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ABSTRACT 

The properties of fiber Bragg gratings are investigated theoretically and 

experimentally. The effects of experimental parameters on grating characteristics are 

modeled for both uniform and non-uniform gratings. Particular emphasis is placed on the 

formation of fiber Bragg gratings tilted at 45 degrees with respect to the fiber axis in 

single mode fibers. In this case, light is coupled out of the fiber in a surface normal 

manner. Several fabrication methods for producing tilted fiber gratings are explored and 

characterized. The most efficient gratings are obtained with a prism coupling technique. 

Experimental tilted grating performance is shown to be in good agreement with the 

predictions of a two-dimensional coupled mode theory. Fiber gratings are also used to 

demonstrate an Er/Nd co-doped fiber laser. This dual wavelength laser is formed with a 

common cavity and common gain medium. 
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Chapter 1: Introduction 

Since the first proposal by Kao [1966] on the feasibility of optical fiber and the 

subsequent demonstration of these principles at Coming Glass Works [Kapron 1970], the 

use of low loss optical fiber has rapidly evolved. The interest in, and massive growth of 

fiber optic systems has been spurred by the attractive properties offered by optical fiber. 

These include low loss transmission, high bandwidth, small size, low weight, and 

immunity from external electromagnetic interference. 

Concomitant with the growing interest and deployment of fiber optic systems is 

the development of components to be used in these systems. As a result, intense interest 

has focused on fiber Bragg gratings because of their ability to be used in many different 

applications. These applications include rare-earth doped fiber lasers [Bail 1992], 

dispersion compensation [Williams 1994], wavelength division multiplexing (WDM) 

[Bilodeau 1994], mode couplers [Hill 1990], wavelength stabilization of laser diodes 

[Ventrudo 1994], hybrid fiber/semiconductor lasers [Morton 1992], fiber amplifier gain 

control [Capmany 1996], grating based sensors [Udd 1991], time delay for phased anay 

radar [Zmuda 1997], and nonlinear effect switches [De Sterke 1996]. 

It is the focus of this dissertation to study fiber Bragg gratings for use as surface 

normal fiber taps and as mirrors for a novel co-doped fiber laser. 
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1.1 Historical Background 

The first fiber gratings were formed external to the fiber core. In these 

demonstrations the fiber cladding was polished to create a flat surface close to the core. 

A grating then was introduced by either placing a metallic grating on top of this polished 

region [Sorin 1985], or by etching a grating directly into the polished surface [Bermion 

1986]. Because of the required proximity to the fiber core and the fabrication diflficulties 

this imposed, the practicality of these gratings was limited. The many proposed 

applications inspired by these gratings, however, would later be revisited with the advent 

of in-core fiber gratings 

The formation of a permanent grating written directly into the core of a fiber was 

first demonstrated by Ken Hill [1978] and co-workers at the Canadian Commixnications 

Research Centre. They launched high intensity 488 am radiation firom an argon laser into 

a fiber and observed that the amount of light back reflected out of the fiber increased as a 

function of time, until almost all of the light transmitted through the fiber became 

depleted through back reflection. This behavior was the result of a grating formed in the 

core of the fiber with the strength of the grating increasing as time progressed. This type 

of grating, coined a "HUl grating", is the result of a process later referred to as 

photosensitivity. The grating is a recording of a standing wave pattern formed by the 

interference of the light transmitted through the fiber and the back reflection of this signal 

firom the cleave at the end of the fiber. 
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Studying the formation of Hill gratings, Lam and Garside reasoned that a two-

photon process was responsible and that gratings could be formed more efficiently if 244 

nm radiation was used instead [Lam 1981]. This inspired Meltz and co-workers to 

holographically write a fiber grating by exposing the fiber core to two interfering beams 

directly through the side of the fiber using 244 nm radiation [Meltz 1989]. By varying 

the angle at which the writing beams intersected, fiber gratings could be made to act as 

Bragg reflectors at ahnost any wavelength. 

1.2 Basic Concepts 

Since the initial demonstration of fiber gratings, many approaches have been 

developed to write gratings directly into the core of a fiber (i.e. holographic, phase mask, 

prism, etc.). These are all similar in that they utilize the side writing technique. They 

vary in how they generate the interference pattern used to form the grating. 

In this dissertation, the holographic approach was the chosen method of 

fabrication because it allowed gratings of any fixed period to be easily created. Fig. 1-1 

illustrates the holographic side writing technique. A single coherent source is typically 

split into two beams by an interferometer. The beams are made to intersect at the fiber 

producing a periodic interference pattem that is recorded in the core as a refractive index 

modulation with a period A. By changing the angle, at which the beams intersect the 

period of resulting grating may be varied-
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Figure 1-1 Two beam holographic exposiire of the fiber core using the side writing 
technique. 
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A signal traveling down the core of the fiber that has been exposed 

holographically, as shown in Fig. l-l, encounters a volume hologram at the location 

where the writing beams overlapped. This signal will be diffracted by the hologram if the 

Bragg condition is satisfied, 

2«^^Asin5 = wAg l-l 

where nefr is the effective index of the fiber mode, 9 is the angle of incidence on the 

grating, A is the period of the grating, m is the diffraction order, and Ag is the grating 

wavelength. Eqn. 1-1 may be thought of as a phase matching condition. When satisfied it 

implies that reflections from successive grating planes add coherently. 

Reflection fiber Bragg gratings, as illustrated in Fig. I-l, have fringe planes 

which are perpendicular to die fiber axis (non-tilted fringes). These gratings act as a 

wavelength dependent filters in a fiber. When the wavelength of the input beam matches 

the Bragg condition, the angle of incidence, S , equals the angle of diffraction and the 

beam is reflected back upon itself. The grating period for this case is given by. 

Fiber Bragg gratings can be characterized by their transmission or reflection 

spectra. These spectra may be measiured in the lab with the aid of a broadband source and 

a spectrum analyzer or calculated by use of the coupled mode equations. The bandwidth 

and strength of these spectra are typically proportional to the length of the grating and the 

size of the induced index modulation. 
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1.3 Tilted Fiber Gratings 

The grating planes of a fiber grating may also be designed and recorded to form 

an angle with respect to the fiber axis. Referred to as a tilted, blazed, or slanted grating, 

this grating type can couple light out the side of the fiber if the tilt angle is large enough. 

Fig. 1-2 illustrates a blazed fiber grating with a fnnge tilt of 45 degrees. For this special 

case, the light coupled out of the core is surface normal to the fiber. Potential 

applications for this device include fiber taps, signal distribution in a fiber optic data bus, 

fiber couplers, fiber sensors, and WDM. 

Although the fabrication and application of tilted fiber gratings is an area ready 

for development, relatively little work has been reported. The first references to in-core 

fiber taps can again be attributed to Meltz and Morey. In their experiment, a 5 mm long 

grating with a tilt of approximately 40 degrees was written in polarization maintaining D-

shaped fiber [Meltz 1990]. Output coupling efiBciencies of .034% at 633nm and .2% at 

514 nm were obtained. This work was followed by a demonstration in circular fiber 

[Meltz 1991]. From the parameters provided, the fiber was multimode (V=3.46) at the 

visible wavelengths used. A Mnge tilt of approximately 40 degrees was again used with 

increased output coupling efficiencies of 21% at 514 nm and 488 nm. 
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1 

Figure 1- 2 A tilted fiber grating used as a surface normal output coupler. 
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The remainder of the work reported in this area has typically dealt with gratings 

with relatively small tilt angles. For example, in-core gratings with tilts of less than 8 

degrees were designed to induce selective wavelength losses used to flatten the gain 

spectrum of erbium doped fiber amplifiers [Kashyap 1993a, 1993b]. Erdogan [1996] 

performed a detailed study of tilted gratings with experimental data for tilt angles of up to 

15 degrees in single mode fiber. He also developed a coupled mode formalism to model 

tilted gratings with a non-unifonn index profile. More recently, out-coupling from a fiber 

was achieved with a low tilt grating (tilt angle less than 10 degrees) by writing a grating 

that damaged the core/cladding interface (known as a type II fiber grating). To obtain 

out-coupling, this grating was submerged in index matching gel with an external mirror 

(Tonjallaz 1997]. 

To the best my knowledge, no experimental demonstration of a surface normal 

output coupler in single mode fiber based on a tilted fiber grating has been reported to 

date. Again, such a waveguide embedded phase grating could have potential applications 

in WDM, optical interconnects, fiber-to-fiber coupling, fiber sensors, and signal 

distribution across a data bus. 

1.4 Original Contributions 

Original contributions of this dissertation include: 

1. The use of a prism technique to form slanted fiinges in fiber. 

2. The experimental demonstration of a 45 degree tilted grating in standard single mode 

fiber for use in the infiared. 



3. Application of two dimensional coupled mode formalism to model tilted fiber gratings. 

4. Observation of polarization selective out-coupling from a 45 degree tilted fiber grating. 

5. The demonstration of a novel Er/Nd co-doped fiber laser. Although the main emphasis 

of this dissertation is on tilted fiber gratings, work was also performed on the co-doped 

fiber laser using reflection fiber gratings. It is thus included as another example of the 

application of fiber gratings. 

1.5 Organization of Dissertation 

This dissertation is composed of six chapters, including this introduction. Chapter 

Two provides the background and theoretical models used to predict fiber grating 

performance. In Chapter Three, a discussion of fiber grating fabrication is presented and 

experimental demonstrations of different non-tilted fiber grating types are given. Tilted 

fiber gratings are the topic of Chapter Four. The various ways to fabricate these gratings, 

as well as experimental results, are given. In Chapter Five, a novel co-doped fiber laser 

is presented. This laser utilizes fiber gratings to form a dual wavelength laser with a 

common cavity and common gain medium. Concluding comments are made in Chapter 

Six. 
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Chapter 2: Theoretical Performance of Fiber Bragg Gratings 

[n this chapter the models used to predict the theoretical performance of fiber 

Bragg gratings are presented. Since most of the theory is based on mode coupling, 

Section 2.1 provides a brief introduction into the basic principles of optical waveguides 

used throughout this chapter. Section 2.2 deals specifically with optical fiber waveguides 

and defines the modes supported by a fiber. Finally in Section 2.3, these concepts are 

used to define and model uniform, non-unifomi, and tilted fiber gratings. 

2.1 Dielectric Optical Waveguides 

An optical waveguide is a structure which guides light firom one point to another. 

It is typically constructed with materials of different dielectric constants that are 

"stacked" perpendicular to the direction of propagation as illustrated in Fig. 2-1. Light 

propagation occurs in the guiding region of the waveguide through total internal 

reflection at the material interfaces. For this to occur, the guiding region must have a 

dielectric constant (and in turn an index of refection) of greater value than the materials 

surrounding it. 

Following Kogelnik's [1990] approach, it is assumed that the electromagnetic 

fields in. a waveguide have a periodic time dependence and can be written in the form, 

t{x,y,z,t) = Eix,y,z)e'°" + E\x,y,z)e"'"' 

K{x,y,z,t) = H(x,xz)e'"' + H*(x,3/,z)e"°" 2-2 
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Figure 2-1 Simple slab waveguide with cover, film, and substrate layers and 
Aijr > . Light propagates in the longitudinal direction (z-direction) in the film layer 

via total internal reflection at each interface. 
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where E(x,y,z) and H(x,y,z) are complex amplitudes. These amplitudes may be expressed 

in terms of their transverse (x,y-direction) and longitudinal (z-direction) components 

relative to the waveguide, 

E(x,>;,z) = E,+E, 2-3 

= 2-4 

Maxwell's equations are used to solve for the electro-magnetic fields propagating 

in an optical waveguide. Assuming a lossless media. Maxwell's equations can be written 

as 

V X Eix,y,z) = -icoiM{x,y,z) 2-5 

V X R(x,y,z) = ia}^(x,y,z). 2-6 

In solving these equations boimdary conditions must be satisfied at each material 

interface. If we assume that the waveguide in Fig. 2-1 is uniform in the longitudinal 

direction and changes only in the transverse direction, the resulting solutions must satisfy 

a transverse boundary-value problem. A waveguide mode is defined as a field solution to 

this problem of the form, 

Eix,y,z)^E,ix,y)e-"- 2-7 

a(x,y,z) = E.^Qc,y)e"^'' 2-8 

where the subscript v denotes the mode label and j3^ is the propagation coefficient of the 

mode. Every distinct mode v has an eigenvalue and a unique field distribution. 

In general there are two basic types of solutions, guided modes and radiation modes. 

Guided modes are a set of solutions that are confined near the axis of the waveguide and 
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form a set of discrete j3 's. Radiation modes, on the other hand, form a continuum of 

values of P and radiate out of the guiding region. 

An important characteristic of the modes is orthogonality. This means that modes 

are independent and do not interact with each other as they propagate. For guided modes 

this requires [Kogehiik 1990], 

JJ(E i (x,y, z) X E] ix,y, z)X dxdy = 

where P is the power carried by the mode and 5^ is the ECroenecker delta flmction (5^ =1 

for i=]: 5y=0 otherwise). 

An important consequence of mode orthogonality is that any arbitrary field 

distribution in the waveguide can be written as a superposition of waveguide modes. For 

an arbitrary field propagating in the z-direction, the transverse component may be written 

as 

• 2-10 

The ability to represent an arbitrary field as an expansion of waveguide modes is an 

important tool used in the coupled mode formalism of Section 2-3. 

2.2 Modes of an Optical Fiber 

An optical fiber is a cylindrical dielectric waveguide. It consists of a doped silica 

core surroimded by a pure silica cladding. Since the index of the core is greater than the 
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index of the cladding, guiding is achieved via total internal reflection at the core/cladding 

interface. 

To calculate the modes of the fiber, the wave equation is solved in cylindrical 

coordinates to accommodate the geometry of the fiber. Due to the complexity of the 

solutions for this case, it is easier to solve for the longitudinal field components first and 

then use Maxwell's equations to find the remaining transverse components. Following 

the treatment given by Pollock [1995], we begin with the scalar wave equation for the 

longitudinal field component Ez, 

I d ^ d E . ^  I d - E ,  d - E ,  , 2-11 

r or or r oq) dz 

where r is distance along the fiber radius, 0 is the azimuthal angle, and z is the distance 

along the fiber axis (Fig. 2-2.) Ez is defined as an independent function of r, 0, and z, 

respectively, so that the technique of separation of variable may be employed, 

E(r,(^,.-) = ie(r)cD(^)e-"^" 2-12 

where the time dependence of the wave has been omitted for clarity, but is 

understood. 

Substituting Eqn. 2-12 into Eqn. 2-11 yields, 

-R'0e"^ + -h k;n-ROe"'^ = 0. 
r r' 

Multiplying Eqn. 2-13 by r'f R<^e''^ and grouping like terms results in, 

.R: R R - -r ~ — + /  r ' B ' - k - k ' n ' r  = — — .  
R R " CD 
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cladding 

core 

Figure 2- 2 Optical fiber waveguide consisting of a circular core surrounded by a lower 
index cladding 
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The left-hand side of Eqn. 2-14 depends only on R while the right side depends only on 

O, By definition, R and O vary independently. Thus both sides of this equation can be 

set equal to a separation constant v^: 

O'' + v-cp = 0, 2-15 

and 

.d-R dR 2,-2 2 .2 ^ 2-16 
or or r-

The solution to the differential Eqn. 2-15 is, 

rcos(v(p) 2-17 

Given that the fiber is circularly symmetric, v must be an integer to satisfy the 

geometrical constraints of the problem. 

Eqn. 2-16 is the differential equation for the Bessel fimctions. Its solutions are of 

the form [Arfken 1985], 

{AJXio')e""''e~'^' +C.C. r <a 2-18 
EJr,(p,z) = < 

[ory(yr)e""''e'^+c.c. r>a 

where Jy is the Bessel ftmction of the first kind of order v, and Ky is the Bessel function 

of the second kind of order v. fc is the transverse wavevector defined as, 

and Y is the attenuation coefficient defined as. 

r ^4^^- 2-20 

In a similar fashion, the wave equation can also be solved for Hz resulting in, 
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H,(r,<p,z) = 
BJXKR)E"^E"''-+C.C. r < a  2-21 

DK^(jr)e""'' e + c.c. r > a 

The transverse field components can now be determined by substituting the 

longitudinal field solutions into Faraday's law to generate Er, , Hr, and \ 

p coiidH,\ 2-22 

' ~ K - V  d r  r  d f )  

£.=4 

f l , = 4  
fC 

B dE. dH.' 
— cou—^ 

r dcp or J 

dH  ̂ (OS dEj\ 

V dr r d(p J 

r 

p dH. dE. 
——^+coe-7^ 
r oq) cr J 

2-23 

2-24 

2-25 

To solve for the guided modes in the core (r<a), Ez and Hz from Eqns. 2-18 and 2-21 are 

substituted into Eqns. 2-22 through 2-25. This results in four linear equations. In matrix 

form they are [Pollock 1995]: 

0 -K.^{ya) 0 

0 
jSv 

aK' 
-icoe^ 

K 

J,XKa) 0 -Ki.{ya) 'A 

^JAKa) 
ay 

B 

C 
= 0 

K ay y 
B 

C 

^ , J^Ka) 
aK~ 

_D ^ , J^Ka) 
aK~ y ay 

2-26 

For non-trivial solutions, the determinate of this matrix must be equal to zero. 

Calculation of the determinant yields the dispersion relation, or characteristic equation of 

the fiber. 
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/3Vr 1 ^ 1 J jjim) ^ ^ 

a- Ly" KT'J KJ^ko) yKXya)\_ fc/^Ka) yKXya) J" 

This transcendental equation defines the allowed eigenvalues, 6, for each mode. The 

possible mode solutions for a fiber are labeled as HEvm, EHvm, TEom» or Tmom- Each 

mode corresponds to a discrete value of Bvm found from Eqn. 2-27. The mode label 

indices v and m are associated with the transverse variables r and (p, respectively, and are 

thus integers. The label v is defined as the angular mode number and m as the radial 

mode number. 

For the special case of v=0, the eigenvalue equation can be simplified. Only TE 

(Ez=0) or TM (Hz=0) modes exist in the fiber for this case. Because they are rotational 

invariant (— = 0) these modes propagate as meridional rays down the fiber. When v 
8(p 

does not equal zero the solutions to Eqn. 2-27 are the hybrid EH or HE modes. Hybrid 

modes consist of all six field components and thus have longitudinal field components for 

both E and H. The EH or HE designation is dependent upon which longitudinal 

component, Ez or Hz, provides the largest contribution to the mode. Hybrid modes 

propagate as skew rays in the fiber and are rotationally invariant. In terms of the 

nomenclature, the lowest order mode, or the fundamental mode, of a single mode fiber is 

the HEii mode. This is followed by the TEoi, TMoi, and HEii modes. As discussed 

below, the alternative LP mode representation is often used in place of this designation 

because it is easier to calcidate and experimentally observe. 



2.2.1 LP Fiber Modes 

Eqn. 2-27 can be difficult to evaluate, especially for large values of v. If it is 

assumed however that nciad is approximately equal to ricore, Eqn. 2-27 becomes greatly 

simplified. This approach, used by Gloge [1971] in his weakly guiding approximation, 

significantly eases computation but still yields accurate results since the core/cladding 

index difference of most fibers is typically very small. 

Making the weakly guiding approximation in Eqn. 2-27 and rearranging terms by 

utilizing Bessel function identities yields [Pollock 1995], 

^ _ Kj.iiya) 2-28 

~ ^ K^iya) 

where the subscript j is defined in terms of mode number v: 

j=l TE, TM modes 

j=v+l EHv modes 

j=v-l HEv modes 

The basic premise behind this approximation is that in a weakly guiding fiber, 

linearly polarized light coupled into a fiber will remain linearly polarized. Polarized 

modes are obtained mathematically by superimposing certain combinations of hybrid 

modes. Because the resultant superposition modes are polarized in only one transverse 

direction (Ex or Ey), they are called linear polarized or LPjm modes. These modes are 

degenerate in v and (t> and are a superposition of degenerate EHv+ijn and HEv-ijn modes 

and degenerate TEom» and TMom modes. 
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The lowest order mode, the LPoi mode, corresponds to the hybrid HEi i mode and 

is the fundamental mode in single mode fibers. It posses a two-fold degeneracy which 

stems fi'om the nciad=ncorc approximation. This degeneracy manifests itself as two 

orthogonally polarized LPoi modes (Ex or Ey). The next order mode, LPn. is a 

superposition of the TEoi, TMoi, and HE21 modes. This and all other higher order LP 

modes have a four-fold degeneracy; two modes which are orthogonally polarized due to 

the nciad=ncore approximation as above, and two which are caused by a ±<^ dependency in 

the solutions. Calculated intensity plots of the LPoi and the LP n are provided in 

Fig. 2-3. 

In general, the intensity profile of a mode can be deduced from the mode 

subscripts] and m. The subscript j is one half the number of minima (or maxima) in the 

intensity distribution as a function of cp from 0 to 27t. Similarly, the subscript m is the 

number of maxima in the pattern that occurs on a radial line from zero to infinity [Buck 

1995]. 

2.3 Fiber Grating Calculations 

The basic waveguide and fiber concepts presented above are now used to 

calculate the spectral performance of fiber Bragg gratings. Central to the approach is the 

coupled mode theory. The basic coupled mode equations are derived in Section 2.3.1 

using the formalism developed by Yariv [1984]. In Section 2.3.2 these results are applied 

to the uniform grating problem. An extended coupled mode formalism is used in Section 



Figure 2- 3 Calculated intensity plot of a LPoi fiber mode (top) and two dimensional 
cross section of a calculated LPn fiber mode (bottom). 
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2.3.3 for the case of non-uniform gratings. Finally in Section 2.3.4, tilted fiber gratings 

are discussed. 

2.3.1 Coupled Mode Equations 

As established in Section 2-1, waveguide modes are orthogonal and propagate 

independently of each other. In an ideal waveguide this is true as long as the dielectric 

constant of the guiding region remains uniform in the direction of propagation. In reality, 

modes can transfer power and interact with each other due to deviations from ideal 

conditions in the waveguide. These deviations may be unintentional, as is the case for 

fabrication errors or bend losses, or they can be intentionally caused, as is the case for 

photo-induced fiber Bragg gratings. 

To calculate mode coupling, deviations in the wavegmde are modeled as a small 

perturbation of the dielectric constant which is periodic in the z-direction, A£(-r,y,r)-

The dielectric constant is then written as 

e(x,y,z) = e„ ix,y) + ̂ ix,y,z), 2-29 

where e^(ix,y) is the ideal or unperturbed part. 

In the ideal waveguide, the normal modes satisfy the wave equation for the 

unperturbed medium. 

(V- + ̂ -)E(x,y) = 0, 2-30 

or by substituting in Eqn. 2-7, 

2-31 
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In the perturbed waveguide, on the other hand, Ae(x,y,z) can couple energy from 

a given mode into other modes. As discussed in Section 2-1, the resulting field in the 

perturbed waveguide can be written as an expansion of the orthogonal modes of the 

unperturbed system, 

m 

Substituting Eqn. 2-32 and Eqn. 2.29 into the wave equation (Eqn. 2-30) yields. 

OX oy az oz 

+CO y)+^))4n 

2-33 

EJx,y)e-^- = 0. 

The derivatives of E with respect to x and y can be eliminated by use of Eqn. 2-

31. Grouping the remaining derivatives on one side of the equation and rewriting the 

summations in terms of integers k and 1 (which can only assume values of m) yields, 

oz oz 
Ei(.r,y=-(£r\i^b.e{x,y,z')A^i{x,y)e 

2-34 

Assuming that the perturbation is small, any mode coupling that occurs will be slowly 

varying and thus the parabolic approximation can be made. This assimies the second 

derivative terms are much, smaller than the first derivative terms and may therefore be 

neglected. 

oz 

2-35 

Both sides of Eqn. 2-35 may be multiplied by E^ and integrated over x and y. 
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(-'•2/3, JJE,(:c,;-) .E;(jr,y)a^ = 

-a)-/u^A, IJe;(x,y)As(x,y,z)E,(x,/)e" 
I 

This allows the mode orthogonality relationship to be used. From Eqn. 2-9 this becomes 

dz t|P4| , 

Eqn. 2-37 can be written in terms of a coupling coefficient, C„ 

•(Pt-P,u 2-38 

2-39 

where is defined as 

Q = J JjEfc (X,;') Ae(x, y, r)E, (.r, . 

The coupling coefficient is an overlap integral whose magnitude describes how well a 

mode k couples to a mode 1 due to the perturbation Ae(x,>', z). If the perturbation 

AeCx,^, z) is zero, the coupling coefficient vanishes and no mode coupling occurs. If 

Ae(x,_y,z) is an even function, mode coupling can only occur between modes of the same 

parity (i.e. a forward propagating LPq^ mode coupled, to a backward propagating 

mode). On the other hand, when Ae(x,y,z) is an odd Sanction, mode coupling caa only 

occur between different modes (i.e. LF^ ->• )- This is analogous to the interaction 

matrix element in. quantum mechanical perturbation theory [Peyghambarian 1993]. 

Eqn. 2-38 represents an infinite set of coupled linear differential equations. In 

many practical problems, only two modes are significantly coupled- For two mode 

coupling problems, the modes will either be both traveling in the same direction (co-
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directional coupling) or they will be traveling in opposite directions (contra-directional 

coupling). It is the latter case which is of interest since it represents the situation for a 

reflection fiber Bragg grating. Labeling the two modes mode 1 and mode 2 and assuming 

mode 1 is the incident wave and mode 2 is the reflected wave, 

^ 2-40 

where nefpis the effective mode index. Eqn. 2-38 then reduces to two linearly coupled 

differential equations, 

dz ~ ' 

2-41 
a-^2'^ 

• J 
dz 

= zC, 2-42 

where J3i = -j3i = J3 

2.3.2 Uniform Gratings 

A uniform grating is defined as having a sinusoidal index modulation with a 

constant or uniform average index (Fig. 2-4). For this model it will be assumed that the 

uniform fiber Bragg grating is written in a single mode fiber, is untilted, and is a 

reflection grating. In this case the grating will couple a forward propagating XPqi niode 

into a backward propagating mode. A grating of this type may be modeled with a 

sinusoidal index perturbation in the fiber core given by. 
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n(z) 

0 L 

Figure 2- 4 Sinusoidal index profile (Eqn. 2-43) for a uniform fiber grating. The average 
index is uniform. The grating has a length L. 
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+«,cos(^z) 2£ 2-43 
A 

where A is the period of the grating and ni is the magnitude of the index. 

The first step hi modeling a grating is to calculate the coupling coefficient, for which 

Ae(x,;;,z) is needed. From Eqn. 2-29, 

Ae(x,z) = eix,y, z) - e„ (.v,;/), 2-44 

where, 

eix,y) = e„n-{x,y). 2-45 

Applying Eqn. 2-43, 

s{x,y,z) = •> /•« /• \ •> Zf \ 
«;O,C+2«„„a7ICOs(—r) + /?i cos { — z )  

A A 

2-46 

where ricore is the index of the fiber core and ni is the index modulation as illustrated in 

Fig. 2-4. Assuming a small index modulation (ni«l), the last term of Eqn. 2-46 will be 

very small and can be ignored. Ae(x,y,r) is then approximated by, 

lit 9-4.7 
Ae(x,y, z) = In^^riy cos(—. 

A 

By substituting this into Eqn. 2-39 and converting to cylindrical coordinates, the coupling 

coefScient becomes, 

9 2-48 

where the subscripts indicate coupling between forward, and. backward traveling LPoi 

modes. Notice that the integral on the right side of the equation is similar in form to the 
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Poynting equation. Since the integration is performed over the core, it represents the total 

amount of energy propagating in the core of the fiber. This is known as the core power 

confinement factor, F. 

The coupling coefficient is usually written in reduced form as, 

ITT "^-49 
C, , „ , . = 2«cos(i^r)=C'_, 

where fc is defined as the coupling constant 

mr 2-50 
A ' 

The coupled mode equations then take the form, 

—- = -iKA,(e -he ) 

^ = 2-52 
dz 

The first term in the parentheses of both equations is a positive exponential that is rapidly 

oscillating, and hence has a negligible contribution [Lee 1986]. The second, term in the 

parentheses represents the phase mismatch between the two modes. The grating term in 

this exponential can compensate for the mode mismatch when the Bragg condition is 

satisfied. Eliminating the first phase term yields, 

^ - -iKA 
OZ 

^ . -i2Sz 
= 9-54 

oz -

with. 
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2-55 
= 2707 —-

where Ig is the Bragg wavelength of the grating, X is the wavelength of operation, 

A 
A = —^ is the grating period, and 5 is defined as the Bragg detuning parameter, 5 is a 

In 

measure of the Bragg, or phase, mismatch between the modes. When the Bragg 

condition is met, 5 is equal to zero and resonant mode coupling occurs. As S increases, 

i.e. larger Bragg mismatching, mode coupling decreases to zero. 

As is indicated Fig. 2-4, the grating is defined as having a length L that extends 

firom z=0 to z=L. If we asstime that the forward propagating wave is incident at the start 

of the grating (let Ai(0)=l) and there is no energy in the reflected wave at the end of the 

grating (A2(L)=0), then a closed form solution subject to diese boundary conditions can 

be found for Eqns. 2-53 and 2-54. The closed form solution [Yariv 1984] gives the 

Several important grating properties can be calculated from Eqn. 2-56 [Erdogan 

1997b]. For example. Fig. 2-5 illustrates how grating reflectivity changes as a fimction 

of the coupling constant- As the fc£ product increases, the reflectivity increases, the 

grating bandwidth widens, and the strength of the sidelobes increases. 

The bandwidth of the grating can be determined by manipulating the numerator of 

Eqn. 2-56. Dividing the equation by QCL)', and using the identity. 

reflected power R 

(KL)' cosh-(:4(KL)'~(5L)-) -(5L)- ' 

QCLF sinh-(V(?d:)- - (SLF) 2-56 
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Figure 2- 5 Calculated reflectioii spectra of a uniform, fiber grating as a function of KL . 
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sinh(ir) =/sin(x), 2-57 

the niunerator of Eqn. 2-56 becomes, 

sin(V(5i:)' -(IGC)' . 2-58 

The bandwidth of the grating is defined as the distance between the first zeros in the 

reflection spectrum on either side of the peak reflectivity. These zeros occur when the 

argimient of Eqn. 2-58 equals Tror, 

An [ 
—^ = — ll + i 1 
Ig ( \AnLJ 

where the coupling constant from Eqn. 2-50 has been used with A« = fn,. There are two 

important limits to Eqn. 2-59. The first occurs when A«is small {An «—^). The 

grating is considered "weak" and in this limit Eqn. 2-59 approaches, 

2-60 

Thus in the weak grating case, the bandwidth is inversely proportional to length. This is 

a reasonable result since light will traverse more grating periods in a longer grating and 

have a narrower bandwidth, reflection spectrum as a result of phase matching over a 

greater number of fiinge planes. A plot of grating bandwidth versus coupling constant 

for a weak grating is given in Fig. 2-6. For this calculation An = 10~^ is fixed and the 

length. L of the grating is varied. The grating has a center Bragg wavelength of 

—i55Qnm and satisfies An 

^ L J K \ 
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Figure 2- 6 Calculation of grating bandwidth as a fimction of coupling constant for the 
case of a weak grating. The length L of the grating is varied for several cases of fixed 
An. 
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For the opposite limit. An the grating is considered "strong" and Eqn. 

2.59 approaches, 

X 

2-61 

In this limit, the bandwidth becomes independent of grating length and depends only on 

the index modulation. Light propagating through a strong grating is mostly reflected 

before it reaches the end of the grating, thus negating the full effect of the grating length. 

The bandwidth of a strong uniform grating as a function of the coupling constant is given 

in Fig. 2-7. An is varied for several cases of fixed length. Again = 1550nm and in 

Ao 
this case An»— 

L 

Another important characteristic of a grating is its peak reflectivity. In general, 

maximum coupling occurs when 5=0 (or when k —kg). When resonance does occur, 

Eqn. 2-56 reduces to 

In Fig. 2-8, Rmax is plotted as a functioa of the coupling constant. As shown in the figure 

saturation begins to occur for kZ. > 4. Eqn. 2-62 may be used to calculate An from 

experimental data if the grating length and reflectivity are known. This approach is used 

in Chapter 3 to compare these calculations with experimental results. 

233 Non-uniform Gratings 

The intensity profile of the laser beam used to write a fiber grating determines the 

index profile produced in the fiber. The index profile, ia turn, determines the spectral 

= tanh-(id:). 2-62 
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Figure 2- 7 Calculation, of grating bandwidth as a function of coupling constant (A« 
varied) for the case of a strong grating. Several cases of fixed length, L, are plotted. 
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characteristic of the grating. The reflectioa spectrum of a grating can thus be tailored by 

apodizing the writing beams to create a non-uniform grating. As opposed to uniform 

gratings which typically have a reflection spectra with strong sidelobes (as was shown in 

Fig. 2-5), non-uniform index profile gratings can be created with the spectral 

characteristics required for a specific application. 

Non-uniform gratings may be modeled by a raised cosine index modulation given 

by [Mizarahi 1993a] 

«(^) = "core +«i(^)(l +cos(^r)), 

where ni(z) is a spatially varying envelope function of the induced index perturbation. 

Although many profiles are possible, ni(z) will take the form of a Gaussian function in 

this dissertation unless otherwise stated. For the gratings of interest, this is an accurate 

representation of the index profile since the gratings are formed with laser beams having 

a Gaussian profile. Thus ni(z) is given by [Erdogan 1997a], 

z- 2-64 
•i,(z) = ii,expMln2^^^^,). 

Fig. 2-9 is a representation of a Gaussian grating index profile. The center line in the 

figure represents the spaced average index across the grating. As a grating is written, this 

index will increase until saturation occtirs. 

In the uniform grating model of Section 2.3.2, the average index remained 

independent of grating strength, and the peak of the grating reflection remained centered 

at kg. In the non-uniform grating case the increase in the average index with exposiure 

causes the grating spectrum to red shift in wavelength. Since the index change is larger 
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Figure 2- 9 Non-uniform Gatassian index profile distribution. The center line represents 
the average index of the grating and 2ni is the peak-to-peak index modulation. 
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in the center of the grating, this portion is red-shifted by a greater amount than the rest of 

the grating. As a result, it reflects light at a longer wavelength. The peak of the grating 

reflectivity (associated with the peak index) is thus shifted away firom Xg. The weaker 

parts of the grating, on the other hand, are not red shifted as much as the center of the 

grating and have their local resonances at shorter wavelengths. A shorter wavelength is 

transparent to the center of the grating and is not reflected by it. As a result, effective 

Fabry-Perot cavities with resonance peaks on the short wavelength side of the peak 

reflectivity are formed [11]. 

This situation can be analyzed using the extended coupled mode formalism of 

Erdogan [1996]. Bound-mode to bound-mode coupling in non-uniform gratings with 

either straight or tilted fringes may be calculated with this method. In this approach, the 

coupled mode equations become, 

^ +5 -i^]M(z) + iPg^Kiz)viz) " 
oz oz 

= -/^[g/<T(z) +5 -i^]v(z)-ipgM^Mz) ^ 
oz 2p oz 

where u(z) and v(z) are the forward and backwards propagating waves in the fiber, 

ar(z) represents the slowly varying Gaussian background index, ic(z) is the amplitude of 

the index modulation, ((> represents the variation or chirp in the period of the grating, and 

gf and gb axe the coupling coefficients for forward and backward scattering from the fiber 

grating, respectively. 
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Unlike the simpler case of the uniform grating, a closed form solution to Eqns. 2-

65 and 2-66 is difficult. Therefore numerical analysis must be used. A program was 

written in MATLAB using an adaptive step size Runge-Kutta integration algorithm to 

accomplish this. Runge-Kutta is typically used for boundary value problems with initial 

conditions at a single point. For a reflection grating the initial conditions of j/(0) = 1 

(arbitrary) and v(I) = 0 are usually used for the forward traveling and reflected waves. 

Redefining this into the necessary format of a single point boundary value problem (as 

opposed to a two point problem), the initial boundary conditions of u{L) -1 and 

v(I) = 0 were used and integration was then performed backwards from r = I to r = 0. 

The grating reflectivity is then calculated at z = 0 by R = 
v(0) 
ii{Q) 

A constraint in performing this calculation was that the Runge-Kutta routine in 

MATLAB could not converge with equations written explicitly in terms of imaginary 

numbers. To overcome this problem, the equations were factored into real and imaginary 

parts and separated via the substitutions, 

u-^-ii+iu' -"67 

V —>• V +fv 2-68 

where a single prime denotes the real part and a double prime is the imaginary part. This 

produces four equations which, are then solved simultaneously. 

To verify this approach, the simpler uniform grating which, has a closed form 

solution was used as a test case. The grating spectrum was calculated both numerically 

and with, the closed form solutioii of Eqn. 2-56 and the results were compared. This was 
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repeated for a variety of index modulations and grating lengths to ensure validity. An 

example of the results for the case of a 1 mm long grating with an index modulation of 

approximately An = I0~^ is shown in Fig. 2-10. In this case, as well as the others tested, 

the results of the numerical analysis matched those derived from the closed form 

solutions. 

With the numerical technique proven to be accurate for the uniform case, it was 

used to calculate the solution to Eqns. 2-65 and 2-66. The results for the case of a 

straight grating with a Gaussian envelope of 5 mm (FWHM) and a Bragg wavelength of 

1550 nm is shown in Fig. 2-11. The peak of the grating reflectivity is shifted from 

Ag due to the non-uniform index distribution as described above. Also, there are 

resonances on the short wavelength side of the grating peak as expected. The number of 

Fabry-Perot resonances are a function of grating strength and increase with increased 

index modulation. 

The effects of grating tilt on bound-mode to bound-mode coupling in a non-

unifomi grating may also be calculated from Eqns. 2-65 and 2-66 through the angular 

dependence of the coupling coefficients. Reflectivity as a fiinction of both wavelength 

and fringe tilt is given in Fig. 2-12. As evident in the figure, as the tilt angle of the 

fiinges increase, the grating reflectivity decreases. This result is logical if one thinks of 

the grating planes as mirrors. When the fringes are straight, incoming light is reflected 

back upon itself. As the tilt of the grating is increased from this position, less of the light 

will be reflected back down the fiber. A tilted grating will instead scatter Hght out of the 

fiber core into radiation modes or out of the fiher. The above formalism, can be fiirther 
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Figure 2- 10 Reflectioa spectrum, of a uniform grating calculated by both, a closed form 
solution (solid line) and numerically (plus marks). 
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Figure 2-11 Reflectioa spectrum, of a fiber grating with, a Gaussian index profile (5mm 
FHWM), Xg =1550 ncn, iirinH=I.44. A = .0055, and <t = 10"^. 
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extended to compute bound mode to radiation mode coupling of tilted fiber gratings. 

Calculations have been done and matched to experimental data for fnnge tilts as high as 

15° [12], As the tilt angle increases above this, however, the calculation becomes 

computationally demanding (i.e. Eqns. 5-1, 5-2, andB-l-B-6 of [Erdogan 1995].) As a 

result, a different, simplified approach based on two beam holography and two-

dimensional coupled wave theory is presented below for the case of a 45° tilted fringe 

fiber grating. 

2.3.4 Forty-five Degree Tilted Gratings 

A fiber Bragg grating may be classified as a volume phase holograms written in 

the core of a fiber. One of the most commonly used theories for describing diffraction by 

a volume hologram is the coupled wave theory (CWT) made popular by Kogelnik [1969]. 

BCogelnik's one dimension coupled wave theory, however, is not entirely suitable for the 

case of a 45° tilted fiinge grating (Fig. 2-13.) It assumes that the grating is infinite in 

extent in two dimensions and doesn't account for the propagation of light along the 

grating (z-direction in Fig. 2-13.) One-dimensional CWT also assumes that a grating is 

either a reflection grating or a transmission grating and uses boundary conditions 

dependent upon this classification. These boundary conditions are not completely valid 

for a grating with 45° tilted fiinges since this is neither an example of a pure transmission 

grating nor a pure reflection grating. 
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2.3.4.1 Two-Dimensional Coupled Wave Theory 

Kogelnik's formalism may be extended into a two-dimensional coupled wave 

theory. Two-dimensional CWT is typically based on a crossed beam diffraction grating 

[Solymar 1978, Kenan 1978, Svidszinskii 1980]. This is more appropriate for the case 

illustrated in Fig. 2-13 since the grating is no longer considered infinite in the z-direction. 

Also since the input and diffracted beams intersect at a right angle (Fig. 2-13), a 

simplified rectangular grating geometry can be used. The simplified geometry accounts 

for changes in grating length and depth since the coordinates are defined along the 

grating boundaries. This approach, an adaptation of earlier work used to model 45° tilted 

fringe gratings written in photopolymer waveguides [Jones 1995b], is now used to model 

slanted gratings written in an optical fiber. 

Several assumptions are used in this model. Typically in single mode fiber, the 

LPoi mode can be approximated with a Gaussian amplitude distribution. The model used 

here assumes a uniform amplitude wave incident on the grating. It is also assumed that 

the grating is lossless and that there is no detuning from the Bragg resonance. 

With this in mind, much of the rest of this derivation follows the recipe used in 

Section 2.3 (i.e. the electrical field in the hologram, or the perturbed medium, is 

substituted into the wave equation, two wave coupling is assumed, and a pair of coupled 

wave equations are formed.) If it is assumed that the grating is illimiinated with beams 

having the same wavevectors as the recording beams, the total field in the grating can be 

written as. 



cladding 

cladding 

Figure 2- 13 Fiber grating with 45° tilted fringes acting as a svirface normal output 
coupler. 
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E{x,y) = +5(.r,z)e-'^--' 2-69 

where ^ is the wavevector. Substituting this into the Helmholtz equation, Eqn. 2-30, with 

an index modulation proportional to the square of the writing beams, 

Several assumptions can be made to simplify this equation. As was done in 

Section 2.3.2, second order derivative terms may be neglected if we assume a small index 

modulation. Also, two beam coupling is once again assumed. Hence only the first two 

exponential terms in Eqn. 2.71, which represent the zero and minus one diffiaction 

orders, are retained [Solymar 1981]. Applying these approximations and performing the 

respective differentiations results in two coupled wave equations. 

n{x,y) = + A« cos(§ • r) 2-70 

where 4 =<^(sin(0)Jc + cos(0)z) produces, 

(V-i? - ilk •VR-k-R)e +{V'S-K'VS- k-S)e-^'' 2-71 

2-72 

2-73 

where, as before, K = is the coupling constant. 
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This pair of linear differential equations may be solved using Lapiace transforms 

[Jones 1995a]. Applying the Laplace transform to Eqns. 2-72 and 2-73 with respect to x 

produces, 

sR(s,z) - RSO,z) + iKS(s,z) = 0 2-74 

dS 2-75 
— + iKR^O 
dz 

where s is the transform variable and the caret top signifies the transforms of R and S. 

Substituting Eqn. 2-75 for R into Eqn. 2-74 with the initial condition of Ro(0,z)=l 

(readout with R beam) produces, 

dz s s 

f 4d: 
An integrating factor of the form u~e^' may be used to solve this equation. In this 

case multiplying Eqn. 2-72 by e ^ yields, 

dS — ic-S — -iK — 2-77 
—e ^ -I e ^ = e ^ . 
dz s s 

By recognizing the chaia rule operation, this may be alternatively written as, 

a ic'r . c'r 2-78 

oZ s 

which allows the equation to be integrated directly. Applying the boundary condition 

that S(s,0)=0 (readout with R beam only.) 
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. i 2-79 
S = --il-e ' ). 

K 

The inverse Laplace transform yields, 

2-80 
5(x, z) = (2K YJ x: 

X 

2-81 

To solve for R(x,z), Eqn. 2-79 is substituted into Eqn. 2-74 for S and the above 

procedure is repeated. The results is 

R{x,Z)=JS1K4^). 

The diffraction efficiency is then given by [Solymar 1978, 1981], 

DE = 1 . 2-82 

2.3.4.2 Performance 

Eqn. 2-82 may be used to predict the performance of a 45° tilted grating output 

coupler for a variety of parameters. For example, the diffiraction efficiency of a fiber 

grating tap as function of wavelength is given in Fig. 2-14 for gratings of several different 

lengths. An index modulation of An = 5 x 10"^ and a grating depth equal to the fiber 

diameter (d=525 microns) was used for this calculation. The theory predicts that output 

coupling performance will decrease with increasing wavelength. As shown in the Fig. 2-

14, this may be compensated for by increasing the grating length. Since a longer grating 

length denotes a greater interaction length, it is reasonable that output coupling should 

increase with increased length. This is illustrated in Fig. 2-15 where efficiency is plotted 

as a fimction of length for a fixed wavelength of 810 nm and an index modulation of 
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Art = 5 X10"^. In terms of fabrication, however, longer fiber grating lengths are a 

challenge to produce and can at present be made only using phase mask techniques. 

As evident from Eqn. 2-82, grating efficiency will also increase in the same 

maimer with grating depth. However, the grating is confined to the core of the fiber. 

Most single mode fibers range in diameters firom 4 to 8 microns. Hence the depth is not a 

significant firee variable in tilted fiber grating design. 

Another important parameter that can increase diffraction efficiency is the index 

modulation. Fig. 2-16 illustrates how diffraction efficiency varies with index modulation. 

As expected, the grating efficiency increases as the index modtilation increases since 

coupling within the grating will be stronger. One way to increase the index modulation is 

to pretreat the fibers prior to exposure with hydrogen as discussed in the next chapter. 

2.4 Summary 

The analytical tools used to model fiber Bragg grating characteristics were 

presented. Several different grating types were discussed. The techniques used to 

fabricate these gratings are discussed in Chapters 3 and 4. 



65 

1 cm 

5 mm 

1.4 0.8 0.6 
Wavelength (microns) 

Figure 2-14 Calculated tilted grating eflSciency vs. wavelength. Three different grating 
lengths are shown for An = 5 x 10"* and d=5.25 microns. 
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Figure 2-15 Calculated tilted grating efficiency vs. grating length for A« = 5 x lO"' and 
d=5.25 microns at 810 nm. 
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Figure 2-16  Calculated tilted grating efficiency vs. index modulation for a L=5 mm 
length grating and d=5.25 microns at 810 nm. 
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Chapter 3; Fiber Bragg Grating Formation 

In this chapter, the fundamental concepts behind the experimental fabrication of 

fiber Bragg gratings are presented. To describe the formation of fiber gratings, a review 

of the photoinduced mechanism responsible is presented first in Section 3.1. This 

photoinduced change in optical fiber can also be enhanced with hydrogen gas. Section 

3.2 discusses the important control parameters for hydrogen loading and describes a 

loading system designed and constructed to sensitize fibers. In Section 3.3, a general 

overview of grating writing techniques is given. The formation of unslanted, reflection 

fiber gratings and the experimental setup used to fabricate them is presented in Section 

3.4. 

3.1 Photosensitivity in Optical Fibers 

Photosensitivity in optical fiber is defined as the change in the reflective index 

within the fiber due to laser exposure, usually in the UV. Although the details of the 

process are still not well understood, one popular model attributes photosensitivity to 

germanium related defects in the fiber core as described below. 

Optical fiber is typically made of glass with a tetrahedral structure consisting of 

silicon and oxygen atoms. In this matrix, silicon has four valence electrons and oxygen 

has two. Thus each silicon atom is singly bonded to four oxygen atoms. The cladding of 

a fiber is composed of pure silica (SiOo) glass. The core of the fiber, on the other hand, is 

usually doped with germanium to increase its index of refiraction (this allows total 
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internal reflection to occur at the core/cladding interface). Germanium, like silicon, has 

four valence electrons and can replace silicon in the glass structure. This substitution, 

however, produces defects when the germanium doesn't bond properly. The resulting 

defects are known as color centers and are believed to be the origin of the 

photosensitivity effect. 

Two basic kinds of germanium oxygen deficient defects have been proposed. 

They are illustrated in Fig. 3-1. The first is shown at the top of the figure and is known as 

a neutral oxygen vacancy (NOV) [Hosono 1992]. A NOV occurs when a gemianium 

atom has a silicon or germanium atom as its nearest neighbor instead of an oxygen atom. 

The second defect, at the bottom of the figure, arises when a germanium atom is bonded 

to only two oxygen atoms. This leaves the germanium atom with a lone pair of electrons 

which are unbonded [Skuja 1984]. An important difference between these defects is that 

the NOV defect can be bleached by irradiation in the 240 nm wavelength band. It is 

therefore commonly believed that the NOV defect is primarily responsible for 

photosensitivity, but the role of each type of defect and the interaction between them is 

still not well understood. 

Both defects do exhibit absorption in the 240 nm wavelength band. The measured 

UV absorption spectrum of a germanium doped fiber preform both before and after 

exposure to UV light at 248 nm has been shown by Atkins [1993]. The key point of this 

work is that after UV exposure, there is a decrease in the absorption in the 240 nm band. 

This bleaciiing suggests that the defect responsible for the initial absorption has been 

eliminated. 
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Figure 3-1 Basic GeO defect structures 
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One of the more popular models used to explain this phenomenon is the color 

center model [Hand 1990]. In this hypothesis, it is believed that UV light ionizes the 

oxygen deficient color centers causing electrons to be released. The freed electrons are 

then trapped in neighboring sites, creating new types of color centers (i.e. Ge(l) and 

Ge(2)) [Friebele 1986]. Hence while some defects are bleached, others are created and 

die net result is a local redistribution of electrons which modifies the UV absorption 

profile of the glass. A change in absorption can then be related to a change in the index 

of refraction by the BCramers-Kronig relation [Agrawal 1995], 

where the P stands for the principal part of the integral and Aa is the change in 

absorption. Thus a change in absorption in the core of a fiber caused by exposure to a 

UV interference pattern can result in a nonvolatile modulation of the index of reJ&action 

in the core and can be used to form a grating in the fiber. 

The magnitude of the induced refiactive index change in germanium doped fiber 

varies ftom fiber to fiber and is a fimction of germanium doping levels. It has been 

shown that absorption, and thus index change, depends linearly on germanium 

concentration up until the onset of saturation [TDong 1995]. Saturation is both a function 

of energy density and duration of exposiffe. For untreated, standard commimication fiber 

doped with 3-6 mole % GeOi, the UV induced index change typically does not exceed 

10"* [Erdogan 1994]. 

c [•Aa(Q})c/Q) 3-1  
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3.2 Hydrogen Loading 

A technique developed to increase the photosensivity of almost any optical fiber 

is "hydrogen loading" [Lemaire 1993], High pressure loading of hydrogen gas into the 

fiber core causes nearly every germania site in the glass to participate in the formation of 

defects. This dramatically increases the magnitude of the refractive index change 

obtainable and allows strong gratings to be written in almost any standard 

telecommunications fiber. Index changes as high as 10"^ have been reported [Mizrahi 

1993b]. 

The amoimt of hydrogen which may be introduced into a fiber is a flmction of 

temperature, time, and pressure. The influence of these parameters on the diffusion rate 

of hydrogen into the core of a fiber can be modeled by using a Fickian diffusion equation. 

This models a circular cylinder in which diffusion is everywhere radial. To calculate 

hydrogen diffiision into the fiber core, the fiber is treated as a cylinder with a radius equal 

to the fiber cladding. The normalized concentration of hydrogen at the core of a fiber 

with radius a is then given by [Crank 1975] 

C 2y exp(-£>a„V>/n(m„) .- 2 

Q a„=, a„Ji(aa„) 

where D is the diffiasion constant of hydrogen in silica, t is time, r is the radial distance 

from the center of the core, and ra„ and aa„ are the roots of the Bessel fimction of the 

first kind of orders zero and one, respectively. The diffiision constant, D, is temperature 

dependent and has been found empirically [Lemaire 1991]. 
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Fig. 3-2 presents a series of plots of the normalized hydrogen concentration versus radial 

position in the fiber at a temperature of294 K. Multiple plots are used to illustrate how 

the hydrogen concentration in the fiber increases with time (measured in day increments.) 

At this temperature it takes approximately 13 days for the hydrogen concentration to 

reach 95% of its equilibrium value. This is more evident in Fig. 3-3 which presents the 

data in the form of concentration at the core versus time. Increasing the temperature at 

which the hydrogen is loaded into the fiber speeds the diffusion process and decreases the 

loading time. For example, elevating the temperature to 300 K reduces the loading time 

for a 95% normalized concentration to approximately nine days as shown in Fig. 3-3. 

Although increasing the temperature reduces the loading time, it also reduces the amount 

of hydrogen molecules which can be absorbed into the fiber, or solubility S. Solubility is 

inversely proportional to temperature and is given by [Lemaire 1991], 

5' = 3.37exp(1041.66/r) ppm/atm. 2-3 

From Eqn. 3-3, increasing the temperature results in a lower total concentration of 

hydrogen in the fiber at a given pressure. However, a higher concentration can be 

obtained by increasing the loading pressure. The equilibrium concentration of hydrogen 

at the core of the fiber is equal to the solubility times the loading pressure, 

Q=5r-Pppm.  
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Figure 3- 2 Normalized concentratioa of hydrogen, gas diffused into the fiber as a 
function of radial position in the fiber. The multiple traces represent concentration vs. 
loading time labeled in days. 
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Although greater concentrations can be obtained with increased pressure, the mechanical 

tolerances of the loading system impose a limit on the maximum pressure which can be 

used. In addition to the obvious concerns of using a high pressure gas system, hydrogen 

gas is also explosive, it weakens the structure of metals over time, and it can be volatile 

under pressure. Thus the optimal balance of pressure, temperature, and time is ultimately 

dependent upon the system used. 

3.2.1 Hydrogen Loading System 

A hydrogen loading system was designed and constructed to sensitize optical 

fibers as described above. The system, shown schematically in Fig. 3-4, consists of two 

functional sections, a loading assembly to house the fiber and a gas supply/delivery 

system to pressurize the loading assembly. The entire system is constructed from 

stainless steel pipes pressure rated for 7500 psi and fi:om high pressure Swageiok fittings. 

The weakest fitting is pressiire rated for 3000 psi with a 4:1 safety ratio. The system is 

typically operated at 2000 psi, leaving a 1000 psi safety margin. 

The loading assembly consists of a loading chamber which holds the fiber during 

loading and a water-based heat exchanger used to regulate the loading temperature. The 

loading chamber is simply a meter long stainless steel tube 0.25 inch in diameter. Fiber 

is spooled lengthwise on a rod and inserted and sealed inside this tube. The heat 

exchanger is formed by connecting a one inch diameter stainless steel tube between two 

one inch T-fittings. The smaller diameter loading chamber is centered inside this one 

inch wide assembly and coimected to it at the ends of each tee via a reducing adapter. 

This creates a sealed space between the outside of the loading chamber and the inside of 
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Figure 3- 3 Normalized concentratioa of hydrogen in the core of the fiber as a function 
of time at 300 K and 294 K. 
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the T-fittings and pipe. The bottom of the T-fittings are used as a water inlet and outlet 

from this space to a temperature controlled water supply as shown in Fig. 3-4. 

Temperature regulated water is circulated in this space to maintain the temperature in the 

loading chamber at a desired value. 

The gas supply system uses both hydrogen and helium source tanks. These tanks 

are connected via thermoplastic hoses (rated for 5000 psi) to a quick disconnect fitting. 

The quick disconnect allows the loading assembly to be pressurized and then 

disconnected, isolating the assembly from the hydrogen source. 

Helium is used first to safety test the system. Unlike hydrogen it is not 

combustible, but like hydrogen it has a small atomic number which makes it a valid 

substitute for leak testing. The helium gas is gradually introduced into the system by 

increasing the supply pressure in steps, one section at a time, using various safety valves 

in the system. With each step increase in pressure leak tests are performed using both a 

high-pressure, leak detector fluid and a helium "sniffer" (a mass-spectrometer to detect 

trace quantities of leaking helium.) When the system is fiilly pressurized and verified to 

be leak free and safe, it is de-pressurized via a venting valve and then re-pressurized with 

hydrogen following the same steps. 

The system is typically operated at 2000 psi to allow a 1000 psi safety margin for 

the weakest fitting in ±e system. From Eqn. 3-3, the equilibrium solubility of hydrogen 

in the fiber is approximately 116 ppm/atm at a temperature of294 K. At a pressure of 

2000 psi the core is loaded with 1.6 % hydrogen, a concentration which has 

experimentally proven to be adequate fi)r writing strong gratings in most fibers. 
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Figure 3- 4 Schematic of the hydrogen loading system consisting of two functional parts, 
the gas delivery system and the loading assembly. 
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3.3 Writing Techniques 

There are several different approaches to writing gratings in fiber. Fig. 3-5 

summarizes the general techniques. The first of these, the phase mask tecimique is 

illustrated in Fig. 3-5a [Hill 1993]. A phase mask is a silica substrate that has a grating 

pattern etched onto its surface. The plus/minus 1 diffracted orders (the zero order is 

typically suppressed) exiting an illuminated phase mask interfere to form a grating in a 

fiber placed behind the mask. The advantages of the phase mask technique are ease of 

use for the mass production of gratings, easy alignment, reduced stability and coherence 

requirements compared to the holographic technique, and the ability to computer generate 

arbitrary interference profiles and chirped gratings. The main draw back to this technique 

is that a mask can produce a grating at only a single specific wavelength. Thus there is an 

associated cost for making a new mask each time a grating at a different wavelength is 

needed. 

Another common approach to writing fiber gratings is the holographic approach 

illustrated in Fig. 3-5b. A two beam interference pattern is created by an interferometer 

and recorded in the fiber. The main advantage of this approach is that the period of the 

interference pattern may be tuned to produce gratings that operate over a wide range of 

wavelengths. Coherence and stability requirements are the main difSculties encountered 

with, this method. This approach is discussed in more detail in Section 3.4. 

A variation of the holographic approach is the prism technique pictured in Fig. 3-

5c. The prism acts as a common path interferometer making it an inherently more stable 

arrangement. In this scheme, a laser beam is incident on the prism hypotenuse. The 
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Figure 3- 5 General methods used to create fiber gratings utilizing the side writing 
technique. They include: a) phase mask technique, b) holographic technique, c) prism 
technique, and d) point by point method. 
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input is oriented so that half the beam is reflected off the baclc face of the prism causing it 

to interfere with the other half of the beam which is refracted directly to the bottom of the 

prism. In essence, the grating is formed by folding a beam unto itself. One drawback to 

this approach is that the folded beam produces a "half Gaussian" index profile in the fiber 

which can create strong side lobes in the reflection spectrum [Patrick 1993]. 

The final fabrication technique illustrated in Fig. 3-5d is the point by point writing 

method. A writing beam is pulsed as the fiber is translated so that the individual grating 

lines may be written into the fiber. This technique is slow and requires high precision 

translation. It is typically used for writing long period gratings. 

3.4 Reflection Fiber Gratings 

In this section, the fabrication of unslanted reflection fiber Bragg gratings is 

discussed. Gratings are formed using the holographic methods as discussed below. 

3.4.1 Grating Period Calculation 

In general, diffiaction from a periodic structure can be described by the grating 

equation, 

.  ̂  . mX 3-5 
nsmd-, =«sm0, -i 

A 

where 9^ is the angle of incidence of a wave on the grating, 0, is the angle of the 

diffiracted wave, A. is the grating period, and m is the order of diffraction. The grating 

equation expresses the phase matching condition that results from the boundary 

conditions imposed by Maxwell's equations. For each diffiaction order, it predicts where 
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energy will be scattered and at what wavelength constructive interference from the 

scattering point occurs. For the special case when the incidence angle equals the angle of 

diffraction, the Bragg condition is satisfied and resonant coupling of energy can occur. 

The grating equation may be applied to the problem of diffiaction from a fiber 

grating by recognizing that the mode propagation constant /3 is equal to kneff and that 

n^ff =««reSin0 . Substituting these equalities into Eqn. 3-5 yields, 

, , Imi 3-6 

or, 

3-7 

Assuming a non-slanted reflection fiber grating in single mode fiber that couples a 

forward propagating LPqi mode to a backward propagating LPOI mode, and . 

Eqn. 3-7 becomes 

1 3-8 A = 

which is the Bragg condition (TErdogan 1997b]. 

Eqn. 3-6 may be expressed pictorially in the form of a Bragg diagram. The 

diagram provides a convenient approach to calculating the grating period, the angle of 

diffraction, and the interbeam angle between the writing beams when they are at a 

different wavelength than the signal beam. Fig. 3-6 is an example of a Bragg diagram for 

the case of an imslanted reflection grating. In the figure, K represents the grating vector, 

kw is the wavevector of the write beams, and ks is the wavevector of the signal beams. 



Figure 3- 6 Bragg diagram for a noa slanted reflection grating. 
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Again assuming a single mode fiber and coupling of a forward propagating LPqi 

mode to a backward propagating LPo[ mode, the magnitude of the k vectors are both 

equal. By simple addition of the k vectors in the diagram, the grating vector is found to 

be, 

K  =  2 k n ,  3-9 

or, 

A = - 3-10 

In 

To form a grating with the period given in Eqn. 3-10, the writing wavelength and 

geometry must be taken into consideration. The desired wavelength of operation of a 

grating is typically different from the wavelength used to write the grating and thus the 

lengths of kw and ks will be different (the most commonly used propagation wavelengths 

in fiber are 1300 nm and 1550 nm while the grating is written at 244 nm.) As a result, the 

interbeam angle formed between the grating vectors of the writing beams and that of the 

signal beams must thus be different if Bragg matching is to be achieved. Pictorially, the 

interbeam angle (in the fiber) between writing beams with wavelength needed to 

achieve Bragg matching at a signal wavelength A^is equal to the angle formed by kw and 

the perpendicular bisector of K. From the diagram. 

Bg =sin' 2 
k^n 

3-11 

= sm -t r A, ^ 
lAn 
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3.4.2 Experimental Setup 

The experimental setup used for fabricating reflection type fiber gratings is 

similar to a basic Mach-Zehnder interferometer and is illustrated in Fig. 3-7. The 244 nm 

wavelength laser necessary for writing gratings in fiber is an uitracavity frequency 

doubled Argon-ion laser (Coherent model FRED). Light from the laser is expanded 

using a simple Galilean telescope and is directed to a beam splitter 

using a series of UV mirrors. The light is then split along two paths which are later 

recombined at the fiber. 

The path lengths of the interferometer were equalized within the coherence length 

of the laser. A UV grade fiised silica compensation plate was inserted in one arm of the 

interferometer to balance the mismatch in optical path lengths between the two arms 

created by the beam splitter. Also, an additional mirror was added to one arm of the 

interferometer to allow the beams in both arms to undergo the same number of reflections 

and have similar portions of the two wavefronts interfere with each other in the fiber 

plane. 

A cylindrical lens is used to focus both beams along the axis of the fiber core. 

This produces a greater intensity interference pattern on the core and reduces exposure 

time. Typically the cylindrical lens is placed, before the beam splitter. This eases 

alignment and allows both arms of the interferometer to focus the beam at the same place. 

This approach, works well for hydrogen loaded fibers. For the case where the fiber is not 
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Figure 3- 7 Experimental setup used for producing reflection fiber Bragg gratings. 
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hydrogen loaded and/or photosensitivity is decreased, a separate cylindrical lens of a 

shorter focal length is used in each arm of the interferometer. A shorter focal length lens 

positioned directly in front of the fiber produces a smaller spot size on the fiber and 

results in greater exposure energy at the core. 

The two turning mirrors in the interferometer determine the Bragg angle, and 

the period of the grating (Eqn, 3-11). Both mirrors are mounted on precision motorized 

rotational stages with .001° angular resolution. These stages allow precise adjustment of 

the Bragg angle for tuning of the grating wavelength. To obtain the proper Bragg angle, 

a reference position is first set. The tuning mirror of each arm is then positioned to 

reflect the light coming from the beam splitter through a set of centered irises (Fig. 3-7.) 

The light is thus reflected along a path that is parallel to the normal of the fiber. From 

this position, the mirrors are then moved by an angle / 2 (since the reflection angle off 

a mirror is 20 ) to produce a beam intersection angle of &g with die fiber normal (as 

shown by the alternate interior angles in Fig. 3-7.) 

The focused beams intersecting on the fiber must be carefiilly aligned so that they 

overlap and focus in the core region. Two methods are used to aid in this alignment. The 

first is to use the scattering of UV light off the fiber to help determine the orientation of 

the cylindrical lens. Scattering patterns have been studied in depth by Presby and 

Marcuse to help measure fiber uniformity and index during fiber manufacture [Presby 

1974, Marcuse 1975]. Here these patterns are used to determine the best placement of 

the cylindrical lens with, respect to the fiber. A UV sensitive screen is placed behind the 

fiber to capture both, writing beams after they diverge from the fiber. The fiber produces 
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a diffiraction pattern and a shadow of itself in both beams. While viewing these patterns 

on the screen, the height of the cylindrical lens is adjusted until the shadow is centered in 

the diffiraction pattern. Any tilt/rotation introduced by misalignment of the cylindrical 

lens is then adjusted by rotating the cylindrical lens until the sinc-like diffraction patterns 

are parallel to the fiber and the shadow region. The size of the shadow region compared 

with the entire beam profile also provides a rough estimate of the proper placement of the 

fiber with respect to the focal plane of the lens. 

The second alignment technique is based on fluorescence in the 400 nm region 

that the fiber produces when irradiated with light at 244 nm [Patrick 1993]. As the light is 

focused down tighter on the fiber, this fluorescence uicreases. This can be used to 

position the lens to focus the light on the fiber core. The blue fluorescence escaping out 

the end of the fiber is measured with an optical power meter and the optimal fiber 

position may be determined when the measurement is peaked. These two alignment 

techniques may thus be combined to provide course and fine adjustment of the cylindrical 

lens with, respect to the fiber. 

Since the typical period of a reflection fiber grating is on the order of 0.5 |im or 

less (Eqn. 3-6), system stability and vibration isolation are important issues. Hence all 

the components in the interferometer are mounted as low to the optical table as possible 

for greater fiinge stability. A Plexiglas case also covers the interferometer to isolate the 

setup firom air currents. As a check on stability, a Michelson interferometer using a 

HeNe laser was constructed within the Plexiglas box. The fiinges firom this 
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interferometer are projected onto a screen and fringe movement is monitored to indicate 

any instability. 

A fiber grating is typically measixred in-situ as it is being written using a 

broadband source and an optical spectrum analyzer (OSA). The spontaneous emission 

from a semiconductor optical amplifier (SOA) is used as the broadband source in these 

experiments (Fig. 3-8.) Prior to exposure, light from the SOA is coupled into the OSA 

(Ando model AQ-6315B with a maximum 0.05 nm resolution,) through a fiber in which a 

grating is going to be recorded. With this configuration, changes in the power spectra of 

the SOA caused by the formation of a grating are observed on the OSA during exposure. 

These changes indicate die wavelength of operation, the bandwidth, and the strength of 

the grating being formed. Gratings with a specific reflectivity can be produced by simply 

terminating the exposure when the grating strength reaches the desired value. By using a 

3 dB coupler as shown in Fig. 3-6, a grating can be viewed either in transmission or 

reflection on the OSA. 

3.4.3 Experimental Results 

In this section experimental grating data is presented for unslanted fiber Bragg 

gratings. Common to all of the data provided is the measurement technique used. The 

data is recorded using the OSA in a configuration that measures the transmission of the 

SOA through a fiber during exposure. Fig. 3-8 is an example of the power spectra from a 

1500 nm SOA with no grating present. In the data below, the gratings in the 1550 nm 

region appear as a notch in this spectrum. SOAs centered at 1300 and 800 nm were also 
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used to write gratings in tiiese respective wavelength ranges. Their spectra are similar in 

shape and bandwidth to that of Fig. 3-8. 

3.4.3.1 Uniform Grating 

As discussed in Section 2.3.2, a uniform grating has a sinusoidal index 

modulation with a constant, or uniform, average index. To form such a grating, spatially 

uniform writing beams are required. The writing beams produced by the laser, however, 

have a Gaussian profile. A uniform grating is thus created by first expanding the laser 

beam and then placing an adjustable slit in each arm of the interferometer. The slit is used 

to limit each beam to a 0.8 mm diameter spot of uniform intensity. Experimental data is 

given in Fig. 3-9 for a uniform grating formed in this way in hydrogen loaded Coming 

SMF-28 single mode fiber. Also included in the figure is the calculated theoretical 

spectrum obtained from using the coupled mode theory of Section 2.3.2. To perform the 

theoretical calculation, the coupling constant of the grating can be determined with the aid 

of Eqn. 2-62, 

using the known length of the grating and the experimentally measured peak reflectivity. 

Once fc is determined in this manner, it may be substituted into Eqn. 2-56, 

R^=xanh.\KL), 3-12 

(KB-smh-(J(KL)- -(SD-'t j-1J 
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Figure 3- 8 Transmission spectrum of a 1550 nm SOA used as a broadband source to 
measure fiber gratings. 
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and the theoretical spectrum can be calculated as a function of wavelength. 

Since the grating is uniform, it is expected that the peak of the grating will 

coincide with the Bragg wavelength at the center of the grating. Indeed, in Fig. 3-9, the 

experimental peak reflectivity occurs at the center wavelength 1300.785 nm. The 

measured peak of approximately 8 dB at this wavelength yields a value of kI, = 1.577, or 

Art = 8.136 X10"* using Eqn. 3-12. Substituting this value of jcZl in Eqn. 3-13 gives a 

reasonable fit to the measured data. As another check, Eqn. 2.59 predicts a grating 

bandwidth of .0012( Ag) for this case or 1.56 nm. This is very close to the approximate 

1.5 nm bandwidth of the measured data as shown in Fig. 3-9. 

3.4.3.2 Non-uniform Grating 

Gratings with a non-uniform index profile described in Section 2.3.3 were also 

written. These gratings had a Gaussian index profile formed with beams approximately 4 

mm in diameter. An example grating formed in hydrogen loaded Coming SMF-28 is 

given in Fig. 3-10. Notice that as expected, this grating is no longer symmetric like the 

uniform grating in Fig. 3-9. The grating reflectivity for this case is at least 30 dB, the 

measurement limited by the signal strength of the SOA and the noise floor of the OSA. 

Also evident are the Fabry-Perot resonances on the short wavelength side of the grating 

that were predicted and discussed in Chapter 2. Fig. 3-11 is a plot of the calculated 

spectrum a 4 mm long Gaussian profile grating with <t = 7 x 10"*. The plot is similar in 
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Figure 3- 9 Measured and calculated transmission spectra for Bragg reflection in a 0.8 
mm long uniform fiber grating with KL = 1.577. 
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Structure and strength to the experimental data and to first order provides a reasonable 

match. 

It was also predicted in Chapter 2 that the average index of a non-uniform grating 

increases with exposure, shifting the center Bragg wavelength. Fig. 3-12 illustrates this 

with a grating written in hydrogen loaded QPS fiber (QPS-PFBG-1355-T) measured at 

two different times (4 minutes apart) during exposure. Not only does the center 

wavelength shift, but as the index modulation increases over time the grating bandwidth 

also increases, as predicted by Eqn. 2-61 for the case of a strong grating. The grating 

reflectivity is also greatly enhanced with increased index as expected. 

3.5 Summary 

Reflection fiber grating formation was presented in this chapter. This included a 

discussion on a current theory used to explain photosensitivity as well as the effects of 

hydrogen loading on the process. The experimental apparatus used to load fibers and 

write gratings was also presented. Experimental results for non-tilted gratings were given 

and compared to theory. In the next chapter, the fabrication of tilted fiber gratings is 

explored. 
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Figure 3-10 Measiured transmission spectrum of a 4 mm long fiber Bragg grating with a 
Gaussian profile. Fabry-Perot resonances are present on the short wavelength side of the 
grating. The measured transmission of the grating is limited by the 80 dB noise floor of 

the OSA. 
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Figure 3-11 Calculated transmission spectrum of a 4 mm FWHM Gaussian index profile 
grating with cr = 7x 10"^, A = .004, and nrinH=L447. 
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Chapter 4: Tilted Fiber Gratings 

In this section, tilted fiber Bragg grating fabrication is discussed. Fig. 4-1 

illustrates the geometry of a tilted fiber grating. In the figure, G is the fringe tilt 

measured from the perpendicular to the fiber axis. The grating period is measured along 

the perpendicular to the fringe planes and is labeled A. For an equivalent non-tilted 

reflection grating, the tangential component of the grating period measured along the z-

axis of the fiber is given as A'. As discussed below, the center Bragg wavelength of a 

tilted grating will thus red shift from that of a non-tilted grating. 

The Bragg diagram method is again, used to calculate the period and interbeam 

angle necessary to create a tilted grating. Several writing techniques for tilted gratings 

are discussed and experimental results are presented. The emphasis of this work is 

producing gratings with a 45 degree fringe tilt. These gratings act as stirface normal 

output couplers. 

4.1 Grating Period Calculation 

In Section 3.4.1 the Bragg diagram was used as a tool to help fabricate non-tilted 

fiber gratings. As illustrated in Fig. 4-2, this approach may also be applied to calculate 

parameters for slanted fiber gratings as well. As evident from Fig. 4-1, the incident beam 

wave vector and the grating vector will intersect at the fringe tilt angle in the Bragg 
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Figure 4- 1 Geometry of a tilted fiber grating. 



Figure 4- 2 Bragg diagram for a slanted grating. 
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diagram. The period of the grating can then be found by taking the cosine of the fringe 

tilt angle. 

K 

cos(0) = -^, 
k,n 

4-1 

or. 

A = - 4-2 

2«cos(0) 

Notice that for zero fringe tilt Eqn. 4-2 reduces back to the case of an unslanted grating, 

Eqn. 3-10, as expected. The necessary interbeam angle in the fiber is again found in the 

same manner from, the diagram. 

=sin -1 2 

Kn 
\  J 

4-3 

= sm -I 
v2Arty 

4.2 Output Coupling 

Fig. 4-3 is a ray picture depiction of the operation of a slanted fiber grating. In 

the figure, the grating behaves like a tilted mirror and deflects the input at an angle equal 

to twice the angle of incidence (or grating tilt). As the tilt angle of the grating increases 

from zero, less of the incident beam is reflected back down the fiber core and more is 

deflected away from the center of the core since the grating now has a momentum 
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Figure 4- 3 Schematic of output coupling firom a tilted grating. 
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component which is not collinear with the fiber axis. This introduces asymmetries into 

the coupling coefficient that allow for the coupling of the fundamental mode into 

radiation and cladduig modes [Morey 1994]. If the tilt angle is large enough, light may 

also be coupled out the side of the fiber. The limiting factor for this is in most cases total 

internal refraction (TIR) at the fiber cladding/air interface. From a purely geometric 

approach, the angle of light diffracted out the side of the fiber may be calculated using 

the angles defined in Fig. 4-3. The result is given in Fig. 4-4, which shows output 

coupling versus fringe tilt. From the figure, output coupling is not achieved below a 

fringe tilt angle of approximately 23 degrees since the beam strikes the fiber cladding/air 

interface at an angle exceeding the critical angle. This results in the beam being trapped 

in the fiber due to TIR. At the other extreme, a fringe tilt angle of 45 degrees couples the 

light out at a perpendicular to the fiber axis (surface normal) without refraction. 

4.3 Writing Methods 

4.3.1 In-Plane Rotation 

One of the easiest ways to form a slanted fiber grating is to tilt the fiber in the 

plane containing the writing beams. The drawback to this method is that the maximum 

fringe tilt obtainable is limited by total internal reflection of the writing beams at the 

air/fiber cladding interface. 

Using the same interferometric setup as in Section 3.4.2, the fiber is rotated in the 

x-z plane defined in Fig. 4-5. From the inset of Fig. 4-5, 9^ is the rotation of the fiber 
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Figure 4- 4 Calculation of output coupling versus ftinge tilt. The output angle is 
measured from the parallel to the fiber axis. 
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Figure 4- 5 Formation of a slanted fiber grating by rotating the fiber in the plane 
containing the writing beams (x-z plane). 
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in the x-z plane with respect to the fiber normal, 6 is a measure of the fringe tilt inside 

the fiber with respect to the same normal, 3b defines the interbeam angle between the 

writing beams inside the fiber, and a^,, the interbeam angle outside the fiber, is found by 

applying Snell's law to Eqn. 4-3. 

When the fiber is rotated in the x-z plane, the writing beams will no longer be 

incident on the fiber at the same angle. After refraction at the air/cladding interface, this 

asymmetry will produce a tilted fiinge in the fiber. As indicated in Fig. 4-5, the angles 

the writing beams make with the fiber normal are, respectively [Erdogan 1996], 

7i = sin"' sini&g +6)) 4-4 

= sin*' sm(9g - 0)). 4-5 

Also from Fig. 4-5, the extemal rotation of the fiber as a fimctioa of these angles is, 

a 
2 2 ' 

These equations are usefiil for predicting the maximum possible fiinge tilt achievable. 

From Eqns. 4-4 through 4-6, a plot of possible finnge tilt in the fiber as a fiinction of both 

fiber rotatfon and signal wavelength is given in Fig. 4-6. The wavelength dependence in 

Fig. 4-6 arises from the fact that the interbeam angle in the fiber is proportional to the 

period, and. in. turn, the signal wavelength. Also evident from the figure is that a fiber 

grating with fiinges tilted at 45 degrees is not obtainable with this writing method. Hence 

this method is not feasible for creating surface normal couplers. 
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Figure 4- 6 Calculated fringe tilt as a function of fiber rotation for three different 
wavelengths. The fringe tilt is calculated over the possible range of output coupling for 
the in-plane rotation method. 



Instead, this method is typically used to create gratings with small tilt angles. 

Sample experimental transmission grating spectra for several such gratings are given in 

Fig. 4-7. The gratings are formed in hydrogen loaded Coming SMF28 single mode fiber. 

Fig. 4-7a is a spectrum of an unslanted grating centered at 1309.774 nm. The 

approximately 30 dB notch in the grating transmission corresponds to the coupling of the 

forward propagating LPoi mode to a backward propagating LPoi mode. Fig. 4-7b-d are 

spectra with small increases in tilt angles firom the zero position. As evident from the 

figures, there is increased structure on the short wavelength side of the main notch with 

an accompanying decrease in reflectivity for tilted gratings. This is indicative of an 

increase in coupling to the radiation modes caused by the asymmetry introduced by the 

tilted grating. It also results in a decrease in the available power which can be coupled 

into die backward propagating LPoi mode. The main grating resonance also shifts to a 

longer wavelength with tilt as expected. This shift as a function of tilt is summarized in 

Table 4-1 for several gratings. The shift closely follows a 1/cos shift in wavelength. 

Fringe Tilt Measured Main peak (nm) 1309.744 nm/cos(0e,xt) 
0 1309.774 1309.774 
1 1310.304 1309.943 
2 1310.464 1310.542 
3 1311.292 1311.541 
4 1313.06 1312.942 
5 1314.92 1314.747 
7 1319.368 1319.580 

Table 4-1 Measured and predicted shift in center resonance of a tilted grating as a 
function of tilt angle. 
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Figure 4- 7 Experimental grating spectra for in-plane fiber rotation of: a) 0 degrees, b) 3 
degrees, c) 5 degrees, and d) 7 degrees. 
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As observed by other researchers, a strong second "ghost" grating appears in the 

spectra for 3 and 5 degrees of tilt due to strong coupling of the LPoi mode into a cladding 

mode [Hewlett 1996]. To verify this, the gratings were measured in reflection as well as 

transmission. In the reflection spectra, only a single reflection peak at the same 

wavelength as the main resonance was detected. This indicates the so called "ghost" 

resonance was not a reflection into a guided mode because it also would have been 

observed in reflection if so. 

4.3.2 Out-of-Plane Rotation 

An alternative way to write a slanted fiber grating is to rotate the fiber in the plane 

perpendicular to the writing beams. Again using the same interferometric setup, the fiber 

is now rotated in the y-z plane defined in Fig. 4-8. Rotation was achieved by mounting 

the fiber on a motorized stage which rotated in the y-z plane. The basic idea is to place 

the fiber across the vertical fringes generated by the interferometer at an angle eqiial to 

the desired fringe tilt. The resultant fringes formed in die fiber are then at a tilt with 

respect to the fiber axis (Fig. 4-8 inset.) The advantage of this method over the previous 

technique is that both writing beams hit the fiber symmetrically without TIR and thus 

theoretically, a grating with 45 degree tilted fringes can be obtained. In practice, little 

success was achieved with this method. Several possible reasons were studied. 

The first probable cause examined was the shape of the fiinges formed. For this 

writing approach to work, the fiber has to be placed across straight fiinges, as shown in 

Fig. 4-9a. If the fiinges produced are not straight, i.e. hyperbolic as in Fig 4-9b, then 



Figure 4- 8 Out-of-plane rotation, (y-z plane) method for writing tilted gratings. The 
fiber is placed at a tilt across strai^t fringes as shown in the inset. 
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Figure 4- 9 A fiber tilted across vertical fringes and the resultant pattern recorded in the 
fiber for: a) straight, parallel fringes, and b) hyperbolic fringes. 
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placing a fiber across them would create a grating with non-parallel fringe planes. This 

would result in a lack of coherent superposition in the reflections from successive grating 

planes resulting in an exposure with poorer no performance as a Bragg grating. 

Calculation of the fringe spacing and shape indicated that the fringes should 

indeed be straight and parallel for the wavelength and distances used. However, it was 

difficult to directly verify this by imaging or projecting the fringes since the gratings 

typically have submicron periods. To experimentally observe the fringes, exposures were 

instead made in photoresist coated substrates. The substrates were mounted in place of a 

fiber in the interferometer and the results were examined with a scanning electron 

microscope (SEM). A positive, sub-micron resolution photoresist (Microlithography 

Chemical Company, Nano PMGI SFl 1 photoresist) optimized for the deep UV region 

was spun to a thickness of approximately one micron onto glass substrates. The 

procedures used to create the photoresist samples are summarized in Fig. 4-10 [Battiato 

1992]. The interferometer was adjusted for an interbeam half angle of 13.287 degrees to 

create a .53082 micron period grating for use at 1.55 microns. A SEM of the results 

obtained with no lenses in the interferometer is shown in Figure 4-1 la. Superimposed on 

this result is a calibrated scale used to determine the grating period. As evident from the 

figure, the fringes are straight and parallel, as expected, and the measured grating period, 

from the scale, is approximately .53 microns (.01 mm/13 periods) which is in good 

agreement with the expected period. 

Next a cylindrical lens was added to the interferometer and placed before the 

beamsplitter element. As described in Section 3.4.2, the purpose of the cyliadrical lens is 
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A. Substrate Preparation: 

1. Soak substrates in DI water and 15 drops Micro cleaner for 5 minutes. 
2. Scrub lightly while wearing gloves. 
3. Sonic clean in fresh DI water and Micro for 4 minutes. 
4. Rinse thoroughly with DI water. 
5. Sonic clean in 100% ethanol for 4 minutes. 
6. Drain and bake in a vented oven at 180° C for one hour. 
7. Cool to ambient temperature. 

B. Photoresist Deposition: 

1. Place 2 drops of primer on substrate. Let stand for 10 seconds, spin at 4000 rpm for 
30 seconds. 

2. Place 4 drops of photoresist on substrate. Immediately spin for 30 seconds. 
3. Soft bake at 200° C for 3 0 minutes. 
4. Cool to ambient temperature 

C. Exposure and Development: 

1. Expose to UV radiation. 
2- Inraierse in developer for 60 seconds. 
3. Immerse in DI water for 60 seconds. 
4. Blow dry with Nz-
5. Hard bake at 110° C for 30 seconds. 

Figure 4-10 Procedures for substrate preparation and development. 
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to focus the UV light along the axis of a fiber. Thus, if the fiber is rotated 45 degrees in 

the interference plane, the cylindrical lens must then also be rotated by the same amount 

if it is to still focus light along the fiber axis. Exposures were made with a cylindrical 

lens rotated by 45 degrees to see if it caused any fringe distortion. The result, shown in 

Fig. 4-Ilb, indicates that the lens introduced no measurable difference to the fringe 

pattern or the period. 

The next parameters that were examined dealt with the fiber itself, specifically the 

alignment of the fiber in the writing beams and the leasing effects introduced by the fiber. 

To begin with, aUgnment of the rotated fiber in the writing beams proved to be very 

difficult and timely. Thus a dummy fiber was used first, to prevent prolonged UV 

exposure and to provide a good starting position for another fiber to be exposed. The 

dummy fiber was placed in die mount with zero rotation and the writing beams were then 

adjusted to intersect at the proper interbeam angle on the fiber. Next, the cylindrical lens 

was placed into the setup and height and focal adjustments were made using the 

techniques described in Section 3.4.2. The fiber mount and fiber were rotated by 45 

degrees, the cylindrical lens was rotated by the same amount, and then the writing beams 

were adjusted accordingly. The dummy fiber was then replaced by a fresh fiber which 

was aligned from this starting position. 

The biggest obstacle with this alignment technique stems from the rotated 

cylindrical lens. The rotation of the cylindrical lens often shifted the writing beams by 

slightly different amounts resulting in misalignment at the fiber. This was verified by 

placing a pinhole and detector in the writing plane and monitoring the power through the 
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Figure 4-11 SEM photographs of photoresist substrates exposed to UV ftinge pattern: a) 
fidnges recorded without cylindrical lens present, and b) fringes recorded with rotated 
cylindrical lens. 
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pinhole as the cylindrical lens was rotated. To minimize beam walkoff, the laser beam 

incident on a cylindrical lens must pass through the center of the lens. Also, rotation of 

the lens must not introduce any mechanical tips/tilts or height changes in the lens that 

would result in a displacement of the writing beams. To address this problem, a lens 

mount with six degrees of freedom was constructed to center and align the cylindrical 

lens using the retroreflected input beam. Despite this, alignment still remained difficult 

due to the tolerances imposed by the small size of the rotated fiber core (less than 8 

microns in diameter.) 

Another problem encountered is an artifact of using the side writing technique. 

The fiber is a glass cylinder. Since the beams are mcident on the side of the fiber, the 

fiber acts as a strong cylindrical lens. For in-plane writing, this lensing helps focus the 

beams on the core and decreases writing time. For a fiber rotated across die fringes, 

however, it is believed that this fiber lensing effect causes a shift in the fringe pattern 

[Haggans 1988]. To prove this hypothesis. Fig. 4-12 illustrates the imaging of a tilted 

fringe in a fiber from several different perspectives [Haggans 1997]. In the figure, the 

angle 0 is the tilt angle a fiiige makes with the outside of the fiber, 9' is the tilt angle of 

a fiinge inside of the fiber, h is the height of the fiinge outside the fiber, h' is the image of 

h inside of the fiber, (p is the angle the writing beams makes with the surface of the fiber, 

(j)' is the angle of the refracted beam inside of the fiber, s is the propagation distance of 

the beam within the fiber, and r is the fiber radius. 

Begiiming with Fig. 4-12b, the angle 6' can be defined in terms of h'. 



tan0' = —. 
h' 
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4-7 

Substituting in for ii' using Fig. 4-12c, 

tan0' = -
4-8 

Lilcewise substituting in for h and s from Fig. 4-12a and Fig. 4-12c, 

tan0' = -
4-9 

-rcos0tan((^ -(j)') 
tan0 

To simplify the denominator of Eqn. 4-9, the small angle approximation can be made 

assuming that the angles ^ and are small, 

ztanG 4-10 
tan0 = . 

z-r(<j) -0 )tan0 

(j) and (p' can be related by Snell's law in Fig. 4-12c. Again employing the small angle 

approximation, 

h , 4-11 
0 =_ = «0'. 

r 

Substituting this result into Eqn. 4-10 yields, 

rttan0 4-12 
tan0' = 

nh h _ 
n-{ ^)tan0 

r T 

Recognizing from Fig. 4-12a that tan0 = , Eqn. 4-12 may be reduced to the simple 

expression, 

tan0' = «tan0. 4-13 
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Figure 4-12 Imaging of tilted fringe from: a) a side view outside the fiber, b) a side 
inside of the fiber, and c) a cross sectional view of the fiber. 
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Thus the lensing effect of the fiber will play a major role in formation of a slanted 

grating, especially for large tilt angles, since the fiinges will be shifted. Although small 

angle approximations were used in the derivation, it is still evident from Eqn. 4-13 that 

the distortion increases as the tilt increases. 

In an attempt to eliminate this problem, the fiber was sandwiched between two 

flat fused silica glass plates. The plates were used to cancel the lensing power of the fiber 

by eliminating the fiber/air interface where the curved fiber surface was present. To 

ensure good contact between the fiber and the plates, an index matching liquid was used. 

Only one index matching liquid was found that was not highly absorptive in the UV and 

was near the necessary index (Cargille Laser Liqtiid code #3421, a=1.44, 87% 

transmission for I mm thickness at 244 nm.) Following the same alignment procedures 

outlined above, the fiber/glass plate was rotated in a new mount designed to hold the 

sandwiched plate assembly together. The results obtained exhibited similar behavior as 

was observed with, the previous in-plane rotation method. There is again the appearance 

of the "ghost reflection" as well as a shift in the main resonance to longer wavelengths 

with tilt. However, in this case there were no observable results above six degrees. This 

is again attributed to the difficulties encountered in alignment, especially the beam 

walkoff caused by rotation of the cylindrical lens. 
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4.33 Prism Method 

The final method used to fabricate tilted fiber gratings is a prism method shown 

conceptually in Fig. 4-13. This method has been used to fabricate gratings wth 45 

degree tilted fringes in polymer waveguides, [Driemeier 1990, Jones 1995] but has not 

been reported for use in creating slanted gratings in fiber, to the best of my knowledge. 

This technique should not be confused with the prism technique used to fabricate 

unslanted gratings discussed in Section 3.3. Here, both writing beams are incident on the 

same leg of a 45-45-90 degree fused silica prism. The fiber is placed in contact with the 

hypotenuse where the beams intersect. The Mnges that are formed are at a 45 degree tilt 

with respect to the hypotenuse, and thus also to the fiber axis. Index matching liquid is 

again used to provide good contact between the fiber and the prism. The angle of 

incidence of the writing beams is found by repeated application of Snail's law at each 

interface in the prism starting in the fiber and working backwards out of the prism. For 

example, the interbeam angle in the fiber is first calculated by use of Eqn. 4-3. At the 

fiber/prism top interface, this result must then be redefined with respect to the normal of 

the fiber/prism hypotenuse interface (Fig. 4-13), 

in^ =da — 45 4-14 

in^ +45. 4-15 

Applying Snell's law, these angles in the prism are. 

hypi = —sin '(90—m,) 
4-16 
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Figure 4- 13 Fonnatioa of 45 degree tilted ficinges in a fiber by use of a right angle prism. 
Determination of the incident angles of the writing beams, airi and airi, is found by 
repeated application of Snell's law at each interface starting with 3b-
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n. , 4-17 
hyp^ = —sin' (90 - /n,). 

p 

where nf is the fiber index and Dp is index of the prism. At the top of the prism at the 

prism/air interface, these angles are again redefined with respect to the prism normal, 

rop, = 45 — hyp^ 4-18 

fop, = 45 - hyp2. 4-19 

Finally, applying Snell's law one more time yields the angles of the writing beams in air 

with respect to the prism normal, 

airi = sin"' (rip sin(topi)) 4-20 

a/r, = sin"' sin(ro/7,)). 4-21 

Table 4-2 gives values for ail of the angles in Fig. 4-13 for the case of ?i=810 nm, 

nf=1.47, and np=L5108. Notice from the table that the writing beams are not incident on 

the prism face at the same angle. This is due to the index difference between the prism 

and the fiber. Thus differences in index at each interface must be taken into account. 

Another consideration is the critical angle in the prism. With an index of 

np=1.5l08, the critical angle in the prism is 41 degrees. Notice that the angle hypoj 

exceeds this and thus TIR will occur, preventing one of the writing beams from entering 

the fiber. Thus to frustrate TIR, a second prism was used to form a fiber/prism sandwich 

as illustrated in Fig. 4-14. 
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Grating period .3896 microns 

9B 12.299 degrees 

Ini 32.07 

In2 57.299 

Hypi 3L7I3 

Hyp2 54.962 

Topi 13.287 

Top2 9.962 

Airi 20.317 

Airi 15.151 

Table 4- 2 Values for the angles in Fig. 4-13 for the case of X=810 nin, nt=1.47, and 
np=l .5108. 

Alignment again proved to be a difficult challenge with the fiber sandwiched 

between the prisms. The prism assembly was mounted on a precession rotation stage and 

the following alignment procedure (Fig. 4-15) was adapted firom Jones [1995a]: 

1) First establish a reference position, as was done in. Section 3.42, by aligning 

the writing beams through centered irises. All angles are set with respect to this 

position (Fig 4-15a). 

2) Rotate the first turning mirror in the interferometer by (airi/2) so it forms the 

angle airi in the fiber plane. 

3) Rotate the prism so that it retro-reflects this beam back upon itself (Fig. 4-15b)-
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fiber 

index matching 
liquid 

Figure 4-14 Schematic diagram of the experimental setup used for the prism method. 
The inset shows the fiber sandwiched between two right angle prisms using index 
matching liquid-
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Figure 4-15 Alignment procedure of prism/fiber assembly: a) set reference position, b) 
retroreflect beam off of prism, c) rotate prism CCW to produce interference pattem, and 
d) rotate prism CW to final position. 



4) From this position, rotate the prism clockwise a total distance of (airi+air2) 

5) Adjust the second tuning mirror until firinges form at the beam splitter (Fig. 4-

15c). This produces beam overlap at the prism face. 

6) Rotate the prism back counter clockwise by the angle airo. Both writing beams 

should now hit the prism at the proper angles. 

7) Place a fiber behind the prism and add the second prism with index matching 

liquid. 

8) Adjust the prism in the x-direction in so the writing beams overlap at the fiber. 

9) Add cylindrical lenses and adjust using the alignment procedures of Section 

3.4.2. 

Gratings were fabricated in the 800 nm region and were tested in the experimental 

setup illustrated in Fig. 4-16. It had been decided that writing a grating at a wavelength 

that fell within the range of a tunable laser source would be useful for characterization. 

A Tirsapphire laser (Spectra Physics model 3900) pumped by an argon laser (Spectra 

Physics model 2020) was used as the tunable source. The output from the Tirsapphire 

was split into two paths by a polarization beam splitter (PBS) and a half-waveplate. One 

of the paths channeled a small amount of the power into a wavemeter (New Focus model 

# 771) so the laser could be monitored and tuned in real time. The PBS transmitted a 

majority of the power into the second path containing a fiber input coupler. The input 

coupler launched the energy into a 3db (at 820 mn) fiber coupler and the grating under 

test was spliced to one of the coupler's outputs. The other coupler output was connected 

to a detector (detector #3 in Fig. 4-16) which monitored fluctuations in the laser power. 
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As a first test, light was coupled into one side of the grating and surface normal 

out-coupling was observed visually with an IR card and viewer. Then light was coupled 

into the opposite end of the grating and surface normal out-coupling was observed from 

the opposite side of the fiber, as expected, verifying the presence of a tilted grating. A 

detector was then attached to the end of the fiber grating (detector #3, Fig. 4-16) to 

measure the light transmitted through the fiber. Another large area detector was butted 

up against the side of the fiber to capture the out-coupled radiation (Newport model 818 

ST, detector #2, Fig. 4-16). Readings were then taken from all three detectors as the 

wavelength was tuned. The grating was then removed, breaking the fiber after the fiision 

splice, and the measurements were taken again without the grating in place. The results 

of diis calibration run were used to create a curve of the power difference between the 

two outputs of the 3 dB coupler as a function of wavelength as shown in Fig. 4-17. From 

this data, the power coupled into the grating at a specific wavelength could be 

extrapolated by multiplying the power measured by detector #1 by a conversion factor 

obtained from Fig. 4-17. Any fluctuations in the output of the Ti:sapphire as it was tuned 

itt wavelength could be accounted for as well. The calibration run also accounted for 

losses in the grating input associated with the fiber splice since the calibration data was 

taken with the splice in place. 

45 degree tilted gratings were written in. single mode fiber (3M FSSN-244, 

A.cutofl=743 nm) with zero and 5x beam expansion of the UV laser to create gratings with 
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Figure 4- 16 Schematic diagram of experimental setup used to characterize fiber 
gratings. 



different lengths. The profiles of the beams emerging firom the side of the fibers are 

shown in Fig. 4-18 for two cases. These measurements were taken by butting the fiber 

against a detector and slit assembly and scanning the detector along the fiber parallel to 

its axis. Assuming that the divergence of the output beam is minimal as it propagates 

through the fiber cladding, the grating lengths will be proportional to the width of the 

output beams at the cladding/air interface. From Fig. 4-18 the lengths of the gratings for 

the two beam expansions are thus 2 and 4 mm respectively. The diffraction efficiency 

was then taken to be the power coupled out the side of the fiber (measured by detector #2, 

Fig. 4-16) divided by the power calculated to be input into the grating. 

It was noticed that the gratings exhibited polarization sensitivity, thus a half 

waveplate was placed before the fiber coupler in (Fig. 4-16) and used to maximize the 

out-coupling. Fig. 4-20 shows the result for the measured diffraction efficiency for the 2 

and 4 mm gratings. As expected firom the results of Section 2.3.4, the grating efficiency 

increases with increased grating length. Although the gratings peaked near the end of the 

available laser tuning range, peak efficiencies were measured to be 2.5% and 4%, for the 

2 and 4 mm length gratings. 

To compare these results to the theoretical diffiaction efiBciency derived in 

Section 2.3.4, an index modulation of 5 x lO"' was assxmied (Large tilt gratings do not 

provide a reflection spectrum to calculate index modulation by way of Eqn. 3-12, thus 
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Figure 4- 17 Measured power ratio of two outputs of the 3 dB coupler as a function, of 
wavelength. 
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Figure 4- 18 Measured beam profile at fiber surface for two surface normal fiber grating 
couplers. 
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this number was obtained from reflection gratings written in this fiber under similar 

exposing conditions,) For n=l.47 and a design wavelength of 840 nm, the theoretical 

diffraction efficiency for the gratings is 3.6% and 7%, respectively and is in good 

agreement with the measured results. Discrepancies can be attributed to differences in 

the actual index modulation, and also to wavelength dependent losses induced by 

hydrogen loading [Fox 1983]. An example of this in the wavelength range of interest is 

shown in Fig. 4-20. The first trace in the figure is the transmission through the fiber 

before exposure, and the second, lower trace is the transmission after exposure. For this 

measurement, one arm of the interferometer was blocked as die fiber was exposed to a 

single beam so losses could not be attributed to the formation of a grating. In general, the 

induced loss is hard to quantify because it will vary not only with exposure time, but also 

as a function of how well the beams are aligned and focused on the fiber. 

It was observed that the angle of the beam out-coupled from the side of the fiber 

could be changed as the wavelength of the Tirsapphire was tuned. A screen was placed at 

a distance (>10 feet) from the fiber and the position of the out-coupled beam on the 

screen was observed as the wavelength was tuned. As the wavelength increased from .75 

microns, the angle of the out-coupled beam increased until it was surface normal to the 

fiber at the wavelength of peak efficiency. This behavior demonstrated that these 

gratings could also be used as wavelength spectrometers as predicted Meltz and Morey 

[Meltz 1991]. 
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Figure 4-19 Measured diffiractioa efficiency for 45 degree tilted fiber gratings as a 
function of length and wavelength. 
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Figure 4- 20 Measured change in fiber transmission with UV exposxire. 
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As mentioned earlier, the gratings are highly polarization selective. Extinction 

ratios as high as 1000:1 were observed in the out-coupled signal by placing a polarizer 

against the side of the fiber. The high degree of polarization of the output beam can be 

explained intuitively in terras of a radiating dipole model (Fig. 4-21.) Light polarized 

normal to the fiber axis will excite dipoles also oriented normal to the fiber axis. These 

dipoles radiate energy in every direction except along their axes. Since the output 

coupler diffracts light nomiai to the fiber axis, it is possible for a dipole axis to be 

oriented parallel to the diffiraction direction. In this case, even though Bragg diffraction 

can be supported by the grating, there is no energy radiating in that direction to form the 

diffiacted beam. This is the case in which the fiber light is polarized in the plane 

containing the fiber axis and the grating vector, at an angle of 45 degrees relative to the 

grating vector. For the perpendicular polarization state, the dipoles are normal to the 

direction of diffiraction. Then, strong radiation occurs in the direction of Bragg 

diffiaction, and the diffiracted beam can be formed. Mathematically, Kogelnik also 

showed this to be the case. la his treatment, the intensity of the parallel polarization 

component goes to zero for a 45 degree Bragg angle [Kogelnik 1969]. 

4.4 Summary 

In diis chapter, several methods used to fabricate tilted fiber gratings were 

explored. A prism-based technique previously used for polymer waveguides was 

employed to produce surface normal fiber grating couplers. Experimental results were 
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Figure 4- 21 Radiating dipole model of light diffracted from a 45 degree tilted grating. 
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presented and found to be in good agreement with the theory developed in Chapter 2. An 

interesting property observed with tilted gratings was a polarization selective out-

coupling. This property could provide a convenient way to make a fiber polarizer. 
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Chapter 5: Co-doped Fiber Laser Using Fiber Bragg Gratings 

This chapter focuses on a common application of fiber Bragg gratings, the fiber 

laser. In Section 5.1 a brief introduction to fiber lasers is provided. In Section 5.2, a 

novel dual wavelength fiber laser is presented [Battiato 1997]. This common cavity fiber 

laser is constructed with erbium (Er) and neodymium (Nd) co-doped fiber and two sets of 

fiber Bragg gratings. Simultaneous lasing at 1069 nm (Nd) and 1556 nm (Er) is 

demonstrated using a dual pumping scheme. Results are summarized in Section 5.3. 

5.1 A Brief Introduction to Fiber Lasers 

The fiber laser was first demonstrated by Eli Snitzer in the 1960's during the early 

stages of laser research [Snitzer 1961, Koester 1964]. It was not until much later with the 

advent of high quality, low loss single mode fiber that the real potential of this pioneering 

work was truly realized. Today, a main advantage of the fiber laser is its compatibility 

with existing fiber optic technology. As a result, intense research interest has been 

focused on the study and use of fiber lasers [Digonnet 1992]. The communications field 

has been a major stimulus for this, but applications exist in other areas as well. These 

include sensors, spectroscopy, optical data storage, and medical lasers. 

The basic configuration for a linear cavity fiber laser is illustrated in Fig. 5-1. 

The laser consists of two fiber Bragg gratings, a doped fiber, and a pump source. The 

doped fiber provides the gain medium and the gratings form the laser etalon. Pumping is 
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Figure 5-1 Basic configuratioa of a linear cavity fiber laser. Pictured is the case of an Er 
doped fiber pumped at 980 nm. 
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performed directly through the fiber gratings since they reflect only at the losing 

wavelength and are transparent to the pump wavelength. 

Most fiber lasers use a rare earth doped fiber as the laser gain medium (some 

schemes rely instead on nonlinear effects and are not considered here.) The rare earths 

have a ground state configuration like xenon but with the addition of a partially filled 4f 

shell. When ionized, trivalent rare earths, have an electronic configuration given by 

[Xe]4f'^"'5s"5p®6s°, where [Xe] represents the electron shell configuration of xenon. In 

this state, the outer 5s and 5p shells remain filled and shield the more tightly bound 4f 

electrons firom external fields. As a result, relatively sharp line optical transitions occur 

between the unfilled 4f states (4f->4f transidons) [Desiuvire 1994]. 

The rare earth 4f energy levels are split by electrostatic forces resulting firom 

Coulomb interactions between electrons and spin-orbit coupling as illustrated in Fig. 5-2. 

The resulting energy levels are typically labeled using Russell-Saunders notation, 

is+lr 5_l 
» 

where L and S are the vector sums of the orbital (I) and spin (s) quantimi numbers, 

respectively, for all the 4f electrons on the ion. L is defined as the total orbital angular 

momentum and, by convention, L=0,l,2,3,4.„ corresponds to the letters S, P, D, F, G..., 

respectively. S is defined as the total spin angular momentum. The sixm of S and L is 

equal to J, the total angular momentum. 

The most commonly used rare earth, elements in fiber are Nd and Er. In the case 

of Nd, the large body of previous work existing in bulk Nd doped glasses led to the initial 

use of Nd as a dopant in fibers [Snitzer 1961, Stokowski 1981]. Further motivation was 
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Figure 5- 2 Schematic diagram of the energy level splitting of the 4f shell. The resulting 
levels are labeled using Russell-Saunders notation. 
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provided by the hope that Nd doped fiber could be used as a fiber amplifier in the 1.3 ^im 

fiber window. On the other hand, extensive work with Er doped fiber is due in part to its 

radiative transition in the equally important 1.5 ^m fiber window [Reekie 1987, Mears 

1986]. 

The energy level diagrams and relevant energy transitions for Nd and Er using 

Russell-Saunders notation are given in Fig. 5-3 (note that there can be variations in these 

transitions dependent upon both the glass host material and concentration of other 

dopants used.) From Fig. 5-3a, the major radiative transitions for Nd are centered about 

1060,930, and 1300 nm. The strongest and most commonly used transition, the 1060 am 

band, is pumped with 810 nm light. This transition is modeled as a 4 level laser system. 

As such, the gain of this system is proportional to absorbed pump power. 

Fig. 5-3b shows the most important radiative transition in Er which is centered 

about 1530 nm and falls within the 1550 nm fiber window. The Er fiber laser is 

commonly pumped at 980 or 1480 nm and is typically modeled as a three level laser 

system. The length of an Er doped fiber laser is thus important because any length of 

fiber which is left unpumped becomes absorptive to the lasing wavelength and can 

increase threshold. 

Both dopants exhibit excited state absorption (ESA), a problematic loss 

mechanism in doped fibers [Digonnet 1993]. Two basic kinds of ESA exist, pump 

excited state absorption and signal excited state absorption. In signal ESA, carriers fiom 

an upper lasing level are excited to a higher state instead of returning to the ground state 
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Figure 5- 3 Energy level diagrams with labeled transitions for: a) Nd, and b) Er. 
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via stimulated or spontaneous emission. This causes a decrease in the population 

inversion of the laser or amplifier and reduces the overall gain. It is this eifect which 

makes the use of Nd doped fiber as a 1300 nm fiber amplifier/laser difficult. As 

indicated in Fig. 5-3a, Nd exhibits ESA at 1300 nm. 

On the other hand, pump ESA causes transitions between higher energy levels at 

the expense of promoting carriers from the ground state to an excited state, (or ground 

state absorption (GSA).) This is the case in Fig. 5-3b for Er at 810 nm. The ratio of the 

absorption cross section of ESA to GSA in Er is sensitive to the co-dopants present in the 

fiber. For germanium doped silica glass this ratio has been measured to be 2:1 at 810 nm, 

but can be lowered to a still unacceptably high ratio of approximately 1:1 with the 

addition of other dopants [Lamingl988]. Thus the inefficiency caused by ESA 

discourages pumping of Er at this wavelength, even though 810 nm laser diodes are 

cheaper than their 980/1480 nm counterparts. 

5.2 Co-doped Fiber Laser 

Mxiltiple wavelength fiber lasers are of interest for wavelength division 

multiplexing (WDM), spectroscopy, and fiber optic sensors. Numerous techniques have 

been used to create multi-wavelength, lasers in silica based fibers. These techniques 

typically use either a common gain medium in a ring configuration or multiple coupled 

cavities with separate gain media in each [Pattison 1995, Chemikov 1993, Graydon 1996, 

Chow 1996]. 
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An alternative approach to forming a multiple wavelength fiber laser is to 

combine different rare earth dopants into the same fiber. In this fashion, a dual 

wavelength fiber laser was formed with a common gain medium, a co-doped erbium and 

neodymiizm fiber, in a linear cavity. A previous demonstration of a multi-wavelength 

fiber laser using co-doped Er/Nd fiber was constructed with broad band mirrors and 

pumped by an Argon laser [BCimura 1988]. In this experiment the external mirrors are 

replaced by two adjacent pairs of fiber Bragg gratings. The fiber gratings act as 

alignment free mirrors, which reduce coupling losses and help create a compact laser 

source with relatively narrow line-width lasing at both 1069 nm and 1556 nm. The argon 

pump used previously is replaced by two pump sources in an attempt to separately pump 

the Er and Nd components of the fiber at 980 nm and 810 nm, respectively. These 

wavelengths are optimal for pumping Er and Nd and permit compact lasers diode sources 

to be used. 

5.2.1 Experimental Setup 

The experimental setup illustrated in Fig. 5-4 consists of Er/Nd co-doped fiber, 

four fiber Bragg gratings (Gl, G2, G3, and G4), a WDM element, and two pump sources. 

The fiber cavity is constructed by fiision splicing the co-doped fiber and two pairs of 

wavelength matched fiber Bragg gratings. The doped fiber is fabricated by an aerosol 

doping technique with Er concentrations of200 ppm and Nd concentrations of200 ppm 

[Morse 1989]. The fiber hadaniunerical aperture of .11,acore diameter of7.2 nm,anda 

singlemode cutoff wavelength of 1035 nm. The absorption loss of the fiber at 980 nm is 
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Figure 5- 4 Diagram of experimental setup. The common cavity fiber laser consists of 
Er/Nd co-doped fiber, four fiber Bragg gratings (Gl, G2, G3, and G4), a WDM element, 
and two pump sources. 
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1106 dB/km and 1839 dB/km at 810 nm. This is shown in the absorption spectrum given 

in Fig. 5-5. 

Typical fluorescence spectra were observed near 1060 nm ("^Fs/j -- >\in 

transition), 930 nm ("^Fs/i ->%a transition), and 1300 nm ("^Fs/a ->"'li3/2 transition) from 

the Nd ions pumped at 810 nm and at 1530 nm ("'lis/a ->"*Ii5/2 transition) from the Er ions 

pumped at 980 nm. Fig. 5-6 shows the strongest component of the Er fluorescence, 

which is centered about 1530 nm, and that of the Nd component which is centered near 

1060 nm. 

Fiber Bragg gratings G1 and G4 (Fig. 5-4) are wavelength matched with a center 

resonance at 1071 nm, a full width half maximum (FWHM) of 1 nm, and reflectivities of 

84% and 52% respectively. Fiber Bragg gratings G2 and G3 are wavelength matched 

with a center resonance at 1556 nm, a FWHM of 1 nm, and reflectivities of 94% and 90% 

respectively. Each grating is 1 mm in length. (It should be noted that the grating 

fabrication apparatus of Chapters 3 and 4 was under construction at the time these 

experiments were performed. As a restilt the above grating parameters were primarily a 

function of the limitations of the grating fabrication facility at that time.) 

A 980/810 nm WDM element is used to combine the two input sources which are 

pumped directly through gratings G1 and G2. The Er component of the fiber is pumped 

with a 980 nm singlemode laser diode while the Nd component is ptunped with the 810 

nm output of a Tirsapphire laser. The spectral output of the fiber laser is observed on an 

optical spectrum analyzer. With both pumps on, dual lasing with approximately equal 

power at 1069 nm and 1556 nm is observed in a laser constructed with 5 meters of co-
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Figure 5- 5 Spectral loss measurement of co-doped fiber. 
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Figure 5- 6 Fluorescence spectra of Er/Nd co-doped fiber: a) Peak output of Nd 
component pumped at 810 nm, and b) Peak output of Er component pumped at 980 nm. 
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Figure 5- 7 Dual output at 1069 run and 1556 nm from a fiber laser with 5 m of co-doped 
fiber. 
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doped fiber (Fig. 5-7). Pumping with only one pump on results in a single wavelength 

output. Thus when pumping with only 980 nm, a single output at 1556 nm is obtained 

and similarly a single output at 1069 nm is obtained when only 810 nm pumping is used. 

5.2.2 Pumping Effects 

In both cases, the output power of the lasing line decreased when the second 

pump turned back on and dual wavelength lasing resiuned. The observed decrease in the 

1556 nm output of Er in the presence of the 810 nm pump is shown in Fig. 5-8a. 

Similarly, the decrease in the 1069 nm output of Nd in the presence of the 980 nm pump 

is shown in Fig. 5-8b. 

Measurements were performed to eliminate any explanations for this behavior 

•stemming firom artifacts in the experimental setup. The fiber laser cavity was removed 

and the output power of each pump was measured directly after the WDM (Fig. 5-4) to 

test for any coupling between the two pump sources which could possibly account for the 

behavior exhibited in Fig. 5-8. The power in each pump was measured with a 

monochrometer with only one pump on, and then with the second piunp on to detect any 

changes in power. No changes in output power or coupling between the pimips were 

detected. 

Laser output power versus pump power measurements were then performed to 

examine the effects of the dual pumping. A monochrometer and detector were added 

after grating G4 at the output of the laser (Fig. 5-4) to select one of two lasing 

wavelengths and. to filter out unabsorbed pump power. The monochrometer bandwidth 
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was I nm, allowing the transmission of one of the lasing wavelengths while blocking the 

transmission of the second lasing wavelength and both pumps. The output at 1556 nm 

was measured as a fimction of the 980 nm pump power; first with the 810 nm pump 

source off and then repeated with the 810 nm pump on. The laser output power versus 

pump power measurements were then repeated for the Nd laser system. In like manner, 

the output at 1069 nm was measured as a function of the 810 nm pump power first with 

the 980 nm pump source off and then repeated with the 980 nm pump on. A similar 

change in the threshold was obtained (Fig. 5-9b). 

Because of the complexity of this co-doped system, there are many possible 

mechanisms which could be responsible for the observed behavior. For instance, in the 

case of the Er component of the system, it is well known that there is strong ESA in Er at 

810 nm [Laming 1988]. As stated earlier, the ratio of the absorption cross section of the 

ESA (810 nm) to GSA (980nm) can be as high as 2:1. Thus, it is very likely that the 

observed behavior may be attributed to ESA induced loss in the system. Another 

probable cause for this behavior could be ion-ion interactions between the Er and Nd in 

the fiber. For example, a Nd-ion is exited and transfers its energy to an Er-ion. The Nd-

ion then relaxes to the ground state and its energy is lost to amplification at 1060 nm. 

Likewise, an excited Er-ion could transfer its energy to a Nd-ion and then relax back 

down to the groimd state without amplification at 1556 nm. 

In an attempt to rule out explanations involving ion-ion interactions, and since 

ESA in Er has akeady been well established in the literature, dual pumping experiments 

were repeated for a singly doped Nd fiber. As shown in Fig. 5-10, singly doped Nd 
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exhibited similar behavior in the presence of the 980 nm pump as did the co-doped fiber. 

Since both system errors were eliminated (no cross talk between the pumps) and a 

simplified singly doped fiber was used, the most likely explanation for this loss is ESA in 

Nd at 980 nm. Because 980 nm is not typically used as a pump source for Nd, this 

behavior is not as well known as the ESA effects in Er at 810, but it has been suggested 

by other researchers [Petrin 1991, Morkel 1988]. 

5.3 Summary 

A dual wavelength fiber laser constructed from co-doped Er/Nd fiber and fiber 

Bragg gratings has been demonstrated. Crosstalk effects due to the pumping scheme 

were observed. A probable cause for this behavior is ESA, although other mechanisms 

are possible. Despite the losses caused by the dual pumping scheme, lasing occurs 

simultaneously for both the Nd and Er components of the fiber. This device may provide 

a convenient source for dual wavelength based sensor systems easing the requirement for 

coupling different sources into the same fiber. 
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Chapter 6: Conclusion 

6.1 Summary 

It has been the focus of this dissertation to study fiber Bragg gratings, especially 

tilted gratings. For the particular case of a 45 degree tilted grating, light is coupled out 

surface normal to the fiber. Potential apph'cations for a surface normal fiber coupler 

include optical interconnects, fiber couplers, fiber sensors, and WDM. 

Waveguide and fiber concepts were discussed at the start of this dissertation to 

provide a foundation for understanding how fiber based grating devices function. To this 

end, coupled mode theory was used to model reflection fiber gratings. The effects of 

experimental parameters on grating characteristics were modeled for both uniform and 

non-uniform grating profiles using this approach. For the case of a tilted grating, an 

expanded two-dimensional coupled wave formalism was used. 

Fabrication of gratings in standard communication single mode fiber required an 

enhancement of die fiber's photosensitivity by way of high-pressure hydrogen treatment. 

The theory behind this technique, as well as the experimental system used to treat the 

fibers, was discussed. Once treated, fiber gratings were fabricated using a holographic 

approach. The performance of gratings fabricated by this method was then compared to 

theoretical predictions. 

The fabrication of 45 degree tilted gratings was studied in depth. Several 

fabrication methods were explored and characterized. Best results were obtained using a 

prism to form tilted fiinges in a fiber. This approach produced gratings which coupled 
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light out of the fiber that was surface normal to the fiber axis. Experimental results were 

in good agreement with theoretical predictions based on two-dimensional coupled wave 

theory. 

In the final portion of this dissertation, fiber lasers were discussed. The practical 

application of these devices has been made possible by the use of Bragg gratings as 

monolithic fiber cavity mirrors. An experimental dual wavelength fiber laser based on 

co-doped fiber and two pairs of fiber Bragg gratings forming a common laser cavity was 

presented. 

Novel work presented in this dissertation included: 

1. Use of a prism technique to form slanted fringes in fiber. 

2. Demonstration of 45 degree tilted gratings in standard single mode fiber for use in the 

infrared. 

3. Application of two-dimensional ccupled mode theory to tilted fiber gratings. 

4. Observation of polarization selective out-coupling from a 45 degree tilted fiber grating. 

5. The demonstration of an Er/Nd co-doped fiber laser. 

6^ Suggestions for Further Research 

Several topics of practical interest were not pursued in this work due to time 

constraints. One of the most important issues to explore further is increasing the 

efficiency of 45 degree tilted fiber gratings to make their application more practical. 

There axe two obvious approaches to achieving this goal, increasing the index modulation 
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of the grating or increasing the grating length (or both.) Fabrication via a scanning phase 

mask technique [Cole 1995] could conceivably produce very long gratings with increased 

efficiency. Improvements in alignment techniques would also greatly help fabrication. 

Another topic of interest would be a detailed investigation into the spectroscopic 

properties of the Er/Nd co-dope fiber. This combined with Russell-Saunders modeling 

could provide more insight into the mechanism behind the pump cross talk. 



161 

REFERENCES 

Agrawal, G. P., Nonlinear Fiber Optics. (Academic Press, San Diego 1995). 

Arfken, G., Mathematical Methods For Physicists. Third edition., (Academic Press Inc., 
Boston 1985), p. 578. 

Atkins, R. M., V. Mizrahi, and T. Erdogan, "248 induced vacuum UV spectral changes in 
optical fibre preform cores: support for a colour center model of photosensitivity," 
Electron Lett., vol. 29, pp. 385-387 (1993). 

Ball, G. A. and W. W. Morey, "Continuously tunable single-mode erbium fiber laser," 
Opt. Lett., vol. 17, pp. 420-422 (1992). 

Battiato, J. M., "Diffractive Microlenses For Fiber Optic Array Interconnects," Master 
Thesis, University of Arizona (1992). 

Battiato, J. M., T. F. Morse, R. K. Kostuk, "Dual-Wavelength Common-Cavity Co-doped 
Fiber Laser," IEEE Photon. Technol. Lett., vol. 9, pp. 913-915 (1997). 

Bennion, L, D. C. Reid, C. J. Rowe, and W. J. Stewart, "High-Reflectivity Mono Mode-
Fibre Grating Filters," Electron. Lett., vol. 22, pp. 341-343 (1986). 

Bilodeau, F., K. 0. Hill, B. Malo, D. C. Johnson, and J. Albert, "High-retum-loss 
narrowband all-fiber bandpass Bragg transmission filter," IEEE Photon. Technol. 
Lett., vol. 6, pp. 80-82 (1994). 

Buck, J. A., Fundamentals of Optical Fibers. (John Wiley and Sons, New York 1995). 

Capmany, J., D. Pastor, and J. Marti, "EDFA gain equalizer employing linearly chirped 
apodized fiber gratings," Microwave and Optic. Technol. Lett., vol. 12, pp. 158-
160 (1996). 

Chemikov, S. V., R. Kashyap, P. F. McKee, and J. R. Taylor, "Dual Frequency All Fibre 
Grating Laser Source," Electron. Lett., voL 29, pp. 1089-1091 (1993). 

Chow, J., G. Town, B. Eggleton, M. Ibsen, K. Sugden, and L Bennion, "Multiwavelength 
Generation in an Erbium-Doped Fiber Laser Using In-fiber Comb Filters," DEEE 
Photon. Technol- Lett., vol. 8, pp. 60-62 (1996). 



162 

REFERENCES-Cow/mwef/ 

Cole, M. J. W., H. Loh, R. I. Laming, M. N. Zervas, and S. Barcelos, "Moving 
fiber/phase mask scanning beam technique for enhanced flexibility in producing 
fibre gratings with a uniform phase mask," Electron. Lett., vol. 31, pp. 1488-1489 
(1995). 

Crank, J., The Mathematics of Diffusion. (Oxford University Press, London 1975), 
pp. 69-74. 

De Sterke, C. M., N. G. R. Broderick, B. J. Eggleton, and M. J. Steel, "Nonlinear optics 
in fiber gratings," Optic. Fiber Technol., vol. 2, pp. 253-268 (1996). 

Desurvire, E., Erbium Doped Fiber Amplifiers. (John Wiley & Sons Inc., New York, 
1994), p. 209. 

Digonnet, M. J. F., editor. Selected Papers on Rare-Earth-Dooed Fiber Laser Sources and 
Amplifiers. SPIE Optical Engineering Press, Washington, (1992). 

Digonnet, M. J. F., editor. Rare Earth Doped Fiber Lasers and Amplifiers. (Marcel 
Dekker, New York 1993). 

Dong, L., J. L. Archambault, L. Reekie, P. St. J. Russel, and D. N. Payne, "Photoinduced 
absorption change in germanosilicate preforms; evidence for the color-center 
model of photosensitivity," Appl. Opt., vol. 34, pp. 3436-3440 (1995). 

Driemeier, W., "Bragg-effect grating couplers integrated in multicomponent polymeric 
waveguides," Opt. Lett., vol. 15, pp. 725-727 (1990). 

Erdogan, T. and V. Mizrahi, "Fiber Phase Gratings Reflect Advances in Lightwave 
Technology," Laser Focus World, pp. 75-80, February (1994). 

Erdogan, T. and J. E. Sipe, "Tilted fiber phase gratings," J. Opt. Soc. Am. A., vol. 13, pp. 
296-313 (1996). 

Erdogan, T., "Cladding-mode resonances in short- and long-period fiber grating filters,' 
J. Opt. Soc. Am. A, voL 14, pp. 1760-1773 (1997a). 

Erdogan, T., "Fiber Grating Spectra," L Lightwave Technol., vol. 15, pp. 1277-1294 
(1997b). 

Fonjallaz, P., H. G. Limberger, and R. P. Salathe, 'Bragg Gratings with Efficient and 
Wavelength-Selective Fiber Out-Coupling," J. Lightwave Technol., vol. 15, pp. 
371-376 (1997). 



163 

REFERENCES-Conn'nued 

Fox, M. and S. J. Stannard-Powell, "Attenuation Changes in Optical Fibres due to 
hydrogen," Electron. Lett., vol. 19, pp. 916-917 (1983). 

Friebele, E. J. and D. L. Griscom, in Proceedings of the Materials Research Society 
Symposium (Materials Research Society, Pittsburgh, PA (1986), p. 319. 

Gloge, D., "Weakly Guiding Fibers," Appl. Opt., vol. 10, pp. 2252-2258 (1971). 

Graydon, O., W. H. Loh, R. L Laming, and L. Dong, "Triple-Frequency Operation of an 
Er-Doped Twincore Fiber Loop Laser," IEEE Photon. Technol. Lett., vol. 8, pp. 
63-65 (1996). 

Haggans, C. W., and W. W. Morey, private communication (1997). 

Haggans, C. W., H. Singh, W. F. Vamer, Y. Li, and M. Zippin, "Narrow-Band Rejection 
Filters and Negligible Backreflection Using Tilted Photoinduced Gratings in 
Single-Mode Fibers," IEEE Photon. Tech. Lett., vol. 10, pp. 690-692 (1998). 

Hand, D. P. and P. St. J. Russell, "Photoinduced refractive-index changes in 
germanosilicate fibers," Opt. Lett., vol. 15, pp. 102-104 (1990). 

Hewlett, S. J., J. D. Love, G. Meltz, T. J. Bailey, and W. W. Morey, "Coupling 
Characteristics of phot-induced Bragg gratings in depressed- and matched-
cladding fibre," Opt. Quantum Electron., vol. 28, pp. 1641-1654 (1996). 

HilL, K. O., Y. Fujii, D. C. Johnson, and B. S. Kawasaki, "Photosensitivity in optical fiber 
waveguides: Application to reflection filter fabrication," Appl. Phys. Lett., vol. 
32, pp. 647-649 (1978). 

Hill, K. O., B. Malo, K. A. Vineberg, F. Bilodeau, D. C. Johnson, and L Skinner, 
"Efficient mode conversion in telecommunication fiber using externally written 
gratings," Electron. Lett., vol. 26, pp. 1270-1272 (1990). 

Hill, K. O., B. Malo, F. Bilodeau, D. C. Johnson, J. Albert, "Bragg gratings fabricated in 
monomode photosensitive optical fiber by UV exposure through a phase mask," 
AppL Phys. Lett., voL 62, pp. L035-1037 (1993). 

Hosono, H., Y. Abe, D. L. BCinser, R. A. Weeks, K. Muta, and H. Kawazoe, "TsTature and 
origin of the 5 ev band in Si02-Ge02 glasses," Phys. Rev. B., vol. 46, pp. 11445-
11451 (1992). 



164 

REFERENCES-Continued 

Jones, M. L., "Design of Normal-Incidence Waveguide-Imbedded Phase Gratings for 
Optical Intercormects in Multi-Chip Modules," Ph.D. Dissertation (1995a). 

Jones, M. L., R. P. Kenan, and C. M. Verber, "Rectangular characteristic gratings for 
waveguide input and output coupling," Appl. Opt., vol. 34, pp. 4I49-4I58 
(1995b). 

Jones, M. L., R. P. Kenan, and C. M. Verber, "Rectangular characteristic gratings for 
waveguide input and output coupling," Appl. Opt., vol. 34. Pp. 4149-4158 
(1995c). 

Kao, K. C. and G. A. Hockham, "Dielectric fiber surface waveguides for optical 
frequencies,' Proc. lEE, vol. 133, pp. 1151-1158 (1966). 

Kapron, F. P., D. B. Keck, and R. D. Maurer, "Radiation losses in glass optical 
waveguides," Appl. Phys. Lett., vol. 17, pp. 423-425 (1970). 

Kashyap, R., R. Wyatt, and R. J. Campbell, "Wideband gain Flattened Erbium Fibre 
Amplifier Using A Photosensitive Fibre Blazed Grating," Electon. Lett., vol. 29, 
pp. 154-155 (1993a). 

Kashyap, R., R. Wyatt, and P. F. Mckee, "Wavelength Flattened Saturated Erbium 
Amplifier Using Multiple Side-Tap Bragg Gratings," Electron. Lett., vol. 29, pp. 
1025-1026 (1993b). 

Kenan, R. P., "Theory of Crossed-Beam Diffiraction Gratings," IEEE J. Quantum 
Electron., vol. QE-14, pp. 924-930 (1978). 

Kimura, Y., and M. Nakazawa, "Multiwavelength cw laser oscillation in a Nd3+ and 
Er3+ doubly doped fiber laser," Appl. Phys. Lett., voL 53, pp. I251-I253 (1988). 

Koester, C. J. and E. Snitzer, "Amplification in a fiber laser," Appl. Opt., vol. 3, pp. 
1182-1186(1964). 

Kogelnik, H., "Coupled wave theory for thick hologram gratings," Bell Sys. Tech. J., vol. 
48, pp. 2909-2947 (1969). 

Kogelnik, H., "Theory of optical waveguides," in Guided-Wave Optics. T. Tamir, Ed. 
(Springer-Verlag, New York (1990). 

Lam, D. K. W. and B. K. Garside, "Characterization of single-mode optical fiber filters," 
Appl. Opt., vol. 20, pp. 440-445 (1981). 



165 

REFERENCES-Co/irim/et/ 

Laming, R. L, S. B. Poole, and E. J. Tarbox, "Pump excited-state absorption in erbium-
doped fibers," Opt. Lett., vol. 13, pp. 1084-1086 (1988). 

Lee, D. L., Electromagnetic Principles of Integrated Optics. (John Wiley and Sons New 
York 1986). 

Lemaire, P. J., "Reliability of optical fibers exposed to hydrogen: prediction of long-term 
loss increases," Opt. Eng., vol. 30, pp. 780-789 (1991). 

Lemaire, P. I, R. M. Atkins, V. Mizrahi, and W. A. Reed, "High pressure H2 loading as 
a technique for achieving ultrahigh UV photosensitivity and thermal sensitivity in 
GeOa doped optical fibers," Electron. Lett., vol. 29, pp. 1191-1193 (1993). 

Marcuse, D. and H. M. Presby, "Light scattering from optical fibers with arbitrary 
refractive-index distributions," J. Opt. Soc. Am., vol. 65, pp. 367-375 (1975). 

Mears, R. J. L., Reekie, S. B. Poole, and D. N. Payne, "Low-threshold tunable cw and Q-
switched fiber laser operating at 1.55 ?m," Electron. Lett., vol. 22, pp. 159-160 
(1986). 

Meltz, G., W. W". Morey, and W. H. Glenn," Formation of Bragg gratings in optical 
fibers by a transverse holographic method," Opt. Lett., vol. 14, pp. 823-825 
(1989). 

Meltz, G., W. W. Morey, and W. H. Glenn, "In-fiber Bragg grating tap," OFC 1990, 
Technical Digest Series, Vol. 3 (Optical Society of America, Washington, DC 
1990) p. 24). 

Meltz, G. and W. W. Morey, "Design and performance of bidirectional fiber Bragg 
grating taps/ OFC 1991, Technical Digest Series, Vol. 4 (Optical Society of 
America, Washington, DC 1991), p. 44. 

Mizarahi, V. and J. E. Sipe, "Optical Properties of Fiber Phase Gratings," J. Lightwave 
Techno!., voL 11, pp. 1513-1517 (1993). 

Mizrahi, V., P. J. Lemaire, T. Erdogan, W. A. Reed, D. J. DiGiovanni, R. M. Atkins, 
"Ultraviolet laser fabrication of ultrastrong optical fiber gratings and of germania-
doped cannel waveguides," Appl. Phys. Lett., 63, pp. 1727-9 (1993). 



166 

REFERENCES-Coftfinuec/ 

Morey, W. W., G. Meltz, J. D. Love, and S. J. Hewlett, "Mode-coupling characteristics of 
UV-written Bragg gratings in depressed-cladding fibre," Electon. Lett., vol. 30, 
pp. 730-732 (1994). 

Morkel, P. R., M. C. Parries, and S. B. Poole, "Spectral Variation of Excited State 
Absorption in Neodymium Doped Fiber Laser," Opt. Comm., vol. 67, pp. 349-
352 (1988). 

Morse, T. F., L. Reinhart, A. Kilian, W. Risen, Jr., and J. W. Cipolla, Jr., "Aerosol 
Doping Technique for MCVD and OVD," Fiber Laser Sources and Amplifiers, 
Proc. SPIE, vol. 1171, pp, 72-79 (1989). 

Morton, P. A., V. Mizrahi, S. G. Kosinski, L. F. Mollenauer, T. Tanbun-Ek, R. A. Logan, 
D. L. Coblentz, A. M. Sergent, and K. W. Wecht, "Hybrid soliton pulse source 
with fiber external cavity and Bragg reflector," Electron. Lett., vol. 28, pp. 561-
562 (1992). 

Patrick, H. and S. L. Gilbert, "Growth of Bragg gratings produced by continuous-wave 
ultraviolet light in optical fiber," Opt. Lett., vol. 18, pp. 1484-1486 (1993). 

Pattison, D. A., P. N. Kean, J. W. D. Gray, L Bennion, andN. J. Doran, "Actively 
Modelocked Dual -Wavelength Fiber Laser with Ultra-low Inter-Pulse Stream 
Timing Jitter," IEEE Photon. Technol. Lett., vol. 7, pp. 1415-1417 (1995). 

Petrin, R. R., Michael L. Kliewr, John T. Beasley, R. C. Powell, L D. Aggarwai, and R. 
C. Ginther, "Spectroscopy and Laser Operation of Nd;Zban Glass," J. Quantum 
Electron., voL 27, pp. 1031-1038 (1991). 

Peyghambarian, N., S. W. Koch, A. Mysrowicz, Introduction to Semiconductor Optics, 
(Prentice HaU, Englewood Cliffs, New Jersey (1993)). 

Pollock, C. R-, Fimdamentals of Optoelectronics. (Irwin, Chicago 1995). 

Presby, H. M., "Refiractive index and diameter measurements of unclad fibers," J. Opt. 
Soc. Am., vol. 64, pp. 280-284 (1974). 

Reekie, L., 1. M. Jauncey, S. B. Poole, D. N. Payne, "Diode-Laser-Pvunped Operation of 
an Er3+-Doped Single-Mode Fibre Laser," Electron. Lett., vol. 23, pp. 1076-1078 
(1987). 



167 

REFERENCES-CoMrmwei/ 

Skuja, L. N., A. N. Trukhin, A. E. Plaudis," Luminescence in germanium-doped glassy 
Si02," Phys. Stat. Solid A., vol. 84, pp. K153-157 (1984). 

Snitzer, E., "Optical maser action of Nd3+ in a barium crown glass," Phys. Rev. Lett., 
voL 7, pp. 444-446(1961). 

Snitzer, E., "Proposed fiber cavities for optical masers," J. Appl. Phys., vol. 32, pp. 36-
39(1961). 

Solymar, L., "A general two-dimensional theory for volume holograms," Appl. Phys. 
Lett., vol. 31, pp. 820-822 (1978). 

Solymar, L., and D. L Cooke, Volume Holography and Volume Gratings. (Academic 
Press, London 1981). 

Sorin, W. V. and H. J. Shaw, "A Single Mode Fiber Evanescent Grating Reflector," J. 
Lightwave TechnoL, vol. LT-3, pp. 1041-1043 (1985). 

Stokowski, S. E. R., A. Saroyan, and M. J. Weber, Nd-Doped Laser Glass, Spectroscopy 
and Physical Properties, M-95, Rev. 2, Vols. 1 and 2, Lawrence Livermore 
National Laboratory, University of California, Livermore, CA (1981). 

Svidzinskii, K. K., "Theory of Bragg diffiaction by limited-aperture gratings in a planar 
optical waveguide," Sov. J. Quantum Electron., vol. 10, pp. 1103-1109 (1980). 

Udd, E., editor. Fiber Optic Sensors. (WUey, New York 1991). 

Ventrudo, B. F., G. A. Rodgers, G. S. Lick, D. Hargreaves, and T. N. Demayo, 
"Wavelength, and intensity stabilization of980 nm diode lasers coupled to fiber 
Bragg gratings," Electron. Lett., vol. 30. pp. 2147-2149 (1994). 

Williams, J. A. R., L Bennion, K. Sugden, and N. J. Doran, "Fiber dispersion 
compensation using a chirped in-fibre Bragg grating," Electron. Lett., vol. 30, pp. 
985-987 (1994). 

Yariv, A. and P. Yeh, Optical Waves in Crvstals. (John Wiley and Sons, New York, 
1984). 

2^uda, H., R- A. Soref, P. Payson, S. Johns, and E. N. Toughlian, "Photonic Beam 
former for phased array antennas using a fiber grating," EEEE Photon. Technol. 
Lett, voL 9, pp. 241-243 (1997). 



IMAGE EVALUATION 
TEST TARGET (QA-3) 

• 

.Y  ̂
'v 

' / . X  

7^ 

150nim 

IIV14GE. Inc 
1653 East Main Street 
Rochester. NY 14609 USA 
Phone: 71W482-0300 
Pax: 716/288-5989 

01993. Applied Image. Iikx. Alt Righis Reaeiva<l 


