
Reprinted from

REVIEW IF
SClENTlFlC
INSTRUMENTS
Vol. 68, No. 12, December 1997

Fiber Bragg gratings
Andreas Othonos
Department of Natural Sciences; Physics, University of Cyprus, Nicosia, Cyprus

pp. 4309-4341

INSTITUTG
EPl-lYsIcs



REVIEW ARTICLE

Fiber Brag g gratings
Andreas Othonosa)

Department of Natural Sciences; Physics, University of Cyprus, Nicosia, Cyprus

~Received 10 March 1997; accepted for publication 12 September 1997!

Since the discovery of photosensitivity in optical fibers there has been great interest in the
fabrication of Bragg gratings within the core of a fiber. The ability to inscribe intracore Bragg
gratings in thesephotosensitivefibershas revolutionized thefield of telecommunicationsand optical
fiber based sensor technology. Over the last few years, the number of researchers investigating
fundamental, as well as application aspects of these gratings has increased dramatically. This article
reviews the technology of Bragg gratings in optical fibers. It introduces the phenomenon of
photosensitivity in optical fibers, examines the properties of Bragg gratings, and presents some of
the important developments in devices and applications. The most common fabrication techniques
~interferometric, phase mask, and point by point! are examined in detail with reference to the
advantages and the disadvantages in utilizing them for inscribing Bragg gratings. Reflectivity,
bandwidth, temperature, and strain sensitivity of the Bragg reflectors are examined and novel and
special Bragg grating structures such as chirped gratings, blazed gratings, phase-shifted gratings,
and superimposed multiple gratings are discussed. A formalism for calculating the spectral response
of Bragg grating structures is described. Finally, devices and applications for telecommunication
and fiber-optic sensors are described, and the impact of this technology on the future of the above
areas is discussed. © 1997 American Institute of Physics. @S0034-6748~97!01312-9#
I. INTRODUCTION

The discovery of fiber optics has revolutionized the field
of telecommunications making possible high-quality, high-
capacity, long-distance telephone links. Over the past three
decades, the advancements in optical fiber has undoubtedly
improved and reshaped fiber-optic technology. Today, opti-
cal fibers are synonymous with the word ‘‘telecommunica-
tion.’’ In addition to applications in telecommunications, op-
tical fibers are also utilized in the rapidly growing fields of
fiber sensors, fiber lasers, and fiber amplifiers. Despite the
improvements in optical fiber manufacturing and advance-
ments in the field in general, basic optical components such
as mirrors, wavelength filters, and partial reflectors have
been a challenge to integrate with fiber optics. Recently,
however, all these have changed with the ability to alter the
core index of refraction in a single-mode optical fiber by
optical absorption of UV light. This photosensitivity of opti-
cal fibers allows the fabrication of phase structures in the
core of fibers. These phase structures, or phase gratings are
obtained by permanently changing the index of refraction in
a periodic pattern along the core of the fiber. A periodic
modulation of the index of refraction in the fiber core acts
like a selective mirror for the wavelength that satisfies the
Bragg condition. In other words, it forms a fiber Bragg grat-
ing. The grating period and length, together with the strength
of the modulation of the refractive index, determine whether
the grating has a high or low reflectivity over a wide or
narrow range of wavelengths. Therefore, these parameters

a!Electronic mail: othonos@ucy.ac.cy
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determine whether the Bragg grating acts as a wavelength
division multiplexer in telecommunications, a narrow-band
high-reflectance mirror in laser or sensor applications, or a
wavelength-selective filter removing unwanted laser frequen-
cies in fiber amplifiers.

The first observations of index of refraction changes
were noticed in germanosilica fibers and were reported by
Hil l and co-workers1,2 in 1978. They described a permanent
grating written in the core of the fibers by the argon ion laser
line at 488 nm launched into the fiber. This particular grating
had a very weak index modulation, which was estimated to
be of the order of 1026 resulting in anarrow-band reflection
filter at the writing wavelength.

Photosensitivity in optical fibers remained dormant for
several years after its discovery by Hil l et al.1 mainly due to
limitations of the writing technique. However, a renewed
interest has risen with the demonstration of the side writing
technique by Meltz et al.3 almost ten years later. In the last
few years, groups worldwide achieved breakthroughs in di-
rect optical inscription of high-quality gratings into the core
of optical fibers using various techniques such as the inter-
ferometric, phase mask, and point-by-point exposure to ul-
traviolet laser light. Gratings with a wide range of band-
widths and reflectivities can be formed on time scales
ranging from afew nanoseconds ~duration of the laser pulse!
to a few minutes, depending on the characteristics required.
These gratings are low-loss in-line fiber devices that can be
written into the core noninvasively when and where desired,
offering narrow-band wavelength selection to precise speci-
fications.

Fiber-optic photosensitivity has, indeed, opened a new
4309309/33/$10.00 © 1997 America n Institut e of Physics
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era in the field of fiber-optic based devices.4–6 Innovating
new Bragg grating structures find their way in telecommu
cation and sensor applications. Devices like fiberFabry–
Perot Bragg gratingsfor bandpass filters,chirped gratings
for dispersion compensation and pulse shaping in ultras
work, andblazed gratingsfor mode converters are becomin
routine applications. Fiber-optics sensing is an area that
embraced Bragg gratings since the early days of its disc
ery. Fiber Bragg gratings have become almost synonym
with the field itself. Most fiber-optics sensor systems tod
make use of Bragg grating technology.

With in a few years from the initial development, fibe
Bragg gratings have moved from laboratory interest and
riosity to the brink of implementation in optical communic
tion and sensor systems. In a few years, it may be as diffi
to think of fiber-optic systems without fiber Bragg gratin
as it is to think of bulk optics without the familiar laborator
mirror.

This review article covers the technology of Bragg gr
ings in optical fibers. It introduces the phenomenon of p
tosensitivity in fibers, examines the properties of Bragg g
ings, fabrication techniques, and presents some of
important developments in devices and applications. Sec
II gives a brief overview of photosensitivity in optical fiber
It covers areas such as defects in optical fibers, enhance
techniques in photosensitivity, and the major accep
mechanisms of photosensitivity. In Sec. III, a description
the most popular and efficient techniques for inscrib
Bragg gratings in optical fibers is given. Techniques such
interferometric, phase mask, and point by point are descr
in detail. Section IV describes the various properties
Bragg gratings and different types of grating structures, so
of which are blazed gratings, chirped gratings, and type
Bragg gratings. In Sec. V, a description of theT matrix for-
malism for simulating the spectral response of Bragg g
ings is given. Using this formalism, a few simulations
some common Bragg grating structures with various par
eters are calculated. Finally, Sec. VI gives a brief descript
of the various applications and devices using Bragg grati
in the fields of telecommunication and fiber sensors.

II. PHOTOSENSITIVITY OF FIBERS

A. History of photosensitivity and fiber Bragg
gratings

Hill and co-workers1,2 discovered photosensitivity in
germanium-doped silica fiber at the Communication R
search Center in Canada. During an experiment that was
ried out to study the nonlinear effects in a specially desig
optical fiber, visible light from an argon ion laser wa
launched into the core of the fiber. Under prolonged ex
sure, an increase in the attenuation of the fiber was obser
Following that observation, it was determined that the int
sity of the light back reflected from the fiber increased s
nificantly with time during the exposure. This increase
reflectivity was the result of a permanent refractive-ind
grating being photoinduced in the fiber. This new nonline
photorefractive effect in optical fibers was called fiber ph
tosensitivity. In their experiment,1 the 488 nm laser light tha
4310 Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
-

rt

as
v-
us
y

-

lt

-
-
t-
e
n

ent
d
f

s
d
f
e

II

t-

-
n
s

-
ar-
d

-
ed.
-
-

x
r
-

was launched into the core of a specially designed fiber
terfered with the Fresnel reflected beam~4% reflection from
the cleaved end of the fiber! and initially formed a weak
standing-wave intensity pattern. The high intensity points
tered the index of refraction in the photosensitive fiber c
permanently. Thus, a refractive-index perturbation that h
the same spatial periodicity as the interference pattern
formed, with a length only limited by the coherence length
the writing radiation. This refractive-index grating acted a
distributed reflector that coupled the forward propagating
the counterpropagating light beams. The coupling of
beams provided positive feedback, which enhanced
strength of the back-reflected light, and thereby increased
intensity of the interference pattern, which in turn increas
the index of refraction at the high intensity points. This pr
cess was continued until eventually the reflectivity of t
grating reached a saturation level. These gratings were, t
called self-organizedor self-inducedgratings since they
formed spontaneously without human intervention. The s
cially designed fibers were supplied by Bell Northern R
search, and had a small core diameter that was heavily do
with germanium.

For almost a decade after its discovery, research on fi
photosensitivity was pursued sporadically only in Canada
ing the special Bell Northern research fiber. During this tim
Lam and Garside7 ~1981! showed that the magnitude of th
photoinduced refractive index change depended on
square of the writing power at the argon ion wavelength~488
nm!. This suggested a two-photon process as the poss
mechanism of refractive-index change. The lack of inter
tional interest in fiber photosensitivity at the time was attr
uted to the effect being viewed as a phenomenon pre
only in this special fiber. Almost a decade later, Ston8

proved otherwise; he observed photosensitivity in many
ferent fibers, all of which contained a relatively high conce
tration of germanium.

Self-organized Bragg gratings are in effect narrow-ba
reflection filters in optical fibers. Hill and co-workers1 used
one of these gratings in place of the output reflector of
argon ion laser and were able to obtain stable cw oscilla
at 488 nm~see Fig. 1!. This represented the first reporte
demonstration of distributed feedback oscillation of a g
laser operated in the visible region of the spectrum. The o

FIG. 1. Distributed feedback cw argon ion laser. The fiber reflection fi
~its reflection spectral response is shown! takes the place of the outpu
reflector giving rise to narrow-band oscillation~after Ref. 1!.
Fiber Bragg gratings



cr
t

of
a
t
s
io

e
th
e
ha
h
e
u

er
s
o
n

is

c
pe

-
w

a
2
fe
in

n

U

tio
r

th
n
ti

ls
it

er
pi

46

a
at

m,
ral

use
em,
often
lly,

w-
le

cal

for
e in
t be
so
t
g

nds.

fect
pin

he

t a

r t
d

put reflector was removed from the laser head and a mi
scope objective lens was used to couple the beam into
core of the optical fiber containing the reflection filter.

Although the discovery of photosensitivity in the form
photoinduced index changes played a key role in the
vancements of optical fiber technology, devices such as
self-inducedgratings were not practical. This was becau
the Bragg resonance wavelength was limited to the argon
wavelength ~488 nm!. Slight tunability in the resonanc
wavelength could be achieved by longitudinally straining
fiber during the Bragg grating formation process. Howev
this method does not allow the fabrication of gratings t
have resonance wavelengths in the infrared region, whic
of interest in optical communications. Moreover, in the blu
green wavelength regions, these gratings are intrinsically
stable owing to the continuing photosensitivity of the fib
This causes the grating to continually evolve during its u
as a Bragg reflector. The grating can even disappear c
pletely if it is exposed to light of a different blue-gree
wavelength.9 A further problem with self-induced gratings
their small photoinduced refractive-index change~due to the
two-photon process!. Therefore, to achieve detectable refle
tivities, long gratings are required, thus, making these ty
of gratings not useful for localized sensing.

In 1989, Meltzet al.3 showed that a strong index of re
fraction change occurred when a germanium-doped fiber
exposed to UV light close to the absorption peak of
germania-related defect at a wavelength range of 240–
nm. Figure 2 shows an oxygen-deficient germania de
thought to be responsible for the photosensitivity
germania-doped silica. The peak wavelength of absorptio
the well-known GeO defect is at;240 nm.10 This absorp-
tion has been shown to bleach when exposed to
radiation,11,12 as shown in Fig. 3. Hand and Russel13 devel-
oped a model to explain the change in the index of refrac
by relating it to the absorption changes via the Krame
Kronig relationship. The model proposed the breaking of
GeO defect resulting in a GeE8 center with the release of a
electron, which is free to move within the glass matrix un
it is retrapped.

Fibers, other than the ones doped with germanium, a
exhibit photosensitivity phenomena. Fibers doped w
europium,14 cerium,15 and erbium:germanium~Ref. 16! show
varying degrees of sensitivity in a silica host optical fib
but none is as sensitive as the germania. One fiber do
producing large index modulations~of the order of 1023! is

FIG. 2. Oxygen-deficient germania defects thought to be responsible fo
photosensitive effect in germania-doped silica. An electron is release
breaking of the bond.
Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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germanium–boron codoping.17 Photosensitivity has also
been observed in a fluorozirconate fiber18 doped with ceri-
um:erbium, where Bragg gratings were inscribed using 2
nm radiation.

B. Defects in germanosilica optical fibers

The fact that the change of the index of refraction in
germanosilica fiber is triggered by a single photon
;240 nm, which is well below the band gap at 146 n
implies that the point defects in the ideal glass tetrahed
network are responsible for this process.

Defects in optical fibers first attracted attention beca
of the unwanted absorption band associated with th
which caused transmission losses. These defects are
called color centers due to their strong absorption. Norma
these defects are caused by the fiber drawing process,19 and
ionizing radiation.20 A great deal of research21 has been di-
rected in minimizing the formation of these defects. Ho
ever, with their implication to fiber Bragg gratings, the ro
of the defects in optical fibers has changed dramatically.

Experimental results suggest that Ge–Siwrong bonds
are responsible for the photosensitivy of modified chemi
vapor deposition~MCVD! germanosilica fiber. Although it
appears that the Ge–Si wrong bond has a high efficiency
triggering the processes responsible for the index chang
the glass, it must be made clear that Ge–Si bonds may no
the only trigger mechanism, just the most efficient found
far. The Ge–Siwrong bond has an absorption band a
;240 nm.22 Ultraviolet light processing leads to a bleachin
of this absorption band,23 resulting in the creation of new
defects, and hence, the evolution of new absorption ba
The creation of defect bands has been reported22,24,25 cen-
tered at 195, 213, and 281 nm. The radiation induced de
centers were identified and characterized by electron s
resonance spectroscopy~ESR!. In 1986, Friebele and
Griscom25 were the first to report on what is now termed t
Ge(1)2, Ge(2)2, and GeE8 defect centers. The Ge(1)2 and
Ge(2)2 centers are composed of an electron trapped a
four coordinated Ge substitutional for Si in the SiO2 tetrahe-

he
on

FIG. 3. Transmission loss spectrum of a 15mm thick preform before and
after being irradiated by 244 nm UV radiation~after Ref. 11!.
4311Fiber Bragg gratings
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dral network, with the Ge(1)2 center being coordinated t
four O–Si bonds, and the Ge(2)2 center to one O–Ge an
three O–Si bonds.26 The GeE8 center is axially symmetric
consisting of an unpaired electron trapped at an oxygen
cancy in thesp3 orbital of a single germanium back bonde
to three neighboring oxygens forming a trigonal pyramid

It is well established that the Ge–Si and Ge–Gewrong
bondsare responsible for the photosensitivity of german
silica glass. Photoionization of thewrong bondstriggers the
processes responsible for the index change in fiber. Irra
tion with ;240 nm UV light ionizes awrong bondto form a
GeE8 center. The electron released in this process may
combine immediately with its GeE8 center to give recombi-
nation luminescence, or it may diffuse through the mat
until it becomes trapped at a Ge~1! of Ge~2! center to form a
Ge(1)2 or Ge(2)2 center, respectively.27,28

C. Enhanced photosensitivity in silica optical fibers

Photosensitivity of optical fibers may be thought of as
measure of the amount of change that can be induced in
index of refraction in a fiber core following a specific exp
sure of UV light. Since the discovery of photosensitivity a
the first demonstration of grating formation in germanosil
fibers, there has been considerable effort in understan
and increasing the photosensitivity in optical fibers. Initial
optical fibers that were fabricated with high germanium do
ant levels or under reduced oxidizing conditions were pro
to be highly photosensitive. Recently,hydrogen loading (hy-
drogenation), flame brushing, andboron codopinghave been
used for enhancing the photosensitivity of germanosilica
bers. In addition to the above techniques, exposure with
nm ArF excimer laser radiation proved to be an alternat
method for inscribing strong Bragg gratings in fibers witho
the need of H2 loading. This method may be thought as
photosensitive enhancement technique to the usual 240–
nm band irradiation for inscribing Bragg gratings in ge
manosilica fibers.

1. Hydrogen loading/hydrogenation

Hydrogenation or hydrogen loading of optical fibers is
simple technique for achieving very high UV photosensit
ity in germanosilica optical fibers. Hydrogen loading29 is car-
ried out by diffusing hydrogen molecules into fiber cores
high pressures and temperatures. This technique, which
hances photosensitivity, allows permanent changes in th
ber core index of refraction~as high as 0.01! following UV
irradiation ~this change is of the same order as the co
cladding index difference!. It should be noted that the in
creased fiber/waveguide photosensitivity as a result of hy
gen loading is not a permanent effect, and as the hydro
diffuses out, the photosensitivity decreases.

Measurements of spectral response in the infrared of
irradiated hydrogenated samples indicated the formation
OH absorbing species. On the other hand, UV irradiation
untreated samples showed no OH formation.29,30 It appears
the hydrogen molecules react in the glass at normal
O–Ge sites, forming OH species and UV bleachable ger
nium oxygen deficiency centers, which are responsible
the enhanced photosensitivity. Optical absorption spectr
4312 Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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a germanosilica preform rod heated in a hydrogen atm
sphere at 500 °C for different times are shown in Fig. 431

The growth of the broad 240 nm absorption band is clea
evident. This indicated that the reaction of hydrogen m
ecules at Ge sites produced germanium–oxygen deficie
centers assigned to the broad 240 nm absorption band.

Figure 5 shows the absorption spectrum changes in
infrared for a germanosilica fiber exposed to 1 atm press
of hydrogen gas at 100 °C. The sharp absorption peak at
mm, due to molecular hydrogen, is saturated after 10 h. T
absorption band due to OH formation, is comprised of t
absorption peaks32 closed together, which emerge in th
spectra after 10 h of treatments@absorption peaks at 1.39mm
~Si–OH! and 1.41mm ~Ge–OH!#. This indicates that hydro-
gen molecules react with germanosilica glass and form
absorbing species. Figures 4 and 5 suggest that
germanium–oxygen deficiency centers and OH species
formed from thermally driven reactions between hydrog
and germanosilica glass. The inscription of Bragg gratings
hydrogen loaded fiber undoubtedly involves both therm
and photolytic mechanisms. Atkins and his co-workers30 in-
vestigated the thermal effects by exposing germanosi
glass~loaded 1 mol % hydrogen! to a CO2 laser operating in
a cw mode for 10 s. The CO2 laser beam was absorbed b

FIG. 4. Optical absorption spectra of a germanosilica preform rod heate
a H2 atmosphere at 500 °C for different times~after Ref. 31!.

FIG. 5. Absorption spectrum changes in the IR for a germanosilicate fi
exposed to 1 atmospheric pressure of hydrogen gas at 100 °C~after Ref. 31!.
Fiber Bragg gratings
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the glass, resulting in equivalent heat of 600 °C. The U
absorption spectrum, shown in Fig. 6, clearly shows grow
of the germanium–oxygen deficiency-center band near
nm, from 20 dB/mm before heating to 380 dB/mm after he
ing.

The simplest mechanism envisioned for the formation
Bragg gratings in hydrogen-loaded germanosilica fibers d
ing UV irradiation is that of primary thermally driven reac
tions forming germanium–oxygen deficiency centers. Thi
followed by an immediate UV bleaching of the germanium
oxygen deficiency centers giving rise to index chang
There are several advantages of enhancing fiber photos
tivity through ‘‘hydrogen loading.’’ The first and foremos
advantage is that hydrogenation allows strong Bragg grat
to be fabricated in any germanosilica fiber, including sta
dard telecommunications fibers that typically have low g
manium concentration, and hence, low intrinsic photose
tivity. Second, permanent changes occur only in regions
are UV irradiated. Finally, unreacted hydrogen in other s
tions of the fiber slowly diffuses out. Thus, leaving neg
gible absorption losses at the optical communication w
dows.

It should be pointed out that the tail of the OH broa
band absorption peak at 1.39 and 1.41mm resulting from
gratings written in H2 loaded standard single-mode optic
fibers introduces losses, which are often unacceptable to
communication network systems designers. However,
loading fiber with deuterium instead of hydrogen, the U
induced absorption peak is shifted to longer wavelengths,
of the erbium amplifier band of 1.55mm.33

2. Flame brushing

Flame brushing is a simple technique for enhancing
photosensitivity in germanosilica fiber.34 The region of the
optical waveguide to be photosensitized is brushed rep
edly by a flame fueled with hydrogen~hydrogen-rich flame!
and a small amount of oxygen. The flame reaches a temp
ture of approximately 1700 °C. The photosensitization p
cess takes approximately 20 min to complete. At these t
peratures, the hydrogen diffuses into the core of the fi
very quickly and reacts with the germanosilica glass to p
duce germanium–oxygen deficiency centers. This creat

FIG. 6. UV spectra of 1 mol % H2 loaded germanosilicate glass before~h!
and after~j! 10 s exposure to a CO2 laser beam~after Ref. 30!.
Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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strong absorption band at 240 nm in the Ge-doped core,
dering the core highly photosensitive so that UV light c
induce a significant change in its refractive index. Th
flame-brush technique has been used to increase the p
sensitivity of standard telecommunications fiber by a fac
greater than 10, achieving34 changes in the index of refrac
tion .1023. The enhanced photosensitivity techniques
flame brushing and hydrogen loading follow the same c
cept. In both cases, hydrogen is used in a chemical reac
with germanosilica glass to form germanium–oxygen de
ciency centers that are responsible for the photosensitiv
The formation of Bragg gratings in flame-brushed germa
silica fibers undoubtedly involves both thermal and ph
tolytic mechanisms, except in this case, the thermally driv
chemical reactions occur simultaneously as the hydrogen
fuses into the core at elevated temperatures. Subsequen
irradiation then bleaches the germanium–oxygen deficie
center band giving rise to index changes.

There are several advantages in enhancing fiber ph
sensitivity by the flame-brushing technique. The increa
photosensitivity in the fiber is permanent, as opposed to
drogen loading where the fiber loses its photosensitivity
the hydrogen diffuses out of the fiber. It allows strong Bra
gratings to be fabricated in standard telecommunications
bers that typically exhibit no intrinsic photosensitivity. Lo
calization of photosensitivity due to the relatively sma
flame can be used to brush the fiber. However, one m
drawback in this technique is that the high-temperature fla
weakens the fiber.

3. Boron codoping

Boron as a codopant in germanosilica fiber enhances
photosensitivity in optical fibers.35 A comparison of the rela-
tive photosensitivity of four different types of fibers includ
ing boron codoping is given in Table I. The fibers were irr
diated with modest power intensities of 1 W/cm2 from a
frequency-doubled cw argon ion laser until the grating
flectivity saturated. The results showed that the fiber conta
ing boron had an enhanced photosensitivity. This fiber w
much more photosensitive than the fiber with higher germ
nium concentration and without boron. In addition, satura
index changes were higher and achieved faster than for
of the other fibers. This implies that there is an addition
mechanism operating in the boron-codoped fiber, which
hances the photoinduced refractive-index changes.

The germanium–boron-codoped fiber~Table I! was fab-
ricated with a germanium composition of 15 mol %. In th
absence of boron, this fiber would have a refractive-ind
difference of 0.025 between the core and cladding. Howe
when the preform was drawn into fiber, the measure va
for Dn dropped to 0.003. It appears that the addition of b
ron reduces the core index of refraction. This result is
surprising, as it is known that the addition of boron oxide
silica can result in a compound glass that has a lower in
of refraction than that of silica.36 Studies have shown that th
boron-doped silica glass system results in lower refracti
index values when the glass is quenched, while subseq
thermal annealing causes the refractive index to incre
4313Fiber Bragg gratings
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TABLE I. Photosensitivity comparison of four different types of fiber~Ref. 35!.

Fiber design FiberDn
Saturated index

modulation
Maximum reflectivity

for 2 mm Bragg grating

Time for
reflectivity to reach

saturation

Standard low-loss fiber
4 mol % germania

0.005 3.531025 1.2% 2 h

High index fiber
20 mol % germania

0.03 2.531024 45% 2 h

Reduced fiber
10 mol % germania

0.01 5 31024 78% 1 h

Boron-codoped fiber
15 mol % germania

0.003 7 31024 95% 10 min
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This is consistent with the fact thatDn dropped from 0.025
to 0.003 when the preform was drawn into fiber, since fib
are naturally quenched during the drawing process. This
fect is assumed to be due to a buildup in thermoela
stresses in the core of the fiber, resulting from the large
ference in thermomechanical properties between the bo
containing core and the silica cladding. It is well known th
tension reduces the refractive index through the stress-o
effect. Ultraviolet absorption measurements of the fiber
tween 200 and 300 nm showed only the characteri
germanium–oxygen deficiency-center peak at 240 nm.
boron codoping did not affect the peak absorption at 240
nor the shape of the 240 nm peak, and no other absorp
peaks were observed in this wavelength range.35 The absorp-
tion measurements suggest that boron codoping does no
hance the fiber photosensitivity through production
germanium–oxygen deficiency centers as in the case of
drogen loading and flame-brushing techniques. Instead,
believed that boron codoping increases the photosensit
of the fiber by allowing photoinduced stress relaxation
occur. In view of the stress induced refractive-index chan
known to occur in boron-doped silica fibers, it seems like
that the refractive index increases through photoindu
stress relaxation initiated by the breaking of the wrong bo
by UV light.

Table II shows a comparison of photosensitivity of va
ous fibers and enhancing techniques.37 The results show tha
standard telecommunication fibers are not very photose
tive, showing little difference between different varieties
standard fiber. The higher germanium-doped Corning ‘‘pay-
out’’ fiber is more photosensitive than standard fibers, bu
Instrum., Vol. 68, No. 12, December 1997
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much less effective than a standard fiber that has enha
photosensitivity.

4. ArF excimer vacuum UV radiation

Photosensitivity, and hence, the inscription of Bra
gratings in optical fibers has been associated with the ble
ing of an absorption band located near 5.0 eV~245 nm
band!. Recently, however, it has been demonstrated t
Bragg grating devices can be inscribed in telecommunica
fibers using the ArF excimer vacuum UV radiation at 1
nm.38,39 Albert and co-workers38 fabricated fiber Bragg grat
ings using a KrF~248 nm! and ArF ~193 nm! excimer laser
light with a phase mask. Bragg gratings fabricated using 1
nm irradiation appeared to develop much stronger reflecti
than gratings inscribed with 248 nm under similar excitati
conditions. It is clear from their results that the 193 nm e
cimer laser source provides an efficient technique for insc
ing refractive-index patterns in Ge-doped silica fibers.
advantage of using shorter-wavelength light in inscribi
Bragg gratings is the possibility of higher spatial resoluti
in diffraction-limited techniques, such as the point-by-po
writing.

D. Mechanism of photoinduced refractive index
change

Bragg gratings have been written in many types of op
cal fibers using various methods, however, the mechanism
index change is not fully understood. Several models h
been proposed for these photoinduced refractive-in
changes. The only common elements in these theories is
TABLE II. Comparison of the photosensitivity of various fibers and enhancing techniques~Ref. 37!.

Fiber type
GeO2 in fiber core

mol %
Reflectivity of 1.5 mm

Bragg grating %
Time required to

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-
codoped fiber

17 87 10 s
Fiber Bragg gratings
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the germanium–oxygen vacancy defects, Ge–Si or Ge
~the so-called ‘‘wrong bonds’’ ! are responsible for the photo
induced index changes.

During the high-temperature gas-phase oxidation p
cess of the modified chemical vapor deposition techniq
GeO2 dissociates to GeO due to its higher stability at
evated temperatures. This species, when incorporated
the glass, can manifest itself in the form of oxygen vacan
Ge–Si and Ge–Ge ‘‘wrong bonds.’’ Since highly doped g
manosilica core optical fibers are photosensitive to UV
diation in the range of 240–250 nm, these oxygen vaca
defects have been directly linked to the mechanism of ph
induced refractive-index changes in each of the propo
models. Although there is experimental evidence for the
lidity of some of the proposed models, there are conflict
reports regarding their calculated contribution to the m
sured induced refractive-index change. It is believed t
more than one process is involved in the photoindu
refractive-index changes, and hence, to the grating forma
dynamics. Below, some of the proposed models will be d
cussed.

1. Color center model

The color center model assumes that photoindu
changes in the absorption spectrum give rise to change in
index of refraction through the Kramers–Kronig relatio
ship. The Kramers–Kronig relationship given as28

e r~l!511E e i~l!

l82l
dl8, ~2.1!

relates the real and imaginary parts of the dielectric cons
e5er1ıe15(n1ık)2, wheren is the refractive index andk
is the absorption index. The relationship arises from the c
sality condition for the dielectric response and demonstra
that the index change produced in the infrared/visible reg
of the spectrum by the photoinduced processing results f
a change in the absorption spectrum of the glass in the
far-UV spectral region.

In this model, proposed by Hand and Russell,13 UV ex-
posure changes the material properties of the glass and i
duces new electronic transitions of defects~color centers!.
The underlying premise of this model is that the photose
tive effect arises from localized electronic excitations of d
fects. The wrong-bond defects, which initially absorb t
light, are transformed to defects that are more polarizable
virtue of the fact that their electronic transitions occur
longer wavelengths or have stronger transitions.

According to the color center model, the refractive ind
at a point is related only to the number density and orien
tion of defects in that region and is determined by their el
tronic absorption spectra.

Williams and co-workers11 measured the changes, b
tween 200 and 350 nm, in the absorption spectrum of g
manosilica glass fibers that were irradiated with UV lig
The inferred refractive-index change using the Krame
Kronig calculation was within a factor of 3 of that estimat
from the reflectivity of the Bragg grating. Atkins an
Mizrahi12 reported on the absorption spectrum, between
and 300 nm, of a fiber core before and after inscribing
Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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Bragg grating with 81% reflectivity~see Fig. 7!. The band at
241 nm is partially bleached and new absorption bands ar
Using the Kramers–Kronig relation, the observed change
the absorption spectrum indicated that only 16% of the ind
change inferred from the reflectivity of the grating can
accounted for. It seems that the attenuation at wavelen
below 200 nm, which could not be measured due to meas
ment limitations, could be responsible for a substantial p
of the index change.

Atkins et al.24 reported a more detailed study of absor
tion changes in optical fiber preforms cores. They measu
absorption changes between 165 and 300 nm, for 3 mo
germania MCVD optical fiber preform cores before and af
UV exposure. The absorption changes observed in the re
of 200–300 nm, were consistent with those previous
reported12 when phase gratings were written into fibers. Fi
ure 8 shows the UV absorption spectra of the optical fib
preform core before@Fig. 8 ~i!#, and after 30 min UV expo-
sure@Fig. 8 ~ii !#. The induced UV spectra changes are sho
in Fig. 8 ~iii !. It is evident that the 240 nm band is bleache
and a strong and broad absorption band centered at;195 nm

FIG. 7. UV absorption spectra before~solid line! and after~dashed line!
writing an 81% peak reflectivity grating in an AT&T Accutether single
mode fiber. The change in attenuation~solid circles! is also shown~after
Ref. 12!.

FIG. 8. UV absorption spectra of 3 mol % germania MCVD optical fib
preform core~i! before and~ii ! after 30 min of UV exposure. The induced
UV spectral changes are shown in~iii ! ~after Ref. 24!.
4315Fiber Bragg gratings



rre
f
lc
th
fi

po

n
er
po
e

te

CO
o

vit
tio
n
b

es
is
y
re

th
v
,
lo

fo
ea
ob

in
tio
efi
rg
di

ng
ill
o-
in-

g,
ree
y
re-
ic
ex

the

nce
is
it
e
red

in-
ion
ies
in-
us

nd

the
n
le.

light

is present. It is believed that this absorption band co
sponds to the GeE8 center. Kramers–Kronig calculations o
the absorption changes shown in Fig. 8 resulted in a ca
lated index change, which was in good agreement with
index changes estimated from a Bragg grating written in
bers of similar composition and under the same UV ex
sure.

Atkins et al.24 also found that the induced absorptio
changes could be completely reversed by heating the fib
900 °C for 60 min and subsequently duplicated by reex
sure at the same intensity and duration used in the first
posure. Figure 9 shows the growth of a Bragg grating writ
in AT&T Accutether fiber ~10 mol % germania! with UV
exposure and upon thermal erasure by heating from a2
laser. The grating was rewritten under the original UV exp
sure conditions. No significant change in the photosensiti
of the fiber was observed. The bleaching of the absorp
band and subsequent creation of new absorption ba
agrees with the redistribution of defects first suggested
Hand and Russell.40 The fact that the absorption chang
reverse as a grating is heated is consistent with mechan
of grating formation in which the absorption changes pla
major role. It is interesting to point out that their results a
in conflict with other reported results41 in which each cycle
of writing and erasing a grating was found to reduce
fiber’s photosensitivity. Nevertheless, there is strong e
dence linking the mechanism of refractive-index changes
least in part, to the color center model. To date, the co
center model is the most widely accepted model for the
mation mechanism of Bragg gratings, however, it is not cl
whether this model alone can always account for all the
served index changes.

2. Dipole model

The dipole model is based on the formation of built-
periodic space-charge electric fields by the photoexcita
of defects. Photoionization of the germanium–oxygen d
cient centers, Ge–Si or Ge–Ge, creates positively cha
GeE8 hole centers and free electrons. The free electron
fuses away and gets trapped at neighboring Ge~1! and Ge~2!

FIG. 9. Growth rate of Bragg gratings written in AT&T Accutether fiber~10
mol % germania!. Initial writing ~solid circles! second writing after first
grating is thermally erased~squares! ~after Ref. 25!.
4316 Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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sites to from negatively charged Ge~1!2 and Ge~2!2 electron
traps, respectively.37 The GeE8 hole traps and Ge~1!2 and
Ge~2!2 electron traps result in electric dipoles with spaci
of the order of several angstroms. Each resulting dipole w
produce a static dc polarization field that extends many m
lecular spacings. These static electric fields induce local
dex of refraction changes proportional toE2 through the dc
Kerr effect. During the writing process of a Bragg gratin
when the fiber is exposed to UV interference pattern, the f
electrons in the high intensity regions will diffuse until the
are trapped by defects in the low intensity regions. This
distribution of charges within the fiber will create period
space-charge electric fields. The periodic refractive-ind
change is proportional tox (3)E2, where x (3) is the third-
order nonlinear coefficient, andE is the electric field of the
dipole source. The dipole model was partly inspired by
photorefractivity models in crystals, where there is ap/2
phase shift of the index change relative to the interfere
pattern of the UV light as shown in Fig. 10. Although th
mechanism works very well for photrefractive crystals,
might be difficult to justify in the case of photosensitiv
fibers due to the large number density of dipoles requi
~estimates of at least 431018 cm23 GeE8 centers are
required42!.

3. Compaction model

The compaction model is based on laser irradiation
duced density changes, which lead to index of refract
changes. Irradiation by laser light at 248 nm at intensit
well below the breakdown threshold has been shown to
duce thermally reversible linear compaction in amorpho
silica leading to index of refraction changes. Fiori a
Devine43 used a KrF excimer laser to irradiate thin-film
a-SiO2 samples grown on Si wafers. Figure 11 shows
variation of this oxide thin-film thickness as a function of a
accumulated UV dose for a nominally 100 nm oxide samp
At an accumulated dose of 2000 J/cm2, it is obvious that

FIG. 10. Response of a photorefractive material to a sinusoidal spatial
pattern.
Fiber Bragg gratings
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there is a reduction in the thickness of the film~approxi-
mately 15%! and a corresponding evolution of the refracti
index during laser irradiation. After annealing for 1 h in a
vacuum 1026 Torr at 950 °C, the compaction disappear
and the original thickness and preirradiated refractive-in
value was retrieved. Continued accumulation of UV irrad
tion beyond this reversible compaction regime led to ir
versible compaction until the film was entirely etched afte
total accumulated dose of 17 000 J/cm2. An approximate lin-
ear relationship has been found between the index of ref
tion and the density change (DV/V) by simply transforming
the measured thickness variation into a volume variation
ing (DV/V)53(Dt/t)/(112s), where s is the Poisson’s
ratio andt is the thickness. Fiori and Devine43 also measured
the refractive-index variation in hydrostatically compress
silica as a function of pressure. Their results were in v
good agreement with those found in laser compac
a-SiO2, which confirmed their hypothesis that laser and h
drostatically induced compaction arise though similar phy
cal mechanisms. This result led them to suggest that the
nomenon of compaction ofa-SiO2 proceeds through interna
structural rearrangements in the material and not prima
through a process of defect creation.

The compaction model is relatively new and it has n
been examined thoroughly. Although there is some w
published on compaction in germanosilicate fibers,
enough is known yet in this area.

4. Stress-relief model

The stress-relief model44 is based on the hypothesis th
the refractive-index change arises from the alleviation
built-in thermoelastic stresses in the core of the fiber. T
fiber-optic core in a germanosilica fiber is under tension d
to the difference in the thermal expansion of the core and
cladding as the glass is cooled below the fictive tempera
during fiber drawing. Through the stress-optic effect, it
known that tension reduces the refractive index and is, th
fore, expected that stress relief will increase the refrac

FIG. 11. Observed compaction of a 100 nm thick oxide as a function
accumulated UV dose~circle!; the same sample after thermal annealing
1 h at 950 °C in vacuum~solid circle!. Evolution of the refractive index
during laser irradiation~solid square! ~after Ref. 43!.
Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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index. During UV irradiation, the wrong bonds break a
promote relaxation in the tensioned glass, hence, redu
frozen-in thermal stresses in the core.

In this model, the refractive-index changes result a
consequence of stress relief in the core of the fiber. T
mechanism is initiated by breakage of the ‘‘wrong bond’’ b
UV light. Although there is an abundance of breakab
‘‘wrong bonds’’ in germanosilica core fibers, this is not th
case for pure silica core fibers, which are not photosensi
in the UV. Like the compaction model, the stress-rel
model is also relatively new and more research will be
quired to accurately determine its validity.

III. INSCRIBING BRAGG GRATINGS IN OPTICAL
FIBERS

A. Externally written Bragg gratings in optical fibers

Inscribing Bragg gratings in optical fibers is a form
dable task. The requirement of a submicron periodic patt
makes the stability a severe constraint on the techniques
to write Bragg gratings in optical fibers. To date, there a
only a few externally written fabrication techniques, name
the interferometric technique, the phase mask technique,
the point-by-point technique.

1. Interferometric fabrication technique

The interferometric fabrication technique, the first exte
nal writing technique of forming Bragg gratings in photose
sitive fibers, was demonstrated by Meltzet al.3 It utilized an
interferometer that split the incoming UV light into tw
beams and then recombined them to form an interfere
pattern. The fringe pattern was used to expose a photose
tive fiber, inducing a refractive index modulation in the co
Bragg gratings in optical fibers have been fabricated us
both amplitude splitting and wave-front-splitting interferom
eters. These two different types of interferometers will
examined next.

~a! Amplitude-splitting interferometer.In an amplitude-
splitting interferometer, the UV writing laser light is spl
into two equal intensity beams and are later recombined a
traversing through two different optical paths. This forms
interference pattern at the core of a photosensitive fiber.
lindrical lenses are normally placed in the interferometer
focus the interfering beams to a fine line matching the fi
core. The Bragg grating period,L, which is identical to the
period of the interference fringe pattern, depends on both
irradiation wavelengthlw , and the half-angle between th
intersecting UV beams,w ~Fig. 12!.

The period of the grating is given by

L5
lw

2 sin w
, ~3.1!

where lw , is the UV wavelength andw is the half-angle
between the intersection UV beams~see Fig. 12!. Although
the interference pattern is formed in glass~within the core of
the optical fiber!, its period is the same as it would be if th
beams were interfering in air. This is a result of the refract
of the beams coupled with the shortening of the wavelen
as they enter the glass. The Bragg condition,lB52nL,

f

4317Fiber Bragg gratings
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~derived in Sec. IV! states that the Bragg resonance wa
length,lB , in the core of the fiber is twice the product of th
effective core index,n, and the period of the grating. Henc
a Bragg grating resonance wavelength can be represent
terms of the UV writing wavelength and the half-angle b
tween intersecting UV beams as

lB5
nlw

sin w
. ~3.2!

From Eq. ~3.2! one can easily see that the Bragg grati
wavelength can be varied either by changinglw and/orw.
The choice oflw is limited to the UV photosensitivity region
of the fiber, however, there is no restriction set on the cho
of the anglew.

The most important advantage offered by the amplitu
splitting interferometric fabrication technique is the ability
inscribe Bragg gratings at any wavelength. This is acco
plished by simply changing the intersecting angle betw
the UV beams. This method also offers complete flexibil
for producing gratings of various lengths, which allows t
fabrication of wavelength narrowed or broadened gratin
Furthermore, unique grating geometries, such as line
chirped gratings, can be produced by using curved reflec
surfaces in the beam delivery path.

The main disadvantage of the amplitude-splitting int
ferometric technique is its susceptibility to mechanical vib
tions. Displacements as small as submicrons in the pos
of mirrors, beam splitter, or mounts in the interferometer c
cause the fringe pattern to drift, washing out the grati
Furthermore, due to long separate optical path lengths
volved in the interferometers, air currents, which affect
refractive index locally, may cause a problem in the form
tion of a stable fringe pattern. In addition to the above sho
comings, quality gratings can only be produced with a la
source that has good spatial and temporal coherence
excellent output power stability.

~b! Wave-front-splitting interferometers.Wave-front-
splitting interferometers are not as popular as the amplitu
splitting interferometers for grating fabrication. Howeve
they have some useful advantages over the amplitu
splitting interferometers. Two such wave-front-splitting i

FIG. 12. Experimental setup for the production of Bragg gratings in opt
fiber by UV irradiation interferometer method.
4318 Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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terferometers that have been used to fabricate Bragg gra
in optical fibers are the prism interferometer45,46 and the
Lloyd’s interferometer.47

A schematic of the prism interferometer used in fabric
ing Bragg grating is shown in Fig. 13. The prism is ma
from high homogeneity ultraviolet-grade fused silica allo
ing for good transmission characteristics. In this setup,
UV beam is expanded laterally by refraction at the input fa
of the prism. The expanded beam is spatially bisected by
prism edge, and half of the beam is spatially reversed
total internal reflection from the prism face. The two ha
beams are then recombined at the output face of the pr
giving a fringe pattern parallel to the photosensitive fib
core. A cylindrical lens placed just before the setup helps
forming the interference pattern on a line along the fib
core.

The experimental setup for fabricating gratings with t
Lloyd interferometer is shown in Fig. 14. This interferomet
consists of a dielectric mirror, which directs half of the U
beam to a fiber that is perpendicular to the mirror. The U
beam is centered at the intersection of the mirror surface
fiber. The overlap of the direct and deviated portions of U
beam creates interference fringes normal to the fiber axis
in the case of the previous interferometers, a cylindrical le
is usually placed in front of the system to focus the frin
pattern along the core of the fiber.

A key advantage of the wave-front-splitting interfer

l
FIG. 13. Schematic of prism interferometer for fabricating Bragg gratin

FIG. 14. Schematic of Lloyd interferometer for fabricating Bragg gratin
Fiber Bragg gratings
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meters is that only one optical component is used. T
greatly reduces the sensitivity to mechanical vibrations.
addition, the short distance where the UV beams are s
rated reduces the wave-front distortion induced by air c
rents and temperature differences between the two inte
ing beams. Furthermore, this assembly can be rotated e
to vary the angle of intersection of the two beams for wa
length tuning. One disadvantage of this system is the lim
tion on the grating length, which is restricted to half of t
beam width. Another disadvantage is the range of Bra
wavelength tunability, which is restricted by the physical
rangement of the interferometers. That is, as the intersec
angle increases, the difference between beam path len
increases. Therefore, the beam coherence length limits
Bragg wavelength tunability.

~c! Laser source requirements.Laser sources used fo
inscribing Bragg gratings via the above interferometric te
niques must have good temporal and spatial coherence.
spatial coherence requirements can be relaxed in the ca
the amplitude-split interferometer by simply making su
that the total number of reflections are the same in both ar
This is especially critical in the case where a laser with l
spatial coherence, like an excimer laser, is used as the so
of UV light. The temporal coherence has to be at least
length of the grating in order for the interfering beams
have a good contrast ratio, thus, resulting in good qua
Bragg gratings. The above coherence requirement toge
with the UV wavelength range needed~240–250 nm! forced
researchers to initially use very complicated laser system

One such system consists of an excimer pumped tun
dye laser, operating in the range of 480–500 nm. The ou
from the dye laser is focused on a nonlinear crystal to dou
the frequency of the fundamental light~Fig. 15!. Typically,
this arrangement provides 10–20 ns pulses~depending on
the excimer pump laser!, approximately, 3–5 mJ with exce
lent temporal and spatial coherence. An alternative to
elaborate and often troublesome setup is a specially desi
excimer laser that has a long temporal coherence len

FIG. 15. Experimental setup of an excimer pump dye laser with a freque
doubled BBO crystal for generating UV light at 245 nm for inscribing Bra
gratings in an interferometer.
Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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These spectrally narrow linewidth excimer lasers may op
ate for extended periods of time on the same gas mix
with little changes in their characteristics. Commercia
available narrow linewidth excimer systems are complica
oscillator amplifier configurations, which make them e
tremely costly. Othonos and Lee48 developed a low-cos
simple technique where existing KrF excimer lasers may
retrofitted with a spectral narrowing system for inscribi
Bragg gratings in a side written interferometric configur
tion. In that work, a commercially available KrF excime
laser ~Lumonics Ex-600! was modified to produce a spec
trally narrow laser beam~Fig. 16! with a linewidth of ap-
proximately 4310212 m. This system was used to succes
fully inscribe Bragg gratings in photosensitive optic
fibers.48

An alternative to the above system, which is becom
very popular is the intracavity frequency-double argon i
laser49 that uses beta-barium borate~BBO!. This system ef-
ficiently converts high-power visible laser wavelengths in
deep ultraviolet~244 and 248 nm!. The characteristics o
these lasers include unmatched spatial coherence, na
linewidth and excellent beam pointing stability, which ma
such systems very successful in inscribing Bragg grating
optical fibers.49

2. Phase mask technique

One of the most effective methods for inscribing Bra
gratings in photosensitive fiber is the phase-ma
technique.50,51 This method employs a diffractive optical e
ement ~phase mask! to spatially modulate the UV writing
beam~see Fig. 17!. Phase masks may be formed holograp
cally or by electron-beam lithography.52 Holographically in-
duced phase masks have no stitch error, which is norm
present in the electron-beam phase masks.53 However, com-
plicated patterns can be written into the electron beams
ricated masks~quadratic chirps, Moire patterns, etc.!. The
phase-mask grating has a one-dimension surface-relief s
ture fabricated in a high-quality fused silica flat transpar
to the UV writing beam. The profile of the periodic grating
is chosen such that when an UV beam is incident on
phase mask, the zero-order diffracted beam is suppre
to less than a few percent~typically, less than 5%! of the
transmitted power. In addition, the diffracted plus and min
first orders are maximized; each containing, typically, mo
than 35% of the transmitted power. A near-field fring
pattern is produced by the interference of the plus a

cy

FIG. 16. Experimental arrangement of for narrowing the linewidth of
excimer laser~after Ref. 48!.
4319Fiber Bragg gratings
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minus first-order diffracted beams. The period of the fring
are one-half that of the mask. The interference pattern p
toimprints a refractive-index modulation in the core of a ph
tosensitive optical fiber placed in contact with or in clo
proximity immediately behind the phase mask~Fig. 17!. A
cylindrical lens may be used to focus the fringe pattern alo
the fiber core.

The phase mask greatly reduces the complexity of
fiber grating fabrication system. The simplicity of using on
one optical element provides a robust and an inhere
stable method for reproducing fiber Bragg gratings. Since
fiber is usually placed directly behind the phase mask in
near field of the diffracting UV beams, sensitivity to m
chanical vibrations and, therefore, stability problems
minimized. Low temporal coherence does not effect the w
ing capability~as opposed to the interferometric techniqu!
due to the geometry of the problem.

KrF excimer lasers are the most common UV sour
used to fabricate Bragg gratings with a phase mask. The
laser sources, typically, have low spatial and temporal co
ence. The low spatial coherence requires the fiber to
placed in near contact to the grating corrugations on
phase mask in order to induce maximum modulation in
index of refraction. The further the fiber is placed from t
phase mask, the lower the induced index modulation, res
ing in lower reflectivity Bragg gratings. Clearly, the sepa
tion of the fiber from the phase mask is a critical parame
in producing quality gratings. However, placing the fiber
contact with the fine grating corrugations is not desirable
to possible damage to the phase mask. Othonos and L54

demonstrated the importance of spatial coherence of
sources used in writing Bragg gratings using the phase-m
technique. Improving the spatial coherence of the UV w
ing beam not only improves the strength and quality of
gratings inscribed by the phase-mask technique, it also
laxes the requirement that the fiber has to be in contact w
the phase mask.

To understand the significance of spatial coherence
the fabrication of Bragg grating using the phase-mask te
nique, it is helpful to consider a simple schematic diagr
~see Fig. 18!. Consider the fiber core to be at a distanceh
from the phase mask. The transmittedplus and minusfirst

FIG. 17. Schematic of the phase-mask technique for photoimprintin
refractive-index Bragg grating in a photosensitive optical fiber.
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orders that interfere to form the fringe pattern on the fib
emanate from different parts of the mask~referred to as dis-
tanced in Fig. 18!. Since the distance of the fiber from th
phase mask is identical for the two interfering beams,
requirement for temporal coherence is not critical for t
formation of a high contrast fringe pattern. On the oth
hand, as the distanceh increases, the separationd between
the two interfering beams emerging from the mask,
creases. In this case, the requirement for good spatial co
ence is critical for the formation of a high contrast fring
pattern. As the distanceh extends beyond the spatial cohe
ence of the incident UV beam, the interference fringe co
trast will deteriorate, eventually resulting in no interferen
at all. The importance of spatial coherence was also dem
strated by Dyeret al.55 who used a KrF laser irradiated pha
mask to form gratings in polyimide film.

One of the advantages of not having to position the fi
against the phase mask is the freedom to be able to angl
fiber relative to the mask forming blazed gratings. Plac
one end of the exposed fiber section against the mask an
other end at some distance form the mask, it is possible
change the induced Bragg grating center wavelength. F
simple geometry~see the inset in Fig. 19!, one can derive a
general expression for the tunability of the Bragg grati
center wavelength, given by

lB52nLA11S r

l D
2

, ~3.3!

whereL is the period of the fiber grating,r is the distance
from one end of the exposed fiber section to the phase m
and l is the length of the phase grating. For a fixed pha
mask period changingr will result in blazed gratings with
changing center Bragg wavelength. In the experiments
scribed in Ref. 54, a phase mask withL50.531mm (l
510 000mm) was utilized resulting inlB51.5580mm at
r 50 ~the fiber placed parallel to the phase mask!. Figure 19
shows the theoretical curve for the tunability of the inscrib
Bragg grating as a function of distancer . The experimental
values for the peak reflectivities of the Bragg gratings
also shown for differentr values.

aFIG. 18. Schematic of the phase-mask geometry for inscribing Bragg g
ing in optical fibers. The plus and minus first-order diffracted beams in
fere at the fiber core, placed at a distanceh from the mask.
Fiber Bragg gratings



FIG. 19. Experimental result of tuning a Bragg grating by tilting the writing fiber.
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A variation to the phase-mask scheme with the fiber
near contact to the mask~as described above! has been
demonstrated.56 This technique is based on an UV transm
ting silica prism. The21 and11 orders are internally re
flected within a rectangular prism as shown in Fig. 20 a
interfere at the fiber. This noncontact technique is flexi
and allows quick changes of the inscribed Bragg wavelen

3. Point-by-point fabrication of Bragg gratings

The point-by-point technique57 for fabricating Bragg
gratings is accomplished by inducing a change in the in
of refraction a step at a time along the core of the fiber. E

FIG. 20. Noncontact technique interferometric phase-mask technique
generating fiber Bragg gratings.
Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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grating plane is produced separately by a focused sin
pulse from an excimer laser. A single pulse of UV light fro
an excimer laser passes through a mask containing a sl
focusing lens images the slit onto the core of the optical fi
from the side, as shown in Fig. 21, and the refractive ind
of the core in the irradiated fiber section increases loca
The fiber is then translated through a distanceL correspond-
ing to the grating pitch in a direction parallel to the fiber ax
and the process is repeated to form the grating structur
the fiber core. Essential to the point-by-point fabricati
technique is a very stable and precise submicron translati
system.

The main advantage of the point-by-point writing tec
nique lies in its flexibility to alter the Bragg grating param
eters. Because the grating structure is built up a point a
time, variations in grating length, grating pitch, and spect

or
FIG. 21. Setup for point-by-point grating fabrication.
4321Fiber Bragg gratings



n
be
y

de
g

ls
de
ta

ha
du
s
ri
gs
ed
30
in
b

al
ha
ra

ag
is
n

%

b
io
t-
as
er
sk
n
T
u

de
of

e-
the

rse
ses,
ted

of

a
of
er

fiber
ant
g
ng
ing
ted
res-

the
ed
ck-
ter

nt
En-
f
me.
ec-

he
tion

sin

u-
and
d.
response can easily be incorporated. Chirped gratings ca
produced accurately simply by increasing the amount of fi
translation each time the fiber is irradiated. The point-b
point method allows for the fabrication of spatial-mo
converters58 and polarization-mode converters or rockin
filters59 that have grating periods,L, ranging from tens of
micrometers to tens of millimeters. Because the UV pu
energy can be varied between points of induced in
change, the refractive-index profile of the grating can be
lored to provide any desired spectral response.

One disadvantage of the point-by-point technique is t
it is a tedious process. Because it is a step-by-step proce
this method requires a relatively long process time. Error
the grating spacing due to thermal effects and/or small va
tions in the fiber’s strain can occur. This limits the gratin
to a very short length. Typically, the grating period requir
for first-order reflection at 1550 nm is approximately 5
nm. Because of the submicron translation and tight focus
required, first-order 1550 nm Bragg gratings have yet to
demonstrated using the point-by-point technique. M
et al.57 have only been able to fabricate Bragg gratings t
reflect light in the second and third order, which have a g
ing pitch of approximately 1 and 1.5mm, respectively. Fig-
ure 22 shows the reflection spectrum of the third-order Br
grating fabricated using the point-by-point method. Th
third-order grating is made up of 225 index perturbatio
with grating periodL, of 1.59 mm resulting in a grating
length of 360mm. The grating has a peak reflectivity of 70
at 1536 nm and a full width at half-maximum of 2.7 nm.

4. Mask image projection

In addition to the above well-known techniques for fa
ricating fiber Bragg gratings, high-resolution mask project
has been demonstrated60 as a means of inscribing Bragg gra
ings in optical fiber using excimer laser pulses. The m
projection system consists of a excimer laser source gen
ing an UV beam, which is incident on a transmission ma
In Mihailov and Gower’s60 experiments, the transmissio
mask consisted of a series of UV opaque line spaces.
transmitted beam was imaged onto the fiber core by a m
ticomponent fused silica high-resolution system having a
magnification of 10:1. In their work, gratings with periods

FIG. 22. Reflection spectrum of a third-order Bragg grating fabricated u
the point-by-point method~after Ref. 57!.
4322 Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
be
r
-

e
x
i-

t
re,

in
a-

g
e
o
t

t-

g

s

-
n

s
at-
.

he
l-
-

1, 2, 3, 4, and 6mm have been written in single-mode G
doped fiber using mask-imaging techniques. Because of
simplicity of the source and setup, the recording of coa
period gratings by mask-imaging exposures, in some ca
may be more flexible than other techniques. Complica
grating structures~blazed, chirped, etc.! can be readily fab-
ricated with this method by implementing a simple change
mask.

IV. FIBER BRAGG GRATINGS

A. Properties of Bragg gratings

In its simplest form, a fiber Bragg grating consists of
periodic modulation of the index of refraction in the core
a single-mode optical fiber. These types of uniform fib
gratings, where the phase fronts are perpendicular to the
longitudinal axis and the grating planes are of a const
period ~Fig. 23!, are considered the fundamental buildin
blocks for most Bragg grating structures. Light guided alo
the core of an optical fiber will be scattered by each grat
plane. If the Bragg condition is not satisfied, the reflec
light from each of the subsequent planes becomes prog
sively out of phase and will eventually cancel out. Where
Bragg condition is satisfied, the contributions of reflect
light from each grating plane add constructively in the ba
ward direction to form a back-reflected peak with a cen
wavelength defined by the grating parameters.

The Bragg grating condition is simply the requireme
that satisfies both energy and momentum conservation.
ergy conservation (\v f5\v i) requires that the frequency o
the incident radiation and the reflected radiation is the sa
Momentum conservation requires that the incident wave v
tor, k i , plus the grating wave vector,K , equal the wave
vector of the scattered radiationk f , this is simply stated as

k i1K5k f , ~4.1!

where the grating wave vector,K , has a direction normal to
the grating planes and it has a magnitude 2p/L ~L is the
grating spacing shown in Fig. 23!. The diffracted wave vec-
tor is equal in magnitude but opposite in direction to t
incident wave vector. Hence, the momentum conserva
condition becomes

g

FIG. 23. Illustration of a uniform Bragg grating with constant index mod
lation amplitude and period. Also shown are the incident, diffracted,
grating wave vectors that have to match for momentum to be conserve
Fiber Bragg gratings
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which simplifies to the first-order Bragg condition

lB52nL, ~4.3!

where the Bragg grating wavelength,lB , is the free-space
center wavelength of the input light that will be back r
flected from the Bragg grating, andn is the effective refrac-
tive index of the fiber core at the free-space-cen
wavelength. Some of the properties such as reflectivity
bandwidth of the simplest type of grating, namely the u
form Bragg grating, will be discussed below.

1. Uniform Bragg grating reflectivity

Consider a uniform Bragg grating formed within th
core of an optical fiber with an average refractive indexn0 .
The index of refractive profile can be expressed as

n~x!5n01Dn cosS 2px

L D , ~4.4!

whereDn is the amplitude of the induced refractive-inde
perturbation~typically, 1025– 1022! and x is the distance
along the fiber longitudinal axis. Using the coupled-mo
theory analytical description of the reflection properties
Bragg gratings may be obtained.7 The reflectivity of a grat-
ing with constant modulation amplitude and period is giv
by the following expression:

R~ l ,l!5
V2 sinh2~sl!

Dk2 sinh2~sl!1s2 cosh2~sl!
, ~4.5!

whereR( l ,l) is the reflectivity, which is a function of the
grating lengthl , and wavelengthl. V is the coupling coef-
ficient, Dk5k2p/l is the detuning wave vector,k
52pn0 /l is the propagation constant, and, finally,s
5AV22Dk2. The coupling coefficient,V, for the sinusoidal
variation of index perturbation along the fiber axis is giv
by

V5
pDnh~V!

l
, ~4.6!

whereh(V)'121/V2, V>2.4. Thish is a function of the
fiber parameterV that represents the fraction of the int
grated fundamental-mode intensity contained in the core
the Bragg grating center wavelength, there is no wave-ve
detuning andDk50, therefore, the expression for the refle
tivity becomes

R~ l ,l!5tanh2~V l !. ~4.7!

The reflectivity increases as the induced index of refract
change increases. Similarly, as the length of the grating
creases so does the resultant reflectivity. A calculated re
tion spectrum as a function of the wavelength detuning
shown in Fig. 24. The side lobes of the resonance are du
multiple reflections to and from opposite ends of the grat
region.

A general expression for the approximate full width
half-maximum bandwidth of a grating is given by9
Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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1S 1
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, ~4.8!

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

2. Strain and temperature sensitivity of Bragg
gratings

The Bragg grating resonance, which is the center wa
length of light back reflected from a Bragg grating depen
on the effective index of refraction of the core and the pe
odicity of the grating. The effective index of refraction, a
well as the periodic spacing between the grating planes,
be affected by changes in strain and temperature. Using
~4.3!, the shift in the Bragg grating center wavelength due
strain and temperature changes is given by

DlB52S L
]n

] l
1n

]L

] l DD l 12S L
]n

]T
1n

]L

]T DDT. ~4.9!

The first term in Eq.~4.9! represents the strain effect on a
optical fiber. This corresponds to a change in the grat
spacing and the strain-optic induced change in the refrac
index. The above strain effect term may be expressed a61

DlB5lB~12pe!ez , ~4.10!

wherepe is an effective strain-optic constant defined as

pe5
n2

2
@p122n~p111p12!#, ~4.11!

wherep11 andp12 are components of the strain-optic tenso
n is the index of the core, andn is the Poisson’s ratio. For a
typical optical fiberp1150.113,p1250.252,n50.16, andn
51.482. Using these parameters and the above equations
expected sensitivity at;1550 nm is a 1.2 pm change as
result of applying 1me to the Bragg grating. Experimenta
results of a Bragg center wavelength shift with applied str
on a 1548.2 nm grating are shown in Fig. 25.

The second term in Eq.~4.9! represents the temperatu
effect on an optical fiber. A shift in the Bragg waveleng

FIG. 24. Bragg grating reflection spectrum as a function of wavelen
detuning.
4323Fiber Bragg gratings
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due to thermal expansion changes the grating spacing
changes the index of refraction. This fractional wavelen
shift for a temperature changeDT may be written as61

DlB5lB~a1z!DT, ~4.12!

where a5(1/L)(]L/]T) is the thermal expansion coeffi
cient for the fiber~approximately, 0.5531026 for silica!.
The quantityz5(1/n)(]n/]T) represents the thermo-opt
coefficient and it is approximately equal to 8.631026 for the
germania-doped silica core fiber. Clearly, the index chang
by far the dominant effect. From Eq.~4.12!, the expected
sensitivity at a;1550 nm Bragg grating is approximate
13.7 pm/C. Figure 26 shows experimental results of a Br
grating center wavelength shift as a function of temperatu

3. Cladding and radiation-mode coupling

Bragg gratings written in a highly photosensitive fibe
such as, fiber which has been hydrogenated, have a
pronounced transmission structure on the short-wavele
side of the Bragg peak~see Fig. 27!.62 This feature is only
observable in the transmission spectrum~viewed in reflec-
tion, only the main peak appears!, therefore, this structure

FIG. 25. Bragg grating wavelength as a function of applied stress fo
1548.2 nm grating. The Bragg grating was the output coupler of an erb
doped fiber laser.

FIG. 26. Bragg grating wavelength as a function of temperature chang
a 1548.2 nm grating. The Bragg grating was the output coupler of
erbium-doped fiber laser.
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must be due to light leaving the fiber from the side, and
analyze it one must take into account radiation-mode co
pling. Usually, radiation-mode coupling, which is routinely
observed from surface relief gratings made by physical
etching the core in a polished optical fiber, is a smooth fun
tion of the wavelength. However, the transmission spectru
of the Bragg grating~as seen in Fig. 27! consists of multiple
sharp peaks that modulate this coupling, and it is a dire
consequence of the cylindrical cladding-air interface. Th
effect may be eliminated by dipping the cladding into glyc
erin, which in effect eliminates the cladding-air interface
Nevertheless, the cladding-mode radiation-related proble
become very serious with large excess losses at waveleng
shorter than the peak reflection wavelength. As a resu
highly reflective chirped gratings have lower reflectivity a
shorter wavelengths when the signal is coupled form th
longer-wavelength side of the fiber grating. There are seve
approaches to avoiding the radiation-mode effect. One pr
posed method to counter this problem is based on suppr
sion of the normalized refractive-index modulation for thi
coupling by having a uniform photosensitive region acros
the cross-section plane of the optical fiber.63 From the or-
thogonality principle of the modes, the overlap of the mod
fields and the grating-index modulation would be zero in th
case. The LP01 mode will, therefore, not couple into any of
the cladding modes. Since the LP01 mode only has a signifi-
cant filed distribution over the core and the part of the cla
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 claddin
around a photosensitive core, it is, however, very difficult t
obtain the same photosensitivity over both cladding and co
The second proposed method is to use a high NA fiber.64 The
use of a high NA fiber increases the gap between the ma
grating band and the next cladding-mode coupling band, so
leaves a useful operating band. However, such a band is o
approximately 7 nm wide in a high-NA fiber, and this is
much less than what is desired in most applications.

Recently, Dong and co-workers65 proposed and demon-
strated a method for suppressing the coupling from guid
optical modes into cladding modes. A depressed cladding

a
-

or
n

FIG. 27. Schematic of transmission profile for a strong fiber Bragg gratin
showing loss to radiation modes on the short-wavelength side, sharply mo
fied by the cladding-modes structure.
Fiber Bragg gratings
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added between the photosensitive core and the normal c
ding. Such a depressed cladding is very effective in reduc
the cladding-mode field strength over the core region of
optical fiber and, therefore, reduces the coupling strength
tween the guided mode to the cladding modes. By introd
ing a depressed cladding with appropriate index and th
ness, substantial suppression of the coupling into
cladding modes can be achieved. This method can als
combined with the photosensitive cladding method
achieve a further suppression of the coupling.

B. Types of fiber Bragg gratings

There are several distinct types of fiber Bragg grat
structures such as the commonBragg reflector, the blazed
Bragg grating, and thechirped Bragg grating. These fiber
Bragg gratings are distinguished either by their grating pi
~spacing between grating planes! or tilt ~angle between grat
ing planes and fiber axis!. The most common fiber Brag
grating is theBragg reflector, which has a constant pitch
Theblazed gratinghas phase fronts tilted with respect to t
fiber axis, that is, the angle between the grating planes
the fiber axis is less than 90°. Thechirped gratinghas an
aperiodic pitch, that is, a monotonic increase in the spac
between grating planes. A brief overview of these Bra
gratings along with some of their applications will be pr
sented. In addition, a description of what is commonly
ferred to astype II gratings, as well as some novelBragg
grating structureswill be given below.

1. Common Bragg reflector

Thecommon Bragg reflectorwas the first intracore fibe
grating inscribed using the ‘‘self-induced’’ writing method
This simplest and most used fiber Bragg gratings are il
trated in Fig. 23.

Depending on the parameters such as grating length
magnitude of induced index change, the Bragg reflector
function as a narrow-band transmission or reflection filter
a broadband mirror. In combination with other Bragg refle
tors, these devices can be arranged to function as band
filters. Two such configurations are shown in Fig. 28.

Bragg reflectors are considered as excellent strain
temperature sensing devices because the measuremen
wavelength encoded. This eliminates the problems of am
tude or intensity fluctuations that exist in many other types
fiber sensors. Since each Bragg reflector can be design
with its own wavelength-encoded signature, a series of th
gratings can be written on the same fiber, each havin
distinct Bragg resonance signal. This configuration can
used for wavelength division multiplexing or quasidistri
uted sensing.66 These gratings have also been demonstra
to be very useful components in tunable fiber or semicond
tor lasers.67–69 It serves as one or both ends of the las
cavity, depending on the laser configuration, and it tunes
laser wavelength by varying the Bragg resonance feedb
signal. Ball and Morey70 demonstrated a continuously tun
able single-mode erbium fiber laser. In their laser syst
two Bragg reflectors were used in a Fabry–Perot configu
Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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tion. Continuous tunability, without mode hopping, wa
achieved when both the gratings and enclosed fiber w
stretched uniformly.

Bragg grating fiber lasers can also be used as sen
where the Bragg reflector serves the dual purpose of tun
element and sensor.71 A series of Bragg reflectors havin
distinct wavelength-encoded signatures can be multiple
in a fiber laser sensor configuration for multipoi
sensing.72,73

2. Blazed Bragg gratings

Tilting ~or blazing! the Bragg grating planes at angles
the fiber axis~Fig. 29! will result in light that is otherwise
guided in the fiber, to be coupled out of the fiber core in
loosely bound guided cladding modes or into radiati
modes outside the fiber. The tilt of the grating planes a
strength of the index modulation determines the coupl
efficiency and bandwidth of the light that is tapped out.

FIG. 28. Fiber-optic bandpass filters using Bragg reflectors.~a! filter ar-
ranged in a Michelson-type configuration, and~b! filter arranged in a Fabry–
Perot-type configuration.

FIG. 29. Schematic diagram of a blazed grating. Light is directed eit
upward or downward depending on the propagation direction of the bo
mode.
4325Fiber Bragg gratings
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The criterion to satisfy the Bragg condition of a blaz
grating is similar to that of the Bragg reflector that was a
lyzed earlier. Figure 30 illustrates the vector diagram of
Bragg condition~energy and momentum conservation! for
the blazed grating. Here, the wave vector of the grating
incident at an angle,c, with respect to the fiber axis. Th
magnitudes of the incidentj i and the scatteredjs , wave
vectors must be equal (j5j i5js). Simple trigonometry
shows that the scattered wave vector must be at an anglc
with respect to the fiber axis. Applying the law of cosines
the momentum diagram gives

j i
21js

222j ijs cos~p22c!5K2, ~4.13!

which reduces to cos(c)5K/2j and shows that the scatterin
angle is restricted by the Bragg wavelength and the effec
refractive index. It is clear from Eq.~4.13! that, for blazed
gratings, not only different wavelengths emerge at differ
angles, but different modes of the same wavelength a
emerge at slightly different angles due to their differe
propagation constants. Figure 31 shows the output coup
of 488 and 514.5 nm light from an argon ion laser. The gre
argon ion wavelength has two modes and the blue wa
length has three modes, which propagate in the fiber. Th
wavelengths, as well as their modes, are well separated
resolvable, thus, the grating tap acts as a spectrometer
mode discriminator. Meltz and Morey74 have achieved out
coupling efficiencies as high as 21% at 488 and 514.5 n

Erbium-doped fiber amplifiers are now an integral p
of long-haul high-bit-rate communication systems and
finding applications in areas of wide bandwidth amplific
tion. Kashyap et al.75 demonstrated the use of multip
blazed gratings to flatten the gain spectrum of erbium-do
fiber amplifiers. A gain variation of61.6 dB over a band-
width of 33 nm in a saturated erbium-doped fiber amplifi

FIG. 30. Vector diagram for the Bragg condition of a blazed grating. T
magnitude of the incidentj i and scattered,js , wave vector are the same.

FIG. 31. Illustration of separated wavelength tapped out at different ang
Image of the radiation out-coupled at the 488 and 514.5 nm from a fi
Bragg grating tap. From Meltz and Morey~after Ref. 74!.
4326 Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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was reduced to60.3 dB. This is important in fiber commu
nications that use several signals at different wavelength

Another interesting application of blazed gratings is
mode conversion. Mode converters are fabricated by ind
ing a periodic refractive-index perturbation along the fib
length with a periodicity that bridges the momentum m
match between the modes to allow phase-matched coup
between the selected modes. Different grating periods
used for mode conversion at different wavelengths. H
et al.59 demonstrated efficient mode conversion between
ward propagation LP01 and LP11 modes.

3. Chirped Bragg grating

A chirped Bragg grating is a grating that has a mon
tonically varying grating period, Fig. 32. This can be realiz
by axially varying either the period of the gratingL or the
index of refraction of the core or both. Chirped gratings ha
been written in optical fibers using various methods.76–80 A
double exposure technique has been used by Hillet al.79 in
forming a 1.5 cm long chirped grating. The effective mo
index of the waveguide was modulated linearly over the g
ing length with radiation from an excimer laser and then
same length was reexposed with a phase mask to produ
linearly chirped grating. A chirp of 0.4 nm was demonstrat
at 1549 nm. The delay induced by the gratings was show
be approximately 120 ps over the entire bandwidth of
grating.

A highly repeatable and simple technique for produci
chirped gratings is based on the phase mask where the li
chirp is approximated by a step chirp. In this technique
cascade of several gratings with increasing period are use
simulate a long chirped grating shown in Fig. 32~b!. The
chirped structure is initially inscribed on the phase mask a
then the mask is used to fabricate the chirped Bragg grat
in the photosensitive fiber. Clearly, this is a highly repeata
and controllable technique for producing any type of chirp
Bragg structure in fiber.

e

s.
r

FIG. 32. Schematic diagram of a chirped grating with an aperiodic pitch~a!.
For forward propagating light as shown, longer wavelengths travel fur
into the grating before being reflected. A schematic diagram of a cascad
several gratings with increasing period, which are used to simulate
chirped gratings~b!.
Fiber Bragg gratings
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With the introduction of an erbium-doped amplifier
long-haul high-bit-rate communication systems, the m
limitation in transmitting over such distance is the pu
broadening caused by chromatic dispersion. Dispers
induced pulse broadening can be eliminated by an elem
having a dispersion of opposite sign and equal magnitud
that of the optical fiber link. In a chirped grating, the res
nant frequency is a linear function of the axial position alo
the grating so that different frequencies, present in the pu
are reflected at different points and, thus, acquire differ
delay times~Fig. 32!. Chirped gratings, therefore, can b
used as dispersion compensators to compress tempo
broadened pulses.

In telecommunication systems, residual pump light em
ted from an optical fiber amplifier can cause major problem
The performance of a receiver can be adversely affected
the residual pump power emitted from a preamplifier b
cause it can cause excess noise and receiver saturation
fiber amplifier performance can be improved by reflect
back the unabsorbed pump light at the amplifier output.81,82

Farrieset al.83 demonstrated the use of broadband chirp
fiber Bragg grating for pump rejection and recycling of u
absorbed pump light from an erbium-doped fiber amplifi
In that work, an amplifier was pumped with a 980 nm dio
laser and a broadband chirped fiber Bragg filter centere
980 nm was used to reject and recycle the unabsorbed p
light. Fig. 33 shows the output spectrum of the emiss
from the amplifier, including the pump signal and amplifi
spontaneous emission, with and without the chirped gra
filter attached to the doped fiber. Without the fiber filter@Fig.
33~a!#, an unabsorbed pump power of 1 mW was measu
which was larger than the signal output power of 0.25 m
With the fiber filter spliced to the output of the doped fib
@Fig. 33~b!#, the residual pump power was reduced by 30

FIG. 33. Emission spectrum from a fiber amplifier~a! without and~b! with
a broadband chirped fiber Bragg filter~after Ref. 83!.
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to 1 mW, the amplified spontaneous emission was decrea
and there was a small increase in the signal output powe

4. Type II Bragg gratings

In an experiment carried out to study the relationsh
between pulse energy and grating strength, a series of sin
pulse gratings were produced with an UV excimer la
beam.84 The UV beam was focused to an area of appro
mately 1530.3 mm2 at the fiber. The peak-to-peak inde
modulation of each grating was estimated from its reflect
spectrum using coupled-mode theory with the result sum
rized in Fig. 34. It is apparent that there is a sharp thresh
at a pulse energy of 30 mJ, above which the induced in
modulation increases dramatically. Doubling the pulse
ergy from 20 to 40 mJ results in an increase in the photo
duced index modulation by almost three orders of mag
tude. Below the threshold point, the index modulation see
to grow linearly with energy density, whereas above the
dex modulation it appears to saturate. Figure 34 shows
these single-pulse Bragg gratings have induced in
changes as high as 0.006, which is comparable to the c
cladding index difference of 0.02. The gratings formed w
a low index of refraction modulation were labeled astype I
and those formed with a high index of refraction modulati
were calledtype II.

The behavior observed in Fig. 34 suggests that there
critical level of absorbed energy, which triggers off a high
nonlinear mechanism, initiating dramatic changes in the
tical fiber. Examination of a type II grating with an optica
microscope revealed a damaged track at the core-clad
interface. This damage track appears only in type II gratin
which suggests that it may be responsible for the large in
change. The fact that this damage is localized on one sid
the core suggests that most of the UV light has been
sorbed, most likely never reaching the other side. Althou
the origin of the process is not fully understood, Russ
et al.9 have proposed that the process is initiated by h
single-photon absorption at 248 nm, exciting electrons i
the conduction band of silica, where they seed the forma
of a ‘‘free’’electron plasma. This would then produce a

FIG. 34. Peak-to-peak modulation of induced refractive-index changes
different pulse energies~after Ref. 84!.
4327Fiber Bragg gratings
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abrupt surge in UV absorption, and permanent damage in
glass. A schematic diagram of a type II grating is shown
Fig. 35.

A typical spectrum of a type II grating is shown in Fig
36. A characteristic of type II Bragg gratings is that th
have a very high reflectivity and large bandwidth. The
regularities in the spectra are a sign of grating nonunif
mity, which is not surprising because of the nonuniformit
in the intensity profile of the excimer laser writing beam.
addition, type II gratings transmit wavelengths longer th
the Bragg center wavelengths but strongly couple sho
wavelengths into the cladding, permitting the gratings to
as effective wavelength selective taps.

Results of stability tests have shown type II gratings
be extremely stable at elevated temperatures. At 800 °C
a period of 24 h, no degradation in grating reflectivity w
evident. At 900 °C, the grating reflectivity decays qu
slowly until a permanent component appears. At 1000
most of the grating disappears after 4 h. For comparison
shown in Fig. 37, type I Bragg gratings are complete
erased at 800 °C.85 This provides evidence that the mech
nism behind high-reflectivity type II single-pulse gratin
differs from the usual type I mechanism. The superior te
perature stability of type II gratings make them useful
sensing applications in hostile environments.

One of the most attractive features of type II gratings
that highly reflective gratings can be formed in just a fe
nanoseconds, the duration of a single excimer pulse. Th
of great practical importance for large-scale mass produc

FIG. 35. Schematic diagram of a type II grating showing the damage t
on one side of the fiber core. Wavelengths longer than the Bragg ce
wavelength are transmitted, whereas shorter wavelengths are stro
coupled into the cladding.

FIG. 36. Reflection and transmission spectra of a type II grating. For wa
lengths below the Bragg wavelength~1556 nm!, light is strongly coupled
into the cladding~after Ref. 84!.
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of strong gratings during the fiber drawing process bef
application of the protective polymer coating. Although t
concept of fabrication of single-pulse type I and type
Bragg gratings during the fiber drawing process has b
successfully demonstrated,86,87 the quality of in-line gratings
must be improved. One distinct advantage of producing fi
Bragg gratings during the draw process is that in-line fab
cation avoids potential contact with the pristine outer surfa
of the glass. Whereas, off-line fabrication requires a sec
of the fiber to be stripped off its UV absorbing polym
coating, in order for the grating to be exposed. This dra
cally weakens the fiber at the site of the grating due to s
face contamination, even if the fiber is subsequently
coated.

5. Novel Bragg grating structures

~a! Superimposed multiple Bragg gratings.Recently, the
author and co-workers88 demonstrated the inscription of sev
eral Bragg gratings at the same location on an optical fib
This is of interest as a device in fiber communications,

k
ter
gly

e-

FIG. 37. Changes in reflectivity and center wavelength of a type I Bra
grating with temperature~after Ref. 85!.

FIG. 38. Reflection spectrum for seven Bragg gratings superimposed a
same location on an optical fiber. The seven gratings cover a span of 6
ranging from 1500 to 1560 nm~after Ref. 88!.
Fiber Bragg gratings
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sers, and sensor systems. Because multiple Bragg gratin
the same location basically perform a comb function, t
device is ideally suited for multiplexing and demultiplexin
signals. The beauty of this device is that it does not requ
much space because all the gratings are written at the s
location of the fiber. This lends itself to optical integrat
technology, where the issue of size is always a concern,
can also be used for material detection where the mult
Bragg lines can be designed to match the signature freq
cies of a given material. Figure 38 shows the reflectivity
seven Bragg gratings superimposed on the same area o
photosensitive fiber. Figure 39 illustrates a plot of the in
vidual Bragg grating reflectivity as a function of the numb
of gratings written at the same location. Each time a n
grating was inscribed, the reflectivity of the existing gratin
was reduced. As shown~Fig. 39!, even after superimposin
five gratings, the reflectivity from each of the gratings w
higher than 60%. Another interesting observation is that
center wavelength of the existing Bragg gratings shifted
longer wavelengths each time a new grating was inscri
due to a change of the effective index of refraction.

~b! Superstructure Bragg gratings.Superstructure Bragg
grating is referred to a grating fiber structure fabricated w
a modulated exposure over the length of the gratings.89 One
such approach used by Eggletonet al.89 was to translate the
UV writing beam along a fiber and phase-mask assem
while the intensity of the beam was modulated. They used
excimer pumped dye laser with a frequency doubler to p
duce 2.0 mJ at 240 nm. Hydrogenated, single-mode, bo
codoped fiber was placed in near contact with a phase m
and the ultraviolet light was focused through the phase m
into the fiber core by a cylindrical lens, exposing a length
approximately 1 mm. To fabricate a 40 mm long superstr
ture, the excimer laser was periodically triggered at interv
of 15 s to produce bursts of 150 shots at a repetition rat
10 Hz, while the ultraviolet beam was translated at a cons
velocity of 0.19 mm/s along the mask. The resulting per
of the grating envelope was approximately 5.65 mm, for
ing seven periods of the superstructure. The reflection s

FIG. 39. Reflectivities for each Bragg grating as a function of the numbe
gratings superimposed on the same location. The lines through the sym
are a guide to the eye~after Ref. 88!.
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trum of this grating structure is shown in Fig. 40. There is
strong reflection at five discrete wavelengths correspond
to the spatial frequencies of the grating, with reflectan
varying from 30% to 95%. These superstructure gratings
be used as comb filters for signal processing, and for incre
ing the tunability of the fiber laser grating reflector.

~c! Phase-shifted Bragg gratings.Bragg gratings gener
ally act as narrow-band reflection filters centered at
Bragg wavelength because of the stop band associated w
one-dimensional periodic medium. Many applications, su
as channel selection in a multichannel communication s
tem, would benefit if the fiber grating could be designed a
narrow-band transmission filter. Although techniques ba
on Michelson and Fabry–Perot interferometers have b
developed for this purpose,90 their use requires multiple grat
ings and may introduce additional losses. A technique co
monly used in distributed feedback~DFB! semiconductor
lasers91,92 can be used to tailor the transmission spectrum
suit specific requirements. The technique consists of the
troduction of phase shift across the fiber grating whose lo
tion and magnitude can be adjusted to design a specific tr
mission spectrum. It is a generalization of an idea fi
proposed by Haus and Shank93 in 1976. The principle of the
phase shift was demonstrated by Alfernesset al.94 in peri-
odic structures made from semiconductor materials whe
phase shift was introduced by etching a larger spacing at
center of the device. This forms the basis of single-mo
phase-shifted semiconductor DFB lasers.95 A similar device
may be constructed in optical fibers using various te
niques:

~1! Phase masks, in which phase-shift regions have b
written into the mask design.96

~2! Postprocessing of a grating by exposure of the grat
region to pulses of UV laser radiation, which has be
described in Ref. 97~Fig. 41!.

~3! And postfabrication processing using localized he
treatment, which has also been reported.98

Such processing produces two gratings out of phase w
each other, which act as a wavelength-selective Fabry–P
resonator allowing light at the resonance to penetrate the

f
ols

FIG. 40. Reflection spectrum from a grating superstructure fabricated
translating the UV writing beam along a fiber and phase-mask assem
while the intensity of the beam was modulated~after Ref. 89!.
4329Fiber Bragg gratings
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band of the original grating. The resonance wavelength
pends on the size of the phase change. One of the m
obvious applications includes production of very narro
band transmission and reflection filters. Moreover, multi
phase shifts can be introduced to produce other devices
comb filters. They can also be used to obtain single-m
operation of DFB fiber lasers.

V. SIMULATIONS OF SPECTRAL RESPONSE FROM
BRAGG GRATINGS

A. T-matrix formalism

The spectral profile from a Bragg grating structure m
be simulated using theT-matrix formalism. For this analysis
two counterpropagating plane waves are considered confi
to the core of an optical fiber in which an intracore unifor
Bragg grating of lengthl and uniform periodL exist. This is

FIG. 41. Normalized transmission spectra before and after a phase
induced in a Bragg grating structure using UV postprocessing~after Ref.
97!.

FIG. 42. Illustration 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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illustrated in Fig. 42. The electric fields of the backward a
forward waves can be expressed asEa(x,t)5A(x)exp@i(vt
2bx)# and Eb(x,t)5B(x)exp@i(vt1bx)#, respectively,
whereb is the wave propagation constant. The complex a
plitudes A(x) and B(x) of these electric fields obey th
coupled-mode equations99

dA~x!

dx
5 ikB~x!exp@2 i2~Db!x#,

~0<x< l !

dB~x!

dx
52 ik* A~x!exp@ i2~Db!x#, ~5.1!

where Db5b2b0 is the differential propagation constan
(b0 is p/L, andL is the grating period!, andk is the cou-
pling coefficient. For uniform gratings,k is constant and it is
related to the index modulation depth. For a sinusoi
modulated refractive index, the coupling coefficient is re
and it is given bypDn/l.

Assuming that there are both forward and backward
puts to the Bragg grating, and boundary conditionsB(0)
5B0 andA( l )5A1 , then closed form solutions forA(x) and
B(x) are obtained from Eq.~5.1!. Following these assump
tions, the closed form solutions forx dependencies of the
two waves are a(x)5A(x)exp(2ibx) and b(x)5B(x)
3exp(ibx). Therefore, the backward output~reflected wave!,
a0 , and the forward output~transmitted wave!, b1 , from the
grating can be expressed by means of the scattering matr100

Fa0

b1
G5FS11

S21

S12

S22
G•Fa1

b0
G , ~5.2!

with a15A1 exp(ibl) andb05B0 , and

S115S225
is exp~2 ib0l !

2Db sinh~sl!1 is cosh~sl!
,

~5.3!

S125S21 exp~2ib0l !5
k sinh~sl!

2Db sinh~sl!1 is cosh~sl!
,

where s5Auku22Db2. Based on the scattering-matrix ex
pression in Eq.~5.3!, theT matrix for the Bragg is101

Fa0

b0
G5FT11

T21

T12

T22
G•Fa1

b1
G , ~5.4!

where

T115T22* 5exp~2 ib0l !
Db sinh~sl!1 is cosh~sl!

is
,
~5.5!

T125T21* 5exp~2 ib0l !
k sinh~sl!

is
.

The T matrix relates the input and output of the Bragg gr
ing and is ideal for analyzing a cascade of gratings~Fig. 42!.
Figure 42~b! shows a series of gratings back to back with
total lengthL. This grating structure is made up of ‘‘m’’
Bragg grating segments. Each segment has a different pe
Lk and has its ownT-matrix T, wherek51,...,m.

The total grating structure may be expressed as

ift
Fiber Bragg gratings
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Fa0

b0
G5T1•T2•••Tm21•Tm•Fam

bm
G , ~5.6!

and the spectral reflectivity of the grating structure is giv
by ua0(l)/b0(l)u2. It should be noted that this model doe
not take into account cladding-mode coupling losses. N
the reflectivity spectral response of a few Bragg gratin
structures will be calculated using thisT-matrix formalism.

B. Uniform index of refraction Bragg gratings

1. Grating length dependence

The reflection spectral response for uniform Bragg gr
ings is calculated using theT-matrix formalism described
above. The objective of this set of simulations is to dem
strate how the spectral response of a grating is affected a
length of the grating is altered. The index of refracti
change is assumed uniform over the grating length, howe
the value of the change is reduced accordingly with incre
ing grating length such that the maximum grating reflectiv
remains constant. Figure 43 shows the spectral profile
three uniform Bragg gratings. Clearly, as seen from the v
ous plots, the bandwidth of the gratings decreased with
creasing length. The 1 cm long uniform grating had a ba
width approximately of 0.15 nm, the 2 cm long grating w
0.074 nm and, finally, the 4 cm long grating was 0.057 n
Theoretically, Bragg gratings may be constructed with
tremely small bandwidths by simply increasing the grat
length. However, in practice, such devices are not eas
manufacture. The error associated with the spacing betw
the periods of a grating~during manufacturing! is cumula-
tive, therefore, with increasing grating length, the total er
will increase, resulting in out-of-phase periods~leading to
broadening of the Bragg grating!. Furthermore, if a long per
fect Bragg grating is constructed, the effects of the envir
ment have to be considered very carefully. For example,
strain or temperature fluctuations on any part of the gra
will cause the periods to move out of phase, resulting
broadening the spectral responses of the Bragg grating.

2. Index of refraction dependence

Figure 44 shows a set of simulations assuming a unifo

FIG. 43. Spectral profiles for uniform Bragg gratings. The various spec
profiles correspond to different grating lengths~1 cm; solid, 2 cm; dashed
and 4 cm; dotted!.
Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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Bragg grating of 2 cm in length. In these simulations, t
index of refraction changes were varied. For the first grat
with Dn50.531024, the reflectivity is 90% and the band
width is approximately 0.074 nm. Reducing the change
the index of refraction to half the value of the first gratin
(Dn50.2531024), the reflectivity decreases to 59% and t

lFIG. 44. Spectral reflectivity response from uniform Bragg grating 2 cm
length for different indexes of refraction. The solid line corresponds to
31024 index of refraction change.

FIG. 45. ~a! Spectral reflectivity response from different Bragg gratin
showing the effect of chirping. All gratings are 10 mm and the index
refraction change is assumed 131024 for all. The solid curve correspond
to 0 chirp, the dashed and dotted curves correspond to 0.2 and 0.4 nm c
respectively~where the chirp value is over the length of the grating!. ~b!
Spectral reflectivity response from highly chirped Bragg gratings for
following chirp values of 1, 4, and 8 nm over the 10 mm length of t
gratings.
4331Fiber Bragg gratings



o

th
o
e

io
-
tir
ar
io
y

d
ro
ra
ir

-

ive
-
al
g

um
by

ng
-
It

he
-
e
o
s

th
A
g
n
-
e

o
al
lin
ca
r.
a

f r
a
a
d

hat
een

at-
cy

ve
his
m-
re-
of

ctor
a

re-
c
he
n
by
of
he

of
d

grat-

h a
sian
bandwidth to 0.049 nm. A further decrease in the index
refraction change (Dn50.131024) results in a reflectivity
of 15% and a bandwidth of 0.039 nm. It appears that
bandwidth approaches a minimum value and remains c
stant for further reduction in the index of refraction chang

3. Chirped Bragg gratings

The simulations shown in Figs. 45~a! and 45~b! show
chirped Bragg grating structures. Three different reflect
spectra are shown in Fig. 45~a!, corresponding to three dif
ferent chirped values, 0, 0.2, and 0.4 nm over the en
length of the grating. In these simulations, all the gratings
assumed 10 mm in length with a constant index of refract
change 131024. With increasing chirp value, the reflectivit
response becomes broader and the reflection maximum
creases. In these simulations, the chirp gratings are app
mated with a number of progressively increasing period g
ings whose total length amounts to the length of the ch
grating. The number of ‘‘steps’’~the number of smaller grat
ings! assumed in the calculations are 100~simulations indi-
cated that calculations with more than 20 steps will g
approximately the same result!. Figure 45~b! shows the spec
tral response from Bragg gratings with very large chirp v
ues~1, 4, and 8 nm over the 10 mm length of the gratin!.
Clearly, with increasing chirp value, it is possible to span
very large spectral area, with a reduction in the maxim
reflectivity of the grating. This problem may be overcome
increasing the index of refraction modulation.

C. Apodization of the spectral response of Bragg
gratings

The reflection spectrum of a finite-length Bragg grati
with uniform modulation of the index of refraction is accom
panied by a series of sidelobes at adjacent wavelengths.
very important to minimize and, if possible, eliminate t
reflectivity of these sidelobes~or apodize the reflection spec
trum of the grating! in devices where high rejection of th
nonresonant light is required. An additional benefit
apodization is the improvement of the dispersion compen
tion characteristics of chirped Bragg gratings.102 In practice,
apodization is accomplished by varying the amplitude of
coupling coefficient along the length of the grating.
method used to apodize the response consists in exposin
optical fiber with the interference pattern formed by two no
uniform ultraviolet light beams.103 In the phase-mask tech
nique, apodization can also be achieved by varying the
posure time along the length of the grating, either from
double exposure or by scanning a small writing beam
using a variable diffraction efficiency phase mask. In
these apodization techniques, the variation in the coup
coefficient along the length of the grating comes from lo
changes in the intensity of the UV light reaching the fibe

Figure 46 shows two plots of apodized grating with
Gaussian shape index of refraction change. The index o
fraction changes are shown in the upper inset, which
plotted against the length of the grating. The full width
half-maximum of the index of refraction profile is double
for one of the curves~the dotted curve!, resulting in a larger
4332 Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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spectral reflection response. It is interesting to point out t
in both the apodized Bragg gratings the sidelobes have b
eliminated.

Apodization of the spectra response of fiber Bragg gr
ings using a phase mask with variable diffraction efficien
has been reported by Albertet al.104 Bragg gratings with
sidelobe levels 26 dB lower than the peak reflectivity ha
been fabricated in standard telecommunication fibers. T
represents a reduction of 14 dB in the sidelobe levels co
pared to uniform gratings with the same bandwidth and
flectivity. Figure 47 shows the spectral reflection response
an apodized and an unapodized fiber Bragg grating refle
reported by the same group,105 where they have achieved
reduction of 20 dB in the sidelobe levels.

A cosine apodization technique has been reported
cently by Kashyapet al.106 obtained by repetitive, symmetri
longitudinal stretching of the fiber around the center of t
grating while the grating was written. This apodizatio
scheme is applicable to all types of fiber gratings, written
direct replication by a scanning or a static beam, or by use
any other interferometer, and is independent of length. T
simplicity of this technique allows the rapid production
fiber gratings required for wavelength-division multiplexe
systems~WDM! and dispersion compensation.

FIG. 46. Spectral reflectivity response from Gaussian apodised Bragg
ings. The apodization profiles plotted against the length of the gratings~10
mm! are shown in the inset at the upper-right corner.

FIG. 47. Reflection spectrum of fiber Bragg gratings photoimprinted wit
uniform diffracting phase mask and with a phase mask with a Gaus
profile of diffraction efficiency~after Ref. 105!.
Fiber Bragg gratings
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VI. APPLICATIONS OF BRAGG GRATINGS

A. Fiber Bragg grating diode laser

A fiber Bragg grating may be coupled to a semicond
tor laser chip to obtain a fiber Bragg diode laser.107 A semi-
conductor laser chip is antireflection coated on the out
facet and coupled to a fiber with a Bragg grating as illu
trated in Fig. 48. If this Bragg grating reflects at the ga
bandwidth of the semiconductor material, it is possible
obtain lasing at the Bragg grating wavelength. The grat
bandwidth can be narrow enough to force single-freque
operation with a linewidth of much less than a gigaher
High output powers, up to 20 mW, have been obtained w
these types of lasers.108 An added advantage of these syste
is that the grating has a temperature sensitivity around 1
of that of the semiconductor laser, reducing temperature
duced wavelength drift. These fiber grating semiconduc
laser sources have been used to generate ultrashort m
locked soliton pulses up to 2.9 GHz.109

One problem in distributed Bragg reflector~DBR! laser
manufacture is the precise control of the laser wavelen
Routine production of DBR lasers with a wavelength spe
fied to better than 1 nm is difficult, but optical Bragg gratin
can be manufactured precisely to the wavelength requi
With antireflection coating on the semiconductor chip, t
lasing wavelength may be selected from anywhere in
gain bandwidth by choosing the appropriate fiber Bragg g
ing. Clearly, such an approach will increase the yield fro
the semiconductor wafers. In addition, since each laser ha
be coupled to a fiber, the Bragg grating may be written a
the packaging process has proved to be successful, thu
ducing the time spent on unsuccessful products.

B. Fiber Bragg grating lasers

The majority of Bragg grating fiber laser research h
been on erbium-doped lasers due to its potential in com
nication and sensor applications. The characteristic bro
band gain profile of the erbium-doped fiber around the 15
nm region makes it an extremely useful tunable light sour
Employing this doped fiber in an optical cavity as the las
medium, along with some tuning element, results in a c
tinuously tunable laser source over its broad gain profile
fact, a tunable erbium-doped fiber with an external grat

FIG. 48. External fiber grating semiconductor laser. The semiconducto
ser chip is antireflection coated on the output face and coupled to a
with a Bragg grating, forcing oscillation at the Bragg grating wavelengt
Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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was reported by Reekieet al.110 in 1986. Since then, severa
laser configurations have been demonstrated with two
more intracavity gratings.111–116

A simple Bragg grating tunable Er-doped fiber laser w
demonstrated by the author and co-workers, where a bro
band Bragg mirror and a narrow Bragg grating served as
high reflector and the output coupler, respectively.117 The
broadband Bragg mirror was constructed by writing fi
Bragg gratings, each separated spectrally by approxima
0.5 nm. The resultant spectral profile of this Bragg mirror
shown in Fig. 49. The fiber laser consisted of a 2 m long
erbium-doped fiber with Bragg gratings at each end~broad-
band and narrow band! providing feedback to the laser cav
ity. The output coupler to the fiber laser cavity was a sin
grating with approximately 80% reflectivity and 0.12 n
linewidth. Figure 50 shows the broadband fluorescence
tained from the Er-doped fiber laser system before the las
threshold is reached. The spectrum is the typical characte
tic broadband gain profile from an erbium-doped fiber sp
ning a range of several tens of manometers, namely, betw
1.45 and 1.65mm. Superimposed on the gain profile is

a-
er

FIG. 49. Measured reflection spectra from the long grating mirror written
a photosensitive telecommunication fiber using a KrF excimer laser in
interferometric setup~after Ref. 117!.

FIG. 50. Broadband fluorescence obtained from an erbium-doped fibe
ser. Superimposed on the gain profile is the broadband mirror at 1550
Within this peak there is a notch at 1550 nm corresponding to the Br
grating ~after Ref. 117!.
4333Fiber Bragg gratings
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broadband peak~3.5 nm! at 1550 nm corresponding to th
reflection of the fluorescence from the broadband Bragg m
ror, and within this peak there is a notch at 1550 nm cor
sponding to the narrow Bragg grating. With increasing in
dent pump power, the losses in the fiber laser cavity
overcome and lasing begins. At pump powers just ab
threshold value, the notch due to the Bragg grating begin
grow in the positive direction and as the pump power
creases further, the laser grows even stronger by deple
the broadband fluorescence~Fig. 51!. In Fig. 51, the output
spectrum, from the erbium-doped fiber laser, is shown
various coupled pump powers into the doped fiber, star
below the lasing threshold at 0.50–1.0 mW and 1.5 m
where the laser line at 1550 nm begins to grow. At 3.0 m
of the coupled pump power, lasing is dominant. This
shown in the inset at the upper left-hand corner wher
vertical line at 1550 nm represents the lasing wavelength

Single-frequency Er31-doped Fabry–Perot fiber lase
using fiber Bragg gratings as the end mirrors67,118are emerg-
ing as an interesting alternative to DFB diode lasers for
in future optical CATV networks and high capacity WDM
communication systems.119 They are fiber compatible
simple, scaleable to high output powers, and have a
noise and kilohertz linewidth. In addition, the lasing wav
length can be determined to an accuracy of better than
nm, which is very difficult to achieve with DFB diode laser

Fiber lasers can operate in a single-frequency mode,
vided that the grating bandwidth is kept below the separa
between the axial mode spacings. Furthermore, it is ne
sary to keep the erbium concentration low enough~a few 100
ppm! to reduce ion-pair quenching, which causes a reduc
in the quantum efficiency, and in addition may lead to stro
self-pulsation of the laser.118–120 The combination of these
practical limits implies that the pump absorption of
erbium-doped fiber system can be as low as a few perc
resulting in low output lasing power. One solution to th
problem is to use the residual pump power to pump
erbium-doped fiber amplifier following the fiber laser.121

However, in such cases the amplified spontaneous emis

FIG. 51. Output spectrum from erbium-doped fiber laser at various cou
input powers varying from below the lasing threshold of 0.5 mW to nea
lasing at 1.0 mW and fully lasing at 1.5 mW. The inset at the upper-
corner shows the lasing spectrum as a function of coupled pump pow
1.5 and 3.0 mW~note that the laser power at 3 mW is approximately
times stronger than that at 1 mW!.
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from the amplifier increases the output noise. Another way
overcome the problem of low pump absorption is by codo
ing the erbium-doped fiber with Yb31.122 This increases the
absorption at the pump wavelength by more than two ord
of magnitude and enables high efficient operation of ce
meter long lasers with relatively low Er31 concentration.
Kringlebotnet al.123 reported a highly efficient, short, robus
single-frequency and linearly polarized Er31:Yb31-codoped
fiber laser with fiber grating Bragg reflectors, an outp
power of 19 mW, and a linewidth of 300 kHz for 100 mW o
980 nm diode pump power.

Rare-earth-doped fiber lasers emitting at around 2mm
have potential uses in medical application, eye-safe LIDA
and sensors. Continuous lasers in the 2mm band using doped
fiber has been reported since 1988.124–127 All these lasers
involved silica or fluoride based fibers codoped with thuliu
and/or holmium. Bojet al.128 have demonstrated a diod
pumped thulium-doped silica fiber laser with intracore Bra
gratings in the 1.9–2.1mm band.

C. Filters and mode converters

A single Bragg grating in a single-mode fiber acts as
wavelength-selective distributed reflector or a band rejec
filter by reflecting wavelengths around the Bragg resonan
However, by placing identical gratings in two lengths of
fiber coupler, as in a Michelson arrangement, one can ma
bandpass filter.129 This filter, shown in Fig. 28~a!, passes
only wavelengths in a band around the Bragg resonance
discards other wavelengths without reflections. If the inp
port is excited by broadband light and the wavelengths
flected by the gratings arrive at the coupler with identic
optical delays, then this wavelength simply returns to
input port. If, however, a path-length difference ofp/2 is
introduced between the two arms, then it is possible to s
the reflected wavelength to arrive at the second input p
creating a bandpass filter. In principle, this is a low-loss
ter, however, there is a 3 dBloss penalty for the wavelength
that are not reflected, unless a Mach–Zehnder interferom
is used to recombine the signal at the output.130 An efficient
bandpass filter was demonstrated by Bilodeauet al.131,132us-
ing a scheme identical to that presented in Ref. 130. T
device had back reflection of230 dB. However, all wave-
lengths out of the pass band suffered from the 3 dB l
associated with the Michelson interferometer.

Optical fiber communication systems employing wav
length division multiplexing/demultiplexing~WDM/D! tech-
niques require low-loss, compact, stable, and reliable co
ponents, which can be used as wavelength-selective cha

d

t
of

FIG. 52. Schematic diagram of a drop–add filter formed by adding a sec
coupler to close the legs containing the grating of a Mach–Zehnder arra
ment.
Fiber Bragg gratings
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dropping or inserting filters. By adding a second coupler
close the legs containing the gratings of Fig. 28~a!, as in a
Mach–Zehnder arrangement, one can make a drop–
filter133 ~Fig. 52!. The Mach–Zehnder is balanced so that a
optical signal in the 1550 nm transmission window launch
into the input fiber~port A or C! is coupled into the outpu
fiber ~port D or B!. The two identical Bragg reflection filter
and the input coupler, which has a precise 50:50 splitt
ratio at the center wavelength of the reflection gratings, fo
a Michelson interferometer transmission filter. The pa
length in each arm of the interferometer is set equal, th
giving maximum transmission. Any signal launched into p
A, at the transmission wavelength of the Michelson interf
ometer, will be coupled into port B. An input optical sign
S(lt), at the transmission wavelength of the Michelson
terferometer (lt), can be multiplexed onto an optical sign
containing many discrete wavelengthsS(l1•••m) by launch-
ing into ports A and C, respectively, with the output sign
S(l1•••t•••m) being transmitted into port B. Conversely, a
optical signalS(lt) can be demultiplexed into port B from
an optical signal containing many discrete waveleng
S(l1•••t•••m) launched into port A, with the remainder of th
signalS(l1•••m) being transmitted into port D.

Placing two identical Bragg gratings in series on
single-mode fiber results in a Fabry–Perot etalon within
fiber core. Figure 28~b! shows one such construction wit
99.5% reflectors, a free-spectral range of 1.06 GHz, an
finesse of 660. With the advancements in the inscription
Bragg gratings in optical fiber, it is now possible to obta
etalons with finesse, as high as several thousands.

By tilting or blazing the Bragg grating at angles to th
fiber axis, light can be coupled out of the fiber core in
loosely cladding modes or to radiation modes outside
fiber.74 This wavelength-selective tap occurs over a rat
broad range of wavelengths that can be controlled by
grating and waveguide design. One of the advantages is
the signals are not reflected in, thus, the tap forms
absorption-type filter. An application, that was already m
tioned in Sec. IV B 2 is that this grating tap can be used a
gain flattening filter for an erbium fiber amplifier.

With a small tilt of the grating planes to the fiber ax
(;1°), one canmake a reflecting spatial-mode coupler su
that the grating reflects one guided mode into another.
interesting to point out that by making long-period grating
one can perturb the fiber to couple to other forward go
modes. A wavelength filter based on this effect has b
demonstrated by Hillet al.58 The spatial-mode convertin
grating was written using the point-by-point technique with
period of 590mm over a length of 60 cm. Using mode strip
pers before and after the grating makes a wavelength fi
In a similar manner, a polarization-mode converter or ro
ing filter in polarization maintaining fiber can be made.
rocking filter of this type, generated with the point-by-poi
technique, was demonstrated by Hill and co-workers.59 In
their work, they demonstrated an 87 cm long, 85 step ro
ing filter, which had a bandwidth of 7.6 nm and a pe
transmission of 89%.
Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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D. Pulse dispersion compensation

One of the main problems that occur in single-mode o
tical fibers is chromatic dispersion, causing different wav
length components of a data pulse to travel at different gr
velocities. This causes broadening of the signal pulse
increasing bit-error rates. With increasing network data ra
chromatic dispersion in standard single-mode fiber is
main limiting factor in performance. For a low data rate
2.5 Gbit/s, a signal can be transmitted without significa
degradation for up to 1000 km. However, this distance dr
to 60 km at 10 Gbit/s and to 15 km at 20 Gbit/s. In additio
a large portion of the already worldwide installed fiber
optimized for transmission at 1.31mm. This type of fiber
exhibits high chromatic dispersion of the order of 17 p
nm km when used to transmit at the more commonly u
telecommunication wavelength of 1.55mm.

Chirped fiber Bragg gratings provide the means for d
persion compensation. The basic principle of operation o
chirped fiber grating as a dispersion compensating eleme
that different wavelength components of the broadened p
are reflected from different locations along the Bragg gr
ing. Therefore, the dispersion imparted by the grating in
flection to a pulse with a given spectral content is equa
twice the propagation delay through the grating lengthL as

t5
2L

yg
, ~6.1!

whereyg is the group velocity of the pulse incident on th
grating. Therefore, a grating with a linear wavelength ch
of Dl nm will have a dispersion of

d5
t

Dl
~ps/nm!. ~6.2!

Eggletonet al.46 demonstrated dispersion compensation
pulse compression with the use of a chirped grating. Figu
53~a! and 53~b! show, respectively, the 21 ps input pulse a
the compressed 13 ps reflected pulse. To show that the
served compression is not due to truncation of the pu
spectrum by the grating, the direction of the grating w
reversed, which resulted in the pulse stretching to 40 ps
shown in Fig. 53~c!. Pulse stretching is expected because
sign of the dispersion in the reversed case adds to the dis
sion of the optical pulse.

Fiber dispersion compensation using a chirped fi
Bragg grating was demonstrated by Williamset al.134 They
used short pulses~Fig. 54! and gave an experimental dem
onstration of the use of a chirped Bragg grating to comp
sate for the pulse broadening arising from negative gro
delay dispersion and nonlinear self-phase modulation i
length of fiber. Short pulses of 1.8 ps were sent through
m of optical fiber, which had a measured group delay disp
sion of 2100 ps/nm km. These pulses suffered significa
dispersive broadening in the fiber. A 50:50 coupler betwe
the fiber and a linearly chirped fiber Bragg grating provid
output of the pulses directly from the fiber and those
flected off the grating. These pulses were measured tem
rally by cross correlating them with pulses taken direc
from the laser.
4335Fiber Bragg gratings
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E. Fiber Bragg gratings sensors

Fiber Bragg gratings are excellent fiber-optic sensing
ements. They are integrated into the light guiding core of
fiber and are wavelength encoded, eliminating the proble
of amplitude or intensity variations that plague many oth
types of fiber sensors. Due to their narrow-band wavelen
reflection, they are also conveniently multiplexed in a fib
optic network. Fiber gratings have been embedded in c
posite materials for smart structures monitoring, and tes

FIG. 53. Traces of optical pulses before and after reflection from a chir
grating. ~a! The initial chirped pulse with duration of 2161 ps, ~b! com-
pressed pulse after reflection from a chirped grating with duration of
61 ps, and~c! stretched pulse after reflection from a reversed chirped g
ing with duration of 4061 ps. From Eggletonet al. ~after Ref. 46!.
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with civil structures to monitor load levels. They have al
been successfully tested as acoustic sensing arrays. App
tions for fiber grating sensors should also be emerging
process control and aerospace industries in the near futu

The temperature sensitivity of a Bragg grating occu
principally through the effect on the index of refraction a
to a lesser extent through the expansion coefficient~this is
described in detail in Sec. IV B 3!. It is noteworthy that tem-
perature sensitivity can be enhanced or mulled by pro
bonding to other materials. The maximum operating te
peratures may be around 500 °C, however, this may dep
on the fabrication condition of the Bragg grating. For e
ample, type II gratings may operate at higher temperatu
than type I gratings.

Strain affects the Bragg response directly through
expansion or contraction of the grating elements and thro
the strain-optic effect~see Sec. IV B 3!. Many other physical
parameters other than tension can also be measured su
pressure, flow, vibration acoustics, acceleration, elect
magnetic fields, and certain chemical effects. Therefore, fi
Bragg gratings can be thought off as generic transducer
ments. There are various schemes for detecting the Br
resonance shift, which can be very sensitive. One s
scheme involves the injection of a broadband light~gener-
ated by a super-luminescent diode, edge-emitting lig
emitting diode, erbium-doped fiber super-fluorescent sou!
into the fiber and determining the peak wavelength of
reflected light. Another way involves the interrogation of t
Bragg grating with a laser tuned to the sensor wavelength
by using the sensor as a tuning element in a laser cav
Detecting small shifts in the Bragg wavelength of fib
Bragg grating sensor elements, which corresponds
changes of the sensing parameter is important. In a lab
tory environment, this can be accomplished using a hi
precision optical spectrum analyzer. In practical applicatio
this function must be performed using compact, low-cost
strumentation. Schemes based on simple broadband op
filtering, interferometric approaches, and fiber laser
proaches allow varying degrees of resolution and dyna
range, and should be suitable for most applications.

The most straightforward means for interrogating
Bragg grating sensor is based on a passive broadband ill
nation of the device. Light with a broadband spectru
which covers that of the Bragg grating sensor, is input to
system, and the narrow-band component reflected by
grating is directed to a wavelength-detection system. Sev
options exist for measuring the wavelength of the opti
signal reflected from a Bragg grating element including

d

3
t-

FIG. 54. Experimental configuration used to investigate dispersion com
sation of a linearly chirped fiber Bragg grating.
Fiber Bragg gratings
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miniaturized spectrometer, passive optical filtering, track
using a tunable filter, and interferometric detection. The
tical characteristics of these filtering options are as show
Fig. 55. Filtering techniques based on the use of broadb
filters allow the shift in the Bragg grating wavelength of t
sensor element to be assessed by comparing the tran
tance through the filter compared to a direct ‘‘referenc
path.135 A relatively limited sensitivity is obtained using thi
approach due to problems associated with the use of b
optic components and alignment stability. One way to i
prove this sensitivity is to use a fiber device with
wavelength-dependent transfer function, such as a fi
WDM coupler. Fused WDM couplers for 1550/1570 nm o
eration are commercially available. This coupler will provi
a monotonic change in the coupling ratio between two out
filters for an input optical signal over the entire optical spe
trum of an erbium broadband source, and thus, has a sui
transfer function for wavelength discrimination over th
bandwidth. An alternate means to increasing the sensitivit
to use a filter with a steeper cutoff@see Fig. 55~b!#, such as
an edge filter. However, this can limit the dynamic range
the system. One of the most attractive filter based techniq
for interrogating Bragg grating sensors is based on the us
a tunable passband filter for tracking the Bragg grating s
nal. Examples of these types of filters include Fabry–Pe
filters,136 acousto-optic filters,137,138 and fiber Bragg grating
based filters.139

1. Tunable filter interrogation

Figure 56 shows the configuration used to implemen
tunable filter~such as a fiber Fabry–Perot! to interrogate a
Bragg grating sensor. The fiber Fabry–Perot can be oper
in either a tracking or scanning mode for addressing singl
multiple grating elements, respectively. In a single sen

FIG. 55. Diagram of basic filtering function for processing fiber Bra
grating return signals.
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configuration, the Fabry–Perot filter with a bandwidth of 0
nm is locked to the Bragg grating reflected light (R) using a
feedback loop. This is accomplished by dithering the fib
Fabry–Perot resonance wavelength by a small amount~typi-
cally, 0.01 nm! and using a feedback loop to lock to th
Bragg wavelength of the sensor return signal. The fi
Fabry–Perot control voltage is a measure of the mechan
or thermal perturbation of the Bragg grating sensor.

Operating the fiber Fabry–Perot filter in a waveleng
scanning mode provides a means for addressing a numb
fiber Bragg gratings elements placed along a fiber path~Fig.
57!. In this mode, the direct Bragg grating sensor spec
returns are obtained from the photodetector output. T
minimum resolvable Bragg wavelength shift that can be
tected has limited resolution. By dithering the Fabry–Pe
filter transmission, the derivative response to the spec
components in the array output can be obtained, producin
zero crossing at each of the Bragg grating center wa
lengths, and thus, improving the resolution in determin
the wavelength shifts, and hence, the strain~or any other
sensing parameter for which the transducer is made!.

2. Interferometric interrogation

A sensitive technique for detecting the wavelength sh
of a fiber Bragg grating sensor makes use of a fiber inter
ometer. The principle behind such a system is shown in F
58. Light from a broadband source is coupled along a fibe
the Bragg grating element. The wavelength component

FIG. 56. Schematic of a tuned filter based interrogation technique for fi
Bragg grating sensor.

FIG. 57. Schematic of a multiplexed fiber Bragg grating sensor array wi
scanning Fabry–Perot filter.
4337Fiber Bragg gratings
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flected back along the fiber toward the source is tapped
and fed to unbalance Mach–Zehnder interferometer. T
light, in effect, becomes the light source into the interfero
eter, and the wavelength shifts induced by perturbation of
Bragg grating sensor resemble a wavelength modula
source. The unbalanced interferometer behaves as a sp
filter with a raised cosine transfer function. The wavelen
dependence on the interferometer output can be express

I ~lb!5AF11k cosS 2pnd

lb
1f D G , ~6.3!

where A is proportional to the input intensity and syste
losses,d is the length imbalance between the fiber arms,n is
the effective index of the core,lb is the wavelength of the
return light from the grating sensor, andf is a bias phase
offset of the Mach–Zehnder interferometer. Pseudohet
dyne phase modulation is used to generate two quadra
signals with a 90° phase shift with respect to each oth
thus, providing directional information. Wavelength shi
are tracked using a phase demodulation system devel
for interferometric fiber-optic sensors. In practical applic
tions, a reference wavelength source is used to provide l
frequency drift compensation. Strain resolution as low
0.6ne/Hz20.5 at 500 Hz have been reported.140

A combination of a wavelength filter and fiber interfe
ometer to increase the number of gratings interrogated, w
maintaining the high resolution offered by the phase se
tive detection scheme, has also been realized.141

FIG. 58. Schematic of an interferometer interrogation technique for a fi
Bragg grating sensor.

FIG. 59. Schematic of a fiber laser sensor configuration with fiber Br
grating elements.
4338 Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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3. Active laser interrogation

In active interrogation, the fiber Bragg grating sensor
used as an optical feedback element of an optical la
cavity.71 Compared to the passive broadband base sys
forming a fiber Bragg laser sensor generally provides str
ger optical signals, and thus, has the potential to prov
improved signal-to-noise performance. The basic concep
shown in Fig. 59. The laser cavity is formed between
mirror and the fiber Bragg grating element, which may
located at some sensing point. A gain section within the c
ity can be provided via a semiconductor or doped fiber~such
as the erbium-doped fiber!. Once the laser gain is greate
than unity, the fiber laser will lase at the wavelength det
mined by the fiber Bragg grating wavelength. As the Bra
grating changes its periodicity due to strain or temperatu
the lasing wavelength will also shift. Reading of the las
wavelength using filtering, tracking filters, or interferometr
techniques can then be used to determine induced shifts.
laser sensor configuration, however, is limited to a sin
fiber Bragg grating element. A means to increase the num
of Bragg gratings that can be addressed is to incorporat
additional tuning element within the cavity, which sele
tively optimizes the gain at certain wavelengths. In this w
a number of fiber Bragg gratings, each operating at no
nally different wavelengths, can be addressed in a seque
manner to form a quasidistributed fiber laser sensor. By t
ing a wavelength selective filter located within the laser c
ity over the gain bandwidth, the laser selectively lases
each of the Bragg wavelengths of the sensors. Thus, s
induced shifts in the Bragg wavelengths of the sensors
detected by the shift in the lasing wavelengths of the syst

An alternative multiplexed fiber laser sensor is based
a single element fiber laser sensor utilizing a WDM~see Ref.
73!. Theoretically, since erbium is a homogeneously bro
ened medium, it will support only one lasing line simult
neously. To produce several laser lines within a single len
of optical fiber, a section of erbium-doped fiber is plac
between the successive Bragg gratings. With sufficient pu
power and enough separation between the Bragg grating
ter wavelengths, a multiplexed fiber lasers sensor is poss
The maximum number of sensors utilized would depend
the total pump power, the required dynamic range, and
nally, the gain profile of the active medium. A schema
configuration of the serially multiplexed Bragg grating fib

r

g

FIG. 60. Schematic configuration of a seriallym multiplexed Bragg grating
fiber laser.
Fiber Bragg gratings
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laser is shown in Fig. 60. One of the drawbacks in suc
serial multiplexed configuration is that the cavities a
coupled so their respective gains are not independent. In
gain coupling is a common effect in such systems.

At the cost of adding more elements in a fiber las
sensor system, an alternative is to multiplex the fiber la
sensor in a parallel configuration. This system, in esse
incorporates several single fiber lasers, one for each fi
Bragg grating.

4. Simultaneous measurements of strain and
temperature

Although Bragg gratings are well suited for measuri
strain and temperature in a structure, one of the drawbac
the actual separation of the temperature from the strain c
ponent. This complicates the Bragg grating application a
strain or a temperature gauge. On a single measureme
the Bragg wavelength shift, it is impossible to differentia
between the effects of changes in strain and tempera
Various schemes for discriminating between these effe
have been developed. These include the use of a second
ing element contained within a different material and plac
in series with the first grating element142 and the use of a pai
of fiber grating surfaces mounted on an opposite surface
bent mechanical structure.143 However, these methods hav
limitations when it is required to interrogate the waveleng
of a large number of fiber gratings. Techniques such as m
suring two different wavelengths or two different optic
modes144,145have been employed. In one other scheme,
superimposed fiber gratings having different Bragg wa
lengths~850 and 1300 nm! have been used to simultaneous
measure the strain and temperature~Fig. 61!. The change in
the Bragg wavelength of the fiber grating due to a combi
tion of strain and temperature can be expressed as follo

DlB~e,l!5CeDe1CTDT. ~6.4!

In the case where there are two Bragg gratings with differ
wavelengths~referred to as 1 and 2!, then the following re-
lation holds:

FDlB1

DlB2
G5FCe1

Ce2

CT1

CT2
GF De

DTG . ~6.5!

The elements of theC matrix can be determined experime
tally by separately measuring the Bragg wavelength chan
with strain and temperature. OnceC is known, changes in
both strain and temperature can be determined using th

FIG. 61. Schematic diagram for measuring simultaneously strain and
perature using two superimposed Bragg gratings at 1300 and 850 nm.
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verse of Eq.~6.5!. The measured values ofC obtained in
Ref. 146~for the fiber used in Ref. 146! were

Ce150.9666.531023 pm/mstrain,

Ce250.5963.431023 pm/mstrain,

CT158.7237.731022 pm/°C,

CT256.3063.731022 pm/°C,

where pm51310212 m. If the inverse matrix is used, th
strain and temperature may be obtained from the two wa
length shifts.

An alternative approach using a single Bragg grating
recently been demonstrated, combining the wavelength
formation from the first and second grating diffraction o
ders. This has been shown to provide similar tempera
and strain separation to the above scheme, with the ad
advantage that only one grating is required.147
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