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A method and an apparatus for writing apodized Bragg gratings into an optical fiber. The method includes the steps of providing
a photosensitive optical fiber and a writing beam. A periodic intensity distribution of period A is created from the writing beam and the
optical fiber is translated relative to the intensity distribution at a velocity v(t). The intensity of the writing beam is modulated as a function

of time at a frequency f(t), where .v(t)/f(t)~A. The intensity of the writing beam is varied further to control the envelope of the refractive

index profile to write apodized gratings.
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METHOD FOR FABRICATION OF IN-LINE OPTICAL WAVEGUIDE -
REFRACTIVE INDEX GRATINGS OF ANY LENGTH

FIELD OF THE INVENTION

The present invention relates to a method for making in-line optical waveguide‘
refractive index gratings of any desired length. More specifically, the present is directed
to a method for making a pure-apodized, chirped fiber Bragg grating (FBG) of any
length by translating a fiber with respect to an interferogram of actinic radiation with an

intensity that 1s amplitude modulated as a function of time.

BACKGROUND OF THE INVENTION

In-line optical waveguide refractive index gratings are periodic, aperiodic or
pseudo-periodic variations in the refractive index of a waveguide. Gratings may be
formed, for example, by physically impressing a modulation on the waveguide, by
causing a variation of the refractive index along the waveguide using the photosensitivity
phenomenon, or by other methods known in the art. In particular, gratings written into
the core of an optical fiber are critical components for many applications in fiber-optic

communication and sensor systems.

Dopants, such as germanium, are added to an area of the waveguide material to
make it photosensitive, causing the refractive index of that region to be susceptible to
Increase upon exposure to actinic radiation. The currently preferred method of
“writing” an in-line grating comprises exposing a portion of the waveguide to the
interference between two beams of actinic (typically UV) radiation. The two beams are
incident on the guiding structure of the waveguide in a transverse direction to create an
interferogram, that is, a pattern of optical interference. The angle between the two
beams (and the wavelength of the radiation) defines the fringe spacing of the

interferogram. Typically, the two beams of actinic radiation are the legs of an
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interferometer or are produced by launching a single beam through a phase misk. The
phase mask method is considered generally more suitable for large scale manufactu_re‘of |
in-line gratings, because it 1s highly repeatable, less susceptible to mechanical vibrations
of the optical setup, and can be made with writing beams of much shorter coherence

length.

Advantages of optical fiber in-line gratings over competing technologies include
all-fiber geometry, low insertion loss, high return loss or extinction, and potentially low
cost. But one of the most distinguishing features of fiber gratings is the flexibility the
gratings offer for achieving desired spectral characteristics. Numerous physical
parameters of the gratings can be varied, including induced index change, length,
apodization, period chirp, grating pitch tilt, and whether the grating supports coupling
into co-propagating (long-period or transmission gratings) or counter-propagating
coupling (Bragg gratings) at a desired wavelength. By varying these parameters,

gratings can be tailored for specific applications.

The versatility of an in-line grating is largely dependent on two factors, the
overall length of the grating structure and the reflectivity (or transmission) profile of the
grating structure itself. Intricate reflectivity profiles can be achieved by carefully
controlling the refractive index perturbation along the waveguide length, x. The index

perturbation dh(x) may be characterized as a phase and amplitude-modulated periodic

function,

27
N(x) = My(x) - {A(x) + mx) - COS[T - X + ¢(x)]} , (1)

where oh,(x)is the “dc” index change spatially averaged over a grating period, A(z) is an
offset (typically 4 = 1), m(x) is the fringe visibility of the index change, A is the nominal
period and @(x) describes grating chirp. To automate the fabrication process, it is

desirable to write this arbitrary refractive index profile into a waveguide in a single

process step, 1.e., with a single pass of the laser beam over the waveguide and without
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physically changing the writing apparatus. For full flexibility in grating manufacture, one

needs to control independently each of the parameters describing () .

In particular, apodization of a grating spectrum may be achieved by controlling

say on,(xy and m(x) along the grating length. The main peak in the reflection spectrum

&

of a finite length in-line grating with uniform modulation of the index of refraction is .

accompanied by a series of sidelobes at adjacent wavelengths. Lowering the reflectivity
of the sidelobes, or “apodizing” the reflection spectrum of the grating, is desirable in

devices where high rejection of nonresonant light is required. Apodization also

improves the dispersion compensation characteristics of chirped gratings. In most of

these applications, one desires apodization created by keepingdh, () and A(x) constant

across the grating length while m(x) is varied, which is believed not to have been

achieved (with full flexibility) in a single-step process by controlling only the laser beam.

Vanation of the index modulation by changing the ultraviolet exposure along the
length of the grating causes both the magnitude of the refractive index modulation and
the average photoinduced refractive index to vary. The average index variation leads to
undesirable effective chirps of the resonant wavelength of the grating and widens the
grating spectral response. To alleviate these symptoms, it is desirable to “pure apodize”
the grating, that 1s, to generate both the non-uniform modulated ultraviolet fringe
pattern and a compensating exposure which automatically ensures that the average
photoinduced refractive index is constant along the length of the fiber. Some
researchers have created the desired apodization profile by dithering the waveguide in
the interferogram to decrease refractive index fringe visibility at specified locations along
the waveguide length, but these techniques require complex mechanica! fixtures for the

phase mask and waveguide that can be vibrated yet precisely positioned.

In addition to the specific index perturbation written into the waveguide, grating
length is also important in certain applications in optical fiber communication and
distributed sensor systems. For instance, long-length chirped fiber Bragg gratings have

been suggested as attractive devices for the manufacture of dispersion compensators.

High-speed, long distance data transmissions, especially transmissions over existing non-
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dispersion shifted fiber networks, are limited by chromatic dispersion in the optical fiber.

Since the transmission bandwidth usually is predetermined by the needs of the system,- to

be usable as dispersion compensators in practice, chirped Bragg gratings need to exhibit
dispersion compensation over a bandwidth large enough to cover typical semiconductor

laser wavelength tolerances. It has been reported that a grating of the order of 1 meter

in length with a constant dispersion profile and a broad bandwidth would be required to

achieve a time delay of ~1700 ps/nm sufficient to compensate for 100 km of non-

dispersion shifted fiber over 5 nm at a wavelength of 1550 nm.

The need exists for a method for producing long length Bragg gratings having
complex grating structures. One method has been described where a UV-beam is
scanned over a long phase mask having a fixed position relative to the fiber. Complex
structures are added by varying the exposure time or by postprocessing the grating.
Another method discusses the use of fibers held in a fixed position relative to specially
designed long phase masks having the complex structure already imprinted in the mask.
However, both of these techniques are limited by the length of available phase masks,

usually about ~10 cm.

A method for writing gratings where the waveguide moves in relation to the
mask has been suggested. However, this technique is limited, since the fringe visibility
of the index modulation in the waveguide will decrease significantly if the waveguide
moves relative to the phase mask too much, so gratings much larger than a phase mask
cannot be made. Recent developments have attempted to produce long complex
gratings by scanning a UV-beam over a phase mask and writing sub-gratings (a number
of grating elements) at every irradiation step on the fiber while moving the fiber using a
very precise piezoelectric transducer. To increase the size of the grating structure, a
number of subgratings may then be concatenated to one another. The fiber is translated
with high-precision staging relative to an interferogram of UV-light. The position of the
stage 1s tracked interferometrically and the laser is triggered when the fiber reaches the
desired position for the next irradiation. The phasing between these subgratings may be
controlled to create some complex structures, such as chirps. Apodization may be

achieved by dithering about an interferogram/fiber relative position.
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The concatenation process suffers from needing extremely accurate positioning

Without interferometric control, the concatenation methods suffers from “stitching”
errors, 1.e., errors in the matching of the grating elements. Presently only linear motion

staging can be interoferometrically controlled; rotary stages must use mechanically-ruled

staging, which is currently available only by using an interferometer as an encoder.

encoders. Therefore, the length of a fiber grating made with a concatenation process is

limited by the linear travel available on precision stages, the implementation of which
currently become prohibitively expensive if much longer than one meter. Since the
protective housing around a fiber must be removed for grating fabrication, a long length
of bare fiber containing the grating is removed from the precision staging and coiled for
packaging, which increases fabrication complexity (increased handling), complicates

manufacture automation, and is likely to reduce the mechanical strength of the fiber.

The need remains for an effective writing technique for very long iength in-line

optical waveguide gratings having complicated reflectivity profiles.

SUMMARY OF THE INVENTION

The present invention discloses a novel method for manufacturing a grating of
any length, with independent control of each parameter defining the index perturbation.
In a method of manufacturing in accordance with the present invention, a photosensitive
waveguide, such as an optical ﬁbef, 1s provided. A writing beam of actinic radiation,
such as a UV laser beam, is positioned to write on the fiber. A periodic intensity
distribution is obtained, for example by using an interference pattern geﬁerator such as a
phase mask positioned between the writing beam and the waveguide to create an
interferogram of period A.

The waveguide then is translated through the periodic intensity distribution
relative to the writing beam at a precisely-controlled relative velocity v(z). Alternatively,

the fiber may be coupled to a spool which rotates to draw the fiber at v(?) through the




10

15

20

CA 02305274 2000-03-29

WO 99/18462 PCT/US98/13916

6

periodic intensity distribution. Finally, a modulator varies the amplitude of the beam

w(?)
~ AL
1 (@)

The writing beam at the fiber has a peak intensity I and a width D. The fluence

intensity as a function of time at a frequency f{#) such that

®(x) delivered to the fiber is determined by the equation

I D 1 D(x) ' |
O(x)m——-—-41——. : 2
(x) 4 v { 2 cos[wx) x:l} o (2)

where @ =27x- f . Either v or @ may be kept constant during the writing process.

Either parameter may be detuned to chirp the refractive index perturbation along the
grating length x=v-¢.

The method also may include the step of controlling further the intensity of the
writing beam to vary the visibility of the index variation, m, and peak intensity

illuminating the fiber, 7,. The offset of the oscillating index perturbation, 4, also may

be controlled. The flux delivered to the fiber is then determined by the equation

ol 2 [y fem T

4 V(x) 2 V(x)

Modulation of the index variation visibility, m, allows the fabrication of pure-
apodized gratings. By varying these additional parameters, i.e., the amplitude and offset
of the refractive index oscillations, the refractive index envelope along the fiber length

can be precisely controlled.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 1s a simplified schematic representation of a fiber Bragg grating

including a possible refractive index profile.

Figure 2 is a simplified schematic representation of an in-line optical waveguide
refractive index writing assembly, writing fiber gratings in accordance with the present

invention.
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Figure 3 1s a simplified schematic representation of a refractlve index enveIOpe
modulation in-line optical wavegmde refractive index writing assembly, writing fiber

gratings in accordance with the present invention.

Figure 4 is a simplified representation of an embodiment of the present invention

where the fiber is drawn by a spool.

Figure 5 is a plot of a chirped refractive index profile of a waveguide

manufactured in accordance with the present invention.

Figure 6 1s a plot of a pure apodization refractive index profile of a waveguide

manufactured in accordance with the present invention.

Figure 7 i1s a simplified schematic diagram of a dispersion compensator in

accordance with the present invention.

Figure 8 is a flow diagram of an embodiment of the method of the present

invention.

DETAILED DESCRIPTION OF THE INVENTION

An optical fiber 10 having a grating 20 of length L is illustrated in Figure 1. The

fiber 10 usually comprises silica, although other embodiments known in the art may
comprise plastic compounds. The optical fiber 10 includes a core 12 and one or more
claddings 14. The grating 20 is a series of periodic, aperiodic or pseudo-periodic
variations on the core 12 and/or one or more of the claddings 14 of the fiber. As
illustrated in the matched plot shown in Fig. 1, the grating 20 consists of variations in

the refractive index of the fiber 10.

Figure 2 schematically illustrates an index writing assembly 100 using the writing
method of the present invention. The index writing assembly 100 includes a source of
light 130 producing a beam 132, an interference pattern generator 140, a modulator 150,

and a fiber holding assembly 160 used to hold a fiber 110. More than one waveguide
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may be placed and translated simultaneously in the index writing assembly. Germanium
or other photosensitive dopants ai'e added to the silica glass of a region of the ﬁbef 1-10, |
making the refractive index of that region of the optical fiber susceptible to change,
generally an increase, upon exposure to actinic radiation. Commercially available
photosensitive fibers, such as Coming® SMF-28" CPC6 (Corning Incorporated,
Corning, NY), may be used. As those skilled in the art may appreciate, the method of
the present invention also may be used to modify the refractive index not only of optical

fibers, but also of other waveguides, such as planar waveguides.

The light source 130 is a source of actinic radiation, such as a UV laser light or
X-ray radiation. The source of light is selected tf) deliver a beam of sufficient intensity
and having a sufficiently narrow diameter to write the desired grating. Other sources of
light known in the art may be used depénding on the type of fiber used and the desired
grating pattern. The source of light 130 produces a beam 132 having a peak intensity of

I, and a diameter D.

The interference patte;'n generator 140 creates an intensity distribution of period
A and 1s positioned between the fiber 110 and the source of light 130. The period of the
intensity distribution generally matches the desired grating pitch. An intensity
distribution 1s a spatially varying repeating light intensity pattern, which can be periodic
or quasi-periodic, such as, for example, an interferogram. The interference pattern

generator 140 1s a phase mask of period 2A, such as a Lasirus PM-248-1.078-25.4
(Lasirus Inc., Saint-Laurent, Québec, Canada) of period 1.078 um which creates an

interferogram of period 0.539 um. The interferogram may be produced by other
methods, such as an interferometer. Alternatively, as one skilled in the art may
appreciate, the periodic (or quasi-periodic) intensity distribution of actinic radiation used
to fabricate a grating, need not necessarily be obtained by constructing an interferogram.
For instance, an image reduction system utilizing amplitude masks may be used to create

the intensity distribution.
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Figure 3 illustrates schematically one embodiment of the electronic signal
controls of modulator 150. The electronic signal controls of modulator 150 inclu&e‘an |
amplitude modulation function 152, a frequency modulation function 154 and a d.c.
offset 156. A variety of modulators may be used, such as an opto-acoustic modulator
(for example, IntraAction ASM-1251LA3 from IntraAction, Bellwood, IL). The
modulator 150, amplitude modulates the beam 132 at a frequency f{7). In addition, ;as‘
illustrated in Figure 3, the electronic signal that controls the modulator may be shaped
by a function generator, such as a Stanford Research Systems DSM345 (Stanford
Research Systems, Sunnyvale, CA), .to tailor the index perturbation profile along the

fiber length to cause chirp and apodization in the resulting grating.

The fiber 110 is translated at a vélocity V(1) relative to the intensity distribution.
More than one waveguide may be translated simultaneously through the periodic
intensity distribution. A laser beam that is amplitude-modulated as a function of time
and a phase mask is used to create FBGs of any desired length. In the present example,
the fiber 110 is translated at a precise velocity v(?) past a stationary phase mask 140
through which propagates the laser beam 132 that is amplitude-modulated at a radial

J@ 1

~— . Depending on the writing assembly and
v(t) A |

frequency w(w =2n- f ), where,

the desired profile, both f{#) and v(1) may be variable functions, or either or both could

be constants. Of course, the term constant is defined within the acceptable parameters

for deviations in the fiber grating pitch (6A) due to jitter or error, as explained below.

The movement of the fiber 110 in relation to the intensity distribution is
controlled precisely by a translation mechanism. The fiber 110 is mounted on the fiber
holding assembly 160, a very precise velocity-controlled motion stage which may be a
rotary or linear stage. In an alternative embodiment, illustrated in Figure 4, a continuous
length of fiber is spooled in a spool 170 and the position of the writing beam is tracked

to stay on the fiber as the spool rotates. The movement of the stage or the spool is

v(i?) - |
() ~ A. In yet other alternative

(1)

coupled to act in synchrony with the modulator,
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wh—

embodiments, the translation mechanism may control the movement of "t‘he source of

light 130 and of the interferogram generator 140.

The laser beam 132 need not move relative to the phase mask 140.

Mathematically this can be expressed as

5
x+£y |
PD(x) = I I, -sin’ ath sin’[—i—-(x—v-t):l-dt
% ' 4
x+ly ( )
=2 I (1- cosar)- (l cos [---— (x —v. t)D dt
x/ .
The integral can be reduced to yield
I, D 27 ( @ ) @ 7
D(x)=—- P {1-~s1nc[A D]—smc e -cos{v-x-i-z.v-D]
- (3)
-—lsinc D (—2-7-:—+—a1) +_a_> D - (inw)
2 | A v | YT A v
10

where sinc(x) = sin(x)/x, /,1s the peak intensity illurninziting the fiber, D 1s the diameter
of the beam, @drx) is the fluence delivered to the fiber, m is the index variation and A(x)
is the offset of the oscillating index perturbation. The third term indicates that in

alternative embodiments using small writing beams, such as sub-micron diameter lasers,

15 or if the laser beam 1s smaller than the desired fiber grating pitch, then a phase mask is

S (@)

not needed. The desired grating pitch is then defined as A, wher -—-t—-t-j- ~X. If the
v

diameter of the beam 1s much larger than the period of the phase mask, then equation (5)

reduces to

20 Q(x)m-%--g-{l - %sinc[D-(z;i%ﬂ-cos[ig-x—D-(zf . a:)]} (6)

O
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L aad

The second term in (6) (which is actually two terms) contains a tuning parameter

(-?f- i-—a‘-:-) , Whereby 1f {-g-)-)- N';l( (where @ = 27 f), then
I, D 1 @
O(x) =~ y -v-{l--z-cosliv.xJ} (7)

By detuning the frequency of the light amplitude modulation or changing the
velocity of the fiber, for example in a chirped (increasing or decreasing) pattern, a
chirped FBG of any length may be manufactured. Figure 5 illustrates an exemplary
chirped refractive index profile of a fiber manufactured in accordance with the present
invention. A small phase mask (say 1” o.d.) of an appropriate period could be used to
make very long gratings that are chirped over a very wide wavelength range. In an
embodiment of the present invention, the dispersion compensation product covers the
full Erbium-doped fiber amplifier range, from 1528 nm to 1568 nm. A 40 nm chirp is
written into a single FBG with a laser beam diameter less than ~10 um, by keeping the
argument 1n the sinc function in equation (6) less than . A 4 nm chirped FBG may be
written with a beam diameter less thax} ~100 um. These diameters are mathematical
upper limits. In practice, one would use beams with diameters less than half this size to
write a usable fringe visibility into the grating.

As the frequency of the light modulation or the velocity of the fiber is changed,
the tuning parameter in the sinc function of equation (6) will increase from zero and
cause the amplitude of the cosine-function spatial-modulation to decrease. If these
control parameters are changed too much, no net modulation will result. The amplitude

decrease is proportional to the diameter of the laser beam, which can be focused to

nship !—Qwi, are

make wide wavelength chirps possible. The limits of the relatio 0" A
v

defined at the limit where a sufficient refractive index modulation is written into the

waveguide to create an acceptable grating. Depending on the type and the precision of

grating that is being written, this difference between the sides of the above equation

could be, for example, as large as 10%.
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A key distinction between this inventive method and other in-line grating

fabrication techniques 1s that, in the present method, motion between the optical fiber

and interferogram is velocity controlled, while the other techniques for manufacturing
long-length gratings rely on precise positioning devices (indexing).
Deviations in the fiber grating pitch (8A4) due to jitter in the equipment can be

determined by modeling the stage velocity as v = v, + §vand the modulator frequency as

f=/f,tdf, where ov and Jf are the respective jitter terms. The fiber grating pitch

would be
v, tov v ov of
AiaAz"——-——-w—-"—(li—i ) (8)
Joxof s Vo Jo
resulting in deviations in the FBG resonance wavelength due to equipment jitter on the
order of
Ap Vo Jo

The velocity of the motion stage and the frequency of the modulator would vary

<0.01 % to achieve 0.15 nm accuracy in the Erbium-doped fiber amplifier wavelength
range. Scanning velocities are typically ~1 mm/s when manufacturing dispersion
compensation FBGs, so a motion stage with <0.1 um/s precision 1S needed. With this
writing speed, a ~2 KHz modulation with <0.2 Hz flutter is needed to produce gratings
in the Erbium-doped fiber amplifier band. Currently available opto-acoustic modulators
are capable of <1 uHz flutter, and commercially-available rotary stages controlled with a
phase-lock-loop are capable of <0.001 % velocity flutter on a rim-speed of 1 mm/s.
Fibers with higher photosensitivity allow for an increased FBG writing velocity, which

loosens requirements on the motion stage.

To manufacture a grating longer than the range of travel of precision motion

stages, one may translate the fiber through the interferogram in a web-drive system. The

fiber could be placed into V-grooves, or precision V-groove pulleys, similar to those

used in the fiber holding assemblyl160 illustrated in Figure 2 to maintain precise

alignment of the fiber with the interference pattern. Since the method of the present
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invention requires velocity control, as opposed to precise positioning, the fiber may be
rolled onto spools 170, as illustrated in Figure 4, which rotate to translate a contiliubus '
length of fiber. 172 in front of an interferogram created by a phase mask from a
modulated laser beami74. The spool 170 is part of a spool to spool system. The
rotational speed of these spools is achieved with a spindle motor controlled by simple
phase-lock-loop circuitry 176 to provide precise rim velocities. As illustrated in Figure-
4, the beam 174 is kept on the fiber 172 by vertically translating the beam 174
sychronous to the rotation of the spool 170. The position of the writing beam 174 may

be tracked, such as with a laser beam, to stay on the fiber 172 as the spool rotates.

In an alternative embodiment of this invention, the uncoated fiber may be
permanently affixed to the.spool, and the spool with the grating may be packaged,
thereby reducing fiber handling.

The method of the present invention also may be used to produce apodized fiber
Bragg gratings, having a refractive index profile as illustrated in Figure 6. Pure
apodized gratings may be manufactured with the method of the bresent invention by
modulating the amplitude of the sinusoidal signal, via another function generator or
suitable electronics, as the fiber is translated through the interferogram. To achieve
pure-apodization, the Sinusoidal-ﬁinction amplitude is controlled before an offset is

applied. Mathematically this scheme may be expressed as

I,y D Comw o
O(x) = °4 -v(x)-{A(x)-— 5 cos v(x)'x | (10)

where the amplitude modulation, m, varies between zero and one if A(x) = 1. As those

skilled in the art may appreciate, the peak inténsity illuminating the fiber, 7, velocity of

translation, v, and the offset of the oscillating index perturbation, A, may also be
controlled to tailor the refractive index profile of a grating. If the peak intensity,

velocity, and offset are held constant as a function of time, the average flux delivered to

the fiber is constant, i.e. 5(3;) s -{f- -l-)-, regardless of the level of amplitude modulation
Y
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Chirped FBGs with pure apodization can be manufactured in a one-step writing
process, without special phase masks, attenuation optics, or controlled laser beam
attenuation. For example, a 4-nm-wide linearly-chirped FBG that is 160 cm long can be

manufactured by translating a fiber at a velocity of 1 mm/s across a phase mask of

period 1.0739 um as the frequency of the laser beam modulation is linearly varied from
1859.98 to 1864.76 Hz (a 4.784033 Hz spém). Since the grating will take 1600 s to
write, a raised-sinusoid apodization may be achieved by amplitude modulating the
function generator output by a 0.312 milliHertz sinusoid. Other amplitude modulation

profiles may be used to tailor the FBG for specific applications.

Long-length fiber Bragg gratings manufactured in accordance with the present
invention may be used in a variety of applications. Figure 7 illustrates the use of long-
length fiber Bragg grating 210 in a dispersion compensator 200. The signal 280 suffers
from chromatic dispersation after traveling down a significant length of fiber (usually in
the order of hundreds of kilometers). The signal is coupled to a circulator 284, which
directs the signal to the long-length chirped fiber Bragg grating 210. The spectrum of
wavelengths of the signal are each reflected after traveling a different distance through
the fiber Bragg grating. The additional travel distance recompresses the signal, fee&ing

a dispersion compensated signal 282 to the circulator 284.

Figure 8 1s a flow diagram of a method for manufacturing in-line optical
waveguide refractive index gratings of virtually any léngth in accordance with the
present invention. A writing beam of actinic radiation is provided. If the beam is
smaller that the desired grating pitch, then no interference pattern generator is necessary,
otherwise a periodic intensity distribution of period A is created from the writing beam.
A phdtosensitive waveguide 1s provided and placed across the path of the writing beam.
Then, the waveguide is translated relative to the writing beam at a velocity v(t). The

intensity of the writing beam as a function of time is modulated at a frequency ft),

V(1)
S (@)

wherein ~ A . If apodized gratings are desired, the intensity of the writing beam

may be varied further to control the envelope of the refractive index perturbation.
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The method of the present invention offers the ability to write in-line optical
waveguide refractive index gratings of virtually any length with complicated - ;éﬁéct‘ive |
index profiles. The availability of gratings longer than one meter allows for the first time
the effective use of gratings in a vaniety of applications. As those skilled in the art may
appreciate, the inventive method disclosed in the present document can be used to

modify the refractive index not only of optical fiber, but also of planar waveguides.

The methods and embodiments described and illustrated herein are illustrative
only, and are not to be considered as limitations upon the scope of the present invention.
Those skilled in the art will recognize that other variations and modification may be

made in accordance with the spirit and scope of the present invention.
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A method for manufacturing an in-line optical waveguide refractive index
grating having a desired grating pitch A, the method comprising the
steps of

-  providing a photosensitive waveguide (110),

- providing a writing beam (132) of actinic radiation,

- creating an intensity distribution of period A from the writing beam,

- translating the wavegquide relative to the ir;tensity distribution at a

velocity v(t), wherein the intensity distribution is a periodic intensity

distribution, and

- modulating the intensity of the writing beam as a function of time at

a frequency f(t), wherein

MO

£(t)

The method of claim 1, the step of creating the intensity distribution

comprising placing an interference pattern generator (140) between the

writing beam and the waveguide.

The method of claim 2, wherein the interference pattern generator is a

phase mask having a period of 2A.

The method of any one of claims 1 to 3, the step of providing a writing
beam comprising "providing a writing beam having a peak intensity I,
illuminating the fiber and a width D, wherein the fluence ®(x) delivered

to the waveguide is determined by the equation

_(x) D m(x) o(x) ]
(I)(X) ~ 2 ' -;65* ' {A(X)" 5 'COS [V(X) - XJ}.

GEANDERTES BLATT
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wherein A is an offset and m is fringe visibility.

The method of claim 4, further comprising the step of varying further
the intensity of the writing beam to control the envelope of the refractive

index perturbation written along the waveguide length.

The method of claim 5, wherein the step of varying further the intensity

of the writing beam includes the step of varying I to control the

envelope of the refractive index profile along the waveguide length.

The method of claim 5 or 6, the step of varying further the intensity of
the writing beam includes the step of varying the offset A to control the

envelope of the refractive index profile along the waveguide length.

The method of any one of claims 5 to 7, wherein the step of varying
further the intensity of the writing beam includes the step of varying the
visibility m to control the envelope of the refractive index profile along

the waveguide length.

The method of any one of claims 5 to 8, wherein the step of varying

further the intensity of the writing beam includes the step of varying the

- velocity v to control the envelope of the refractive index profile along the

waveguide length.

The method of any one of claims 1 to 8, wherein v(t) is a constant.

The method of any one of claims 1 to 10, wherein f(t) is a constant.

The method of any one of claims 1 to 10, the step of modulating the
intensity of the writing beam as a function of time at a frequency f(t)
further comprising the step of varying f(t) as the grating is being

fabricated.
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The method of claim 11, wherein f(t) is varied in a chirped pattern.

The method of ‘any one of claims 1 to 9, the step of translating the

waveguide further comprising the step of varying v(t) as the grating is

being fabricated.

The method of any one of claims 1 to 14, the step of translating the
waveguide comprising the steps of coupling the waveguide to a spool

(170) and rotating the spool to draw the waveguide at v(t).

The method of any one of claims 1 to 15, wherein the step of translating
the waveguide comprises controlling the velocity of the waveguide using

a phase-lock-loop circuit.

The method of any one of claims 1 to 16, wherein the beam comprises

an ultraviolet radiation laser beam.

The method of any one of claims 1 to 17, wherein v(t) and f(t) are

variables.

The method of claim 18, where one of the variables is held generally

contant.

The method of claim 18 or 19, where at least one of the variables is
detuned as a function of time to write a complex refractive index

grating.

The method of any one of claims 1 to 20, wherein the waveguide is a
photosensitive optical fiber and further including the step of varying

further the intensity of the writing beam to control the envelope of the

refractive index profile.

GEAMDERES BLATT
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22. The method of claim 21, the step of creating the periodic intensity

23.

24.

25.

26,

27.

28.

29.

pattern with an interferogram comprising the steps of

- providing a phase mask having a period 2A, and

- placing the phase mask between the writing beam and the optical
fiber.

The method of claim 21, the step of modulating the intensity of the
writing beam as a function of time at a frequency f(t) further comprising

the step of varying f(t).

The method of claim 21, further comprising the step of varying further
the intensity of the writing beam to control the envelope of the refractive

index profile written along the waveguide length as

L) D m(x) “o(x) ]
d(X) = i 00 : {A(x)- 5 . COS _v(x). x-}.

A fiber Bragg grating manufactured in accordance with the method of

claims 1 to 24.

The fiber Bragg grating of claim 25, wherein the fiber Bragg grating

measures at least one meter in length.

The fiber Bragg grating of claim 25 or 26, wherein the fiber Bragg

grating is apodized.

A fiber Bragg grating manufactured in accordance with the method of

claim 21.

The fiber Bragg grating of claim 28, wherein the fiber Bragg grating

measures at least one meter in length.

-~y
o - z ot - )

AL R X HEE N el ’3!_ £T 5
[ R O S T ‘E l...'\..l‘ L‘. -r‘!tl 3




CA 02305274 2000-03-29

{ ] <
’ 2 1
1 4« + 1 t

- 5 L

30. A dispersion compensator (200) including a fiber Bragg grating (210)

manufactured in accordance with the method of claim 18.

31. A dispersion compensator (200) including a fiber Bragg grating

manufactured in accordance with the method of claim 21.

32. An in-line optical wavequide refractive index writing”assembly (100),
the assembly comprising
- a source (130) of a writing beam of actinic ra;diation (132),
- a modulator (150) coupled to vary the intensity of the writing beam
as a function of time at a frequency f(t),

- a generator (140) of a periodic intensity distribution of period A from

the writing beam,
- a translation mechanism (160) arranged to translate a waveguide

through the periodic intensity distribution at a velocity v(t), wherein

33. The assembly of claim 32, wherein the periodic intensity distribution

generator is a phase mask having a period 2A.

34. The assembly of claim 32 or 33, where a means is provided to vary
further the intensity of the writing beam to control the envelope of the

refractive index written along the waveguide length.

35. The assembly of any one of claims 32 to 34, where the modulator is an

opto-acoustic modulator.
36. The assembly of any one of claims 32 to 35, where the translation

mechanism is arranged to translate more than one waveguide

simultaneously through the periodic intensity distribution.
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37. A method for manufacturing an in-line optical waveguide refractive index

38.

grating having a desired grating pitch A, the method comprising the

steps of

- providing a photosensitive waveguide (110),

- providing a writing beam (132) of actinic radiation,

- translating the waveguide relative to the writing beam-at a velocity
v(t), )

- modulating the intensity of the writing beam\ as a function of time at

a frequency f(t), wherein

MO

£(t)

wherein f(t) 'is a function independent of monitoring the exact

position of the fiber at time t.

A fiber Bragg grating manufactured in accordance with the method of
claims 1 to 24, wherein the fiber Bragg grating measures at least one
meter in length, the fiber grating pitch is

resulting in deviations in the fiber Bragg grating resonance wavelength
due to equipment jitter on the order of
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