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ABSTRACT 

Single-mode optical fiber has been widely used not only in long-haul, high speed digital 

communication systems but also in sensing applications because of its inherent immunity 

to electromagnetic interference, low transmission loss, wide bandwidth, small size, and 

light weight. Birefringence is an important parameter of the optical fiber, determining 

bandwidth in fiber optic telecommunications, and resolution in fiber optic sensors. This 

thesis describes and demonstrates permanent photo-induced rotation of the principal axes 

of birefringence in Ge-doped circular-core low-birefringence single-mode optical fiber. 

Light from a linearly polarized Ar’ laser at a wavelength of 488 nm was launched into the 

fiber along one of the principal axes of the initial birefringence in the fiber. Rotation of the 

principal axes was observed after several hours of exposure. This observation helps one 

to understand the mechanism of the photo-induced effects in Ge-doped optical fiber, and 

to discover possible ways to control the birefringence in the fiber by means of photo 

exposure.
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1 INTRODUCTION 

The photo-refractive effect was first revealed by Hill et al. [1] in 1978. They observed the 

permanent, periodic refractive index change, or Bragg grating, in the Ge-doped single- 

mode optical fiber after exposing the fiber to the radiation from Ar’ laser. Meltz et al. [2] 

later demonstrated that a Bragg grating could also be formed by exposing the core 

through the side of the fiber to UV laser with a transverse holographic method. Gratings 

formed under UV light at the wavelength of 244 nm, considered to be a one-photo 

process, is more efficient than that under Ar’ laser at the wavelength of 488 nm or 514 

nm, believed to be a two-photon process. 

Bragg gratings were the first devices that began the research on photo-induced effects. 

From the point of view of hierarchical order, first there comes the photo-induced 

transmission changes in the fiber, and then the refractive changes. Grating formation 

occurs if the refractive change is periodic. Finally, there is the harmonic generation which 

requires a periodic modulation of the second order refraction [3]. A considerable amount 

of research has been conducted to try to fully understand the mechanism of the photo- 

induced effects, since Hill et al. [1] first reported the formation Bragg grating. 

The anisotropic feature of the photo-refractive effect was first revealed by Parent et al. 

[4]. Later, Ouellette et al. [5] demonstrated photo-induced birefringence after exposing a 
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Ge-doped fiber to a cw mode-locked Nd:YAG laser at 532 nm. Bardal et al. [6] 

presented a comparative study of the photo-induced birefringence obtained in low- 

birefringence and high-birefringence circular-core fibers. Wong et al. [7] observed that 

the temperature dependence of the birefringence in an elliptical-core fiber could be 

reduced by externally exposing the fiber to a UV laser at the wavelength of 244 nm. 

Recently Hill e¢ al. [8] observed the photo-induced rotation of the birefringence axes on 

exposure of a birefringent fiber to a UV pulsed laser at the wavelength of 244 nm through 

the cladding. 

This thesis describes the photo-induced rotation of the birefringence axes in a Ge-doped 

circular-core low-birefringence single-mode optical fiber through the exposure of the fiber 

to Ar’ laser at the wavelength of 488 nm. In the experiment, the initial birefringence axes 

of the fiber were first measured, and then a linearly polarized Ar” laser beam at the 

wavelength of 488 nm was launched into the fiber for several exposures. After each 

exposure, the resultant birefringence axes were reevaluated, and were found to rotate 

continuously. 

The thesis starts with the definition of birefringence and the photo-induced birefringence 

effects known to date are described in Chapter 2. Chapter 3 presents the experimental 

setup and the data analysis. The conclusions and future directions of this research are 

presented in Chapter 4. 
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2 BACKGROUND 

Optical fiber has been widely used in long-haul, high speed digital communication systems, 

mainly because of its low transmission loss and wide bandwidth [9]. These advantages 

mean more data can be transmitted over long distances, therefore decreasing the number 

of wires and repeaters. 

Optical fiber is also an attractive material for sensors used to measure displacement, 

temperature, strain, vibration, chemical concentrations, and electromagnetic fields [9]. 

The advantages of fiber optic sensors include immunity to electromagnetic interference, 

inherent electrical isolation, high resolution, small size, and light weight. 

2.1 Single-mode Optical Fiber 

An optical fiber is made up of a solid dielectric cylinder of radius ‘a’ and refractive index 

n). This cylinder is known as the core of the fiber. The core is surrounded by a solid 

dielectric cladding with refractive index nz that is less than n,, which makes light 

propagation in the fiber possible due to total internal reflection. 

Depending on the value of refractive index of the core n;, the optical fiber can be divided 

into two types. In the first case, the refractive index n, is a constant in the core and 
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undergoes an abrupt change at the cladding. This type of fiber is called step-index fiber. 

In the second case, the refractive index n, is a function of the distance from the center of 

the core, which is referred to as graded-index fiber. 

2.1.1 Modal Analysis of Fiber Optic Waveguide 

The light propagating in an optical fiber can be described in terms of a set of guided 

electromagnetic waves called the modes of the optical fiber [9]. Each guided mode is a 

pattern of electromagnetic field that varies harmonically along the fiber. Only a certain 

discrete number of modes, which satisfy the wave equation and boundary conditions in the 

fiber, are capable of propagating along the fiber. 

Besides guided modes, there are two other types of modes existing in the optical fiber [9]. 

The radiation modes result from the optical power that is outside the fiber acceptance 

angle being refracted out of the core and trapped in the cladding. The leaky modes are 

those fields only partially confined to the core, and attenuate by continuously radiating 

their power out of the core into cladding, resulting from the quantum mechanical tunnel 

effect [9]. 

To have a more quantitative modal analysis for optical waveguides, we should consider 

Maxwell’s equations which describe the relationship between the electric and magnetic 
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fields [1]. For a linear, isotropic dielectric material having no currents or free charges, the 

Maxwell’s equations take the following form [9]: 

vxE=-2 | (2.1.1a) 
Ot 

vxH=2., (2.1.1b) 
Ot 

V-D=0, (2.1.1c) 

V-B=0, (2.1.1d) 

where D = cE and B= uH. The parameter ¢ is the permittivity and u is the permeability 

of the medium. 

These equations lead to the wave equations [9]: 

  

  

2 

VWE=eu _ , (2.1.2a) 

2 oH 
V’H=eu ae (2.1.2b) 

A cylindrical coordinates {r, », z} is defined with z-axis lying along the axis of the fiber 

optic waveguide. For the light propagating along z-axis in the fiber, its electromagnetic 

field is a harmonic function of time and coordinate z with the following form [9]: 

E=E,(1r,o)e™ , (2.1.3a) 

H=H,(r,d)e" . (2.1.3b) 
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When Eqn. (2.1.3) is substituted into Eqn. (2.1.2), {E;, Ey, H,, Hy} is found to depend on 

{E,, H,} with the following relation [9]: 

  

  

    

  

E. --5 (pS, Ss) (2.1.4a) 

p= 4 (PEs H), (2.1.4b) 

H. --ifp He 06 Ea) (2.1.4¢) 

H, = 5 (BA see =| ; (2.1.4d) 

where q’ = we — B* = k* - 8’. {E,, H,} can be solved from the following wave equations 

[9]: 

CE, OE 
  

  

1 OE 1 

ar ae te ap tee (2.1.5a) 
3 2 

es 2 prt dH, =0. (2.1.50) 

In step-index fiber, {E,, H,} can be solved via separation of variables method and has the 

following expression [9]: 

E,(r<a)=AJ,(urjeekX™ , (2.1.6a) 

H(t <a) =BJ ,(ur)e"*eX" ™ , (2.1.6b) 

E,(r>a)=CK,(wr)e™eX™ | (2.1.6c) 

H,(r>a)=DK,(wr)e*el™™ | (2.1.6d) 
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where A, B, C, and D are constants to be determined by matching boundary conditions; J, 

is a Bessel function of the 1st kind of order v; Ky, is a Bessel function of the 2nd kind of 

order v; u? =k,’ - B*, w? =P? - ko”) ky = 20m /A, kp =2nm/A. 

The boundary conditions determine not only the value of the constants A, B, C, and D, but 

also the possible values for B. The boundary conditions require that the tangential 

components {E,, E,} and {H, H,} must be continuous at the core-cladding interface at 

r =a, which leads to the eignvalue equation for B [9]: 

2 2 Bv 2 1 1 2 Uy t+ Kiki? Jy + ky? Ky) = (=) (+=) (2.1.7) 
a u Ww 

where J, = 22) and K, = Ke Upon solving Eqn. (2.1.7) for B, it will be 
uJ , (ua) wK, (wa) 

found that only discrete values restricted to the range nok = k. < B < k; = nik will be 

allowed. Since each Bessel function of vth order has m roots, the root will be designated 

aS Bum. 

There are three types of guided modes in the fiber. When E, = 0, the modes are called 

transverse electric or JE modes. Similarly, modes with H, = 0 are known as transverse 

magnetic or 7M modes. Hybrid modes result if both E, and H, are nonzero. They can be 

further classified into HE and EH modes, depending on whether H, or E, makes a larger 

contribution to the transverse field. 
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Each mode is uniquely associated with Bym. For a certain Bym, the corresponding modes 

can be designated as TEvm, TMim, EHym, Or HEym. For dielectric fiber optic waveguides, 

all modes are hybrid except those for which v = 0. So, the possible modes are TEom, 

TMom, EHym, Or HEym. 

For weakly guiding step-index fiber, that is, the refractive indices of the core and cladding 

are very close, the { HEysi,m, EHy-tm} and {TEom, TMom, HE2m} modes are degenerate. 

These degenerate modes can be called Jinearly polarized (LP) modes, with LPom 

corresponding to HEim modes, LP), associated with TEom, TMom and HE2, modes, and 

LP vm derived from HE,+i, m and EH,.1,m modes [9]. 

2.1.2 Single-mode Condition 

Single-mode fibers support only the HE}; mode. The higher-order modes are cut off, that 

means they are no longer bound to the core of the fiber. The cut-off condition is based on 

the value of V-number, defined as 

Vv? -() (n,?-n,7) . (2.1.8) 

Each mode can exist only for values of V exceeding a certain value. For the step-index 

fiber, the condition to support the fundamental HE,; mode is that V > 0, which always 
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holds. The condition to support the next higher-order mode is that V > 2.405. Therefore, 

V < 2.405 is required to support HE:; mode only and cut off all the other higher-order 

modes. 

The single-mode condition V < 2.405 can be achieved by choosing proper core radius ‘a’ 

and core-cladding index difference A, defined as 

  (2.1.9) 

For a typical single-mode fiber, the core radius ‘a’ is in the range of 2-4 um and index 

difference A is between 2x10° and 107. 

Single-mode fibers distinguish themselves from multi-mode fibers mainly in the core 

radius. A typical multi-mode fiber has a core radius a in the range of 25 - 30 um. The 

single-mode fiber sustains only one mode of propagation while the multi-mode fibers 

contains many hundreds of modes. Therefore, one great advantage of single-mode fiber is 

that it is free from intermodal dispersion [9]. 

2.2 Birefringence in Single-mode Fiber 

There are three basic birefringence phenomena that may occur within an optical fiber: 

1) linear birefringence, 2) circular birefringence, and 3) fast axis rotation [10, 11]. 
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Linear birefringence is the phenomenon where the phase velocity of linearly polarized 

light within the fiber depends on the direction of polarization relative to the two fixed 

orthogonal principal axes within the fiber [10, 11, 12]. Linearly polarized light parallel to 

either of these two principal axes remains linearly polarized in the same direction as it 

propagates along the fiber. The direction along which the phase velocity is a maximum 

(i.e. effective refractive index is a minimum) is called the fast axis. Similarly, the direction 

along which the phase velocity is a minimum is called the s/ow axis. In general, if linearly 

polarized light enters the medium, it will emerge elliptically polarized. The ellipticity will 

depend on the initial polarization direction relative to the fast and slow axes and on the 

magnitude of the linear birefringence. 

Circular birefringence is the phenomenon where the phase velocities for right-handed and 

left-handed circularly polarized light within a medium are different [11]. The effect of this 

property is that initially linearly polarized light remains linearly polarized within the fiber 

but the direction of polarization rotates about the propagation direction. 

Fast axis rotation may occur only in materials having linear birefringence. The fast axis 

and slow axis directions in these materials may change continuously with longitudinal 

position. This effect is usually caused by a longitudinal twist [10, 11, 13, 14]. It is 

characterized by determining the angle through which the fast axis has rotated as a 

function of position on the propagation axis. 

Chapter2 Background 10



In general, an optical fiber may exhibit all of these effects. However, linear birefringence 

is the dominant effect in the single-mode fiber [11], and in the rest of the thesis, linear 

birefringence will be assumed to be the only birefringence for simplicity. 

2.2.1 Definition of Linear Birefringence 

The electric field of the HE;, mode has three components: E,, E,, and E,. Of these three 

components, either E, or Ey predominates, while E, is much smaller. If E, is the dominant 

field component of the mode, the light is polarized in x direction, and if E, predominates, 

the light is polarized in y direction [15]. 

In an ideal single-mode fiber with perfectly circular cross section, having isotropic 

refractive index distribution, for any solution with a dominant E, component, there is a 

corresponding solution whose E, component predominates. This means that a single- 

mode fiber can actually support two modes that are identical except for their mutually 

orthogonal polarizations [9, 15, 16]. 

These two polarizations of the fundamental HE,; mode in a single-mode fiber are shown 

in Fig. 2.2.1 [9]. Either one of these two polarization modes constitutes the fundamental 

HE); mode. In general, the electric field of the light propagating along the fiber is a linear 

superposition of these two modes. 
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In the circularly symmetric, isotropic fiber, these two orthogonally polarized modes are 

degenerate and traveling with equal propagation constants [9, 15, 16]. Thus, light that 

distributes its power among these two polarization states would travel in perfect 

synchronism. That is, any polarization state injected into the fiber will propagate 

unchanged [15]. 

In actual fibers with imperfections such as asymmetrical lateral stresses, noncircular cores, 

and variations in refractive index profiles, the circular symmetry and material isotropy of 

the ideal fiber are broken and the degeneracy of the modes is lifted [9, 15, 16]. The 

propagation constants become slightly different along the two principal axes. Let x- and 

y- axis coincide with fast and slow axis, respectively, we can define linear birefringence 

as: 

  
  n,-n,|. (2.2.1) 

where B, and B, are the propagation constants in the two orthogonal polarized states [17], 

n, and ny are the corresponding effective refractive indices, kj = 2x / A is the propagation 

constant of plane wave in the free space. 

The effect of linear birefringence is similar to that of a linear retarder [22]. The linear 

retardation Y due to linear birefringence takes the following form: 

Y= 
  
B, -B,|-z=k,Bz., (2.2.2) 
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where z is the distance traveled along the z-axis. Using Jones calculus, the effect of the 

linear retarder with retardation ‘¥ can be expressed in terms of a matrix N(‘P), with 

N(P) = i" oo . (2.2.3) 

The incident electric field components (E,, E,) are modified to (E,’, Ey’) by this retarder 

[11, 22, 24], with 

et”? 0 E, fe 2%) a2 

Linear birefringence has two components: shape birefringence due to the noncircular 

cross section and the stress birefringence associated with the anisotropic refractive index 

distribution [10, 15, 17]. 

Shape birefringence increases as the ellipticity of the fiber core becomes larger. In the 

limit of an infinitely elongated ellipse, the fiber degenerates into a slab waveguide as 

shown in Fig. 2.2.2 [15]. In this case, the even TE modes of a symmetric slab waveguide 

with core half-width ‘a’, are polarized with their electric field parallel to the slab, which is 

assumed to be the y direction. The propagation constant B, of this mode is a solution of 

the eignvalue equation [15] 
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  tanU, = We, (2.2.5) 
U 

with U, = [niko - By”]'2a and W. = [B,* - no’ko’]'7a. The TM mode has its electric field 

perpendicular to the slab with propagation constant B,, which is a solution of the 

eigenvalue equation [15] 

tan U,, = ay Wa ; (2.2.6) 
n, U, 

where Um = [ny*ko? - B,7]'7a and Wm = [Bx” - No’ko]'7a. An approximate expression for 

the shape birefringence can be derived by introducing Af = B, - B, and letting By = B, 

U. = U, W. = W, Bx = B - AB. Un, Wm, and tanW,, are then expanded in Taylor series 

neglecting terms of order smaller than AB [15]. The expressing of the shape birefringence 

takes the following form: 

n,U?W’2A 
= 2.2.7 

n, Ba’k,V7(1+ W) (2.2.7) 
  

Total birefringence values can be increased more effectively through stress birefringence. 

Assume the fiber is isotropic with a constant refractive index n in the absence of stresses. 

Stress can be described in terms of stress tensor. The coordinate system is oriented to 

coincide with the principal axes of the stress tensor so that only its diagonal elements o,, 

o,, and o, are nonzero. Stress changes the refractive index of the fiber [18], and the 

refractive index changes can be expressed as the following [15]: 
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3 
n 

n, -~n= oy (Pus +P,S, +P120,) (2.2.8a) x 

3 
n 

ny — N= ——-(Pi2Gx + Puy + P22) » (2.2.8b) 

3 
n 

n.—-n= oy (P12Fs + P19, +p,,.9,), (2.2.8c) 
Zz 

where coefficients pi; and pi2 are the photoelastic constants. If the stress exists only in 

the y-z plane, o, = 0, the stress birefringence of the material for a plane wave propagating 

in the z direction can be expressed as [15, 19]: 

B= 

  

3 
n 

n, — n,| = > Pu — Pi2)9, - (2.2.9) 

Consider a simple case of a slab waveguide shown in Fig. 2.2.2 [15] with thermal 

expansion coefficients 011, &2 for core and cladding, respectively. The core is fused to the 

surrounding material at a temperature T2. If the whole system is then cooled down to 

T, = T2- AT, the different expansion coefficients for the core and cladding cause stress to 

build up in y and z direction [15], with 

O, =0,=(a,-a,)AT. (2.2.10) 

The shape birefringence may differ from the stress birefringence not only in the magnitude 

and the associated phase retardation, but also in the orientation of the principal axes. To 

be generic, denote the principal axes of the shape birefringence with linear retardation ‘Y, 
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as x)- and y;- axis, making an angle ®, with x- and y- axis; and the principal axes of the 

stress birefringence with linear retardation ‘V2 as x2- and y2- axis, making an angle ®2 with 

x- and y- axis as shown in Fig. 2.2.3. The effect of the shape birefringence and stress 

birefringence can be expressed by matrix M; and Mz, respectively [24], with 

M, = S(®,)N(¥,)S(-9,) 

cos®, -sin®,||e"? 0 cos®, sin®, _|° . wll (2.2.11a) 
sin®, cos®, 0 e%% —sin®, cos®, 

M, = S(®, NCP, )S(-®, ) 

_[cos®, —sin®, | |e!” 0 cos®, sin®, 

~|sin®, cos®, 0 e821 1—-sin®, cos®, 
, (2.2.11b) 

The overall linear birefringence results from both the shape birefringence and stress 

birefringence. Its effect can be modeled by linear retarder associated with both the shape 

and stress birefringence, and can be expressed in terms of matrix MyeM) [24]. The 

incident electric field components (Ex, Ey) are modified to (E,’, Ey’) by this retarder [11, 

22, 24], with 

Blow 
E, -{s@yncxs(-@)}[S(@)NCH)S(-8, 

{5 y 

= S(,)N(H)S(-0,)( F] (2.2.12) 
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where ‘P; is the overall linear retardation and ®; is the orientation of the principal axes of 

the overall linear birefringence with respect to the x- and y- axis. 

Birefringence leads to a periodic power exchange between the two modes [10, 17]. The 

period is called the beat length, given by 

Lp=A/B. (2.2.13) 

Typically, B ~ 10°’, and Lg ~ 10m for A ~ 1pm [16]. 

The state of polarization is preserved throughout the fiber only when the incident 

polarization angle coincides with one of the two principal axes, that is, when only one 

mode is excited. Otherwise, the polarization state evolves cyclically as the two modes 

beat together in phase relationship, in a periodic manner over the length Lg as shown in 

Fig. 2.2.4 [16]. 

2.2.2 Low- and High- Birefringence Fiber 

In a typical fiber, the magnitude of the intrinsic birefringence due to a noncircular cross 

section and material anisotropy is relatively small, but it can be severely modified by 

environmental factors such as pressure, twists, and bends that vary in an unpredictable 

manner [10]. Thus the overall fiber birefringence and therefore its output polarization 

state cannot be predetermined. 
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The polarization state is of great concern in coherent light systems, where the incident 

signal is superimposed on the field of a local oscillator. The desired beat occurs only 

among field component of the same polarization. Also, polarization is of concern when an 

optical fiber is to be coupled to a modulator or other waveguide device that operates 

properly only if the light is linearly polarized in a given direction [15]. One solution to 

overcome the unpredictability of the fiber polarization state is to use high-birefringence 

polarization-maintaining fiber [10, 20], where the intrinsic birefringence is increased to 

such a high level that environmental effects are unlikely to make a difference [10, 21]. 

High-birefringence fiber can be fabricated by breaking the degeneracy between the two 

mutually orthogonal polarization states [15]. The degeneracy can be lifted by making the 

fiber core cross section intentionally elliptical to break the core circularity [20]. Core 

circularity can be broken by means of making either the core or cladding elliptical in shape, 

and the degree of birefringence achieved by this scheme is around 10°. More successful 

are efforts at introducing intentional anisotropy into the fiber material to increase the stress 

level [17]. Stress level can be increased by adding stress-applying elements, normally a 

value of B ~ 10“ can be achieved. Some representative designs of the single-mode high 

birefringence fibers are shown in Fig. 2.2.5 [15]. 

On the other hand, low-birefringence fiber can be used in polarimetric sensing schemes to 

increase sensitivity where the variation of output polarization state is a good measurement 
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of the magnitude of the external effect [10, 22, 25]. Low-birefringence fiber can also be 

used in communications where the group-velocity difference introduced by the 

birefringence is negligible. 

The fabrication of the low-birefringence fiber requires a high degree of core circularity and 

a low residual stress level [10, 26]. Controlled fabrication techniques are utilized to make 

highly circular cores. Another approach to decrease the birefringence involves spinning 

the preform during drawing to average the residual stress-induced birefringence [27]. 

Stress-induced birefringence is caused by an imbalance in the transverse stress components 

along the two principal axes. This imbalance may be reduced by choosing the thermal 

expansion coefficient of the core and cladding to be close, or even equal. Therefore, the 

core and cladding are indistinguishable from the mechanical point of view and have equal 

stress levels [26]. 

2.3  Photo-induced Effects in Ge-doped Optical Fiber 

The action of light can modify the intimate structure of the optical fiber in a highly 

organized fashion, giving rise to spectacular and unexpected effects, especially in Ge- 

doped fibers. These photo-induced effects can be classified in terms of self-organized and 

externally-organized [3]. 
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In self-organized photo-induced effects, the reorganizations of the optical fiber take place 

under the action of the input light alone, without any other sort of external impact, like 

spontaneous Bragg grating growth, self-seeded second harmonic generation, or self- 

induced polarization rotation [3]. 

On the other hand, externally-organized photo-induced effects are brought by external 

means, which allow more control on the final results, like side-writing of Bragg gratings, 

seeded second harmonic generation, or photo-induced birefringence [3]. 

2.3.1 Mechanism of Photo-induced Effects 

The optical fiber being exposed to the high power light can experience some important 

changes, including transmission changes, refraction changes, grating formation, and 

harmonic generation as shown in Fig. 2.3.1 [3]. These photo-induced effects are 

especially effective in germanium-doped fibers, where even relatively low energy radiation 

can induce the permanent change [3, 32]. 

The transmission change is usually observed under Ar’ laser irradiation, with the 488nm 

line being the most effective and typical power density in the order of 100 mW/ym” [28, 

29, 30]. It is believed to result from the interaction of light with three different defects in 

the glass, via two-photo and one-photo absorption [3, 32]. 
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The transmission change leads to the refraction change. Due to the Kramers-Kronig 

principle, any absorption change results in a refractive index change [3]. This refractive 

index change is observed to be around 2x10™ via an interferometric method [31]. The 

index change is also found to be anisotropic with a birefringence of the order of 10° being 

measured [4, 5]. 

Currently most researchers have attributed the transmission and refraction changes to the 

interaction of light with defects in the fiber. Defects occur in glasses or crystals when 

bonds are broken, often characterized by an electron trapped in a localized state in the 

glass [3, 32]. They can be detected through electron spin resonance (ESR) spectrum or 

absorption spectrum. By comparing the ESR or absorption spectrum before and after 

light illumination, the photo-induced defects can be identified through the corresponding 

band change. In Ge-doped fiber, three defects have been identified. They are Ge-E’ 

defect, GeO defect, and GEC (Germanium Electron Center) defect as shown in Fig. 2.3.2 

[3]. Ge-E’ defect occurs when one of the four Ge-oxygen bonds is broken and an electron 

remains trapped in the empty orbital. GeO defect is created when the Ge atom is bonded 

to only 2 oxygen atoms, equivalent to a GeO molecule, and two electrons are trapped. 

GEC defect corresponds to the case where an electron is trapped on a four-coordinated 

Ge atom. 
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If the refractive index change is periodic, a grating is formed in the fiber [3]. A self- 

organized Bragg grating was first observed by Hill et a/. [1] in 1978. When the Ge-doped 

fiber was exposed to Ar’ laser at 488 nm, the standing wave induced by the reflection of 

the light at the output end of the fiber was transformed into a permanent periodic 

refractive index modulation due to photosensitivity [3]. The modulation acted as a Bragg 

grating, further reflecting the incoming light, which increased reflection and in turn 

enhanced the contrast of the standing wave, inducing a stronger Bragg grating, thus a 

greater reflection, and so on in a highly self-organized way. This grating was believed to 

be a result of two-photo process, that is, the light at 488 nm had a two-photon resonance 

with the strong absorption band at 245 nm [3, 32]. 

Later on, externally-organized Bragg gratings were introduced by Meltz et al. [2]. They 

exposed the core through the side of the fiber to two UV laser beams crossing at a given 

angle. The interference fringes from these two laser beams were transformed into an 

index grating. This process was believed to be a one-photo process where the 245 nm 

absorption band was bleached. 

Harmonic generation was first reported by Osterberg and Margulis [33]. They observed 

that green light coming out of the fiber after it was exposed for a long time to intense 

infrared light from Q-switched and mode-locked Nd-YAG laser at 1.06um wavelength. 

(2) The explanation was: a permanent 7 grating was formed in the fiber, the x allowed the 
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generation of second harmonic light, the grating made phase matching possible, and 

therefore made the process very efficient [3]. 

2.3.2 Recent Progress in Photo-induced Birefringence 

The anisotropic photo-induced refractive index was first reported by Parent ef al. [4]. 

They observed that the reflectivity of a Bragg filter reached a maximum when the 

polarization direction of a reading beam was parallel to that of the writing beam. This 

behavior was independent of the relative angle between the polarization direction of the 

writing beam and birefringence axes of the fiber. These polarization properties disappeared 

for long exposure times of the fiber to the writing beam. 

Ouellette et a/. [5] observed permanent photo-induced birefringence in a Ge-doped fiber 

exposed to continuous wave mode-locked light at a wavelength of 532 nm. This effect 

was enhanced by increasing the germanium concentration in the core of the fiber, or by 

submitting it to a thermal hydrogen treatment. Using this method, an index change of 10° 

was measured. 

A comparative study of photo-induced birefringence in both high-birefringence and low- 

birefringence fibers was conducted by Bardal et a/. [6] by using 532 nm light. They 

revealed that high-birefringence fiber was insensitive to light polarized along the fast axis, 
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while low-birefringence fiber was photosensitive along both axes. The induced 

birefringence in low-birefringence fiber was reversible, whereas the change in high- 

birefringence fiber was permanent [34]. 

Wong et al. [7] found that the temperature dependence of birefringence in a fiber could be 

reduced under UV irradiation. A stress-relief model was proposed to explain the 

mechanism, which was proposed to be a consequence of the breakage of oxygen-deficient 

bonds (wrong bonds) in the glass network through one-photon or multi-photon 

absorption, with a subsequent relaxation of the tensile stress in the fiber core. 

Hill et al. [8] determined experimentally that the principal axes of birefringence in a fiber 

could be rotated about the longitudinal axis of the fiber by using external writing with UV 

light. 
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3 PHOTO-INDUCED BIREFRINGENCE ROTATION IN 

OPTICAL FIBER 

3.1. =‘ Polarization Properties in Single-mode Optical Fiber 

Because of birefringence, the polarization state of a linearly polarized light incident upon a 

fiber with non-circular geometry and material anisotropy will evolve cyclically along the 

fiber. To fully illustrate this phenomena, the polarization characteristics in the fiber should 

be investigated [13, 22, 35, 36, 37]. 

Let x- and y- axis be coincident with the fast and slow axis of the single-mode optical 

fiber, respectively. A linearly polarized light beam (Eo) incident upon the front endface of 

the fiber with incident polarization angle ® with respect to the x-axis can be decomposed 

along x- and y- axis [13]. The two modes (E,, E,) travel along the fiber with different 

phase velocities, and emerge from the rear endface of the fiber with a phase difference 6 at 

an output polarization angle 9. 

Assume the light beam to have a radian frequency @ and a propagation constant k in the 

air. Figure 3.1.1 [13] shows the following to hold at the rear endface: 
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E, =E, cos8 cos(at — kz+8), (3.1.1a) 

E, = E, sinO cos(wt — kz), (3.1.1b) 

E,=0. (3.1.1¢) 

The output polarization angle ¢ is given by: 

tan2@ = tan20cos6. (3.1.2) 

The degree of polarization P is used to describe the polarization characteristics, it is 

defined as: 

Pp = —mx_— min (3.1.3) 

This method of determining the degree of polarization has the advantage of remaining 

unaffected by temporal fluctuations of the intensity of the light during the measuring 

operation [13]. Emax and Enin can be expressed in terms of: 

Eon = -<, (3.1.4a) 

C 
En = = (3.1.4b) 

where 

A=E,,’ cos’ 9-E,,E,, cosdsin 29 + E,,’ sin’ 9, (3.1.5a) 

B=E,,’ sin’? 9+E,,E,, cos6 sin 29 + E,,’ cos’ 9, (3.1.5b) 

C=E,,’E,, sin’, (3.1.5c) 

and 
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E,, =E,cos0 , (3.1.6a) 

E,, =E,sinO . (3.1.6b) 

The dependence of the degree of polarization P on the incident polarization angle 0, the 

output polarization angle ~, and the phase retardation 5 by substituting Eqs. (3.1.5, 6) into 

Kgs. (3.1.3, 4): 

P = cos2¢.cos29 + sin 29 sin 26 cos6. (3.1.7) 

Furthermore, the dependence of the degree of polarization P on the incident polarization 

angle 8 and the phase retardation 5 by substituting Eqn. (3.1.2) into (3.1.7): 

P = ¥1—sin? 20sin?5. (3.1.8) 

Eqn. (3.1.8) shows that the degree of polarization is unity at 9 = 0, 2/2, 7 ..., which means 

that the polarization can be maintained only when the incident polarization angle coincides 

with the principal axes [13, 35]. 

3.2 Experimental Setup 

The experimental setup used to investigated birefringence rotation is shown in Fig. 3.2.1 

[23]. A linearly polarized laser beam from an argon-ion laser at wavelength of 488 nm 

was launched into a circular-core low-birefringence single-mode optical fiber. The fiber 

was manufactured by 3M Corporation, with a core diameter of 1.4 um, a cutoff 

wavelength of 365 nm, and germanium dopant concentration on the order of 3%. 
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At the input end of the optical fiber, a half-wave plate was used to rotate the orientation of 

the incident linearly polarized light, followed by a lens to couple the light into the fiber. At 

the output end of the fiber, a polarizer was used to let (Emax, Emin) through, and the 

corresponding intensity was read by the photometer. 

First, the orientation of the principal axes of the initial birefringence was determined. This 

was achieved by measuring the degree of polarization at different orientation of the half- 

wave plate, i.e., the direction of the incident linearly polarized laser beam. Egn. (3.1.8) 

shows that when the incident polarization angle coincides with the principal axes, the 

degree of polarization is unity. Therefore, the principal axes were derived from the 

direction with the degree of polarization being unity. The optical power coupled into the 

fiber was on the order of 100 :W to prevent possible permanent photo-induced effects in 

the fiber, yet strong enough to overcome the background light. 

Then the half-wave plate was set to the corresponding angle of the first peak adjacent to 

zero, which means that the linearly polarized light was launched parallel to one of the two 

principal axes of the fiber birefringence. The optical power of the laser was raised to 2 W. 

The power emerging at the output end of the fiber was measured to be 80 mW. To 

prevent a significant reflection from the output end face of the fiber, which may lead to the 

formation of a Bragg grating, the output end of the fiber was inserted into an index- 

matching oil during the exposure. 
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After each successive period of exposure, the power of the laser was reduced to 100 pW 

to measure the polarization characteristics of the light emerging out of the fiber. The 

degree of polarization as a function of the angle of the half-wave plate at different 

exposure time was shown in Fig. 3.3.1 and Fig. 3.3.2 [23]. In these two figures, the 

principal axes of the birefringence was observed to rotate continuously as the exposure 

time was increased. This photo-induced rotation of the principal axes of the birefringence 

as a function of the exposure time is shown in Fig. 3.3.3 [23]. 

3.3 Experimental Data Analysis 

The linear birefringence of the circular-core single-mode optical fiber consists of two 

components: the shape birefringence results from the noncircular cross section while the 

stress birefringence is associated with the stress induced by material anisotropy. The 

Shape birefringence is very stable compared to the stress birefringence which can be 

changed through photo exposure [4, 5, 6, 34]. When these two birefringence components 

have different orientations, any change in the stress birefringence, either in magnitude or in 

orientation, will lead to a rotation of the principal axes of the total linear birefringence. 

The photo-induced birefringence in low-birefringence fibers was found to be reversible by 

Bardal ef al. [6]. They observed that the photo-induced birefringence with linear 

polarization along one of the principal axes could be erased by exposure of the fiber to the 

Chapter3 Photo-induced Birefringence Rotation in Optical Fiber 29



linearly polarized light rotated by 90°. This phenomenon was verified in our experiment as 

shown in Fig. 3.3.4 [23]. The polarization characteristics were first measured before 

photo exposure. Then the linearly polarized Ar laser beam was launched into the fiber 

along one of the principal axes. After an 1-hour exposure at the power level of 70 mW, a 

4° rotation in the principal axes of the birefringence was observed. The polarization of the 

laser was then rotated by 90°, that is, the Ar” laser was launched into the fiber along the 

other principal axis. After an 1-hour exposure at the same power level, the orientation of 

the birefringence was rotated back to its original direction. This rotation of the principal 

axes of the birefringence in the opposite direction was believed to be a result of the 

erasure of the photo-induced stress birefringence. 
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4 CONCLUSIONS 

Linear birefringence is the dominant birefringence in single-mode fiber. It is the 

phenomenon where the phase velocity of linearly polarized light within the fiber depends 

on the direction of polarization relative to the two fixed orthogonal principal axes within 

the fiber. It consists of two components: shape birefringence resulting from noncircular 

cross sections and stress birefringence due to anisotropic refractive index distribution. 

This thesis presented that the stress birefringence could be affected under photo-exposure 

compared with the shape birefringence which was stable. In the experiment, the principal 

axes of the linear birefringence was observed to experience rotation in a circular-core 

low-birefringence single-mode fiber under the radiation of linearly polarized Ar’ laser at 

the wavelength of 488 nm. This rotation was believed to result from the shape 

birefringence and stress birefringence could have a different orientation of the principal 

axes of the birefringence. Any change in the orientation of the principal axes of the stress 

birefringence would lead to a rotation of the principal axes of the total linear birefringence. 

This photo-induced birefringence axis rotation was also observed to be reversible, the 

birefringence axis rotation was found to be in the opposite direction when the linearly 

polarized Ar’ was rotated by 90°. A number of factors contributed to the photo-induced 

birefringence rotation of the single-mode fiber, including the levels of the intrinsic shape 
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and stress birefringence, shape and stress birefringence orientation offset, germanium 

dopant concentration, and exposure power and time. 

Photo-induced effects have been an active research area for several years. One possible 

direction for the future work is to study the photo-induced birefringence effects in the 

fiber under external stress as well as in the fiber with intrinsic high birefringence. 
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Figure 2.2.1 Two Polarizations of the Fundamental HE); Mode in a Single-mode Fiber 
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Figure 2.2.2 In the Limit of an Infinitely Elongated Ellipse, the Optical Fiber 
Degenerates into a Slab Waveguide 
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Figure 2.2.4 The State of Polarization in a Birefringence Fiber Over One Beat Length 
Input Light is Linearly Polarized at 45° With Respect to the Fast and Slow 
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Figure 2.3.1 Classification of Photoinduced Effects in Optical Fibers 

Figures 42



K O 

» / \O dt , 
G Ge<— O — Ge wt 5 Z c~ O ; a ! \ N 

°° | \ 2 / , 
O O O 

J / / \ 

GeE’ Defect GeO Defect GEC Defect 

Figure 2.3.2 Identified Defects in Ge-doped Optical Fiber 
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Figure 3.1.1 State of Polarization at the Endface of the Fiber 
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Figure 3.2.1. Experimental Setup for the Investigation of Photo-induced Birefringence 
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Figure 3.3.1 Degree of Polarization as a Function of the Angle of the Half-wave Plate 
within the First Hour of Photo Exposure 
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Figure 3.3.4 Reverse Rotation of the Principal Axes of the Birefringence 
under Ar’ laser irradiation with Different Polarization Orientation 
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