings elements placed along a fiber (gigy
using a tunable filter, and interferometric detection. The OP57). In this mode, the direct Bragg grating sensor spectral
tical characteristics of these filtering options are as shown gt ins are obtained from the photodetector output. The
Fig. 55. Filtering techniques based on the use of broadbangliimum resolvable Bragg wavelength shift that can be de-
filters allow the shift in the Bragg grating wavelength of the (o 1e 4 has limited resolution. By dithering the Fabry—Perot
sensor element to be assessed by comparing the transMfzer transmission, the derivative response to the spectral

tance through the filter compared to a direct “reference” c,mponents in the array output can be obtained, producing a
path:==> A relatively limited sensitivity is obtained using this oo crossing at each of the Bragg grating center wave-

approach due to problems associated with the use of bulkangihs and thus, improving the resolution in determining
optic components and alignment stability. One way to im-y,q wavelength shifts, and hence, the strén any other

prove this sensitivity is to use a fiber device with a sensing parameter for which the transducer is made
wavelength-dependent transfer function, such as a fiber

WDM coupler. Fused WDM couplers for 1550/1570 nm op-
eration are commercially available. This coupler will provide
a monotonic change in the coupling ratio between two output A sensitive technique for detecting the wavelength shifts
filters for an input optical signal over the entire optical spec-Of a fiber Bragg grating sensor makes use of a fiber interfer-
trum of an erbium broadband source, and thus, has a suitabfneter. The principle behind such a system is shown in Fig.
transfer function for wavelength discrimination over this 8. Light from a broadband source is coupled along a fiber to
bandwidth. An alternate means to increasing the sensitivity e Bragg grating element. The wavelength component re-
to use a filter with a steeper cutdee Fig. 58)], such as
an edge filter. However, this can limit the dynamic range of
the system. One of the most attractive filter based technique ==

for interrogating Bragg grating sensors is based on the use ¢

a tunable passband filter for tracking the Bragg grating sig- Reflected light |
nal. Examples of these types of filters include Fabry—Pero

filters 136 acousto-optic filterd3”1*8and fiber Bragg grating

FIG. 55. Diagram of basic filtering function for processing fiber Bragg
grating return signals.

2. Interferometric interrogation

—> - A——— -

B TREGEE RS Isolator coupler BG, BG, BG,
Bioodbgndt| _, 5ol g ! :

. Scanning )
based filterd® Scanring __, k e oo
1. Tunable filter interrogation
Feedback
Figure 56 shows the configuration used to implement & systern
tunable filter(such as a fiber Fabry—Perdb interrogate a oot

Bragg grating sensor. The fiber Fabry—Perot can be operate.

in eit_her a trapking or scanning mOd_e for addres;ing single Of|G, 57. Schematic of a multiplexed fiber Bragg grating sensor array with a
multiple grating elements, respectively. In a single sensoscanning Fabry—Perot filter.
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FIG. 58. Schematic of an interferometer interrogation technique for a fibe

r . ) . . . .
Bragg grating sensor. FIG. 60. Schematic configuration of a seriattymultiplexed Bragg grating

fiber laser.

flected back along the fiber toward the source is tapped of‘? - Active laser interrogation

and fed to unbalance Mach—Zehnder interferometer. This N active interrogation, the fiber Bragg grating sensor is

light, in effect, becomes the light source into the interferom-used as an optical feedback element of an optical laser
eter, and the wavelength shifts induced by perturbation of thavity.~ Compared to the passive broadband base system,
Bragg grating sensor resemble a wavelength modulatefprming a fiber Bragg laser sensor generally provides stron-
source. The unbalanced interferometer behaves as a spect@&F optical signals, and thus, has the potential to provide
filter with a raised cosine transfer function. The wavelengtiMmproved signal-to-noise performance. The basic concept is

dependence on the interferometer output can be expressed¥¥Wn in Fig. 59. The laser cavity is formed between the
mirror and the fiber Bragg grating element, which may be

located at some sensing point. A gain section within the cav-
, (6.3 ity can be provided via a semiconductor or doped filseich
as the erbium-doped fiberOnce the laser gain is greater
than unity, the fiber laser will lase at the wavelength deter-
mined by the fiber Bragg grating wavelength. As the Bragg

the effective index of the core\, is the wavelength of the grating changes its periodicity due to strain or temperature,
the lasing wavelength will also shift. Reading of the laser

return light from the grating sensor, arflis a bias phase S T . :
offset of the Mach—Zehnder interferometer Pseudoheterov_vavelength using filtering, tracking filters, or interferometric

dyne phase modulation is used to generate two quadratujgchniques can then be used to determine induced shifts. This

signals with a 90° phase shift with respect to each othe fgbserBsensor c?nflgl:ratlont, Zowever,tls.hmned t;)ha smgtl)e
thus, providing directional information. Wavelength shifts Iber bragg grating element. A means 1o Increase the numboer

are tracked using a phase demodulation system developé)%c?_;_agg Igiatlngs ﬂ:at cartl be_ﬂz\a_dd;ﬁssed '.? to |r;]gorr]pora|1te an
for interferometric fiber-optic sensors. In practical applica-a tiohal uning element within the cavity, which selec-

tions, a reference wavelength source is used to provide Iovx}—ively opiimizes the gain at certain wavelengins. In this way,

frequency drift compensation. Strain resolution as low aé numper of fiber Bragg gratings, each opergting at nom?—
0.6n¢e/Hz %5 at 500 Hz have been reporté”c?. nally different wavelengths, can be addressed in a sequential

A combination of a wavelength filter and fiber interfer- manner to form a quasidistributed fiber laser sensor. By tun-

ometer to increase the number of gratings interrogated, whild'd & Wavelengt.h selectlvg filter located within '.[he laser cav-
ity over the gain bandwidth, the laser selectively lases at

maintaining the high resolution offered by the phase sensi- :
tive detection scheme. has also been reali4&d. each of the Bragg wavelengths of the sensors. Thus, strain
' induced shifts in the Bragg wavelengths of the sensors are
detected by the shift in the lasing wavelengths of the system.

An alternative multiplexed fiber laser sensor is based on

nd

b

I(Ap)=A t¢

2
1+k coz(

where A is proportional to the input intensity and system
lossesd is the length imbalance between the fiber armis

Er-doped

e e a single element fiber laser sensor utilizing a Wixdde Ref.
Bogg grating 73). Theorgtical_ly, s_ince erbium is a homogene_ously broad-
Isolator a sensol ened medium, it will support only one lasing line simulta-
PP oM Refiected Tght neously. To produce several laser lines within a single length
of optical fiber, a section of erbium-doped fiber is placed
_ o opfical Spectim between the successive Bragg gratings. With sufficient pump
]EEEE onolyzer power and enough separation between the Bragg grating cen-
EzzElE = | ter wavelengths, a multiplexed fiber lasers sensor is possible.
Opfical Spectium The maximum number of sensors utilized would depend on
anlyzer the total pump power, the required dynamic range, and fi-
FIG. 59. Schematic of a fiber laser sensor configuration with fiber Braggh@lly, the gain profile of the active medium. A schematic
grating elements. configuration of the serially multiplexed Bragg grating fiber
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Index matched end verse of Eq.(6.5). The measured values ®&f obtained in
T NS Ref. 146(for the fiber used in Ref. 146vere

i
— ¥ _,=0.96+6.5x10"3 pm/ustrain,

¥ _,=0.59+3.4x10 3 pm/ustrain,
P, =8.727.7X10 2 pm/°C,

two superimposed
Bragg gratings

Opﬁzcr:\lgsgitrum Optical Spectrum \I,T2 =6.30+3.7<x10 2 pm/OC,

analyzer

o o _ wherepm=1x10 2 m. If the inverse matrix is used, the
FIG. 61. Schematic diagram for measuring simultaneously strain and tem—t . dt t b btained f the tw
perature using two superimposed Bragg gratings at 1300 and 850 nm. IS ral?har;]'ft emperature may be obtained irom the two wave-
ength shifts.

. N . An alternative approach using a single Bragg grating has
Iasgr IS shqwn In Fig. 6.0' On_e of.the drawbacks n such ?ecently been demonstrated, combining the wavelength in-
serial multlplexed conflgurat!on IS that' the cavities ar€tormation from the first and second grating diffraction or-
coupled so their respective gains are not independent. Infac&ers_ This has been shown to provide similar temperature

gamAiOtL:]p“ng 'f afco(rjr:jmon effect 'T SUCht sy_stem?t.) | and strain separation to the above scheme, with the added

€ cost of adding more elements In a Nber 1aseryy, antage that only one grating is requitéd.
sensor system, an alternative is to multiplex the fiber laser
sensor in a parallel configuration. This system, in essence,
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