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2. Abstract 

Linear birefringence is a property of anisotropic optica! materials characterized by a 

difference in the speed of light (or refractive index) for two orthogonal linear polarizations of 

light passing through a sample. Isotropic materials, also exhibit linear birefringence under 

external mechanica! stress. 

A new design for low-noise, wavelength dependent measurement of linear birefringence is 

introduced. The proposed design uses an Acousto Optie Tunable Filter (AOTF). By making 

sure the incident light is linear polarized, the anisotropic diffraction in the AOTF will diffract 

a part of the incoming beam with the polarization perpendicular to the incoming beam and 

two perpendicular linear polarized beams will leave the AOTF. The phase difference between 

the two beams can be translated into the linear birefringence of the sample. 

Results show that the proposed design is wavelength-dependent and is low-noise (90.9 MHz 

at 1600 nm). Simulations show that when a programmable bias retarder is used the orientation 

of the fast and slow axis can be determined. In theory the setup can reach a accuracy of 0.05° 

(with a wavelength of 1600 nm this equals an accuracy in the birefringence of 11.1 nm). 
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4. lntroduction 

Linear birefringence is a property of anisotropic materials characterized by a difference in the 

speed of light (or refractive index) for two perpendicular polarizations of light passing 

through a sample. Isotropic optica! materials also exhibit linear birefringence under external 

mechanica) stress. Linear birefringence of an optica! element produces a relative phase shift 

between the two polarization components of the passing light. The phase shift between the 

two perpendicular polarized beams that pass through a sample is called the retardation or 

retardance of the sample. A sample which has retardance has a fast axis (FA) and a slow axis 

(SA). The FA corresponds to the polarization direction for which the speed of light is 

maximum (or the refractive index is minimum). 

Measurement of linear birefringence has several applications, mostly in the opties industry. 

The determination of residual linear birefringence (residual mechanica! stress) is becoming 

more and more important for suppliers of optical components. Measurement of the linear 

birefringence can be used as a quality control metrology or used for qualification of these 

optica! components. A few examples of these optica! components are: plate glass, scientific 

optica! components, laser crystals, DVDs etc., hut also semiconductor photolithography 

components like calcium fluoride windows, fused silica or stepper reticles. Another 

application of measuring linear birefringence can be seen in [XXU03] where they use the 

principle to determine thermoelastic displacement. 

The most common method to measure birefringence is to place the sample and a quarter-wave 

plate (QWP) between crossed linear polarizers and observe changes in the transmitted light 

while the analyzer is rotated [ASTOO] [ROB83]. Another method is to place a Kerr cell or 

Babinet compensator between the sample and analyzer to cancel the phase retardation 

produced by the birefringence [BIR74]. More advanced methods to measure the birefringence 

of a sample are described by B. Wang and T.C. Oakberg [W AN99] which measures both the 

magnitude and angle of the birefringence and by J.R. Mackey and friends [MAC99]. This last 

birefringent measurement system is designed for measuring birefringence in zero-gravity. 

In this report we propose a new design to measure both the magnitude of the birefringence 

and the angle of the retardation axis with the use of an Acousto-Optic Tunable Filter (AOTF). 

The instrument is low-noise and can measure for a continuous range of wavelengths. In 

chapter 5 the theory of crystal opties, birefringence and the AOTF will be discussed. Chapter 

6 shows the experimental setup and chapter 7 the experimental verification of the proposed 

design. In chapter 8 we the results will be discussed. 
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5. Theory 

This chapter begins to discuss the crystal opties. This gives a better understanding of 

birefringence and it can be used to explain the working principles of an AOTF. After that the 

crystal acoustics are highlighted. The last part of the chapter digs deeper into the acousto

optic interaction which is responsible for the working of an AOTF. 

5.1 Crystal Opties 

F or a better understanding of the property birefringence and the working principles of an 

AOTF it is of vital importance to understand the fundamentals of crystal opties. A brief 

summary will be given in the next paragraph. A more thorough vers ion of this subject can be 

found in [AMN84) and [JIE92]. The last two paragraphs will discuss the different kind of 

crystals and the property of birefringence. 

5.1.1 Fundamental Equations of Crystal Opties 

An electromagnetic field in matter is described by Maxwell's equations [AMN84) 

- as 
\lxE+-=0, 

8t 

- an -
\lxH--=J 

8t ' 

"V·D=p, 

"V·B=O. 

Where E is the electric vector, H is the magnetic vector, D is the electric displacement and B 

the magnetic induction, J is the electric current density and p is the electric charge density. 

For bulk optica! waves propagating within a medium, it will be sufficient to consider only the 

plane wave solution fora single angular frequency. 

- -

(1) 

(2) 

(3) 

(4) 

E- expj(rot-k ·F), 

fJ - exp j(rot-k · F). 

(Sa) 

(Sb) 

Where k is the wave vector k = (wie )ns with s a unit vector in the direction of propagation. n 

is the refractive index to be determined. Substitution of Eqs. (Sa) and (Sb) into Maxwell's 

Eqs. (1) and (2) gives 

- - -k x E =roµH, 

- - -k x H = -roEE . 

(6a) 

(6b) 

By eliminating H from Eqs. (6a) and (6b)we obtain 

k X (k X Ë) + OJ
2 
µEË = Ü. (7) 
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In the principal coordinate system, the dielectric tensor is given by: 

0 

Equation (7) can be written as [AMN84] 

For nontrivial solutions to exist, the determinant of the matrix in Eq. (9) must vanish. This 

leads toa relation between wand k [AMN84], 

2 k 2 k 2 
{J) µ&x - y - z 

det kykx 

kzkx 

(8) 

(9) 

(10) 

The above equation can be represented by a three dimensional surface in k space (momentum 

space). This surface is known as the normal surface and consists of two shells, which, in 

genera), have four points in common (see Fig. 1 ). The two lines that go through the origin and 

these points are known as the optie axes. Fig. 1 shows one of these optie axes. Given a 

direction of propagation, there are in genera! two k values which are the intersections of the 

direction of propagation and the normal surface. These two k values correspond to two 

different phase velocities (wik) of the waves propagating along the chosen direction. The 

directions of the electric field vector associated with these propagations can also be obtained 

from Eq. (9) and are given by [AMN84] 

(11) 
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Figure 1: The normal surface. 

It will be shown that the two phase velocities always correspond to two mutually orthogonal 

polarizations (for displacement vector D). For propagation in the direction of the optie axes, 

there is only one value of k and, consequently, only one phase velocity. There are, however, 

two independent directions of polarization. 

Eqs. (10) and (11) are often written in terms of the direction cosines of the wave vector. By 

using the relation k = (wlc)ns for the plane wave given by Eq. (Sa), Eqs. (10) and (11) can be 

written as [JIE92] 

and 

9 
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(13) 

respectively. 

Eq. (12) is known as Fresnel's equation of wave normals and can be solved for the 

eigenindices of refraction, and Eq. (13) gives the direction of polarization. Eq. (12) is a 

quadratic equation in n2
• Therefore, for each direction of propagation (set of sx, sy, Sz) it yields 

two solutions for n2
• This gives us the polarizations of these waves. lt can be seen that in a 

nonabsorbing medium these eigenwaves are linearly polarized, since all the components are 

real in (13). Let E1 and E2 be the electric field vectors and Di, D2 be the displacement vectors 

of the linearly polarized eigenwaves associated with n1
2 and n/, respectively. Maxwell's 

equation (3) implies that D1 and D2 are orthogonal tos. Since n1·n2 = 0, the three vectors D 1 

,D2 and s form an orthogonal triad and can be used as a coordinate system for the description 

of many physical phenomena, including optica! activity. Maxwell's equations also imply that 

D, E, and Hare related by [JIE92] 

and 

- n -
D=--sxH, 

c 

- n -
H=-sxE. 

µc 

(14) 

(15) 

According to Eqs. (14) and (15), D and H are both perpendicular to the direction of 

propagation of s. Consequently, the direction of energy flow as given by the Poynting vector 

Ex H is not, in genera!, collinear with the direction of propagation s. lt can be shown [3] that 

D, E and s all lie in the same plane. 

Along an arbitrary direction of propagation s, there can exist two independent plane-wave, 

linearly polarized propagation modes. These modes have phase velocities ± c/n1 and ± c/n2, 

where n1
2 and n/ are the two solutions of Fresnel's equation. 

In practice, the most indices of refraction ni, n2 and the directions of D, H, and E are found, 

most often, not by the procedure outlined above hut by using the formally equivalent method 

of the index ellipsoid. The surfaces of constant energy density Ue in D space [JIE92] can be 

written as 
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(16) 

where ëx, é:y and Gz are the principal dielectric constants. If we replace D/(2 Ue) 112 by r and 

define the principal indices ofrefraction nx, ny and nz by n? = t:/é:o (i = x,y,z), the Jast equation 

can be written as 

(17) 

This is the equation of a genera) ellipsoid with major axes parallel to the x, y, and z directions 

whose respective lengths are 2nx, 2ny and 2nz. The ellipsoid is known as the index ellipsoid. 

The index ellipsoid is used mainly to find the two indices of refraction and the two 

corresponding directions of D associated with the two independent plane waves that can 

propagate along an arbitrary direction s in a crystal. 

5.1.2 Classification of Crystals (anisotropic media) 

The normal surf ace (or the index ellipsoid) contains the information about the optica) 

properties of a crystal. The normal surface is uniquely determined by the principal indices of 

refraction nx, ny and nz. In the genera) case when the three principal indices nx, ny and nz are all 

different, there are two optica) axes. In this case, the crystal is said to be biaxial. In a biaxial 

crystal, the principal coordinate axes are labeled in such a way that the three principal indices 

are in the following order [JIE92]: 

(18) 

In this convention the optica) axes lie in the xz plane. The cross section of the normal surfaces 

with the xz plane is shown in Fig. 2a [JIE92]. 

z z z 

x x 

(a) (b) (c) 

Figure 2: Intersection of the normal surface with the xz plane for (a) biaxial crystals, (b) positive 

uniaxial crystals, (c) negative uniaxial crystals. 

In many optica) materials it happens that two of the principal indices are equal. The normal 

surface in this case consists of a sphere and an ellipsoid ofrevolution. These two sheets of the 

normal surface touch at two points on the z axis. The z axis is therefore the only optie axes, 

and the crystal is said to be uniaxial. In a uniaxial crystal, the index of refraction that 

corresponds to the two equal elements, n0
2 

= exft:o = t:/t:0, is called the ordinary index n0; the 
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other index corresponding to E:z, is called the extraordinary index ne. lf n0 < ne, the crystal is 

said to be positive, whereas if n0 > ne, it is said to be negative. The intersection of the normal 

surfaces with the xz plane is also shown in Fig. 2b and 2c. The optie axis corresponds to the 

principal axes, which has a unique index of refraction. 

lf all the three principal indices are equal, the two sheets of normal surface degenerate to a 

single sphere, and the crystal is said to be optically isotropic. The equation will describe two 

linearly independent waves with identical wave number (refractive index). 

The optica! symmetry of the crystals is closely related to the point group of the crystals. For 

example, in a cubic crystal, the three principal axes are physically equivalent. Therefore, we 

expect a cubic crystal to be optically isotropic. Table 1 lists the optica! symmetry of the 

crystals and the corresponding dielectric tensor [JIE92]. 
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Optica! 
Crystal System Point Groups Dielectric Tensor 

Symmetry 

43m 

}E=Efi n~' J 

lsotropic 
432 0 

(CdTe, NaCI, 
Cubic m3 n2 

GaAs, Flourite, 
23 0 Diamond, GaP) 

m3m 

4 

4 

4/m 

Tetragonal 422 

4mm 

Uniaxial 
42m 

4/mmm 
(Positive: lee, 

6 
Quarts(Si02, 

[ 2 n 6 no 0 
Rutile (Ti03), 

& = Eo ~ 
2 

ZnS 
6/m no 

Negative: 
Hexagonal 622 0 

Calcite, LiNb03, 
6mm 

6m2 
KDP, ADP) 

6/mmm 

3 

3 

Trigonal 32 

3m 

3m 

1 
Tri clinic 

1 

Biaxial 2 

[ 2 

0 

}, ] 
nx 

(YaA03, Mica, Monoclinic m 
& = Eo ~ 

2 

NaN02, 2/m 
nY 

KaNb03) 222 
0 

Orthorhombic 2mm 

mmm 

Table 1: The optica! symmetry of the crystals and the corresponding dielectric tensor. 
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5.1.3 Birefringence 

The uniaxial and biaxial crystals discussed in the last paragraph are named birefringent 

materials. Birefringent materials are so named because they are able to cause double 

refraction, that is, the appearance of two refracted beams due to two different indices of 

refraction for a single material. A birefringent crystal can be cut and polished to produce 

polarizing elements in which the optica! axis may have any desired orientation relative to the 

incident light [PED93]. 

·~--OA--•~ ·~oA 

@OA 

·~ 
~ . 

" 
,, 

,, 
Figure 3: Light entering a birefringent plate with its optie axis in various orientations. (a) Light 

propagation along optie axis. (b) Light propagation perpendieular to optie axis. (e) Light 

propagation perpendieular to optie axis. 

Consider the cases represented in Fig. 3. In (a), both representative directions of unpolarized 

light incident from the left are oriented perpendicular to the OA of the crystal. Both propagate 

at the same speed through the crystal with index of refraction nperp· In (b) and ( c) however, the 

OA is parallel to one component and perpendicular to the other. In this case each component 

propagates through the crystal with a different index of refraction and speed. On emerging, 

the cumulative relative phase diff erence can be described in terms on the diff erence between 

optica! paths for the two components. If the thickness of the crystal is d, the difference in 

optica! paths is [PED93] 

~ =In perp - n par Id, (19) 

and the corresponding phase difference is 

(20) 

where 20 is the vacuum wavelength. When in this report is talked about the birefringence of a 

material Ine - n0 I is meant and not lnperp -nparl. So for the special cases when the linear 

polarized beams are perpendicular to the optical axis these two are equal to each other. 

Optica! elements which are birefringent are called phase retarders or retardation plates. For 

example if the thickness of the plate is such as to make !).cp = rrl2, it is a quarter-wave plate 

(QWP); if !).cp = n we have a half-wave plate (HWP), and so on. 
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5.2 Crystal Acoustics 

Before the acousto-optic effect will be discussed the crystal acoustics will be highlighted. 

The two fundamental quantities of mechanics for continuous media are the stress tensor T and 

the strain tensor S. Both of these quantities are represented by rank 2 symmetrie tensors, with 

their components given by T,i and Ski, respectively. The strain tensor Skt is defined as the 

symmetrie gradient of the particle displacement vector u. This is given by [JIE92] 

1 Buk àu, 1 
Ski :: -(- + -) = -(Uk/ +UI k)' 

28x 8x 2 · · I k 

(21) 

where the subscript l after the comma denotes a derivative with respect to the coordinate x1• 

The displacement vector of a particle situated at r(x1, x2, x3) within a medium is given by u(ui, 

U2, U3). The gradient of the displacement, as given by auk/8xi, represents the difference in 

displacement of two particles separated by a distance dx1• Thus, fora plane wave propagating 

along the X 1 axis, only 8uk/8x1 i- 0, and the S11 component corresponds to a compression wave 

propagating along the X 1 axis. This is also known as a longitudinal or elongational wave. The 

S21 and S1 2 components can represent a shear wave propagating along the X1 axis with 

vibrations in the X2 direction or a shear wave propagating along the X2 axis with vibrations in 

the X1 direction. The meaning of the ether components in the S tensor can be deduced in a 

similar manner. 

Figure 4: The force of the surrounding medium acting qn the volume element dx1dx2dx3. 
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Each component Tij of the stress tensor represents the Xi component of force per unit area 

between the tow parts of the medium separated by an imaginary plane perpendicular to the Xj 

axis. Considering a differential volume element represented by dx1dx2dx3, we can write an 

expression for the force density with which the surrounding medium acts on this element as 

1'; . = 81';1 + 81';2 + 81';3 . 
u.J ax ax ax 

1 2 3 

(22) 

Looking at the first component of this expression, given by 

it is easy to see from Fig. 4 that the first term on the right-hand side equals the difference 

between the X1 force components acting on the opposite planes A and B of the differential 

volume element. Likewise, the other two terms correspond to the differences in the X 1 force 

components acting on the remaining pairs of opposing planes. This implies that Newton's 

second law for continuous media can be written as 

(24) 

where p is the density of the medium and v is the vibration velocity of the particles within the 

medium. 

Within the elastic limit, the elastic constitutive equation connecting stress Tij and strain Ski is 

given by [JIE92] 

(25) 

This equation is known as Hooke's law. The elastic stiffness coefficient of the medium, Cijkh 

is intrinsic to the medium itself. The number of independent elements in C;jkl is determined by 

point group symmetry. 

Eqs. (21)-(25) define the fundamental equations of crystal acoustics. Note that these equations 

have been written in terms of the tensor subscripts i, j, k and /. Difficulties arise in this 

notation because some of the quantities have more that two subscripts and therefore cannot be 

represented in matrix form. One common solution is in the use of an abbreviated subscript 

notation. Since there are only six independent components in a rank 2 symmetrie tensor, we 

introduce a single subscript 1 to take the values of 1 through 6 and represent what previously 

took two subscripts to do. All of the subscripts in the abbreviated subscript notation are 

denoted by capita! Latin letters. The relationship between the abbreviated subscript 1 and the 

tensor subscript pair ij is given by [JIE92]: 

ij 11 22 33 23or32 3lor13 12 or 21 

1 2 3 4 5 6 
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Ifwe let 

{
1 . {1,2,3 s J = ski x 2 1f J = 

4,5,6' 
(26) 

then S1,2,3 represents three longitudinal waves, S4,5,6 represents three shear waves, and the 

matrix CIJ becomes asymmetrie matrix in six-dimensional space. 

The Christoffel equation is the fundamental equation of crystal acoustics [JIE92]: 

(27) 

where V = Q/ Kis the phase velocity of the acoustic wave. We can rewrite the equation as 

(28) 

Eq. (28) represents a set of linear homogeneous equations. Using the characteristic equation 

for this set of equations, we can solve for the three eigenvalues V = Q/K corresponding to a 

given propagation direction l(/x, ly, /2). We determine the polarization direction for each 

eigenvalue by sol ving Eq. (28). The polarization direction of the acoustic wave corresponds to 

the vibration direction of the particles within the anisotropic material. The acoustic slowness 

surface, as given by KJQ, can be plotted in similar manner to the optica! index surface. Also, 

in genera!, the energy propagation direction of the acoustic wave differs from that of the 

phase velocity. The direction of energy propagation is always along the normal to the 

slowness surface. 

The acoustic wave is not constrained by a transverse wave condition, and in anisotropic 

media, longitudinal (v 111) and shear (v .L 1) waves only exist a!ong a few specific propagation 

directions. These are called pure mode directions. In the genera! case, there is no restriction 

on the angle between v and 1, and this angle may change with propagation direction, even for 

the same eigenmode. There is no genera! law governing the polarization state of the 

eigenmodes for acoustic waves. Because of these complications, acoustic eigenvalue 

problems must be dealt with on a one by one basis using Eq. (28). The calculation is 

simplified by solving Eq. (28) with the propagation direction restricted to a specific plane. In 

this case, the slowness surface is reduced to a slowness curve. By combining the results from 

several different planes, we can get a complete picture. 
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5.3 Acousto Optie Tunable Filter 

An integrated part of the design proposed further on in this report (see chapter 6) is an AOTF. 

AOTFs are based on acousto-optic interaction. There is a lot of information about acousto

optic interaction, in this chapter however only the parts that apply for the operation of an 

AOTF will be discussed. 

Acousto-Optic diffraction was first investigated in the I 930s, and initially, only isotropic 

materials such as water or glass were considered. For these materials, the optica! index is 

independent of the propagation direction and polarization state of the light wave. When an 

acoustic wave propagates through a material of this type, its index is periodically modulated 

by the strain, and the medium becomes equivalent to a moving phase grating. The theory is 

based on the relationship between the strain and the index change as specified by the acousto

optic effect. Once the index modulation pattem is established, the light wave distribution can 

be determined by the wave equation for isotropic media. One obvious advantage of such an 

acousto-optic grating is that the grating constant can be electronically controlled, thereby 

providing the ability to rapidly scan across the entire operational range. 

The first research work in this area was published by R.W. Dixon of Bel! Labs in Feb. 1967 

[DIX67]. In his article the basic relationships goveming the interaction of the acoustic wave 

and the incident and diffracted optica! waves in birefringent materials were determined. The 

first proposal for an AOTF was made in June 1969 by S.E. Harris and R.W. Wallace of 

Stanford University [HAR69]. 

The technology needed for growing large, high-quality, artificial crystals matured, and several 

crystals with excellent AO properties, such as Te02 and PM, were soon discovered. Now, 

nearly all high-quality AO devices are made of crystalline materials. The small deflection 

angle in these materials means that the incident and diffracted light wave indices are 

essentially the same (n; = nct), when their polarization states remain the same. In time it was 

discovered that under certain conditions, AO interaction can alter the polarization of the 

incident light. When this happens, the incident and diffracted light waves take different 

eigenmodes (n; f. nct). As a result, the anisotropic properties of the material required a 

fundamental change in consideration. This became known as birefringent (or abnormal) AO 

interaction and it cannot be explained as simple diffraction by a phase grating. A complete 

explanation of AO interaction requires consideration of the parametric interaction process. 

Within this framework, the acousto-optic effect is described by the relation between the strain 

and the nonlinear polarization vector, and a unified theory for AO interaction can be derived 

from the fundamental equations of parametric interaction. 

5.3.1 The Elasto-Optic Effect 

When a material is deformed, its optical properties change due to strain Ski· This is known as 

the elasto-optic (or acousto-optic) effect. The elasto-optic effect in a material coup les the 
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mechanica) strain to the optica) index of refraction. This effect occurs in all states of matter 

and is traditionally described by [JIE92] 

~llu = ~(~) = Puk,Sk,, 
n !i 

(29) 

where D.r/ïj is the change in the optica) impermeability tensor and Ski is the strain tensor. The 

coefficients Pijkl form the elasto-optic coefficient tensor. We can write Eq. (29) in abbreviated 

subscript notation as 

(30) 

(Higher order terms of Ski are neglected. The index ellipsoid of a crystal in the presence of an 

applied strain field is thus given by 

(31) 

The strain field changes the dimension as well as the orientation of the zero-field index 

ellipsoid. The form but not the magnitude, of the strain-optic coefficients Pü can be derived 

from the symmetry of the crystal. This point-group symmetry dictates which of the 36 

coefficients are zero, as well as relationships that may exist between the non vanishing 

coefficients. 

The goal is to develop a unified theory of AO interaction using a parametric interaction 

viewpoint. Within this framework, the acousto-optic effect is described by the relation 

between the nonlinear polarization vector p<NLl an the strain S. For linear optica) processes, 

the optica) properties of a medium are described by [JIE92] •· 

P=&/i. ·Ë, (32) 

where P is the linear polarization vector and 

i=Ë-1, (33) 

is the linear dielectric susceptibility. We can derive the dielectric constitutive equation by 

substituting Eqs. (32) and (33) into the definition for D, as given by 

(34) 

For nonlinear optica) processes, such as the acousto-optic effect, we must use amore genera) 

definition for D, given by 

(35) 

The second term on the right represents the total polarization vector composed of linear and 

nonlinear terms, 

(36) 
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The acousto-optic effect, induces a nonlinear polarization vector given by 

(37) 

The rank 4 tensor "1.5
4
> is called the acoustically induced nonlinear susceptibility and t::.r. = r.<4

> : 

S is a rank 2 tensor obtained from the contraction of the rank 4 tensor r.<4
> with the rank 2 

tensor S. Rewriting in component form, Eq. (37) becomes 

P (NL) - s E - A E 
; - BoXijkt kt J - &auXij J • (38) 

Substituting Eqs. (32) and (37) into Eq. (36), we have 

P = &0 {i+11i}· Ë = s/i · Ë. (39) 

Thus, t::.r. is the additional susceptibility due to the acousto-optic effect. 

p<NL> acts as a source, stimulating the electromagnetic wave within a medium. By combining 

Eqs. (32), (35) and (36) we get 

(40) 

With this equation the following equation can be deduced [JIE92] 

2 - 1 [ )Ë. 1 ·· (NL) V E-- & =-
2
-P . 

c 2 
C E 0 

( 41) 

This is the fundamental equation of parametric interaction. The term on the right-hand side of 

the e9uality can be con~idered a nonlinear source term for the electromagnetic wave. 

5.3.2 Parametric Interaction and the Coupled-Wave Equation 

We would like to be able to calculate the intensity and direction of the diffracted light wave 

due to AO interaction. The analysis will be predicated a pair of assumptions commonly used 

in coupled-wave theory. First, it is assumed that both the acoustic and optica! waves are plane 

waves. Second we only consider the state case. 

The coupled-wave equation for isotropic AO interaction can be derived from the wave 

equation for isotropic media using a modulated optica! index to represent the acousto-optic 

effect. The result is known as the Raman-Nath equation and is given by [JIE92] 

n2E(- ) = n2 (r,t) E··c- ) v r,t 
2 

r,t, 
c 

(42) 

where 

n(r,t) = n + !insin(Ot - K. F)' (43) 
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and 11n is the acoustically induced index change. The Raman-Nath equation does not hold for 

birefringent AO interaction. Instead, we must derive a general form of the coupled-wave 

equation. 

Let us represent the angular frequency and the wave vector for the incident optical wave by 

Wo and ko respectively. For the acoustic wave, the corresponding quantities will be denoted by 

Q and K, respectively. The moduli of the wave vector ko and K are given by [JIE92] 

k = 2;mo K = 2Jr = 2n f 
0 

À ' A V ' 
0 

(44) 

where J..0 is the freespace wavelength of the incident light wave, V is the acoustic wave 

velocity, A is the acoustic wavelength, and fis the acoustic frequency. The optical index of 

the incident light wave is denoted by n0, and this may change with polarization state and 

polarization direction. 

We can interpret AO interaction in terms of a parametric interaction as follows: The incident 

optical wave and the acoustic wave couple within the medium through the acousto-optic 

effect, producing a set of polarization waves, each at a different frequency. Each polarization 

wave is represented by a nonlinear polarization p(NL) and is referred to as a polarization wave 

because the spatial and temporal characteristics of this vector take the form of a wave. The 

angular frequencies and wave vectors of these polarization waves are given by [JIE92] 

(f),,, = (!) 0 + mn} 
-. _ _ m = ±1,±2,±3". . 
k,,, = k0 +mK 

(45) 

Just as the incident photons have their associated values for energy nw0 and momentum nko, 
so do the phonons and polarization wave photons. Therefore Eq. (45) can be interpreted to 

show that the polarization waves are produced through an energy-momentum exchange 

between the incident photons and m phonons within the media. The polarization waves, in 

turn, stimulate different orders of diffracted light. The total electric field, including the 

incident light and all of the diffracted orders, can be expanded to look like [JIE92] 

(46) 
m=-co 

where êm is the unit vector in the direction of the electric field for the mth order diffracted 

light. Since the polarization of the optical waves is changed by birefringent AO interaction, 

we must take into account the vector nature of the quantities involved. Take a single 

frequency acoustic plane wave. The strain tensor is given by [JIE92] 

- A -

S(r,t) = sS sin(Qt - K · F) 

= 
2

1jis[exp0(nt-K ·n}-exp{- j(D.t-K ·r)}]' (47) 
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where s is the unit strain tensor. For a longitudinal wave propagating along the Z axis, s is 

given by 

(48) 

Fora shear wave in the X-Y plane, sis given by 

112 o] 
0 0 . 

0 0 

(49) 

Substituting Eqs. (46) and (47) into Eq. (37) and using Eq. (45) we get 

(50) 

Substituting Eqs. (46) and (50) into Eq. (41), and left multiplying by êm on both sides, we can 

neglect the ei Em(z)ldz2 term. Equating like coefficients and dropping the exponential factor 

given by explj(wmt- k'mr)}, we have the following set of differential equations [IlE92] 

where 

. · dE111 (z) [ ·2 ·2 lr 1 2 2 
21kmz d + kmx +kmzJ-Cm(z)--2 nmmmEm(z) 

z c 
2 

= ~ m
2

"'. [x
111

SE
111

_ 1 (z)-X
111

+1SE
111

+1 (z)] 
c J 

- .:. -4 • .: ..: - .:. (4) • ..: .:. 
Xm = e · X · s · em-1 = em-1 · X · s · em · 

(51) 

(52) 

The calculation for the second term on the left-hand side of Eq. (39) is not immediately 

obvious. Since êm always assumes an eigenmode, [t:] êm equals the product of êm with the 

corresponding eigenvalue t:(i) = n/ from the [t:]. For birefringent AO interaction, each êm has 

its own polarization state and the corresponding eigenvalue changes from order to order. 

Therefore, we denote [t:] êm = nm2 êm. 

This is why for birefringent AO interaction the polarization always shifts with 90 

degrees!!. 
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Eq. ( 51) can be rewritten as 

(52) 

We define the momentum mismatch as 

(53) 

lt should be noted that .1.km lies parallel to the Z axis (the direction in which the change in Em 

is measured) [JIE92]. So Eq. (53) can be written as 

_dE_111 (_z) ·11k E ( ) ( m111 / c) 2 ( SE ( ) SE ] - J 111 111 Z = · X111 111-1 Z - X111+I 111+1 (z) · (55) 
dz 4k,,,= 

This is the coupled-wave equation for AO interaction in terms of the nonlinear susceptibility 

XijkI· A similar equation can be written in terms of the acousto-optic coefficient Pijki. (see 

[JIE92]) using E 

_dE_111 (_z) . k E ( ) k
2

111 s[ 2 E ( ) 2 E ( )] - 111 111 111 z = -.-p n111-1 m-1 z - n,,,+1 111+1 z ' (56) 
~ 4k_ 

representing the coupled-wave equation for AO interaction in terms of the effective acousto

optic coefficient p. Eq. (56) can be solved in the genera! case for both isotropic and 

birefringent AO interaction and only the effective acousto-optic coefficient p is needed to 

complete the solution for a specific device and determine the useful operating modes. The 

determination of the effective acousto-optic coefficient can be found in [JIE92]. 

The momentum mismatch concept, as defined in Eq. (54) is very important. The mth order of 

diffracted light wave is stimulated throughout the interaction region by polarization waves. 

These waves will act in phase, serving to reinforce each other only when the momentum

matching condition is satisfied .'.\km = 0 is satisfied. If the momentum-matching condition (or 

phase matching condition) is not fulfilled, .'.\km =f. 0 and the polarization waves cannot 

effectively stimulate the mth order diffracted light. 

The value of L\kmL/2 serves as a measure of the phase mismatch. The greater this value, the 

greater will be the phase differences of the mth order diffracted light waves stimulated at 

different points within the interaction region by the polarization waves. The phase mismatch 

factor for the diffraction efficiency is given by 

[
sin(lik,,,L / 2)]

2

, 

!1k111 L/2 
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therefore the diffraction efficiency decreases rapidly as ökJ.)2 increases. Based on this 

expression, acousto-optic interaction can be divided into two categories according to the value 

of the AO interaction length. In the first, L is very small, even when the incident light 

direction is arbitrary and ~km ;f 0 for all m, but the corresponding decrease in intensity for any 

of the diffracted orders is very difficult to detect due to small ökml/2. In this case, many 

different orders of diffracted light will appear. This is known as Raman-Nath diffraction. In 

the second category, Lis very large and all of the diffracted orders for which ~km ;f 0 are very 

weak. Therefore, for an arbitrary incident light wave direction, all of the orders of diffracted 

light will be very weak. Only if the incident light propagates along a specific direction such 

that ökm = 0 for a specific order m, does the mth order diffracted light satisfy the phase 

matching condition and become strong. Note that in varying the incident light wave direction 

~km = 0 is valid for only one value of m (besides m = 0, where we always have ~ko = 0). 

From the coupled-wave equation (56) only adjacent orders can be directly coupled to one 

another. Zero-order light cannot couple to the second- or higher-order light directly. 

Therefore, only when the direction of the incident light wave is adjusted such that ~k1 = 0 (or 

~k._ 1 = 0), do we get very strong + 1 (or -1) order diffracted light. This is known as Bragg 

diffraction, and calculations that [JIE92] this type of diffraction can have an efficiency up to 

100%. 

For isotropic AO interaction, the momentum-matching condition ök1 = 0 translates into the 

well-known Bragg incidence. This situation becomes much more complicated for anisotropic 

AO interaction but we will continue to use the term Bragg incidence as a synonym for the 

momentum-matching condition ~k1 = 0. 

5.3.3 Solution of the Coupled-Wave Equation 

For solving the coupled-wave equation we start with introducing the following parameters 

[JIE92]: 

v = _ 2rcönL = _.01_ :: ö<jJ, 
A0 cos B0 cos B0 

K 2 L K 2 L 
Q=---kcosBo =-k-, 

k . B sinB0 a=-sm 0 = 
K 2sin8s 

(58) 

The parameter v represents the optica! phase shift induced by the AO interaction and reflects 

the degree of intensity of the AO interaction. The parameter Q can be used as a measure of 

the momentum mismatch. If Q << 1 this implies one deals with the Raman-Nath regime, and 

if Q >> 1 the Bragg regime. The quantity a represents the angle of incidence in terms of unit 

values ofWs. 

In solving the coupled-wave equation we will focus on the diffraction efficiency. The 

diffraction efficiency for isotropic AO interaction is for no use in AOTFs so we will suffice 
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with a reference. For birefringent AO interaction the coupled-wave equation is given by Eq. 

(56). Foi' practical considerations, it is only necessary to consider the case of birefringent 

Bragg diffraction. In this case we set the light wave 80 such that !lk1 - 0 and make the value 

for Q very large. Only the orders E0(z) and E~(z) need to be considered. Letting m = 0 and m = 
1, respectively in Eq. (56) we have the following set of equations [JIE92], 

dE0 (z) =- kgn~ SE () 
dz 4k' p 1 z ' 

Oz 

(59) 

(60) 

Noting that for small !iki, 

(61) 

and letting 

w1 lln0L 2:r 
v0 =----:--!ln0 L, 

c cosB1 À0 

(62) 

w0 !ln0 L 2:r 
v, =---- :--lln,L, 

c cosB0 À0 

Eqs. (57) and (58) can be rewritten as [JIE92] 

dEo (z) = _!.i_ E (z) 
dz 2L 1 

' 
(63) 

dE,(z) .2Ç E ( )-~E () 
_d_z_ + J L 1 z - 2L 0 z . (64) 

From Eqs. (63) and (64) and the accompanying boundary conditions, we can obtain the 

second-order differential equations and boundary conditions for E0(z) and E1(z), respectively 

(the coupled wave direction for Bragg diffraction can be derive directly form a parametric 

interaction viewpoint [JIE92], 

" 2Ç , V0V1 E0 (z)+ JLE0 (z)+ 
4

L2 E0 (z)=O, (65) 

E0 (0) = E0 , E~ (0) = 0, 

(66) 
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The solution to this set of equations are given by 

(67) 

(68) 

where 

(69) 

Introducing an equivalent phase shift as 

( )
1/2 v= v0v1 , (70) 

the diffraction effiCiency is given by 

where 

(72) 

5.3.4 Results at Bragg Incidence and the Operating Principles of an 

AOTF 

From this point on, we will be dealing almost exclusively with Bragg diffraction, so the 

subscript m will be limited to one of only two values, 0 or 1 ( + 1 or -1 ). In order to make the 

notation more convenient, the subscript i, and not the subscript 0, will be used to denote the 

incident light. Also the subscript d, rather that the subscript 1 will denote the diffracted wave. 

Eqs (45) shows how the momentum-matching condition ~k1 = 0 is equivalent to the energy

momentum conservation law given by [JIE92] 

(73) 

The + sign in these equations corresponds to the + 1 Bragg diffraction order while the - sign 

corresponds to the -1 Bragg diffraction order. In terms of photon/phonon interaction theory, 

these laws state that Bragg diffraction is equivalent to a single phonon exchange. 
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Diffraction Efficiency at Bragg Incidence 

At Bragg incidence, ~k1 or Ç equal zero, and the diffraction efficiency for birefringent Bragg 

diffraction is given by Eqs. (71) and (70) and (62). (The equations for the special case of 

isotropic Bragg diffraction can be found in [AMN84]). These equations can be summarized as 

follows: 

2n tinL 
v=----

À0 cos9 ' 
(74) 

where 

n3pS for isotropic diffraction, (74a) 
---

tin= 
2 

(n;nd )312 pS for birefringent diffraction, (74b) 

2 

for isotropic diffraction, (74c) 

for birefringent diffraction. (74d) 

lt is useful to derive the expressions for diffraction efficiency in terms of the acoustic power 

P •. The average energy density of an acoustic wave is given by 

cS 2 pV 2 S2 

=---
2 2 

(75) 

where c is the effective elastic stiffness coefficient, p is the mass density of the medium, and 

V= (c/p) 112 is the acoustic wave velocity. Multiplying by V, the average flow density becomes 

prl-'S/2. The average energy flow of acoustic power is given by 

(76) 

where Hand L are the height and length of the acoustic beam (or the piezoelectric transducer) 

and HL is the cross-sectional area. This equation can be written as 

[ 
2P ]

112 

jSj= pV3~L (77) 

Substituting this equation into Eqs. (74 a-d) leads to the expressions [JIE92) 

(78) 

• 2{v} . 2 { ;r [M2Lp] 112

} 17 = sm - = sm -- 0 , 

2 À0 cos9 2H 
(79) 
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where 

for isotropic diffraction, (79a) 

for birefringent diffraction. (79b) 

pV3 

The quantity M2 is called the acousto-optic figure of merit and is completely determined by 

the media properties [JIE92]. 

The geometry of Birefringent Bragg diffraction 

K 

Figure 5: The momentum triangle for birefringent Bragg diffraction. 

We look at the case of AO deflection using birefringent Bragg diffraction. For birefringent 

Bragg diffraction the momentum triangle is shown in Fig. 5 Applying the eosine law we 

obtain 

2 2 2 1r kd = K +k; -2Kk; cos(--B;) 
2 (80) 

(81) 

Solving for sinBi and sinBd, and substituting Eq. (71), we have 

(82) 

(83) 

This equation is known as the Dixon equation. lt serves the same purpose as the Bragg 

equation in isotropic Bragg diffraction. 
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5.3.5 Collinear AOTF 

In the next section(s) the operation and characteristics of the different types of AOTFs will be 

discussed. The theory of birefringent Bragg diffraction, which is responsible for the working 

of an AOTF is mentioned in the previous paragraph(s). 

Z (optie axis) 

Figure 6: Wave vector diagram fora collinear acousto optie filter. 

Dixon analyzed acousto-optic diffraction in an optically anisotropic medium. Fig. (6) 

describes the birefringent diffraction in a uniaxial crystal when the wave vectors are normal to 

the optie axis. 

The collinear acousto-optic interaction was first demonstrated by Dixon using crystal quartz 

as the interaction medium. In the experiment, a linearly polarized HeNe laser beam (A. = 633 

nm) incident to the crystal interacts collinearly with a longitudinal acoustic wave along the 

[ 100] crystalline axis. Separation of the incident and diffracted light was achieved by the use 

of a beam splitting polarizer. 

Two years after Dixon reported this work on the collinear acousto-optic interaction, Harris 

and Wallice published a paper proposing a new type of electronically tunable optica! filter 

utilizing collinear acousto-optic interaction. They analyzed in detail the collinear acousto

optic interaction in a birefringent medium and pointed out that the diffraction of light into its 

orthogonal polarization occurs only for a small band of optica! frequencies centered about a 

wavelength. By changing the acoustic frequency, it is thus possible to tune the passband of 

the filter over a wide spectra! region. The spectra! resolution of the filter is [NOR96] 

(84) 
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A significant feature of this type of electronically tunable filter is that the spectra! resolution 

is maintained over a relatively large angular distribution of incidence light. The width of the 

filter passband was found to be relatively insensitive to the angular divergence of the incident 

light beam until the total external angular aperture reaches the value [NOR96] 

(85) 

here n is the refractive index for the incident light wave. 

The important feature of having a large angular aperture while maintaining high resolution 

was also demonstrated with the collinear AOTF. In the experiment of the CaMoÜ4 AOTF, a 

half-power bandwidth of 8Á was measured at anf/6 aperture. This angular aperture is at least 

one order of magnitude larger that that of grating of the same spectra! resolution. 

In the early work on collinear AOTFs, operation was reported in the visible spectra! region 

using LiNb03 and CaMo04. Later development extended the operating wavelength range into 

the ultraviolet region using crystal quartz , and into the infrared region using ThAsSe3 • 

5.3.6 Noncollinear AOTF 

Z (optie axis) 

Figure 7: Wavevector diagram for noncollinear acousto-optic filter. 

The collinearity requirement limits the AOTF materials to rather restricted classes of crystals. 

Some crystals with a large acousto-optic figure of merit (e.g. Te02) are excluded since the 

pertinent elasto-optical coefficient for collinear AO interaction is zero. Attempts have been 

made to use Te02 for filter applications in an interaction geometry where the optica! and 

acoustic waves are noncollinear. One attractive feature of the noncollinear filter is that the 

diffracted beam at the selected wavelength is spatially separated from the broadband incident 
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light. A primary disadvantage of this type of filter is its relatively small angular aperture, 

typically a few milliradians. Applications of the filter must be restricted to well-collimated 

light sources such as laser beams. To overcome this deficiency, Chang described a method to 

obtain a wide-angle filter operation in a noncollinear interaction configuration. The concept of 

the noncollinear AOTF is based on the compensation of momentum mismatch due to the 

change of angle of the incident light by the angular change of birefringence. As shown in Fig. 

7 the acoustic wave vector is chosen so that the tangents to the incident and diffracted light 

wave vectors' loci are parallel [NOR96]. When the condition or parallel tangents is satisfied, 

the phase-matching relation will be approximately maintained for a light beam having a range 

of incident angles. This condition is referred to as noncritical phase matching (NPM). Notice 

that the concept of parallel tangents, which implies that the rays (group velocity) for the 

incident and diffracted light are collinear, is a generalization of the collinear AOTF. 

Noncollinear AOTFs have been demonstrated in the visible but also in the ultraviolet and in 

the infrared regions. 
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6. Experimental Setup 

In this chapter a new design for the measurement of linear birefringence is proposed. The 

setup, the type of equipment and the working principles will be discussed. 

Tunable 

Laser 

Optica! 
AOTF 

Lens 
RF 

RF Synthesizer 

fc 

Phase Locked 

RF Synthesizer 

Phase 

'--......---' 

..,__, __ _. 
Meter +--
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F Lens S F 

Sample 

DC Beam 

-1 order 
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Mirror M 

BR = Programmable Bias 

Retarder 

Figure 8: Proposed instrument design of the low-noise, wavelength dependent birefringent 

interferometer. 

The proposed instrument design is given in Fig. 8. In our setup we use the Santec tunable 

semiconductor laser TSL-210 (l 520-l600nm) which feeds a light beam into a single mode 

fiber (SMF). The polarization is controlled with a polarizatioh controller (PC). We make sure 

only the horizontally or n-polarization passes. After that the light beam goes through an 

optica! circulator into a fiber lens. 

After leaving the fiber lens the beam goes through a (close-to) collinear Te02 AOTF. This 

AOTF is driven by a HP 83752A RF synthesizer operating at a frequency fa. The light output 

from the AOTF consists of an undiffracted de and -1 order negative Doppler shifted diffracted 

beam. The diffracted beam is anisotropically diffracted; this means that the polarization is 

perpendicular to the incoming beam (see paragraph 5.3.2). By making sure a lens (S) is 

placed where the focal length distance F falls together with the splitting point of the two 

beams in the AOTF the beams are propagated parallel after they leave the lens. The lens has 

to be IR-coated to reduce reflections from the lens. To minimize the losses the splitting point 

of the beams inside the AOTF should fall together with the self-imaging distance of the fiber 

lens [BUR03]. The beams then passes through the (birefringent) sample. Because the beams 

are parallel a mirror (M) can reflect them both back at the same path through the sample and 
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the lens. The diffracted beam will again diffract inside the AOTF and there will be another 

Doppler shift in the frequency of fa which makes the total shift in frequency 2fa. 

--- --- --- --- --- ---
Light in/out p 

RF 

Figure 9: AOTF operation in the proposed design. 
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Fig. 9 shows how the AOTF in our setup works. Because the -1 order beam is anisotropically 

diffracted it is perpendicular polarized. So when the sample is birefringent both beams will 

see another index of refraction which results in a phase difference (see Eq. (20)). Fig. XXX 

also shows that the Bragg angle for the n-polarization is different as for the s-polarization (see 

Eq. (XX)), hut that the angle of diffraction for the n-polarization is equal to the Bragg angle 

for the s-polarization. This makes it possible that the -1 order beam is diffracted twice in the 

AOTF which gives a total Doppler shift of 2/a. Because in this setup the beam passes the test 

medium twice, the phase difference because of the birefringence is doubled. To correct for 

this the thickness d in Eq. (20) should be doubled. 

The de beam and the double diffracted beam are coupled back into the fiber lens. After they 

pass the circulator the signals are heterodyned in a photodetector (PD). The PD we used is a 

Microwave Fiber-Optie 1550 nm Small lntegrated Receiver Unit from Uniphase Telecom 

Products. The RF signa! leaving the PD has a frequency of 2fa and contains the phase 

information from the sample. The signa! is thus low-noise ( l/2fa). lt then passes a RF signa] 

amplifier (RA) and is received by a phase meter. The RF synthesizer is locked by another 

frequency synthesizer (Wavetek, model 5135A). The second frequency synthesizer produces 

then an RF signa! of 2/a and this is used as a reference signa! by the phase meter. This way we 

make sure that the actual and reference signa! have the exact same frequency. 

By rotating the sample and placing a programmable bias retarder (BR) after the sample the 

orientation of the fast and the slow axis can be determined. This will be explained further on 

in this report. 
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7. Experimental Verification 

7.1 Double diffraction 
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Figure 10 (a) and (b): Oscilloscope pictures of the RF signa) which drives the AOTF (lower 

signa)) and the heterodyned signa! (upper signa!). The wavelength used is 1590 nm, and there is 

no voltage applied on the NLC. The frequency at which the AOTF is driven is -45.8 MHz (a). In 

(b) it is shown that the heterodyned signa) is twice the drive frequency of the AOTF. 

First we show that the heterodyned signa! is twice the drive frequency of the AOTF. A 6 µm

thick parallel-rub nematic liquid-crystal (NLC) is used as a sample to test the instrument. In 

our setup we used an oscilloscope for verification purposes. In Fig. 10 (a) and (b) it is shown 

that the heterodyned signa! which contains the phase information (upper signa!) is twice the 

signa! of the drive frequency of the AOTF (lower signa!). 

7.2 Birefringence Measurement of a NLC 

Figure 11 (a), (b) and (c): Three oscilloscope pictures of an experiment with a NLC. The 

wavelength used is 1590 nm. The NLC is driven by a 1 KHz signa!. The voltage applied on the 

NLC is respectively 0.05 V (a), 2.3 V (b) and 5.0 V (c). 

In Fig. 11 (a), (b) and (c) three oscilloscope pictures of an experiment with a NLC are given. 

The lower signa! is the reference signa! and the upper signa! is the heterodyned signa!. The 

sample used is thus a NLC. In Fig. 11 (a) the voltage applied on the NLC is 0.05 V, the 

birefringence is thus at a maximum. In Fig. 11 (c) the voltage applied on the NLC is 5.0 V, 
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this means there is no birefringence. Fig. 11 (b) lies between these extremes and the voltage 

applied on the NLC here is 2.3 V, the birefringence here lies between the extremes of Fig. 11 

(a) and (c). Soit is shown that by changing the voltage on the NLC the setup can measure the 

change in birefringence. lt is important to notice that when there is a reference value (for 

example the 5.0 V applied at the NLC gives zero birefringence) the range of the 

measurements is infinite . Fig. 12 shows this principle by platting a graph of this experiment 

where is assumed that at 5.0 V there is no birefringence. From this point with Eq. (20) the 

birefringence is calculated for different applied voltages on the NLC. 
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Figure 12: The applied voltage (mV) on the NLC against the measured birefringence lm. 
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Figure 13 (a), (b) and (c): Three pictures taken with a LC used as a sample (no voltage applied). 

In (a) the tunable laser is set at 1520 nm, (b) 1560 nm and (c) 1600 nm. 

In Fig. 13 (a), (b) and (c) is shown that the proposed design is wavelength dependent. The 

sample that is used is again a NLC, but there is no voltage applied on the NLC. In (a) a 

wavelength of 1520 nm is used, in (b) the wavelength used is 1560 nm and in ( c) 1600 nm. 

The drive frequencies for the AOTF are respectively 48.1 (=96.2/2) MHz, 46.8 (=93.6/2) 

MHz and 45.6 (=91.2/2) MHz as shown in Fig. XXX. Soit is shown that the setup works for 

different wavelengths. 

7 .4 Verification with a QWP 

Another verification is done with a Quarter Wave Plate (QWP) as a sample. The results are 

shown in Fig. 14 (a) to (f). According to the specifications the QWP is designed for a 

wavelength of 1550 nm. Because the linear polarized beams travel twice through the sample 

in our setup a total phase shift of 7t (=n /2 * 2) exists between the beams when they 've passed 

the sample. As is shown in the oscilloscope pictures (c) and (d) this is the case. In (c) there is 

no sample present and in (d) the QWP is inserted. A phase shift of nis seen in these pictures. 

The QWP is tested for 2 other wavelengths: 1520 nm (Fig. 14 (a) and (b)) and 1600 nm (Fig. 

14 ( e) and ( f) ). Because the Q WP is not designed for these wavelengths another but n phase 

shift is measured . 
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Figure 14 (a), (b), (c), (d), (e) and (t): Oscilloscope pictures of an experiment with a QWP. The 

wavelength used in (a) and (b) is 1520 nm, in (c) and (d) 1550 nm and in (e) and (t) 1600 nm. Fig. 

14 (a), (c) and (e) are pictures made without the QWP. Fig. 14 (b), (d) and (t) are pictures made 

with the QWP. 
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Figure 15: Matlab simulation of the measured phase difference with different retardations and a 

changing angle of the retardation plate. 
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Figure 16: Matlab simulation of the measured amplitude with different retardations and a 

changing angle of the retardation plate 
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Figure 17: Matlab simulation of the measured phase difference with different retardations and a 

changing angle of the retardation plate. The BR is set on lil 07t. 
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Figure 18: Matlab simulation of the measured amplitude with different retardations and a 

changing angle of the retardation plate. The BR is set on 11107t. 
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When you're measuring the birefringence you also want to know the orientation of the fast 

and the slow axis (FA and SA). To find out how the axes are oriented the sample has to be 

rotated. This experiment is simulated in Matlab. In Appendix A the mathematica! expressions 

of the light beams traveling through the AOTF and the sample and back can be found. The 

Matlab File can be seen in Appendix B. The results are shown in Fig. 15 and Fig. 16. 

In Fig. 15 the measured phase difference between the two linearly polarized beams is plotted 

against the rotation angle of the sample for different retardation plates. As can be seen, only 

when the orientation of the FA and SA are in line with the directions of the polarization of the 

two beams the right value for the birefringence is measured. In Fig. 16 the amplitude of the 

measured signal is plotted against the rotation of the retardation plate. Maximum value occurs 

again when the orientation of the FA and SA are in line with the directions of the 

polarizations of the two beams. 

Special cases occur when QWP's or multiplications of that are used. In Fig. 15 it can be seen 

that for these cases the phase shift jumps at an angle of 45° ± 90° with 2 times the retardation 

value of the sample. Fig. 16 shows that at 45 ± 90° there is a minimum in the amplitude, for 

the QWP the signal even drops to zero and for the Half Wave Plate (HWP) the amplitude 

stays constant. This is experimentally verified with a QWP and a HWP at 1550 nm. The 

explanation for these results is that in the setup an AOTF is used. This AOTF diffracts light 

anisotropically, which means that it only diffracts a particular oriented linear polarized beam. 

This is the same when the beams are traveling back through the AOTF so it works a bit like a 

filter. 

At this point we know the orientation of the FA and SA but it isn't possible to say which axis 

is the FA and which one is the SA. To find out which axis is which a programmable bias 

retarder (BR) is placed between the sample and the mirror in our design. In Fig. 17 and Fig. 

18 this is simulated for the same retardations as in Fig. 15 and Fig. 16 with the BR set on 

lil On. By comparing this information with Fig. 15 and Fig. 16 and using it intelligently one 

can teil which axis is the FA and which axis is the SA. 
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8. Discussion and Conclusion 

In conclusion, we have successfully implemented a device which can be used to measure 

birefringence with low-noise and is wavelength dependent. The proposed design uses an 

AOTF for anisotropically diffracting the linear polarized beam. This leads to two 

perpendicular linear polarized beams which will bath see another index of refraction when 

they are traveling through a retardation plate. The resulting phase difference is used to 

calculate the birefringence. Verification of the setup is done with a NLC and a QWP. lt is 

shown that by rotating the sample the orientation of the FA and SA can be determined. And 

when a programmable bias retarder is used it can be determined which axis is the FA and 

which one the SA. 

When a reference value for the birefringent sample is used, the range in which the 

birefringence can be measured is infinite. If there is no reference value the range depends on 

the wavelength used. For example if the wavelength used is 1600 nm the range 

~ = In perp - n par Id is 1600 nm, hut because we use the sample in a double pass this becomes 

800 nm. 

The focal length of the lens used in for the experimental verification of the proposed design is 

15 cm. By using a much shorter lens the stability of the setup can be improved dramatically. 

Also the separation between the two perpendicular polarized beams on the sample can be 

decreased. This will make it possible to measure the birefringence in one point of a 

retardation plate. 

In this report an oscilloscope as a phase meter is used. This is used for verification purposes 

only, amore accurate measurement can be done with a loek-in amplifier. In a similar setup M. 

Arain and N. A. Riza [RIZ03] have reached an accuracy of 0.05° with a loek-in amplifier as a 

phase meter (with a wavelength of 1600 nm this equals an accuracy in the birefringence of 

11.1 nm). So with the proposed design this should be theoretically the accuracy which can be 

reached. 
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10. Appendices 

Appendix A: Math of the setup 

y 

SA 

FA 
x 

Figure 18: Orientation of the fast axis (FA) and the slow axis (SA) to the laboratory axis X and Y. 

A light beam after one pass through a retardation plate is converted in: 

where <p is the rotation angle (see Fig. 18) and ris the retardation of the sample. So: 

[ 
cos( -<p) sin( -<p) ][exp( -ir / 2) 0 ][ cos <p sin <p] 

W(cp,f) = -sin(-<p) cos(-<p) 0 exp(ir /2) -sin<p coscp 

(if T is negative the SA is horizontal and the FA vertical) 

Because of the reflection of the mirror the sample will be passed twice so r = r x 2. This 

results in: 

W ( , r) = [ exp(-ir) cos 
2 

<p + exp(ir) sin 
2 

<p exp(-ir) cos <p sin <p - exp(ir) cos <p sin <p] 

<p exp(-ir) cos <p sin <p - exp(ir) cos <p sin <p exp(-ir) sin 2 <p + exp(ir) cos 2 cp 

The incoming beams in our setup are the respectively horizontally (de) and vertically linearly 

( diffiacted) polarized beams [ ~] and [ ~] . So after the dou bie pass through the sample they 

become: 
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-7 x1. = W(rp,f) = [1] [E '] [l] [ exp(-if)cos
2 

rp+exp(if)sin
2 

rp ] 

O Ey1 O exp(-if) cosrpsin rp- exp(if)cosrpsincp 

[ 0] ~ [E x
2
"] = W (qi,ri[ 0] = [exp(-if) cos rp sin rp - exp(if) cos rp sin rp] 

1 
E.v2 

1 
exp(-if) sin 2 rp + exp(if) cos 2 cp 

Because the AOTF only diffracts linearly polarized light at the matching Bragg angle the 

following components will be coupled back into the lens: 

[
E xlr"] = [E xl" ][ l] = [exp(-if) COS 

2 

rp + exp(if) sin 
2 

<p] 
Ey1r E.v1 0 0 

The measured signal by the photo detector is 2IE1 llE2 I cos(c;61 - ~ 2 ). 

So the measured phase difference by the photo detector is ll.c;6 = c;6(Ex 1 ,")-~(Ey2,") and the 

amplitude measured by the photo detector is A = 21E xlr" llE Y2," I · The results are simulated by 

Matlab in Fig. (15) and Fig. (16). 
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Appendix B: Matlab File 

close all; 
clear all; 
S= [0:0.00l:pi] i 

for k=l:6; 
T=k*pi/(6); 
P= ( exp ( - i * T) * (cos ( s ) ) .... 2 ) + ( exp ( i * T) * (sin ( s ) ) .... 2 ) ; 
Ph=angle (P) ; 
Pa=abs (P) ; 
Q= (exp (-i*T) * (sin(s)) .... 2) + (exp (i*T) *(cos (s)) .... 2); 
Qh=angle (Q) ; 
Qa=abs (Q); 
Gh= (Ph-Qh) ; 
Ga=2* (Pa. *Qa) ; 
TO=Ga. *cos (Gh) ; 
figure (1) 
if k==l 
plot(lBO*s/pi,Gh, 'b'); 
hold on; 
elseif k==2 
plot(lBO*s/pi,Gh, 'g'); 
hold on; 
elseif k==3 
plot (lBO*s/pi, Gh, 'r 1 ); 
hold on; 
elseif k==4 
plot(lBO*s/pi,Gh, 'c'); 
hold on; 
elseif k==S 
plot(lBO*s/pi,Gh, 'rn'); 
hold on; 
elseif k==6 
plot(lBO*s/pi,Gh, 'k'); 
hold on; 
end 
legend(' l/ (6\pi) 1 

I 'l/ (3\pi) t I 'l/ (2\pi) 1 I'2/ (3\pi) 1 
I t 5/ (6\pi) t I 

1 \pi 1
); 

xlabel('Rotation Retardation Plate \psi (degrees) '); 
ylabel('RF Phase Difference \Delta\phi (rad)'); 
figure(2) 
if k==l 
plot(lBO*s/pi,Ga, 'b'); 
hold on; 
elseif k==2 
plot(lBO*s/pi,Ga, 'g'); 
hold on; 
elseif k==3 
plot(lBO*s/pi,Ga, 'r'); 
hold on; 
elseif k==4 
plot(lBO*s/pi,Ga, 'c'); 
hold on; 
elseif k==S 
plot(lBO*s/pi,Ga, 'm'); 
hold on; 
elseif k==6 
plot(lBO*s/pi,Ga, 'k'); 
hold on; 
end 
legend ( 1 1/ ( 6 \pi) 1 

I 
1 1/ ( 3 \pi) 1 

I t 1/ ( 2 \pi) 1 
I 

1 2 / ( 3 \pi) 1 
I 

1 5 / ( 6 \pi) 1 
I 

1 \pi 1 
) ; 
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xlabel('Rotation Retardation Plate \psi (degrees) '); 
ylabel('RF Amplitude (a.u.) '); 
end 
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