
Chapter 3

Fabrication of Bragg
Gratings

3.1 Methods for fiber Bragg grating
fabrication

This chapter reviews many of the schemes proposed for both holographic
and nonholographic grating inscription and considers some of the salient
features of the methods. This introduction excludes methods used for
internal grating writing, traditionally known as "Hill" gratings, for which
the reader is directed to other sources [1-12].

Fiber Bragg gratings, which operate at wavelengths other than near
the writing wavelength (non-Hill gratings), are fabricated by techniques
that broadly fall into two categories: those that are holographic [13] and
those that are noninterferometric, based on simple exposure to UV radia-
tion periodically along a piece of fiber [14]. The former techniques use a
beam splitter to divide a single input UV beam into two, interfering them
at the fiber; the latter depend on periodic exposure of a fiber to pulsed
sources or through a spatially periodic amplitude mask. There are several
laser sources that can be used, depending on the type of fiber used for
the grating, the type of grating, or the intended application. The sources
used for grating production are also discussed in this chapter.

3.1.1 The bulk interferometer

The method for the side writing of fiber gratings demonstrated by Meltz
et al. [15] is shown in Fig. 3.1. The interferometer is one encountered in
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56 Chapter 3 Fabrication of Bragg Gratings

Figure 3.1: UV interferometer for writing Bragg gratings in optical fibers.
Note the use of an additional phase plate (mirror blank) in one arm to compensate
for the path length difference.

standard holography [16], with the UV beam divided into two at a beam
splitter and then brought together at a mutual angle of 0, by reflections
from two UV mirrors. This method allows the Bragg wavelength to be
chosen independently of the UV wavelength as

where ASmag. is the Bragg reflection wavelength, ne^is the effective mode
index in the fiber, nuv is the refractive index of silica in the UV, Xuv is the
wavelength of the writing radiation, and 6 is the mutual angle of the UV
beams. The essential difference between a "Hill" grating and one produced
by external interference of two UV beams is that with the holographic
technique the Bragg reflection wavelength depends on UV radiation wave-
length and geometric factors. Since \uv is around 240 nm, 6 lies between
0° and 180°, and assuming that the refractive index in the UV is approxi-
mately equal to the effective index, the Bragg wavelength is adjustable
from one nearly equal to the UV source wavelength to infinity [see Eq.
(3.1.1) with 0 = 0].
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The fiber is held at the intersection of the beams. This method was
originally successfully used to write gratings at visible wavelengths. The
interferometer is ideal for single-pulse writing of short gratings, and great
care has to be taken in the design of the optical mounts. Mechanical
vibrations and the inherently long path lengths in air can cause the
quality of the interferogram to change over a period of time, limiting
its application to short exposures. For low-coherence sources, the path
difference between the two interfering beams must be equalized; a simple
method is to introduce a mirror blank in one arm to compensate for the
path imbalance imposed by the beam splitter, as shown in Fig. 3.1. Note
that the in arriving at the fiber, the beam that is transmitted through
the beam splitter undergoes a 180° rotation so that they have different
spatial profiles. This is an important factor for spatially incoherent beams.

The interferometer shown in Fig. 3.1 has several beams paths in open
air. It is important that these are shielded from turbulence, since the
interference fringes formed at the fiber can drift if the paths of the two
beams change during the inscription time. As is common with all holo-
graphic arrangements, it is not sensible to mount mirrors, beam splitters,
or the fiber on flimsy platforms prone to disturbance, such as tall 10-mm
diameter mounting posts. The interferometer needs to be built on a sturdy
base, with stable optical mounts. This is especially true in cases that
require long (minutes to hours) exposures. It is common practice to enclose
the entire interferometer within a Perspex housing, which allows visual
and physical access to the setup, at the same time protecting the interfer-
ometer from constant path-length variations and the operator from acci-
dental exposure to UV radiation. Extreme care needs to be taken to
minimize exposure of personnel to high-energy UV radiation or long-term
exposure to low-power radiation. Adhering to safe operating practices is
essential when using UV radiation.

In principle, a diffraction grating used in reflection can replace the
50% beam splitter shown in Fig. 3.1. In this interferometer, two coherent
beams are required, so that reflection from a diffraction grating to divide
the input UV beam into two is equally feasible. However, a simpler compo-
nent, the transmission phase-grating, otherwise known as the phase
mask, is better suited to this application.

3.1.2 The phase mask

A major step toward easier inscription of fiber gratings was made possible
by the application of the phase mask as a component of the interferometer.
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Used in transmission, a phase mask is a relief grating etched in a silica
plate. The significant features of the phase mask are the grooves etched
into a UV-transmitting silica mask plate, with a carefully controlled
mark-space ratio as well as etch depth. The principle of operation is based
on the diffraction of an incident UV beam into several orders, m = 0, ±1,
±2. ... This is shown schematically in Fig. 3.2. The incident and diffracted
orders satisfy the general diffraction equation, with the period Apm of the
phase-mask,

where 0m/2 is the angle of the diffracted order, Auv the wavelength, and
0j the angle of the incident UV beam. In instances when the period of the
grating lies between Auv and AMl/2, the incident wave is diffracted into
only a single order (m = -1) with the rest of the power remaining in the
transmitted wave (m = 0).

With the UV radiation at normal incidence, ^ = 0, the diffracted
radiation is split into m = 0 and ±1 orders, as shown in Fig. 3.3. The
interference pattern at the fiber of two such beams of orders ± 1 brought
together by parallel mirrors (as in Fig. 3.1) has a period A^ related to the
diffraction angle #m/2 by

Figure 3.2: A schematic of the diffraction of an incident beam from a phase
mask.
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Figure 3.3: Normally incident UV beam diffracted into two ±1 orders. The
remnant radiation exits the phase-mask in the zero order (m = 0).

The period Apm of the grating etched in the mask is determined by
the Bragg wavelength ABra^ required for the grating in the fiber (see
Chapter 4) and using Eq. (3.1.3) to arrive at

where N > 1 is an integer indicating the order of the grating period.
For nonnormal incidence of the UV radiation on the phase mask,

intensities in the m = 0 and — 1 orders are not necessarily equal. However,
for the visibility of the interference pattern to be a maximum, the intensit-
ies must be equalized. This is important if gratings are to be inscribed
efficiently. For a first-order (N — 1) grating at a Bragg wavelength of 1.55
/um and a mode effective index neff *** 1.46, Ap/n = 1.06 /ton, which is
greater than the wavelength of the UV radiation used for grating inscrip-
tion (0.193 to 0.360 /mi). Therefore, more than a single diffracted order
(m = 0, ±1, ±2 . . .) exists. To suppress the positive orders and control
the diffraction efficiency, and to equalize the power between the -1 order
and the transmitted beam (m = 0), one face of the etched grating walls
may be coated with a metal film to form reflecting mirrors. This may be
done by evaporating the metal on to the phase-mask plate at an angle so
that only the walls facing the evaporation source are coated [17]. Another
method uses a deeper etched grating in the phase mask [18] to suppress
higher orders and control the relative intensities. However, it is easier
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and more cost-effective simply to use a phase mask at normal incidence.
If necessary, an antireflection coating may be applied to the back facet of
the phase-mask plate to reduce reflections, which can cause the quality
of the interference fringes to be degraded [25].

The depth d of the etched sections of the grating is a function of the
UV wavelength, but the period is dependent only on the Bragg wavelength
and the effective index of the mode. However, in the case of UV writing
of gratings, it is necessary to ensure that the intensity of the transmitted
zero-order beam is minimized and, ideally, blocked from arriving at the
fiber.

To minimize the zeroth order from a UV beam normally incident on
a phase mask, the smallest etch depth d of the relief grating in silica is,

Equation (3.1.5) assumes monochromatic radiation with no divergence;
however, for a practical nonmonochromatic source, the m — 0 order cannot
be eliminated. In practice, the zeroth order can be reduced to a level of
a percent or so. At a wavelength of 244 nm, d «* 262 nm. The phase-mask
zero order can be nulled only at a single wavelength. Changing the laser
source wavelength will require a different phase mask, unless the zero
order is physically blocked. For efficient diffraction onto the first orders,
it is necessary for the relief grating to have a mark-space ratio of 1:1, or
for the corrugations in the phase mask to be purely sinusoidal.

Fabrication of the phase mask

The phase mask is normally fabricated by one of two methods: by exposure
of a photoresist overcoated, silica maskplate to an electron beam to form
the pattern [19,20], or by holographic exposure [21]. With the e-beam
facility, a silica wafer, which has a bilevel resist comprising a 450-nm
layer of AZI400-27 is hard baked at 190°C for 30 minutes, followed by a
200-nm layer of silicon-containing negative resist (SNR) baked at 85°C,
also for 30 minutes. Charge dispersal during the e-beam exposure is
effected by a evaporating a thin layer of aluminum. After exposure to
delineate the pattern, the Al coating is removed in an alkaline solution
and the SNR spray developed in MIBK for 35 sec, then rinsed in a 50:50
ratio of MIBK+IPA solution for 5 sec, followed by 15 sec in IPA. The
developed pattern is transferred to the AZI400-27 layer by reactive ion
etching (RIE) at 10 m torr in oxygen and 50 W RIE. The resist is then
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used as a mask for etching into the silica plate using CHF3:Ar RIE. The
final depth of 262 nm, for use at a UV wavelength of 244 nm, is achieved
by a two-stage etch. A scanning electron microscope photograph of a phase-
mask plate is shown in Fig. 3.4. Generally, the phase mask is fabricated
in small fields, which are then stitched together to form a long grating.
Common problems with phase masks processed by e-beams have to do
with inaccurate stitching of the fields. The positioning accuracy of the e-
beam and variation of the silica mask plate height cause phase steps to
occur between fields, and the resolution of the photoresist causes random
variations in the individual periods of the grating. Techniques have been
developed to minimize these errors [46,20]; however, the random variation
in the absolute positioning of the e-beam is a fundamental limitation.
Typically, the writing of long phase-masks by e-beam needs constant
referencing and correcting owing to small temperature variations during
the exposure period, which may last several hours. These problems are
of greater importance as the length of the grating increases. Phase masks
as long as 120 mm have been reported [221, although the quality of the
fabricated Bragg grating has not been reported in detail. Stitching is
not an issue when the alternative technique of holographic phase-mask
fabrication is used. This technique is, in principle a superior method for
phase-mask production. However, long phase masks have been difficult

Figure 3.4: SEM photograph of a high-quality phase mask used for grating
inscription of ~1060-nm Bragg gratings. (Courtesy Ian Lealman, BT Labs)
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to produce holographically, owing to problems with uniformity of illumina-
tion and the requirement for large mirrors. Lenses can be used to alter
the phase front of one of the interfering beams to allow the fabrication
of continuously chirped gratings, as opposed to step-chirped gratings by
e-beam fabrication [231. Since the fabrication of the holographic phase
mask depends on geometrical alignment of interfering beams, the mass
production of identical phase masks may remain a problem.

3.1.3 The phase mask interferometer

UV lithographic replication has been used extensively to fabricate phase
masks directly in silica plates using e-beam writing and plasma etching
[24], to function as lenses and complex spatial elements. This technique
has also been applied successfully to fiber Bragg grating inscription and
reported in the literature by several laboratories at around the same time
[25-281. There are several methods of using the phase mask: as has
been stated, it may perform the function of simple beam splitting in the
interferometer in Fig. 3.1. So why is it such a useful element, when a far
cheaper dielectric beam-splitter can be used instead? Its primary aim is
to be used simply as a wavelength-defining element in an interferometer
(as shown in Fig. 3.5); used as a beam splitter with the beam-combining
mirrors (Fig. 3.5) to adjust the wavelength of the fiber grating.

The change in the Bragg wavelength as a function of the change in
the mutual angle between the two interfering beams as shown in Fig.
3.5 is found by substituting Eqs. (3.1.3) and (3.1.4) into Eq. (3.1.1) and
differentiating with respect to fr.

Figure 3.6 shows the Bragg wavelength in the fiber as a function of
the half-writing angle. With the diffraction angle fixed at ~10° (phase
mask for ~1550 nm), a change of 5° alters the Bragg wavelength by —800
nm [29]. The enormous tunability of this interferometer, as well the ability
to find a reference position for the phase-mask Bragg wavelength, makes
it highly flexible. It requires a single-phase mask, which is used as both
a beam splitter and a Bragg wavelength reference. It can also be used to
replicate chirped phase masks, and a tunability of the Bragg wavelength
of ~250 nm has been demonstrated [29].
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Figure 3.5: The phase mask used as a beam splitter in an interferometer for
inscription of fiber gratings. The phase mask predefines the wavelength of the
reflection grating, when the mirrors are at right angles to the axis of the fiber
and the phase-mask plate (Talbot interferometer) [see Eq. 3.1.3 and 3.1.4]. In
this scheme, the paths of the two interfering beams are identical, making the
interferometer suitable for use with low-spatial-coherence sources.

Figure 3.6: The Bragg wavelength (dashed curve) and the rate of change of
the Bragg wavelength (continuous curve) as a function of the phase-mask diffrac-
tion angle. A change of —1.6° around a mean diffraction angle of 10° is equivalent
to a change in the Bragg wavelength of —250 nm.
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Alternatively, the fiber may be placed directly behind the phase mask
for photo imprinting of the grating. In this scheme, there are two im-
portant issues. First, since the diffracted beams interfere in the region
of overlap immediately behind the phase mask, the fiber core needs to be
at the phase-mask surface for maximum overlap. The closest the phase
mask can be placed to a fiber core is a distance equal to the fiber radius
(unless a "D-fiber" is used), which means that there is no overlap of the
two beams in a short region at either end of the grating. Second, the
interference pattern generated at the fiber core is the sum of the interfer-
ence of all the diffracted orders. For a pure sinusoidal pattern at the fiber
core, it is important to allow only the two ± 1 orders to interfere with the
zero-order suppressed. As has been observed with the phase mask in
contact with the fiber, even with a zero-order nulled phase mask, the
period of the imprinted grating depends strongly on the intensity of the
writing UV beam. At low intensities, the period is half the phase-mask
period [see Eq. (3.1.3)], but at high intensities, even a low zero-order
intensity can interfere with the ±1 orders to create a grating of the same
period as the phase mask itself [120]. Tilting the fiber at an angle a behind
the phase mask so that one end is further away shifts the Bragg reflection
to longer wavelengths as the inverse of cosine a, since the fringe planes
are no longer orthogonal to the propagation axis. This method for tuning
the Bragg wavelength has been demonstrated [30]; it should, however,
be remembered that the grating length shortens with tilt, and not only
does the reflectivity drop (due to limited coherence of the UV source), but
radiation loss can increase [41] (see Section 3.1.4).

The zero-order beam may be avoided by repositioning the mirrors.
This is shown in Fig. 3.7a, where the grating is written at a point well
removed from the incident zero order. The path length of the two interfer-
ing beams remains identical. A similar result may be achieved by tilting
the beam-folding mirrors by an angle a from the perpendicular to the
horizontal plane. On reflection from the surfaces, the beams are directed
at angles of 2a to the horizontal plane, out of the plane of the zero-order
beam, as shown in Fig. 3.7b.

It is usual to place a cylindrical focusing lens before the phase mask
in the path of the UV beam so as to allow two stripes (within the plane
of the paper in Fig. 3.7a) to overlap at the fiber. This has the advantage
of focusing in one plane and increasing the power density, while leaving
the length of the grating unaltered. Care need to be taken in adjusting
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Figure 3.7: (a) Avoiding the zero order from the region of the grating by
repositioning the interferometer mirrors. Alternatively, tilting the mirrors out-
ward from their normally vertical positions, means that the beams no longer
interfere in the plane of the zero order (b).

this interferometer, since the orientation of the phase mask determines
whether the two beams will overlap at the fiber, while the cylindrical lens
determines whether or not the overlapping stripes align along the fiber
core. It is important to ensure that the path lengths from the phase mask
to the fiber are identical so that the mutual coherence of the beams is
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maximized [31]. The fiber should be placed in the region of the fringes
such that the propagation axis is normal to the fringe planes, since any
angular misalignment increases radiation loss from the light propagating
in the fiber (see Chapter 4) and shifts the Bragg wavelength.

If mutual counterrotation of the mirrors is incorporated in the phase-
mask interferometer, grating inscription becomes infinitely flexible with
a single phase mask. Two modifications are required if Bragg wavelength
tunability is required: the mirrors need to be rotated, and the distance
of the fiber from the phase mask must be changed. Using a translation
stage to hold the fiber in situ easily incorporates the latter. The
alignment of the interferometer is simply and quickly carried out by
using a borosilicate glass microscope coverslip to view the fluorescence
of the individual UV beams. The coverslip is moved toward or away from
the interferometer until the fluorescence from the two beams overlaps.
The fiber simply replaces the glass slide for grating inscription. Figure
3.8 shows a photograph of the fully flexible interferometer in use at BT
Laboratories.

The polarization of the UV laser beam affects the inscription of the
grating in the fiber [32-39]. To ensure that the inscribed grating has low
polarization sensitivity, the polarization of the UV laser beam should be
oriented parallel to the propagation axis of the fiber [40]. (Gratings in-
scribed with UV laser radiation polarized orthogonal to the propagation
direction show significant birefringence due to effects of induced birefrin-
gence.) This may be achieved by placing an appropriately oriented half-
wave plate before the phase mask.

Replacement of the two mirrors in Fig. 3.5 by a rectilinear UV trans-
mitting silica block [23] results in an extremely compact and stable inter-
ferometer. The diffracted UV beams enter a face of the silica block and
are totally internally reflected by adjacent sides to emerge through the
opposite face, interfering at the fiber. The beam paths are shown in Fig.
3.9.

The silica block is placed halfway between the phase mask and the
fiber. The maximum grating length, which can be written in a fiber is
related to the dimensions of the block. The length Lg of the grating is a
function of the length of the side of the silica block (mirror) as
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Figure 3.8: The photograph shows the tunable phase-mask interferometer.
The distance between the mirrors can also be altered without misaligning the
interferometer. The fiber can also be rotated around the vertical axis to allow the
inscription of slanted gratings (see Section 3.1.4).

where ns is the refractive index of the silica block at the writing UV
wavelength. Assuming that sin 0m/2 «= 6m/2 for small angles, the maximum
length of the grating, which may be written with a side of Lg is

For fiber Bragg gratings at a wavelength of 1500 nm, the angle
Bm/2 ~ 10°; the length of the silica block side is then approximately 17
times the grating length. The minimum width of the silica block Ws is
equal to the grating length Lg without in-line zero-order suppression.
However, if the zero order is to be physically blocked by an opaque element,
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Figure 3.9: Replacement of the two mirrors in Fig. 3.5 by a UV-transmitting
silica block. Only one set of diffracted UV beams is shown for simplicity.

then the width W, ̂  3LP. This width is reduced to 2Lff if the interferometer
* 8 B

in Fig 3.5 is used with the zero-order beam block halfway in between the
mirrors. For long gratings the dispersion of the silica block is a limitation
if the interferometer is used with a low-coherence source. However, simpli-
fication of grating inscription makes this setup highly attractive.

There are many advantages of using a phase mask. It allows the
wavelength of the fiber grating to be defined precisely for replication.
Matching fiber grating reflection wavelengths is made easier, since the
phase mask is the interferometer itself. Mass production of identical fiber
gratings is thus possible. Another advantage of the phase mask is that a
predetermined function may be inscribed in it for replication into the fiber
[23] (see Section 3.1.13). The phase mask forms a very stable interferome-
ter since there are no adjustable parts, allowing long inscription times.
It is also insensitive to the translation of the inscribing UV beam and
tolerant to beam-pointing instability of the laser beam. The advantage of
translation insensitivity allows long fiber gratings to be written by the
scanning technique, discussed in Section 3.1.5. Disadvantages of using
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the phase mask nearly in contact with the fiber are the dangers of contami-
nation and permanent damage of the phase mask. A different phase mask
is required for each specific Bragg wavelength. This need not a problem,
since several gratings can be written on a single phase-mask plate, each
at the required wavelength [41]. Alternatively, a tunable interferometer
can be used with a single phase mask; however, it does require careful
calibration and alignment.

3.1.4 Slanted grating

If the fiber is tilted out of the plane of Fig. 3.5, the grating inscribed in
the fiber will be slanted in the direction of propagation of the mode. This,
however, requires the interfering beams to have a large cross-sectional
area so that the beams may overlap, as shown in Fig. 3.10a. This is
inconvenient for most interferometers, since the cylindrical lens focuses
the beams in the plane of the figure, unless the unfocused beam intensity
is already high. An alternative and simple method for inscribing slanted
gratings is to tilt the fiber in the plane of the figure, as shown in Fig.
3.10b [41]. In this case, the coherence properties of the laser will determine
the visibility of the fringes at the fiber. Since the fiber is at an angle to
the incoming beams, the inscription of the grating depends on the overlap
of the two beams and is slightly shortened; the depth D of the fringes for
the interferometer shown in Fig. 3.1 Ob is

where W is the width of the normally incident UV beam and 0m/2 is the
diffraction angle shown in Fig. 3.3. Figure 3.11 shows the depth of the
fringes and the overlap of the beams. For small tilt angles a, the period
As of the slanted grating in the direction of propagation varies as

The fringe pattern shown in Fig. 3.3 is unchanged; however, since the
fiber core is at an angle to the fringes, a grating, which is blazed with
respect to the propagation direction of the mode, is formed. These gratings
have special applications as lossy filters and are discussed in Chapters
4 and 8. In Fig. 3.14, the extent of the fringes formed in the overlap region



Figure 3.10: (a) The fringes formed at the point of intersection need a large
cross-sectional area for a slanted grating to be written in the fiber. Shown in (a)
is view of the fringes in a plane normal to the zero-order, and a is the rotation
angle in that plane, (b) shows another method for writing slanted gratings, in
the plane of the incoming beams [41]. The fiber is rotated by an angle a within
the plane of the beams such that it overlaps with the interference fringes; the
coherence properties of the UV source as well as the depth of fringes determine
this.

is shown. The maximum possible fringe depth D is indicated in Fig. 3.11.
Coherence, both temporal and spatial, limits D to less than this value,
as described in Eq. (3.1.8). For a phase mask used in near contact with
the fiber, the depth of the fringes is less than D/2.
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Figure 3.11: The overlap of the two interfering beams forms a diamond fig-
ure, with a depth of the fringes D. The grating length varies depending on the
placement of the fiber within the fringes.

3.1.5 The scanned phase mask interferometer

Figure 3.12 shows how the phase mask may be scanned for inscribing long
gratings into fibers. This technique was first demonstrated by Ouellette et
al. [42]. It was shown that 19-mm long gratings may be faithfully repro-
duced in fibers; a slight nonuniformity in the phase mask was also re-
moved by applying a temperature gradient across the fiber length after
writing the grating. Byron et al. [43] reported a 50-mm long grating in
which the quality of the interferogram was varied by adjusting the inten-
sity of the writing beam along the length of the grating. This method
allows the tailoring of the transfer characteristics of the fiber grating and

Figure 3.12: The phase mask used as a scanned interferometer is a powerful
method of fabricating long-fiber gratings. The quality of the grating is dependent
on the uniformity of the phase mask.
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will be discussed in Chapter 5. The length and the quality of the phase
mask limit the scanning technique. With the best e-beam facility, the
absolute positional accuracy is around 5 nm. This positional error sets
the limit on the stitching of the fields. Although the error is random and
the effects are averaged out over the length of the mask [44], the stitching
errors are manifest in the transfer characteristics of the grating [45]. This
causes multiple reflections and structure within the reflection envelope
determined by the field size, while the reflection bandwidth is inversely
dependent on the overall length of the grating. Techniques have be applied
to reduce the effects of stitching errors in phase masks by altering the
field size of each subgrating processed by the e-beam. By overlaying N
e-beam exposures with different field sizes, each with l/N of the dose, the
total dose required to imprint the grating pattern in the photoresist on
the phase mask is maintained while averaging out the periodic nature of
the stitching errors. Developing the resist dramatically reduces the effects
of the stitch errors, which appear as multiple out-of-band reflections. This
has been successfully demonstrated [46], and the effects on the reflection
spectrum are shown in Fig. 3.13.

Another technique, albeit used less successfully, monotonically in-
creased the field sizes for a 14-mm long grating, from 100 /urn to 200 /urn
in steps of 1.055 /um. Although many of the features were eliminated,
field sizes around 200 /am produced a cluster in the reflection spectrum
[46], since the fractional change in the field-size remains small.

Stitching errors or undesirable chirp in a phase mask are replicated
in a fiber grating. It is possible to use the technique of "UV trimming" [47]
to adjust the local refractive index in the fiber to correct the transmission
spectrum. Scanning a UV beam across a phase mask while also moving
the fiber, enables the chirp in the phase mask to be compensated for
[48,49]. By adjusting the velocity of the fiber relative to the scanning UV
beam at different positions along the phase mask, the induced refractive
index change can be changed, altering the local Bragg wavelength. If the
phase mask has an unintended chirp, the fiber grating can be "trimmed."
This technique has been applied to reduce the chirp of a grating written
by using a 100-mm long phase mask that had undesired chirp situated
close to the middle of the mask. This was found by monitoring the growth
of the reflection of a grating. The velocity is adjusted in steps (5 sec to
22 nm/sec) with the help of a piezoelectric stage, while the UV beam is
scanned at a velocity of 250 /am/sec during fabrication of a second grating.
The induced wavelength shift is directly related to the velocity of the
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Figure 3.13: Reflection spectra from imprinting with different phase masks
as a function of the number of overlaid e-beams exposures of the phase mask.
This grating is discussed in Section 3.1.13. (a) Single-pass field size of 65 /um; (b)
three passes with 65.4, 55.3, and 59.26 /urn; (c) as for (b) with additional 66.04
/xm pass (from: Albert J, Theriault S, Bilodeau F, Johnson D C, Hill K O, Sixt P,
and Rooks M J, "Minimisation of phase errors in long fiber Bragg grating phase
masks made using electron beam lithography "IEEEPhoton. Technol. Lett. 8(10),
1334-1336, 1996. © 1996 IEEE [46]).
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scanning beam vuv and that of the fiber vf as AA = Xvflvuv. Removal of
the chirp reduced the bandwidth of the grating from 0.23 nm to 0.1 nm
[48].

The elimination of out-of-band ghosts is important for telecommunica-
tions, while the postfabrication repair of expensive phase masks is very
useful for fabrication.

3.1.6 The Lloyd mirror and prism interferometer

In the double mirror arrangement of the interferometer shown in Fig. 3.1
the incident beam is split into two, and fringes form from interference
between identical copies of the incident radiation. Any phase distortion
across the input beam is automatically compensated for at the fringe
plane, or can be compensated for by the introduction phase plates, so that
local visibility of the fringes remains close to unity and chirp in the period
of the fringes reduced to zero.

Figure 3.14 shows an arrangement for an interferometer based on a
single mirror known commonly as the Lloyd mirror. A parallel beam

Figure 3.14: The Lloyd mirror interferometer, showing the intensity of the
fringes formed at the fiber with a folded Gaussian beam [50].
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incident at the surface of the mirror at a shallow angle is reflected across
the path of the beam. Interference occurs in the region of overlap of the
reflected and unreflected parts of the incident beams. The interferometer
is therefore extremely simple and easy to use. However, since half of the
incident beam is reflected, interference fringes appear in a region of length
equal to half the width of the beam. Secondly, since half the beam is folded
onto the other half, interference occurs, but the fringes may not be of high
quality. In the Lloyd arrangement, the folding action of the mirror limits
what is possible. It requires a source with a coherence length equal to at
least the path difference introduced by the fold in the beam. Although a
phase plate may be used over half the beam to compensate, experimentally
this is not straightforward. Ideally, the intensity profile and coherence
properties should be constant across the beam; otherwise, the fringe visi-
bility will be impaired and the imprinted grating will be nonuniform.
Since most sources tend to have a Gaussian beam profile, it is difficult
to produce fringes which have a uniform transverse profile. The grating
profile remains half-Gaussian, unless the beam is expanded to provide a
more uniform profile. The Gaussian intensity profile of the fringes intro-
duces a chirp in the imprinted grating. Diffractive effects at the edge of
the mirror may also cause a deterioration of the fringes closest to it.

The Lloyd arrangement with the single mirror is easy to tune. How-
ever, the fiber axis should be placed orthogonal to the plane of the mirror
so that the grating is not slanted.

Replacement of the mirror by a prism in the Lloyd arrangement
results in a more stable interferometer. This is shown in Figure 3.15. The
UV writing beam is now directed at the apex of a UV-transmitting silica
right-angled prism such that the beam is bisected, as in the Lloyd mirror.
Both halves of the UV beam are therefore refracted and no longer travel
in air paths, which can change with time.

The interferometer thus becomes intrinsically stable and was used
to produce the first photoinduced fiber Bragg gratings in the 1500-nm
wavelength window [51]. The interferometer has been used to demon-
strate a distributed-feedback dye laser. Interfering the pump beams in
the dye at the appropriate angle to create a Bragg reflector (absorption
grating) caused the dye to emit laser radiation [52].

The advantages and disadvantages of this interferometer are similar
to those of the Lloyd mirror. However, there are two further points of
interest. Owing to the shallow angle subtended by the UV beam on the
hypotenuse, the prism face has to be much larger than the beam width,
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Figure 3.15: The Lloyd prism interferometer. The interfering beam paths
are within the bulk of the prism; however, there is a path difference introduced
between them due to the refractive index of the prism. The UV beam must be
spatially and temporally coherent with a uniform intensity for the production of
high-quality gratings.

but because of refraction, the side of the prism at which total internal
refraction occurs is smaller than the length of the Lloyd mirror [see Section
3.1.3, similar to Eq. (3.1.6)]. For a given beam width, the prism interferom-
eter expands the length of the grating, and this is shown in Fig. 3.16.
Using simple geometry, the length of the grating Lg may be shown to be

the parameters for which are defined in Fig. 3.15.
At large angles of incidence (small apex angles), the grating length

increases rapidly but reflection losses increase at the same time. The
polarization useful for writing a grating with low birefringence (p-polar-
ized) is reflected more than the unwanted polarization (s-polarized) [40]
[see Section 3.1.8]. Antireflection coating of the surface will naturally
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Figure 3.16: Length of a grating normalized to the width of the UV beam
as a function of prism apex angle a. The writing angle 6ml2 is fixed at 10° for a
Bragg wavelength of —1500 nm. Also shown is the external writing angle of
incidence on the surface of the prism, $. Note that since the beam is folded about
the center, the grating length is approximately half the width for the Lloyd mirror,
whereas with the prism, the grating can be longer.

reduce this loss. Dispersion in the silica prism may also be an issue when
writing gratings longer than a few millimeters.

Other techniques for the production of gratings with a single prism
in a slightly modified version of that shown in Fig. 3.15 have also been
reported [53,54]. These methods require precision-fabricated prisms and
are restricted in tunability of the Bragg wavelength but may prove to be
useful in cases where a rudimentary inscription procedure is necessary.

3.1.7 Higher spatial order masks

According to Equation (3.1.4) the period of the mask may be integer
multiples of the Bragg wavelength. It is therefore possible to use a coarser
grating period than the fundamental period required for the reflection
wavelength. As the period gets larger, it is not practical to use the phase
mask as a diffraction element, and it is necessary to use an amplitude
mask for direct replication of the grating. The larger periods also allow
the photoreduction of the mask using imaging to imprint the correct period
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grating in a fiber [55,56]. The latter scheme requires the higher-order
mask to be M X the length of the photo-reduced grating, where M is
the demagnification factor, posing a problem for the production of fiber
gratings that are longer than a few millimeters. The projection scheme
enables the production of gratings with a single 20 ns pulse from a KrF
excimer laser at a wavelength of 248 nm.

One- to six-micron period gratings have been produced by projection
of an amplitude mask with multilayer stacked high-reflectivity dielectric
stripes as the pattern (5 to 120 /um wide stripes). An image demagnifica-
tion of 1:10 was used with 0.3NA optics to produce 4-mm from long grat-
ings of 6th, llth, and 12th order. Reflectivities as high as —70% were noted
for the lower-order gratings with correspondingly lower reflectivities of
8 and 2% for the llth and 12th orders, respectively. An advantage of the
projection system is that the fluence at the fiber is increased by the
demagnification, reducing the power density at the mask plate [56]. Also
noted was the imprinting of a physical grating on the surface of the fiber
cladding, penetrating some 2 /urn into the cladding. A threshold for the
production of the grating in the core at —0.8 J/cm2 was observed, while
1.4 J/cm2 was required for optimal production of the grating. It appears
that the physical damage grating in the cladding produces a phase grating
in the core due to heavy surface modification, causing light to be scattered
out of the core. Gratings formed by physical damage, known as Type II,
will be discussed in Section 3.2.

A similar technique of photoreduction can also be applied for the
projection of a phase mask and is shown schematically in Fig. 3.17. Projec-
tion of the phase mask rather than the amplitude mask overcomes the
problem of the Rayleigh-limited resolution for the 0.3NA UV transmitting
lens used in a photoreducer. The limit with the amplitude mask is 0.6
//-m. It therefore cannot be used for the production of first-order gratings
[55] with periods of —0.5 /mi. Disadvantages of the projection scheme for
use with both the amplitude and phase mask are the requirement of large-
scale high-quality UV-grade spherical optics, and the use of large-area
amplitude and phase masks. The additional cost and complexity of the
projection system may well offset the cost advantage of using coarser
features.

A 10.66-yLtm period phase mask has been photoreduced by xlO to
generate first-order gratings in a Ge-doped fiber at a Bragg wavelength
of 1530 nm. It was reported that the production of damage type II gratings
was more reproducible using the phase-mask projection scheme [55].
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Figure 3.17: The projection system used to photoinscribe gratings by the
photoreduction of the phase-mask (from Rizvi N H, Gower M C, Godall F C, Arthur
G, and Herman P, "Excimer laser writing of submicrometre period fiber Bragg
gratings using a phase-shifting mask projection," Electron Lett. 31(11), 901-902,
1995, © IEE [55]).

Observation of higher-order interactions is possible with a first-order
phase mask. This is simply governed by Eq. (3.1.4). A grating written for
a Bragg wavelength ABmg? in first order will also operate at wavelengths
A = \BragglN. Additionally, if the grating imprinted in the fiber has a
nonsinusoidal amplitude profile, for example, by effects of saturation of
the refractive index modulation or physical damage (e.g., square wave
modulation amplitude), then the grating will have Fourier frequency com-
ponents at multiples of the first order, as A = Ag/m (m — 1,2,3 . . .). These
will in turn affect the efficiency of the reflections at shorter wavelengths,
but function as first-order gratings for the Bragg wavelengths matching
each of the spatial harmonic frequencies.

High-intensity UV printing through a phase mask results in multiple-
order reflections, not least by the interference of the zero-order beam



80 Chapter 3 Fabrication of Bragg Gratings

through the phase mask with the ± 1 orders, but also due to the formation
of a damage grating which is no longer sinusoidal in amplitude [120].

3.1.8 Point-by-point writing

The period of a reflection grating operating at 1.5 /mi is —0.5 /mi, as per
Eq. (3.1.3). Since a diffraction-limited spot size of radiation at 244 nm is
—0.25 /mi, it is possible in principle to form a periodic refractive index
grating by illuminating a single spot at a time using a point-by-point
writing scheme. Technically, using positioning sensors linked to an inter-
ferometer, a grating of such periods can be written. This is only suitable for
short gratings, since it is difficult to control translation stage movement
accurately enough to make point-by-point writing of a first-order grating
routinely practical. Other methods, including the use of a phase mask or
the multiple-printing in-fiber-grating scheme, are better suited to writing
long first-order gratings. However, high-quality high-order gratings have
been demonstrated for N = 3 and 5 [57]. While excellent reflection gratings
can be written using other schemes, point-by-point writing is extremely
useful for fabricating gratings of long periods (>10 /mi). These gratings
couple light from one propagating polarization mode to another in the
backward [58] or forward direction as in a rocking filter [59-61] (discussed
in Chapters 4 and 6), to forward-propagating radiation modes (also see
Chapter 4), or from one guided mode to another [62-64]. Figure 3.18
shows the technique used for point-by-point writing of reflection gratings
and polarization couplers. For the simple reflection grating, the fiber is
illuminated by a tightly focused spot through a mask for the required
duration before being translated by a motorized micropositioner for the
next illumination. In this way, a reflection grating of any order may be
written. Naturally, the method benefits from the use of a pulsed laser,
since the motion of the fiber can be stepped without the need to control
the operation of the laser as well. However, the method is most useful for
long-period gratings, which do not require such a demanding positional
accuracy.

3.1.9 Gratings for mode and polarization conversion

Polarization mode converters may be fabricated in birefringent fibers
using this scheme. In this case, it is necessary to orient the birefringent
axes of the fiber at 45° to the illuminating beam. Two methods have been
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Figure 3.18: Point-by-point writing of fiber gratings, (a) shows a uniform
grating being written as the fiber is pulled forward. A focused beam from a pulsed
laser illuminates the fiber through a slit. The fiber pulling speed and the laser
pulse-rate determines the period of the grating, (b) Blazed gratings are written
with a slanted mask. Coupling between dissimilar modes is therefore possible
(after Ref. [57]).

demonstrated to form such polarization converters. In order to use a
noftbirefringent standard telecommunication fiber for a polarization mode
converter, it must be made birefringent. The fiber can be wrapped on a
cylinder of an appropriate diameter to induce a specific birefringence [65].
The beat length of the modes in the fiber is a function of the bend-induced
birefringence and may be changed by altering the diameter of the cylinder.
The induced birefringent axes are along the radius and parallel to the
surface of the cylinder, with the fast axis in the radial direction. The
induced birefringence B is [66]

where dfiber and Dcylinder are the diameters of the fiber and cylinder,
respectively, and the fast and slow axis refractive indices n are indicated
by the subscripts, a is a constant that is dependent on the photoelastic
properties of the fiber material, —0.133 for fused silica.

Typically, the induced birefringence in fibers wrapped around the
smallest practicable diameter cylinders (DcyUnder ~ 25 mm), based on
consideration of mechanical strength, is of the order of —2 X 10~6. While
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this value is large compared to the intrinsic birefringence of standard
telecommunications fiber, it is well below that of birefringent optical fibers
(maximum birefringence Bmax ~ 0.4 X A/i2, where An. is the core cladding
index difference [67]; for Arc = 0.04, Bmax ~ 6.4 X 10~4). If a grating with
a period, Ag. = A/B is written in the fiber, then coupling between the two
polarizations will occur. However, the grating has to be written oriented
at 45° to the fast and slow axes. This may be done simply by arranging
the UV illumination in a direction of the axis of the cylinder but rotated
at an angle of 45° to the surface of the cylinder. As the fiber moves across
the slit, the laser is switched on so that half the period of the grating is
exposed to UV radiation before it is switched off for the second half. The
process is repeated until the required number of periods is written [591.
Parameters that may be varied are the angle of inclination & (known as
the rocking angle), as shown in Fig. 3.19, and the mark-space ratio Ag

of the grating given by the ratio of the length of fiber exposed to UV
radiation and the grating period, in any one grating period.

A transversely uniform grating will promote coupling between modes
of the same order whereas coupling of different-order modes requires a
blazed grating [681 or, equivalently, a grating that is transversely nonuni-
form. A blaze may be imparted by rotating the mask slit so that the
exposed region makes an angle to the propagation axis in the fiber, as
shown in Fig. 3.18b. The blaze angle and the mark-space ratio Ag =
Lexposed/A.g, are again parameters that may be adjusted to alter the perfor-
mance of the filter. Blaze also enhances coupling to radiation modes of
the fiber, inducing transmission loss, as has been mentioned in Section
3.1.4. However, the period of the grating A^ required to couple between
modes is generally much longer than that required to couple to the radia-

Figure 3.19: The rocking angle l^may be varied to alter the coupling coeffi-
cient for the filter.
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tion modes in the counterpropagating direction. This is no longer true for
coupling to copropagating radiation modes, and care needs to be taken
to ensure that the periods of the gratings are not identical, by choosing
an appropriate fiber. Intermodal coupling has been demonstrated using
internally [62,69], as well as externally written gratings for different order
mode coupling [61], as well as similar order modes [64]. The functioning
of these devices is discussed in Chapter 6.

3.1.10 Single-shot writing of gratings

Single-shot writing of fiber gratings has been demonstrated using pulses
from an excimer laser [118-121]. Higher reflectivity gratings have also
demonstrated in boron-germanium codoped optical fiber [123]. Although
the quality of these gratings has not been comparable with those written
with other methods, the principle has led to a novel scheme of writing
grating in the fiber while it is being drawn from a preform.

The process of writing a grating in an optical fiber generally requires
the stripping of the protective polymer coating, which is opaque to short-
wavelength UV radiation. Stripped fiber is weakened owing to mechanical
processing (see Chapter 9) during grating inscription and should ideally
be recoated. However, grating inscription on a fiber-drawing tower enables
the fiber grating to be coated immediately after fabrication. Further, an
array of gratings may be fabricated sequentially in a length of fiber by
stepping the Bragg wavelength after each inscription. Figure 3.20 shows
a schematic of grating fabrication during fiber drawing that was originally
proposed by Askins et al. [122] and subsequently demonstrated [123].
Stepped-wavelength gratings were demonstrated using an interferometer
that was tuned to a different Bragg wavelength between pulses from the
excimer laser [122]. Although the gratings can be written during fiber
drawing, the quality and repeatability remains poor, owing to problems
of beam uniformity, mechanical alignment, and stability. For some applica-
tions in which a simple reflection is required, the quality of the grating
may not be a critical parameter.

Advances in polymer coating materials have resulted in perfluori-
nated polymers that are essentially transparent in the longer UV wave-
length regions of 266-350 nm [70,71]. Grating inscription at these
wavelengths has been demonstrated as well, indicating that high-quality
and high-reflectivity gratings may be possible without stripping the coat-
ing off the fiber. The fabrication of gratings in fiber with the primary
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Figure 3.20: The scheme of writing gratings in a fiber while it is being drawn
from a preform: 20-ns pulses at a wavelength of 248 nm were used to inscribe a
sequential array of 50 gratings stepped at 0.1 nm. Also demonstrated were 120
gratings written at the same wavelength. The wavelength stability was good, but
the peak reflectivity was —3%. Gratings with a wavelength spacing of 5 nm were
also reported [122].

coating may well be restricted to the use of CW UV sources, since high-
power pulsed sources are likely to damage the polymer coating unless
tight focusing is used to reduce the intensity at the surface [119].

3.1.11 Long-period grating fabrication

Long-period gratings have found applications as lossy filters. These grat-
ings couple the guided and the radiation modes in the copropagating
direction, and typically require periods in the region of 100 to 500 /mi.
LPGs are therefore most conveniently fabricated by UV exposure through
a shadow mask [72]. These gratings tend to be longer than reflective
Bragg gratings (tens of millimeters) since the periods are a few hundred
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times longer. However, shadow masks are easily available, and the inscrip-
tion requires simple contact printing as with the phase mask, but without
the complexity of interferometry. Point-by-point writing is also possible.

Long-period amplitude masks have been patterned on dielectric mir-
rors to reduce the problem of optical damage with excimer lasers. In this
application, a dielectric mirror coated with photoresist was first exposed
to an amplitude pattern using a UV laser. The photoresist was developed
to expose the dielectric mirror, which was then etched in 5% HF solution
in deionized water. The resultant mirror had stripes at the required
period for the LPG. Exposure through this mirror only allows the UV
radiation to be transmitted through the regions where the mirror has
been etched away. These mirrors were shown to withstand 200 mJ/cm2

per pulse over several pulses, thus making them better suited for use
than chrome-coated silica masks with an average damage threshold of
-50-100 mJ/cm2 [131].

3.1.12 Ultralong-fiber gratings

To circumvent the limitations of the finite length of the phase mask,
several techniques have been proposed to fabricate gratings of arbitrary
length >200 mm [49, 73-75]. The simplest method is to sequentially
inscribe gratings in a fiber from a phase mask of length L, to result in a
grating with a length equal to the number of sequential inscriptions X L
[74]. This is a powerful technique, which has special applications in the
fabrication of long chirped gratings and is discussed in Section 3.1.15.

A technique based on the principle of inscribing small, more elemen-
tary gratings to create a longer one has also been reported [73]. The
principle of inscription may be understood as follows: A short (4 mm)
interference pattern is printed periodically in a continuously but slowly
moving fiber. Using a pulsed laser (20-ns pulses), a 4-mm long section is
imprinted in the fiber at any one time. The velocity of the fiber is such
that within the pulse width, it may be regarded as being stationary. When
the fiber has moved a few integral numbers of grating periods, a second
pulse arrives, imprinting yet another grating partially overlapped with
the previous grating but adding a few extra periods to the length. A
mini-Michelson interferometer operating at 633 nm is attached to the
moving fiber platform to track its position relative to the interference
fringes. The latter is undertaken by the use of serrodyne control [73]. The
resulting gratings have the narrowest reported bandwidths of 0.0075 nm,
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although the quality of the grating was not perfect. It is important to
eliminate stitching errors between the imprinted fields, as in the case of
the phase mask, requiring a positional accuracy of better than 0.1 A over
the length of the grating. As an example, this implies maintaining an
overall positional accuracy of less than 50 nm over the entire length of
the 200-mm long grating, a demanding task.

Figure 3.21 shows the apparatus used for writing long gratings by
the multiple printing in fiber (MPF) technique [73]. The fiber is held in
a glass V-groove along its entire length and translated along the pulsed
interference fringes in sychronym with the pulses. By moving the fiber
at a constant velocity with a linear motor, the vibrations common in
stepper-motor-driven systems are eliminated. Mounting the fiber carriage
on an air bearing further helps this. The critical features of the technique
are the requirement of a long precision glass V-groove to hold the fiber
in position with submicron accuracy, high beam quality of the pulsed
laser, an accurate control system for fiber translation, and above all,
stability of the pulsed source for imprinting gratings of a well-determined
index of modulation. Since the fabrication process imprints overlapping
gratings, it is possible to change the period or the modulation index locally
or continuously along the length of the grating. A detail of the printing
process is shown in Fig. 3.22. This system is flexible and is able to cater
for any type of grating, including those with phase steps, chirp, apodiza-
tion (see Section 3.1.9 and Chapter 5).

A slight modification of the MPF scheme is shown in Fig. 3.23. Here
not only the fiber is allowed to move, but also the interferometer [491. In
this case, the interferometer is the phase mask that moves at a velocity

Figure 3.21: The multiple printing in fiber (MPF) grating technique. The
substantial carriage is potentially capable of movements of up to 1 meter (courtesy
R. Stubbe).
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Figure 3.22: A detail of the MPF technique showing the imprinting of a mini
overlapping grating to produce the required profile or chirp; the movement of the
fiber is interferometrically controlled, and the imprinting is synchronized with
the arrival of the UV pulses (courtesy R. Stubbe).

Figure 3.23: A technique based on the moving phase mask and fiber. If the
phase mask is not moved, it is identical to the MPF method, but can only be used
to write unchirped gratings using a pulsed source.

of vpm, while the fiber moves with a velocity ty. The change A A in the
period A^ of the grating is a function of the relative velocities, as

Thus, a chirp may be programmed in the control computer by altering
the relative velocities locally. A limitation is the need for a small spot size
if a large chirp is being imparted in the grating in a long fiber, since the
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maximum change in the period is a single period over the length of the
UV writing spot, as

where w is the radius of the spot used for writing the short section of
grating. Combining Eqs. (3.1.11) and (3.1.12) gives the following interest-
ing relationship:

Equation (3.1.13) suggests the use of a minimum spot size related to the
relative velocities. Further, it should be noted that at any one time, an
entire grating of spot size 2,w is written with a constant amplitude and
period. In the limit, this method trades in some of the refractive index
modulation for chirp, but can at best imprint a quasi-stepped function
instead of a continuous one, especially when the grating is being apodized.

3.1.13 Timing of the Bragg wavelength, moire,
Fabry-Perot, and superstructure gratings

The effective index of a propagating mode in a fiber is both temperature
and strain sensitive. The functional dependence of the mode index is given
by the relationship

where dn/dT is the temperature coefficient of refractive index, AT" is the
change in temperature, dn/dcr is the longitudinal stress optic coefficient,
and A<r is the applied longitudinal stress. Since the Bragg wavelength is
a function of neff [see Eq. (3.1.4)], the simplest method of altering the
transfer characteristics of a fiber grating is to impose a temperature or
strain profile along the length of the grating. However, prestraining a
fiber during grating fabrication alters the Bragg grating wavelength in
the relaxed state [7]. It is also possible to multiplex several gratings at
the same location to form moire type gratings [7,77]. It should be noted
that the Bragg wavelengths of all multiplexed gratings written at the
same location shift to longer wavelengths as each grating is superimposed.



3.1 Methods for fiber Bragg grating fabrication 89

The shift in the wavelength of the gratings is dependent on the overall
change in the index of modulation, resulting in a change in the period
averaged neff of the mode in the fiber. The shift A\Bragg in the Bragg
wavelength, ABragg as the UV induce index change 8n increases can be
shown to be

where 77 < 1, is the overlap of the guided mode and the distribution of
the refractive index modulation (see Chapter 4). Thus, when a grating is
superimposed on an already-written grating, both gratings move to longer
Bragg wavelengths.

By altering the angle of the interfering beams, several gratings may
be written at a single location using the prism interferometer or the
Lloyd mirror arrangement discussed in Section 3.1.6. These gratings show
interesting narrow band-pass features with uniform period [77] or chirped
gratings [78], and are discussed in Chapter 6.

If the temperature distribution along the length of a uniform grating
is a linear function of length, then the Bragg wavelength, too, will vary
linearly with length. The grating will demonstrate a linear chirp. This
means that the different wavelengths within the bandwidth of the grating
will not be reflected from the same physical location and the grating will
behave as a dispersive component. The temperature profile (or the strain
profile) may be altered to change the functional property of the grating
[79]. On the other hand, prestraining or imposing a temperature profile
along a fiber prior to writing a fiber grating will also result in a chirped
fiber grating once it is written and the stress/temperature profile is re-
moved [80,81]. However, the chirp in a grating fabricated in such a way
will have the opposite sign of a grating chirped by the application of a
temperature or strain profile after it has been manufactured.

During fabrication of the grating at an elevated temperature Tw, the
Bragg wavelength will be defined by the period, A^ of the grating. After
fabrication, when the temperature is returned to a final temperature Tf,
the Bragg wavelength will be

where a is the thermal expansion coefficient of the fiber and dneff/dT is
the temperature coefficient of the mode index; to the first approximation,
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this is merely the change in the refractive index of the fiber core as a
function of temperature. Equation (3.1.16) maybe simplified by expanding
and rearranging to

The thermal expansion coefficient of silica a is approximately +5.2
X 1(T7, whereas dn/dT ~ +1.1 X 10~5 "(T1; the contribution of the
thermal expansion coefficient term is approximately 10% in comparison.
Equation (3.1.17) is further simplified to

where the combined effect of the thermal expansion and the refractive
index change is included in ri, so that the change shift in the Bragg
wavelength is simply

Typically, dn'/dT ~ 0.5 to 1.0 X 10'2 °C~1. At a wavelength of 1500 nm
the change in the Bragg wavelength with temperature is ~1 to 2 X 10~2

nm °C-1 [82,71.
With long uniform gratings, a thin heating wire suitably placed below

a point in the grating can result in a distributed feedback (DFB) structure,
with a double-peaked reflection spectrum. The transfer characteristics of
each half of the grating are identical; however, a A/4 phase difference
induced by the heating wire causes a hole to appear within the band stop
[83]. Such a grating in rare-earth-doped fiber can be used in DFB lasers,
which require the suppression of one of the two lasing modes to force the
laser into single-frequency operation, and in narrow band-pass filters. A
number of methods have been reported for fabricating DFB structures in
fibers, including postprocessing a uniform grating to locally induce a "gap"
in the center of the grating [84]. Alternatively, two gratings may be written
on top of each other, each with a slightly shifted wavelength to form a
Moire phase-shifted grating, opening a bandgap once again [77].
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Radic and Agrawal [85] reported that using an additional quarter-
wave phase shift within a grating opens up yet another gap. An extension
of this principle directly leads to the superstructure grating, which has
been extensively used in tunable semiconductor-laser design [861. A sche-
matic of the superstructure grating is shown in Fig. 3.24. The composite
grating consists of a number of subgratings of length AL (but not necessar-
ily of identical lengths), which are separated by "dead" zones of length 8L
(these lengths may be different). The superstructure grating was first
demonstrated in an optical fiber by Eggleton et al. [87], produced by a
phase mask. A more general problem of stitching errors in phase masks
has been addressed by Ouellette et al. [88]. Multiple reflections occur
within the bandwidth of a single subgrating; each reflection has a band-
width defined by the length of the grating without the gaps, i.e., A/AL =
Lg - (N - 1)S.

The Fourier components of the grating shown in Fig. 3.24 basically
have a fundamental component with a uniform period A^ and a fundamen-
tal modulation envelope of period Ae = SI + AL. Thus, the reflection
spectrum will have components at the sum and difference frequencies.
The new reflection wavelengths, ^Bragg an^ ^Bragg> are calculated from
Eq. (3.1.4):

and

Figure 3.24: A schematic of a superstructure grating. This is constructed by
blanking (N — 1) sections of length Si in a long continuous grating of length Lg. The
superstructure grating is a collection of cascaded Fabry-Perot interferometers.
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where nav is the average index of the mode. It follows, therefore, from
Eqs. (3.1.20) and (3.1.21) that the new grating periods A~ and Ajr corres-
ponding to the superscripted Bragg wavelengths are

From Eqs. (3.1.4) and (3.1.22), it follows that the spacing AA between
the reflected wavelengths in any such superstructure is

Depending on the shape of the composite structure (and thus the magni-
tudes of the individual Fourier components), higher order components
can appear [87].

Superstructure gratings represent a number of types of gratings: the
DFB with a single phase step 4> < ZTT [85,86]; the grating Fabry-Perot
with (f> > 2 77 resulting in multiple high-finesse transmission peaks [89];
cascaded grating Fabry-Perots in which the phase steps (f> > 277- [87],
leading to replicated multi-band-pass transmission spectra; gratings with
multiple-flat-top reflection spectra, fabricated with unequal grating
lengths as well as phase steps [90]; and truly flat-top reflection gratings
fabricated by introducing regular 77/2 phase shifts (A/4) at equal intervals,
while altering the strength of the grating amplitude in each section to
mimic a sine function [91].

There are several methods of making these gratings. In order to
introduce a specific phase step, the simplest and most reliable is via the
replication of a phase mask with the appropriately prerecorded phase
steps [92]. Another method successfully used for introducing a 77/2 phase
step in a grating is by UV postprocessing [84]. After the grating has been
written, the small central section is illuminated with UV radiation to
introduce a phase shift. As the refractive index of the exposed region of
length SI increases by Sn, the transmission spectrum of the grating is
monitored to stop the exposure when SnSl = A/4. A disadvantage of post-
UV exposure is that it not only changes the phase between the two halves
of the grating, but also alters the local neff of the fiber. This in turn
shifts the Bragg wavelength of the already-written grating exposed to UV
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radiation to a longer wavelength. The effect of the shift is a slightly
broader overall reflection spectrum.

The use of an amplitude mask in conjunction with a phase mask
allows the precise printing of a superstructure grating [93]. Of course,
mini-gratings may be printed by precise translation of the fiber between
imprints [91,73]. This method has been used to write a sine function
grating with remarkably good results. However, it is difficult to write a
continuous sine function. Approximating the sine function in a limited
number of steps creates additional side bands, which limits the out-of-
band rejection in the reflection spectrum. Combing the sine function grat-
ing with apodization results in an improved transfer function, increasing
the depth of the out-of-band rejection [91].

Chirped gratings are useful for many applications. There are a num-
ber of ways of chirping gratings, including writing a uniform period grat-
ing in a tapered fiber [94], by application of varying strain after fabrication
[43,79,95], by straining a taper-etched fiber, by fabrication by a step-
chirped [96] or continuously chirped phase mask, or by using one of the
several schemes of writing a cascade of short, varying-period gratings to
build a composite, long grating. These methods for writing chirped grat-
ings are discussed in Section 3.1.14.

The properties of many of these gratings along with their applications
may be found in Chapter 6.

3.1.14 Fabrication of continuously chirped gratings

Short, continuously chirped gratings are relatively straightforward to
fabricate; longer (>50 mm) ones become more difficult. One of the simplest
methods is to bend a fiber such that a continuously changing period is
projected on it. This is shown in Figure 3.25 in which the fiber is bent
either in the fringe plane or orthogonal to it. Altering the lay of the fiber
may change the functional dependence of the period on position, so that
either linear or quadratic chirp may be imparted.

Figure 3.26 shows a curved fiber with a radius of curvature R in a
fringe plane. At any point of arc a distance S from the origin O where
the fiber axis is normal to the fringe planes, the local period of the grating
can be shown to be
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Figure 3.25: Writing of a continuously chirped grating by bending the fiber
in the fringe plane. Note that the bending also causes the grating to be blazed
with respect to the fiber axis.

so that even with a large radius of curvature, the grating may be substan-
tially chirped. Gratings with bandwidths of 7.5 nm and peak reflectivity
of 99%, as well as 15-nm bandwidth with a peak reflectivity of 5%, have
been reported with this technique [98].

As in the case of fiber tilted with respect to the fringe planes, bending
has a similar effect of imparting a blaze and consequently radiation loss.
The loss, which manifests itself on the short-wavelength side of the Bragg
wavelength even in unblazed gratings, is increased by blazing and may
not be desirable; for a chirped grating, this can be a serious problem, if
the radiation loss spectrum lies within the chirped bandwidth of the
grating. Loss due to coupling to cladding modes in chirped gratings can
be reduced by using fibers that are strongly guiding, but cannot be entirely
eliminated. It may be substantially reduced, however by the use of special
fibers with a photosensitive cladding [97] (see Chapter 4).

A constant strain along the length of a fiber while a grating is imprinted
merely shifts the Bragg wavelength on strain release. In order to impart a
chirp, a nonuniform strain profile has to be used, and there are several
practical methods for implementing this. If an optical fiber is tapered (e.g.,
by etching) such that the outer diameter varies smoothly in the region of
grating, the application of a longitudinal force leads directly to strain that
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Figure 3.26: A fiber curved with a radius R in the fringe plane. The period
of the grating seen by the fiber varies continuously along its length S.

is nonuniformly distributed along its length. The local strain ez maybe com-
puted from the local cross-sectional area Aj as [80]

where the subscript (i — 1) refers to the previous section of the grating.
Thus, a linear change in the cross-sectional area leads to a linear chirp.
Applying positive strain to a uniform-period grating in a tapered fiber
has three effects: the mean Bragg wavelength of the entire grating shifts
to longer wavelengths, and the grating reflection spectrum broadens,
while being reduced in reflectivity. Alternatively, the tapered fiber may
be strained before writing of the grating. On strain release, the grating
becomes chirped, but now shifts to a shorter wavelength. If a chirped
grating is written in a strained tapered fiber such that the longer wave-
length is inscribed in the narrower diameter, releasing the strain has the
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effect of unchirping the grating. If the relieved strain is too large, the
grating becomes chirped once again but with an opposite sign of chirp:
i.e., the narrower diameter end has a shorter wavelength than the larger
diameter end. The method is capable of high reproducibility, is simple
to implement, and allows nonlinear chirps to be programmed into the
grating [80]. There are two factors that affect the Bragg wavelength
in strained etched fibers: the change in the physical length of the fiber,
and the effective index of the mode through the stress-optic effect,

where the change in the Bragg wavelength is AA under zero stress, after
the grating has been written under local strain of et, and 8neff is the
change in the effective index of the mode due to the strain-optic coefficient.
The two quantities on the RHS in Eq. (3.1.26) have opposite signs, with
the strain term being much larger than the stress-optic coefficient. Never-
theless, when a grating is written in a tapered fiber under strain, it
appears chirped, although the period of the grating is uniform. Because
of the stress-optic effect, the local effective index of the mode is not uniform
along the length of the grating. On removal of the strain after the grating
has been inscribed, the effective index of the mode becomes uniform, but
the period is altered because of the change in local strain, and the grating
becomes uniform at some lower strain value and chirped with the opposite
sign when fully relaxed.

Etched linear tapers produce nonlinear chirp, since the chirp is in-
versely proportional to the square of the radius of the section according
to Eq. (3.1.25). Since the Bragg wavelength is directly proportional to the
applied strain [see Eq. (3.1.14)], the induced chirp becomes nonlinear. To
compensate for this disparity, a nonlinear etching profile [99] can be used,
resulting in a linear chirp. In order to fabricate a predetermined etch
profile, the time of immersion of the fiber in the etching solution (usually
buffered hydrofluoric acid) must be controlled, since the etch rate at con-
stant temperature is highly reproducible. A three-section vessel with a
layer A of a mixture of decahydronaphthalene and dichlorotoluene (10%)
floating above layer B of 32% HF and with a third layer C of trichloroethyl-
ene below it may be used. This allows the acid to come into contact only
with a small section of the fiber when it is immersed vertically into it. With
the fiber remaining in position, the vessel is lowered at a programmed rate
to expose another part of the fiber in section B, while the top layer A
immediately stops the fiber from etching any further. Using this method,
highly repeatable tapers have been produced and linear chirps of 4.8 nm



3.1 Methods for fiber Bragg grating fabrication 97

demonstrated [100]. Using the same method, different structures have
been fabricated, such as a grating with a 77/2 phase shift in the middle.
A fiber in which the taper in one half has been etched more than the other
was stretched before a grating was written. Relaxing the fiber introduced a
phase shift and therefore a band pass in the center of the transmission
spectrum of the otherwise unchirped grating [991.

A somewhat less flexible method relies on the tapering of the fiber
core [94]. Tapering the core affects the local effective index neff of the
mode. To the first approximation, the effective index varies linearly with
decreasing diameter for an initial fiber V-value of approximately 2.4, but
varies more slowly, asymptotically approaching the cladding index, as the
core diameter goes to zero. Thus, a uniform-period grating written in
tapered section will be chirped. The maximum chirp AA achievable in a
fiber may be calculated from

where An is the difference between the mode index and the cladding
refractive index, Equation (3.1.27) translates to a maximum chirp on the
order of 30 nm (Arc = 0.03); however, it would be difficult for practical
reasons to achieve more than —10 nm of chirp.

A chirp of 2.7 nm for a 10-mm long grating was reported for a fiber
tapered by 50 /urn over that length [94]. Local heating and stretching may
fabricate a tapered fiber. Note, however, that a fiber with a large taper
will have a lower reflectivity for the shorter wavelengths (with a uniform
period grating), since the mode power spreads to the nonphotosensitive
cladding, reducing the efficiency of the grating.

Another technique, that overcomes the problem associated with the
core-taper method described above is based on expanding the core by
thermal out-diffusion of the photosensitive core dopant [101]. The im-
portant difference between the two methods is that while the tapering of
the core reduces the V-value of the fiber, the out-diffusion of the photosensi-
tive core leaves the V-value unchanged [102]. This may be understood by
remembering that the reduction in the core index as the dopant out-
diffuses is compensated for by the increase in the core radius. The frac-
tional power in the core remains unchanged (due to the fixed V-value),
but since the core index is reduced, so is the mode index.

Heating the fiber locally by an oxyhydrogen flame for 2 minutes
resulted in the mode field diameter expanding from 7.8 to 16.8 /am. Subse-
quent writing of a 10-mm long grating in the tapered core region of a
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hydrogenated sample resulted in a chirped grating with a bandwidth of
6.0 nm [101].

Stretching a fiber prior to writing a grating shifts the Bragg wave-
length in the relaxed state [7]. Byron and Rourke [103] applied the
stretch-write technique to form a chirped grating with a scanned phase
mask. As the UV beam (2 mm long) was stepped across the phase mask
(and the fiber), the prestrained (0.6%) fiber was also relieved of strain in
15 steps of 0.04%. A chirped grating with a bandwidth of 10 nm for a
grating length of 30 mm was demonstrated. Care has to be taken with
this method, since the fiber can easily slip when under tension.

As will be appreciated with the above methods, the bandwidth of the
chirp is generally small; in order to increase the chirp, it is necessary to
write a chirped grating in the first place. Continuously chirped gratings
with larger chirp values can be fabricated with two beams with dissimilar
phase fronts. If one parallel beam is interfered with a second diverging
beam, the resulting interference pattern will have a period that varies
with spatial position in the fringe plane. Figure 3.27 shows the scheme
for writing chirped gratings with two diverging, two converging, or a

Figure 3.27: Nonuniform wave fronts used in the interferometer to produce
chirped gratings [104]. Two cylindrical lenses with focal lengths Fl and F2 create
a chirped interference pattern at the fiber. The third cylindrical lens with focal
length F3 focuses the interfering beams into a stripe at the fiber.
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combination of interfering beams. The advantage of using lenses as chirp-
adjusting elements is that any chirp bandwidth is possible, limited only
by the photosensitive response of the fiber. Using such an interferometer,
chirp bandwidths of 44 nm have been demonstrated with a reflectivity of
—80%, covering the entire erbium amplifier gain band. The mechanical
and geometrical positioning of the lenses makes the interferometer easy
to use, although the repeatability may be not be so good. A disadvantage
of this method is the strong curvature of the fringe pattern inscribed in
the fiber, which results in coupling of light to the radiation modes on the
blue side of the grating transmission spectrum [104].

3.1.15 Fabrication of step-chirped gratings

Gratings that are chirped in discrete steps are known as step-chirped.
The concept was introduced by the fabrication of phase masks, which
were not continuously chirped [231. Figure 3.28 shows the principle of
this type of grating. The grating of length Lg is split into N sections, each
of length $ and uniform period An (1 < n < N), differing from the previous
one by <5A, with

where AA^ is the total chirp of the grating and Lg = SL X N. If the change
in the period and the sections are sufficiently small, then the grating
becomes continuously chirped. The important choice is the number of
sections required to build in the chirp. This has been analyzed [105], and
it was shown that the length SL of the uniform period section should be

Figure 3.28: The step-chirped phase mask. It is important to ensure that
each section of the grating has an integral number of grating periods, so that the
section lengths SL are only nominally identical [23].
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such that its bandwidth is —50% greater than the chirp AA^ of the grating,
irrespective of length of the grating. Making this choice results in a devia-
tion of the characteristics of the grating that differ <1% from those of a
continuously chirped grating. There must be an integer number of periods
in each subsection to ensure that phase mismatch does not occur. A result
of this requirement is that the lengths of the subsections are only approxi-
mately equal.

The step-chirped grating is ideally implemented in the phase mask
using e-beam lithography [23]. Splitting a grating into small fields is
exactly how the e-beam process works [20], so that it is naturally suited to
the fabrication of step-chirped phase masks. Wide and narrow bandwidth
(1-50 nm) phase masks have been fabricated with linear and quadratic
step chirps [23] and used for pulse recompression of femtosecond pulses
transmitted over optical fiber [106]. Step-chirped phase masks 100 mm
long, useful for dispersion compensation in telecommunications transmis-
sion links [107], have also been demonstrated [108,74].

There are other techniques that mimic the step-chirped gratings, for
example, with a limited chirp capability, using stretch and write [103]
discussed in Section 3.1.14. Riant and Sansonetti have also shown that
by the use of a focusing lens and a phase mask, small sections with
different wavelengths can be built up to create a step-chirped grating
[109]. Focusing or defocusing a beam at a phase mask changes the wave-
length of the inscribed period in the fiber immediately behind the phase
mask. Thus, stepping the spot along the mask while adjusting the focus
allows the inscribed wavelength to be altered at each step. Using this
method, 50-mm long gratings have been demonstrated with chirp values
of ~lnm[109].

There is great advantage in the use of the step-chirped phase-mask,
since it allows not only the definition of the grating wavelength, but also
any value of chirp rate. The minimum chirp bandwidth possible is, of
course, limited by the natural bandwidth of a grating of length Lg.

An extension of the step-chirped principle is the concept of super-
step-chirped gratings [75]. This technique allows even longer gratings to
be assembled using a set of short step-chirped phase masks. This over-
comes a major limitation of e-beam fabrication: the writing of masks
longer than 100 mm is difficult and expensive. An alternative is to fabri-
cate several gratings on a single-phase mask plate, each with a fixed
chirp. Each phase mask is designed to begin at a wavelength SA longer
than the wavelength at which the last phase mask finished. The gratings
on the phase mask are aligned one above the other with exactly the
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correct lengths. After a single grating is scanned into the fiber, the fiber
is translated along accurately, and the next phase mask grating moved
vertically into position for writing the succeeding grating. Any small inac-
curacy in the placement (stitching) of the phase mask grating can be
"trimmed" [110], using a single UV beam exposure to adjust the phase
between adjacent sections [112].

Using this method, gratings 2 meters long have been written in a
single contiguous piece of fiber, with a chirp bandwidth of —15 nm [111],
and a 1.3-meter long grating with a bandwidth of 10 nm has been used
for multichannel dispersion compensation [75,112].

The detailed characteristics of step-chirped and super-step-chirped
gratings are discussed in Chapter 4.

3.2 Type II gratings

Fiber gratings formed at low intensities are generally referred to as Type
I. Another type of grating is a damage grating formed when the energy of
the writing beam is increased above approximately 30 mJ [119]. Physical
damage is caused in the fiber core on the side of the writing beams. The
definite threshold is accompanied by a large change in the refractive index
modulation. It is therefore possible to write high-reflectivity gratings with
a single laser pulse. Above 40-60 mJ, the refractive index modulation satu-
rates at around 3 X 10~3. Energy of the order of 50-60 mJ can destroy the
optical fiber. The sudden growth of the refractive index is accompanied by
a large short-wavelength loss due to the coupling of the guided mode to the
radiation field. The gratings generally tend to have an irregular reflection
spectrum due to "hot spots" in the laser beam profile. By spatially filtering
the beams, gratings with better reflection profiles have been generated but
with a much reduced reflectivity [113]. These gratings decay at much higher
temperatures than Type I, being stable up to ~ 700°C. Some of the properties
of these gratings are outlined in Chapter 9.

3.3 Type IIA gratings

Yet another type of grating is formed in /lora-hydrogen-loaded fibers. These
may form at low power densities or with pulsed lasers after long exposure
[114]. The characteristics of a Type IIA grating are the growth of a zero-
order (N = 1) grating, and its erasure during which a second-order grating
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grows at approximately half the initial Bragg wavelength, followed by
the growth of the N = 1 grating. The final grating is stronger than the
original and is able to withstand a higher temperature. These gratings
form in most fibers, although they have yet to be observed in hydrogen-
loaded fibers. The gratings are reviewed in Chapters 2 and 9.

3.4 Sources for holographic writing of
gratings

There are several UV laser sources that may be used for inducing refrac-
tive index changes and for fabricating gratings in optical fibers. Methods
for generating UV or deep UV radiation require the use of excimer lasers,
nonlinear crystals for frequency mixing of coherent visible/infrared radia-
tion, or line-narrowed dye laser radiation. UV laser sources may be catego-
rized into two types — low spatial/temporal coherence or spatially coherent
sources. Sources in the first category have been used extensively for grat-
ing fabrication but need to be used with care for high-quality grating
production. The primary advantage is in the high average and peak power
available in the UV region. On the other hand, some frequency mixing
methods produce UV radiation of high temporal and spatial coherence
and are ideally suited for grating formation. Typically, these lasers demon-
strate high average power capability but have the disadvantage of lower
peak power densities. Nevertheless, these have also been shown to be
highly successful for inducing large index changes while maintaining
excellent grating quality.

3.4.1 Low coherence sources

The first source reported for use in grating formation was the excimer-
laser pumped frequency doubled oscillator-amplifier dye laser operating
in the 240-nm window [13]. This source can produce approximately 0.1
W average tunable radiation between 240 and 260 nm using a /3-barium
borate (BBO) crystal by doubling the (CHRYSL 106) dye-laser output.
The laser must be line-narrowed to increase the coherence length, and
longitudinal pumped dye lasers are preferable since they produce a higher
quality beam compared to side-pumped dyes which produce a triangular
beam profile. An alternative pump laser for the dye is the frequency-
mixed output at 355 nm from a YAG laser operating at a wavelength of
1064 nm. Similar output may be achieved with a maximum of around
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120 mW average at 244 nm for a 20-Hz system with 12-ns pulses [115].
The frequency-doubled tunable dye-laser source can be line-narrowed to
increase temporal coherence, helping maintain interference despite path-
length differences. However, the UV beam may need to be spatially filtered
if the beam-quality is not good so as to be able to write uniform reflection
gratings. High-quality gratings have been reported using this method
[116], however, by multiple pulse writing.

With low transverse coherence, it is still possible to write good grat-
ings, provided the spatial nonuniformity averages out over the time period
required to write the grating. However, the pulse-to-pulse transverse
beam variation affects single-pulse writing of gratings [117-121] or, for
example, during fiber drawings [122,123], as was originally suggested by
Askins et al. [118]. The power density variation manifests itself in two
ways: first, the reflectivity varies from grating to grating, and second,
the peak reflection wavelength, which is a function of the induced index
change, varies between gratings. Beam profile nonuniformity has a rather
more serious deleterious effect on the grating reflection spectrum, causing
multiple peaks and chirp. The spectral shape is discussed in more detail
in Chapters 4 and 9. Multiple pulses can ensure that each section of the
grating can be driven into saturation (for a given UV flux), although if
the beam profile has a Gaussian average intensity profile, the grating
will appear chirped. The regions with low flux will see a smaller index
change and hence a smaller change in the effective index of the mode
than the central region of the beam. Since the Bragg wavelength is propor-
tional to the effective index of the mode, the beam profile imparts a Bragg
wavelength profile proportional to the intensity profile, leading to chirp
[124], It is for this reason that there is a concern over the use of a laser
with "hot-spots" in the beam. The grating may show fine structure in the
reflection spectrum due to the nonuniform refractive index modulation
of the inscribed grating. This has so far not been reported in the literature
but may well be a problem for long gratings.

Another aspect of low coherence sources, which must be taken into
account when designing an interferometer, is the effect of the coherence
length. These laser sources are generally better suited to direct printing
using a phase mask with the fiber immediately behind the phase plate.
Alternatively, a one-to-one imaging system may be used to form the inter-
ferometer such that the path of the two beams are equalized and over-
lapped. If, however, the paths are not equal or the beams do not overlap,
degradation in the visibility can result in poor grating reflectivity and/or
spectral profile. The limiting factor for all lasers is the divergence of the
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beam, which determines how far away the fiber may be placed from the
phase mask as (see Fig. 3.1)

where d\ is the source bandwidth, 8$ the source angular divergence, A
the source wavelength, 6m/2 the half diffraction angle, and L the distance
of the fiber from the phase mask. The physical significance of Eq. (3.4.1)
is that as the diffracted beams are brought together, the divergence causes
a dephasing of the interfering beams, reducing the visibility. The contact
method is therefore ideally suited for use with low-coherence sources.
However, it must be remembered that the phase mask is more likely to
be damaged owing to contamination from the fiber, i.e., dust, etc., using
high-intensity pulses.

High peak-power laser sources do allow the writing of Type II grat-
ings, which depend on physical damage to the core region [125]. This
aspect is discussed in Section 3.2.

3.4.2 High coherence sources

Lasers with good spatial and/or temporal coherence fall in this category.
Examples include CW intracavity frequency doubled argon-ion lasers op-
erating at 257 nm/244 nm [26,126], QS frequency quadrupled YLF [127],
spatially filtered, line-narrowed frequency doubled dye lasers [13]. The
first laser has excellent spatial and temporal coherence, being derived
from the argon ion laser mode. Even with this laser, there can be fine
structure in the transverse beam profile of the UV mode due to the low
walk-off angle in the frequency doubling crystal, BBO. The beam is ellip-
tical, but this is an advantage because the shape is suited to writing
fiber gratings. The latter two lasers can be made to have good temporal
coherence by line narrowing, but requires good spatial filtering to generate
a satisfactory Gaussian mode profile. The pinholes used for filtering re-
quire careful alignment and have a tendency to burn after a short time
owing to the high peak power; they require frequent replacement.

The quadrupled Nd:YLF and the intracavity frequency doubled argon
ion lasers belong to the class of turnkey systems. These are reliable lasers
and need little attention other than routine maintenance; for example,
mirrors need occasional cleaning. The frequency doubling crystals tend
to be KTP for the YLF followed by a BBO crystal enclosed in an airtight
holder with silica windows. Although the transverse mode profile may
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not be uniform shot-to-shot for this laser, it does allow the use of cylindrical
lenses for focusing into the BBO crystal. This scheme overcomes the
transverse walk-off problem in BBO associated with spherical lens focus-
ing. However, it is not possible to use cylindrical focusing in the intracavity
frequency doubling in BBO. A schematic of the Z-folded resonator is shown
in Fig. 3.29. With careful adjustment of the fold and focusing mirrors,
this laser can be operated at a stable CW output in excess of 300 mW at
244 nm. A cylindrical lens can be used at the output to circularize the
beam. Typically, the beam diameter is approximately 2 mm.

The coherence length of the argon-ion laser operating in the single-
frequency mode is more than adequate for use in a beam splitting interfer-
ometer even with path length differences approaching several centime-
ters, although the path length difference is usually not so large. This laser
is also suited for use in the scanned phase-mask interferometer, or for
writing blazed gratings, as discussed in Section 3.1.4.

Recent work on writing grating with near-UV wavelength radiation
[128-130] means that other high-quality laser sources may be used for
grating fabrication. An argon laser operating at 302 nm is one option,
which allows the inscription of gratings directly through the silicone resin
polymer jacket [71] or the use of a novel polymer at a wavelength of 257
nm [70]. The lifetime of the argon ion laser operating in the UV is probably
an issue for the fabricator. However, other sources as yet not demon-
strated, e.g., the intracavity krypton ion laser operating at 647 nm, fre-
quency doubled to 323.5 nm, would be an attractive option, with plenty
of power available at the UV wavelength.

3.1 lists a summary of the different types of lasers operating in the
UV, used for grating fabrication.

Figure 3.29: A schematic of the intracavity frequency-doubled, argon ion
laser. 488-nm wavelength radiation is doubled to generate 244-nm UV emission.
Angle tuning does phase matching of the BBO crystal. It is not necessary to
temperature stabilize the BBO crystal [26].



Table 3.1: Common options of UV laser sources for grating formation.

Pump laser

KrF

ArF

Quadrupled
Nd:YAG (1064
nm)

Nd:YAG (355 nm
via frequency
mixing)

UV wavelength UV
(nm) power/energy

248 1 J/lOOHz, QS

193 1 J(lOOHz) QS

266, KDP/BBO >100 mW 5 ns
frequency dou- QS pulses at
biers >lkHz

220-260 tunable >100 mW, 4 ns
extra cavity QS
BBO frequency
doubled

Beam shape Beam quality

Few cm diameter Low spatial/
temporal coher-
ence: requires
injection lock-
ing

Few cm diameter Low spatial/
temporal coher-
ence

1 mm diameter 10 mm coherence
length, low
transverse
beam coher-
ence

2 mm diameter, Low coherence,
not Gaussian, unless line-
flat-topped or narrowed
triangular

Application

Mass production,
fiber drawing
tower grating
fabrication,
TYPE II grat-
ings

Planar devices,
non-Ge
fibers/planar,
direct writing

Hydrogen loaded
fibers, planar
Ge/P doped sil-
ica, + RE-
doped silica,
Type II grat-
ings

UV-induced
index change
studies, grat-
ing writing,
material stud-
ies, Type II
grating forma-
tion, scanned
phase mask



XeCl (308 nm)
pumped dye
laser

Argon ion laser,
514/488 nm

Diode pumped
quadrupled QS
NdrYLF (1048
nm)

Argon ion laser
at 302 nm

Krypton ion laser
at 647 nma

"Proposed by author;

Same as above Same as above

257, 244, intra- Up to ~2 W; up
cavity to ~1 W CW
frequency-
doubled in
KDP/BBO

262, frequency- -100 mW QS
doubled exter- 100 ns pulses
nally in KTP
and BBO

Fundamental -200 mW
wavelength

Frequency- >1 W
doubled in
BBO to 323.5
nm

unused as yet.

Same as above Same as above

1 mm, elliptical High coherence,
TEMOO can be oper-

ated single-
frequency but
not necessary

~1 mm elliptical Medium coher-
TEMOO ence, good

beam quality

1 mm TEMOO Excellent coher-
ence: tube life-
time?

1 mm TEMOO Ideal near-UV
source; long
lifetime

Same as above

Source with an
excellent beam
quality for grat-
ing fabrica-
tion; contact
and noncon-
tact phase
mask/
interferometer
but not ideal
for Type II grat-
ings

Good source for
Type I and II
grating writ-
ing in fibers
and planar

Writing through
the jacket of
D/H2 loaded fi-
bers

Through the
jacket inscrip-
tion of D/H2

loaded fibers
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