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ABSTRACT 

The Bismuth Silicon Oxide (BSO) single crystal can be obtained 

both in a large size and with good optical quality. It has been 

demonstrated that the BSO (Bi 11Si0 10) crystal is a practical holographic 

recording medium. BSO is a semiconductor and has a large electro-optic 

coefficient. These two properties of the BSO crystal are responsible for 

its capability to record. In this study, the linear and circular 

birefringence of the BSO crystal under an electric field were 

investigated. The measurement method is by passing a linearly polarized 

wavefield through the crystal. The transmitted wavefield is written in 

parametric expressions using Jones calculus, and the wavefield is probed 

by a simple ellipsometer. The two parameters in the Jones matrix, the 

linear and circular birefringence, are solved from the experimental data. 

The electro-optic coefficient is determined from the resulting linear 

birefringence to be 3.57xlO- 1o cm/V at A=632.8 nm. 

The diffraction efficiency and temporal response of the BSO 

crystal in the transverse electro-optic configuration were studied. The 

crystal was then coated with a single layer antireflection coating to 

investigate the effect of multi-reflections inside the crystal. The 

result showed that although the visibility improved only about 20%, the 

diffraction efficiency and temporal response improved two times. 

The BSO crystal is used as the recording medium in a two

wavelength holographic interferometer. An optical edge filter is used in 

ix 



the interferometer to adjuBt the beam ratio, and a prism is used to 

incorporate tilt in the interferometer and to deviate the two 

wavelengths to satisfy the Bragg's condition for the volume hologram. 

The 488 nm and 514.5 nm lines of an argon-ion laser are used to give an 

equivalent wavelength of 9.47 pm. The interferograms obtained are of 

high contrast. 

x 



CHAPTER 1 

INTRODUCTION 

Fifteen years ago the optically induced change of refractive 

index, the photorefractive effect, was discovered in LiNbO ,. This ef fect 

was first suggested to have potential applications 1..'1 h.olographic 

memories for computers. A review paper on the photorefractive effect by 

Glass (1978) was published with a strong bias toward LiNbO" since a 

large amount of the work was done on this material. Since then, the 

photorefractive effect has been observed in many other electro-optic 

crystals and new electro-optic crystals have also been grown. For some 

materials, such as Bismuth Silicon Oxide (BSO), large single crystals with 

good optical quality have been successfully grown. The first application 

of the BSO (Bil~SiO~o) crystal was in making the Pockels Readout Optical 

Memory (Hou and Oliver 1971), better known as the Itek PROM. This device 

can read-in and read-out images fast with high sensitivity and high 

resolution. 

Five years later, Huignard and Micheron (1976) suggested a 

transverse electro-optic configuration to use the BSO crystal as read

write volume holographic storage. This configuration differs from that 

of the Itek PROM and is simple to fabricate. The BSO crystal was used 

in the transverse electro-optic mode for the work in this dissertation. 

Throughout this dissertation, the BSO crystal is considered to be in the 

1 
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transverse electro-optic mode of operation, unless otherwise specified. 

In the transverse electro-optic configuration, the holographic fringes 

were formed perpendicular to the [Ill] crystallographic direction and 

the electric field was applied to the two sides of the crystal, so the 

electrodes were not on the propagation path of the two interfering 

beams. With an electric field of 9 kV/cm applied across a crystal cube 

of 1 cm on a side, a diffraction efficiency as high as 25 % had been 

achieved (Huignard and Micheron 1976). The high diffraction efficiency of 

the recording was very encouraging, but the recording-erasure cycle was 

extremely long. In a subsequent series of papers published by Huignard 

and his colleagues (Huignard and Herriau 1977; Huignard, Herriau and 

Valentin 1977; Herriau, Huignard, and Aubourg 1978; Huignard and Herriau 

1978; and Huignard et al. 1979) on the holographic applications of BSO, 

the recording time had improved to about 20 ms but diffraction 

efficiency had been reduced to a few percent. In the latter 

experimental setups, the crystal was thinner and was used in a different 

crystal orientation. The BSO crystal has also been used just as an image 

recording medium in some applications, such as real-time cross

correlation (Pichon and Huignard 1981) and in real-time displacement 

analysis with speckle interferometry (Tiziani, Leonhardt, and K:enk 1980). 

The BSO crystal has the high resolution required to make a 

reflection hologram (Huignard and Herriau 1978). It can be used for many 

cycles without the problem of fatigue. Once in our laboratory, however, 



when both the light intensity and the applied electric field were very 

high, the crystal was permanently damaged so it would never give high 

diffraction efficiency. 

3 

The BSO crystal has been used for many applications. Of 

particular interest to this dissertation is the real-time two-wavelength 

holographic interferometry (Lam, Koliopolous, and Wyant 1980, and Kuchel 

and Tiziani 1981). This technique provides a way to do optical contouring 

in variable equivalent wavelengths (Malacara 1978) which can be much 

longer than the wavelengths in the visible spectrum. Although the 

equivalent wavelength is long, the technique is working with visible 

light. Thus, its advantages are that visible light is easy to align, 

detect, and record. In optical contouring, when the height variation of a 

surface with respect to a reference surface is below 10 \lm, the surface 

can be measured easily by an interferometer using visible light. When 

the height variation of the surface is above a fe\Ol hundred \lm, moir~ 

methods can generally be applied. In the intermediate range, it is 

usually difficult to make accurate measurements. Two-wavelength 

holographic interferometry is one way to work in this range. Using the 

BSO crystal as the recording medium in two-wavelength holographic 

interferometry provides three advantages. First, since the BSO crystal 

is reusable, the cost of films is eliminated, and routine contouring 

becomes more economical. The second advantage is precision. The real

time characteristic of the crystal eliminates the processing steps 

needed in almost all other recording mediums, and the hologram need not 



tlt' t"('f'lI('\'C'll ;"Hld r~plllccd. The replacement process may degrade the 

I'I~CllrtH:y or t.he meoourcment. The third advantage is the dynamic 

proprrty. whl('h mny provide the system with the capability of an 

tnfrllr~d lnf.~rfcrometcr in the long wavelength, provided that the object 

to hf! l~ontotlr(>d 19 moving at a slower rate than the response of the 

c. rystlll. 

4 

Thp BSO crystal is very attracr,ive for many applications because 

it ia nvnllnble in sizes I-em square or larger, it has good optical 

quality, nnd overall, it compares better than other real-time recording 

crystals on high sensitivity, moderate diffraction efficiency, and fast 

temporal response. It has drawn much attention as shown by the quantity 

of papers published. Its general properties were well studied; the 

refractive index, the absorption, and the circular birefringence are 

briefly discussed below. 

The crystal was used in the transverse electro-optic 

configuration as depicted in Fig. 1. The electric field was applied along 

the (110) crystallographic direction, and the holographic fringes were 

parallel to the [lOa) direction. The crystal had dimensions of about 

10,,10)(3 mm, and was supplied by Crystal Technology, Inc. of Palo Alto, 

California. 

The refractive index of BSO was measured by both the Itek group 

(Aldrich, Hou, and Harvill 1971) and Tanguay (1977). As numerical data 

are usually convenient for future reference, the refractive indices in 



REFERENCE 
BEAM 

[TIO] 

HOLOGRAPH IC 
FRINGES 

Fig. 1. Crystal orientation in the transverse electro-optic 
configuration. 
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the argon-krypton ion laser wavelengths are reproduced from Tanguay's 

dissertation in Table 1. The crystal air interface is very reflective 

due to the high magnitude of the refractive index. It is obvious that 

the high reflectivity leads to energy loss. It is less obvious that the 

multireflections inside the crystal greatly reduce the contrast of the 

interference fringes or images to be recorded. The crystal was coated 

with a single layer antireflection coating to investigate the effect of 

multi-reflections. Comparing the diffraction efficiency and rise time 

obtained in similar experimental conditions before and after coating, the 

diffraction efficiency increased more than twice, and the rise time was 

almost halved. The investigation is discussed in Chapter 3. 

The absorption in BSO is strong in the visible wavelengths. It 

is caused by one or all of the three sources present in the crystal; 

excitons, impurities, and crystal defects. Huignard et ale (1979) had 

noticed that a slightly aluminum doped crystal showed a reduced 

absorption at the wavelength of 514.5 nm. The absorption coefficients 

were measured by different groups (Aldrich et ale 1971; Hou, Lauer, and 

Aldrich 1973; and Tanguay 1977). The results did not agree perfectly. 

The discrepancy may be caused by the difference in the quality of the 

crystals used in the measurements. Absorption is a disadvantage of BSO 

used as a holographic storage material. The diffraction efficiency of a 

volume hologram is proportional to the magnitude of index modulation and 

the thickness of the medium. In BSO, the increase in diffraction 
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Table 1. Refractive Index of Bismuth Silicon Oxide. 

Wavelength A (nm) n(A) 

465.8 2.686 

472.7 2.674 

476.5 2.667 

482.5 2.657 

488.0 2.650 

496.5 2.638 

501.7 2.631 

514.5 2.615 

520.8 2.608 

530.9 2.598 

568.2 2.566 

647.1 2.522 

676.4 2.510 



efficiency with the increase in thickness is counteracted by the 

attenuation. There is a tradeoff in picking the optimum thickness. 

8 

BSO has an extraordinarily large magnitude of natural circular 

birefringence; the refractive index encountered by a left circularly 

polarized wavefield is different from· that experienced by a right 

circularly polarized wavefield. When a linearly polarized wavefield is 

incident at the entrance surface of the crystal, it can be decomposed 

into a left circularly polarized wavefield and a right circularly 

polarized wavefield. As they propagate along the crystal, a phase 

difference develops due to the difference in refractive index encountered 

by each of these two wavefields. When they recombine at the exit 

surface, the wavefield becomes linearly polarized again. But due to the 

phase difference, the polarization angle is rotated with respect to the 

initial angle at the entrance surface. The rotatory power, the angle 

rotated per unit length of path, was measured over a wide spectral range 

(Feldman, Brower, and Horowitz 1970, and Tanguay 1977). The circular 

birefringence is also an undesirable property of BSO as holographic 

storage. The index modulation in the recording in BSO is birefringent; 

one recording is along the ordinary axis and another is along the 

extraordinary axis. The diffraction efficiency of the recording would be 

better if the read beam could maintain a linear polarization along either 

one of the two axes. Furthermore, the presence of circular birefringence 

complicates the hologram modeling. 



9 

BSO is a semiconductor; a photon of sufficiently high energy may 

be able to excite an electron from the valence band to the conduction 

band. It is also an electro-optic material; birefringence, or "linear 

birefringence" to d;J.stinguish it from the circular birefringence, will be 

induced by an electric field. These two properties of the BSO crystal 

are responsible for its capability to record. The recording mechanism 

will be discussed in detail in the following chapters. 

The LiNbO, crystal is used as a recording material in a similar 

way. The abundant published work on LiNbO, is a valuable information 

source that may provide qualitative explantation for some of the 

problems found in BSO. 

The BSO crystals used in our' work were supplied by an .outside 

supplier. The orientation and quality of the crystals were tested by x-

ray diffraction (the' Laue back-reflection method). The particular 

crystal used in the experiments in the dissertation showed a bright and 

distinct diffraction pattern, while crystals of inferior quality showed a 

much less distinct diffraction pattern and fewer bright diffraction 

spots. However, information about the kind and quantity of defects 

present in the crystal was not available from the x-ray diffraction 

test. It is difficult to determine how good the crystal is from the x

ray diffraction method alone. Since the electro-optic effect is one of 

the two properties that is responsible for the recording capability, a 

direct measurement of the electro-optic coefficient is a good way to 

characterize the cryst~l. Aldrich et al. and Litvin et al. measured the 
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electro-optic coefficient to be 5.17 xl0- 10 cm/V (:\=632.8 nm) and 

3xl0-10 cm/V (:\=579 nm) respectively (Hellwege 1979) by the half-wave 

voltage method. Tanguay (1977) obtained a result of 4.41xl0- 10 cm/V 

(:\=632.8 nm) using the Jones matrix and the polarization eigenstate 

technique. The measurement of the electro-optic coefficient in our 

laboratory was through the study of the linear birefringence induced by 

an electric field. It is described in Chapter 2. The measurement method 

is by passing a linearly polarized wavefield through the crystal. The 

transmitted wavefield is written in parametric expressions using Jones 

calculus, and the wavefield is probed by a simple ellipsometer. The two 

parameters in the Jones matrix, the linear and circular birefringence, 

are solved from the experimental data. The electro-optic coefficient is 

determined from the resulting linear birefringence to be 3.57xl0- 10 cm/V 

at :\=632.8 nm. 

The electron donor in the photo-excitation process is found to 

be Si or oxygen vacancies, and the deep trapping centers are believed to 

be photoluminescent impurities (Hou et ale 1973, and Peltier and Micheron 

1977). The densities of the vacancies and impurities directly affect the 

sensitivity and diffraction efficiency of the crystal. As information 

about the densities of the vacancy and impurity levels are not available 

for the crystals used in our laboratory or in other groups, the only way 

to compare is by experimental observation. The study of diffraction 

efficiency and temporal response on different recording parameters is 

described in Chapter 3. In the experiment, a volume grating was formed 
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in the crystal by two-plane-wavfl interference at ),=514.5 nm, and the 

formation of the grating was probed by a He-Ne laser beam of lot-1 

irradiance. The diffraction efficiency of a few per cent obtained in the 

experiment is comparable to those reported by other authors, but the 

response time is much larger than 20 ms reported by Huignard et ale 

(1977). The longer response time may be due to the lower irradiance 

used to make the grating. Higher irradiance has not been used to try to 

improve the response time because of the possibility of damaging the 

crystal. The experimental results provide valuable information about 

using the crystal in different applications. 

After the studies in Chapters 2 and 3, the quality of the crystal 

compared to those used in the other groups was better known. The 

crystal was then used to construct a two-wavelength holographic 

interferometer as described in Chapter 4. An edge filter is used in the 

interferometer to adjust the beam ratio and a prism is used to 

incorporate tilt in the interferometer and to deviate the two 

wavelengths to satisfy the Bragg's condition for the volume hologram. 

The 488 nm and 514.5 nm lines of an argon-ion laser are used to give an 

equivalent wavelength of 9.47 ~m. Both lines are on simultaneously, thus 

the reconstruction is destructive. In other words, the presence of the 

reconstruction beam greatly degrades the visibility of the holographic 

fringes. Detuning from the Bragg's angle is required to align the 

reconstructed wave with the direct transmitted test wave. Because of 

the low visibility of holographic fringes and de tuning from the Bragg's 
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angle, the diffraction efficiency of the hologram is very low. As 

reconstruction is non-destructive using wave1F.mgths longer than 551 nm, 

the 530.9 nm and 568.2 nm lines of the krypton laser will give a much 

brighter interferogram. The recording cycle may be longer because the 

quantum efficiency at A=530.9 nm is only about half of that at 

A=514.5 nm (Sprague 1975). 



CHAPTER 2 

BIREFRINGENCE INDUCED BY AN ELECTRIC FIELD 

The recording capability of BSO depends on its large electro

optic coefficient and its property as a semiconductor. The electro-optic 

effect will be discussed in this chapter. The dominant electro-optic 

effect in BSO is the Pockels effect; the linear birefringence induced by 

an electric field is linearly proportional to the magnitude of the 

electric field itself. . It has been observed that some recording 

properties of the crystal differ from sample to sample. Therefore, to 

gain better understanding of the recording mechanism and to find a way 

to characterize the crystal, the linear birefringence under an electric 

field was investigated. In addition, because circular birefringence is 

natural in the crystal, information about this property was also 

obtained. 

In this study, the polarization state of a wavefield after 

passing through the crystal was calculated and written parametrically 

using Jones calculus, with linear and circular birefringence as the two 

parameters. The polarization state lyaS then measured by a simple 

ellipsometer. The two parameters of the crystal were solved from the 

measured data for different magnitudes of the electric field. Before 

describing the experimental investigation of the Hnear birefringence, the 

13 
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origin of the linear birefringence and the Pockels effect will be 

discussed. 

Pockels Effect 

The theory of the linear electro-optic effect was worked out by 

Pockels in the late eighteenth century. It is often called Pockels 

effect, to distinguish it from the Kerr effect, which is quadratic with 

the electric field. 

The optical properties of a crystal can be described 

geometrically by the index ellipsoid. The principal refractive indices 

nx,ny,nz' serve to define an index ellipsoid. A plane through the center 

of the ellipsoid and perpendicular to the propagation direction of the 

wavefield of interest intersects the index ellipsoid in an ellipse. The 

major and minor axes of the elliptic section are the birefringent indices 

ne and no' In the application of an electric field, a general equation 

for the index ellipsoid is, 

The modification of the six indices is governed by the crystal 

matrix as follows, 



1 1 ::-r -nll ::--r nlO 

1 1 
~ n22 ::-z n20 

1 1 =--r -
n" 

::--:r nso 

1 
--2 
n2S 

1 
~ ns 1 

r" 
= 

r .. , 

where nlO, n20, n so are the refractive indices of the crystal in the 

absence of electric field. 8 x' 8 y' and 8 z are the electric fields in the 

x, Y, and Z directions respectively_ Since BSO is homogeneous and 

isotropic, 
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The crystal structure of BSO is body center cubic; it belongs to 

the point group 23. All elements in the crystal matrix of this point 

group are zero, except for r"" r52, and ru (Yariv 1971), and, 

As shown in Fig. 1, the electric field vector is on the XY plane 

along the [110] direction, at 45 0 between the X and Y axes, then 
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1 1 
0 0 0 ---r - ::--z nil noo 

8 0 

1 1 
0 0 0 ~- :--r n22 noo 

1 1 
0 0 0 =-z - ii';;' nu 

1 8 0 =-
{2 

1 
0 0 :--r r~1 n2 , 

1 
0 0 ::-z r~1 

n'l 

0 

1 
0 0 --2 r ~ 1 

n 12 

The equation for the index ellipsoid becomes 



17 

To find the principal axes and the respective refractive indices 

of the index ellipsoid, it is necessary to perform axes rotation twice. 

The first rotation is 45 0 about the Z axis, and the second rotation is 

45 0 about the Y' axis, which is the new coordinate axis after the first 

rotation. 

The equations for axes rotation of 45 0 about Z are, 

x X' cos45° - Y' sin45° 
1 

(X' - Y') = 

f2 

Y X, sin45° + Y' cos45° 1 (X' + Y') = = 
(i. 

Z = Z' . 

Substituting these equations into the equation for the index 

ellipsoid yields 

X'2 - 2X'Y' + y,2 X'2 + 2X'Y' + y,2 Z'2 
2 i + 2 + ::--I + (X'Z' + Y'Z')r"l&'O 

nOD 2nOO nOD 

+ (X'Z' - Y'Z')r"l&'O = 1 

X'2 y'Z Z'Z 
~ + n;;r + n;;r + 2X'Z'r"1~O = 1 • 
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The equation for the axes rotation of 45° about Y' are, 

x' = 1 (X" - Z") 

f2 
y' = Y" 

Z, III 1 (X" + Z"). 
(i 

Substituting these equations into the last equation for the index 

ellipsoid yields 

or 

X" 2 y"2 Z"2 
:o.-r + :o.-r + ::;;-r = 1, 
nx ny n z 

where n"x 
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n"x = noo -

likewise, 

and 

fin = n"z - n"x (2<-1) 

Equation (2-1) shows that when an electric field is applied along 

the [110] crystallographic direction, linear birefringence is induced due 

to the Pockels effect. The birefringent axes X" and Z" on the crystal 

surface are along the diagonals as depicted in Fig. 2. 
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Exit Wavefield in Parametric Expressions 

For the purposes of easy calculation, a new coordinate system is 

assigned to the crystal as shown in Fig. 3. When a linearly polarized 

wavefield is incident on the crystal, the transmitted wavefield is in 

general elliptically polarized. In Jones calculus, the crystal can be 

represented by a transfer matrix such that the exit wavefield is equal 

to the multiplication of the incident wavefield by the transfer matrix 

The incident wavefield Ei = [cosa] 
sina 

The exit wavefield Eo = 
[ E

EyX] • 

There are eight different and independent types of crystalline 

behavior, for instance, absorption, circular birefringence, circular 

dichroism, linear birefringence and linear dichroism. The transfer matrix 

for a crystal that 'has more than one crystalline behavior is as follows 

(Jones 1948): 



Fig. 3. 

INCIDENT 
WAVEFIELD 
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Coordinate system for the study of the birefringence induced 
by an electric field. 
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where n l, n 2, n, and n_ are elements of the operator matrix N 

[

nl 
N = 

n, 

nl + nz 
and TN 2 

DN = nlnZ - n,n_ 

QN = (TN 2 - DN)l/Z. 

BSO has spectral absorption, strong natural circular birefringence, and 

electric-field-induced linear birefringence. If the interest is limited 

to the polarization state of the exit wavefield, the spectral absorption 

need not be included in the transfer matrix. The cperatcr matrix N then 

includes only the properties of circular birefdngence and linear 

birefringence (J ones 1948): 
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m [: 

-1 ] [: :] N = + g 
0 

[ i: -II) ]. = 
-:Lg 

where 

1 211' (nr - n1) II) = "2 A 

1 211' (ny 
11' (2-3) g :I "2 A 

- nx) = T ~n , 

nr is the refractive index encountered by right-circularly polarized 

light 

n1 is the refractive index encountered by 1eft-circu1ar1y polarized 

light 

ny is th(! refractive index encountered by linearly polarized light 

along y 

nx is the refractive index encountered by linearly polarized light 

along x, 

Substituting the values of nl to n~ into the equations for TN' DN, and QN 

yields 

DN :I g1 + (1)1 

QN = i(g 2 + II) 1 ) 1 / 2. 

Substituting these quantities into Eq. (2-2), the transfer matrix is 

reduced to 



M = 

cosyz + i .& sinyz 
y 

.!!!. sin yz 
y 

w sinyz 
y 

cos yz - i £ sinyz 
y 
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However, the major axis of the linear birefringence is along the 

diagonal of the crystal at an angle of 45 ° with respect to the X 

coordinate. The matrix needs to be rotated 45° so that the transfer 

matrix becomes 

M' = 

= 1 
Y 

cos45° -sin45° 

y cosyz 

(w+1g) sinyz 

M 

-sin45° 

-( w-ig) sinyz 

y cosyz 

The electric field after the crystal is given by 

cos45° 



Eo = M'Ei 

= 1 [~ .. cosa cosyz - w gina sinyz + ig sina sinyz ] 

y ... cosa sinyz + y sina cosyz + ig cosa sinyz 

If PI = (y2 cos 2a cos 2yz + w2 sin 2a sin 2 yz 

p 

p 

+ 2wy sina cosa sinyz cosyz + g2 sin 2a sin 2yz)1/2 

and, 

[y(cos 2a sin 2yz + sin 2a cos 2yz) - 2w sina cosa sinyz cosYZ]1/2 

[y(cos 2a cos 2yz + sin 2a sin 2yz) + 2w sina cosa sinyz cosyzp! 2 
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(2-5) 
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e: 1 == tan-1 [ g sina sinyz ] 
y COsa cosyz - w sina sinyz 

(2-6) 

1 
[ 

g cosa sinyz ] e: == tan-
:2 w Cosa sinyz + y sina cosyz • 

(2-7) 

The relative phase, e:, and the amplitude ratio, P, of the x and y 

components of the wavefield completely determine the ellipticity of the 

exit wave field. Equations (2-4) through (2-7) are the parametric 

expressions in g and w. 

Experimental Measurement of the Ellipticity of the Exit Wavefield 

The experimental setup for the measurement of the ellipticity of 

the exit wave field is depicted in Fig. 4. A linearly polarized plane 

wavefield was incident on a crystal from the left. The exit wave field 

after passing through the 3.1 mm thick crystal was probed by a simple 

ellipsometer, which was a combination of a rotating analyzer and a 

detector. The detector was an RCA C30807 silicon photodiode. The 

mathematical description of this ellipsometer in Stokes parameters was 

reported by Budde (1962), the analysis in J ones calculus is described 

here~ The ellipsometer read the azimuth of the major axis and the 

intensities along the major and minor axes of the ellipse of the exit 

wavefield. The ellipticity was calculated from the formulation to be 

described in the next paragraph. The crystal dimensions were 
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Fig. 4. Plane linearly polarized wavefield is incident from the left. 
BSO is biased along the [110] direction. 
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10x10x3.1 mm. An electric field was applied across the crystal along 

the [110] direction, while the wavefield was propagating along the [110] 

direction. The crystal had a wedge that allowed the direct transmitted 

beam to be separated from the beams after reflection from the two 

surfaces. 

The transfer matrix for an analyzer rotated an angle 0 with 

respect to the X axis is (Hecht and Zajac 1976) 

cosO -sinO 1 o cosO sinO 

MO = 

sine cosO o o -sine cose 

sinO cose 

sinO cos e 

The wavefield after the rotating analyzer is 

E = MeEo = MeA 
[ 

epie:] 

[ 

cos·2e cose: + P sine cose + i cos 2 e sine: J 
= A 

sine cosO cose: + P sin 2e + i sine cose sine: 
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- A [:::] , 

where 

A = 
PI 
- ei e:2 
y 

PI' = cos8[(cos8 cose: + P sin8)2 + cos 28 sin 2 e:]1 I 2 

P2' = sin8[(cos a cose: + P sin8)2 + cos 28 sin 2e:]11 2 

I( 8) = A 2(P 1 ,2 + P 2'2) 

(2-8) 

At the extrema of I, the derivative of I with respect to e is 

zero. Under this condition, the two unknowns e: and P are related by 

t 28 - 2P cose: 
an m - 1 _ p2 

where 8m is the angle for the extrema. They can also be written in the 

form of one unknown as a function of the other 

P±= - 1 (cose: =F R) 
tan28 m 

(2-9) 

R = (cos 2e: + tan 228 m) II 2. (2-10) 

Substituting Eqs. (2-9) and (2-10) in (2-8), the intensity at the 

extrema is 

1m is either the maximum or the minimum intensity, dependlng on the 
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values of e: and P. When the electric field is low, the linear 

birefringence is small and the exit wavefield is nearly linearly 

polarized. Under low electric field, e: is small and P depends on the 

polarization angle of the incident wave field. Thus it can be identified 

whether 1m is the maximum or the minimum intensity. When 1m is the 

maximum intensity, the expression for minimum intensity can be obtained 

by having the initial position of the rotating analyzer vertical along y 

and rotating through the same angle Sm 

The constant term in 1m and 1min can be eliminated by writing it 

as an intensity ratio 

1 + cose: (cose: - R) cot2Sm cotS m 
= 1 - cose: (cose: - R) cot2S m tan6 m 

Q - Q cose: (cose: - R) cot26 m tan6 m 

(2-11) 

= 1 + cose: (cose: - R) cot26 m cot6 m 
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Let 

H CI 1 - Q 
cot29 m (cot9 m + Q tan9 m) 

(2-12) 

By squaring both sides and substituting R 2 from Eq. (2-10), this becomes 

cos 2 e: ::: (2-13) 

Q and 9m are measured experimentally. From Eqs. (2-13) and (2-9) 

the ellipticity of the exit wavefield can be determined. 

Results 

From the measurement of the ellipticity of the exit wavefield, 

the linear birefringence and the circular birefringence g and w were 

obtained by iteration using Eqs. (2-4) through (2-7). A set of g and w 

was obtained for different electric field strengths applied to the 

crystal. For the wavelength of 632.8 nm, measurements were made for 

two different polarization angles of the incident wavefield, one at 90 0 

with respect to the X axis and the other at 59~0. For the wavelength 

of 840 nm, the incident wavefield had a polarization angle of 90 0
• 

Results are shown in Figs. 5 through 8. Using the linear birefringence 

value for the wavelength of 632.8 nm, Eqs. (2-1) and (2-3) give 
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Linear birefringence versus applied electric field for the 
wavelength of 632.8 nm. One incident wavefield is linearly 
polarized at 90°, the other at 59.5°. 
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6 

Circular birefringence versus applied electric field for the 
wavelength of 632.8 nm. One incidient wavefield is linearly 
polarized at 90°, the other at 59.5°. 
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Fig. 7. 
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Linear birefringence versus applied electric field for the 
wavelength of 840 nm. Incident wavefield is linearly 
polarized at 90°. 
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Circular birefringence versus applied electric field for the 
wavelength of 840 nrn. Incident wavefield is linearly 
polarized at 90°. 
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r .. l = j~ , 
wnoo coo 

gA 

which yields a value of 3.57xIO-1O cm/V for the electro-optic 

coefficient. Although the azimuth of the exit wavefield changed, the 

circular birefringence was constant with applied electric field whereas 

the induced linear birefringence was linearly proportional to the applied 

field for field strengths up to 6 kV/cm. The calculated value for the 

electro-optic coefficient lies within the range reported by other authors 

(Tanguay 1977 and Hellwedge 1979). 

The ellipsometer used in the experiment was very simple, no 

phase plate or compensation plate was necessary. The accuracy was 

limited by the signal-to-noise ratio of the detector system. More 

accurate values of g could have been obtained by using an ellipsometer 

of higher quality. 

Discussion 

The electro-optic coefficient measured in our laboratory and by 

the other authors (Tanguay 1977 and Hellwedge 1979) has a large spread 

from 3xlO-lO cm/V to 5.17xlO-IO cm/V. Litvin attributed the low value of 

3xl0-10 cm/V to the residual thermal stress left in the crystal. These 

data were obtained by two different methods; the half-wave voltage 

method used by Aldrich et a1. and Litvin et a1., and the Jones matrix 

method used by Tanguay and us. Tanguay measured the transmitted 
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wavefield through the crystal in the normal mode coordinates, while we 

used the x-y coordinates for the polarization state of the wavefield. 

Litvin et ale made the m~asurement at a voltage of 1.5 kV and Tanguay 

had his measurement at a voltage of 930 V. The method used in our 

experiment differed from the others in one particular respect, the 

electro-optic coefficient was calculated from the averaged data under 

five different bias voltages of 2 kV to 6 kV across the crystal of one 

cm long. 

The straight lines in Figs. 5 and 7 represent the average slope 

Of~. The equipment used in the experiment was not for highly accurate 

measurement of the g values, so data are spreading around these li~es. 

The experimental data show that ~ tends to decrease for higher values 

of &'00 The decrease in t may be caused by discharging at the sharp 

points of the electrode or leaking of current inside the bulk due to 

crystal defects at high voltage. The crystal defects may become one of 

the factors limiting the optimal performance of the crystal. The 

average slope in Fig. 5 was used to determine the electro-optic 

coefficient at 1=632.8 nm. 

In the measurement of the ellipticity of the exit wavefield at 

1=632.8 nm, the azimuth of the major axis changed by 7 0 at a bias of 

6 kV/cm from that at zero bias. The magnitude of the change of angle is 

about 10 % of the rotatory power. The change of azimuth angle with 

applied field cannot be induced to be the change of rotatory power with 
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electric field. Using Jones calculus, it was solved that the rotatory 

power stayed constant with applied field. The change of the azimuth 

angle was actually caused by the introduction of the field-1nduced 

linear birefringence. The finding of the constant circular birefringence 

with applied electric field is contrary to the results reported in the 

literature (Moore et a1. 1969). The latter was obtained by measurement 

of the change of the azimuth of the major axis of. the transmitted 

elliptically polarized light. 

The intended purpose of the experiment was for a rough 

measurement of the field-induced birefringence and the electro-optic 

coefficient of BSO. If more accurate values are desired, the experiment 

can still be improved in two respects. Firstly, the polarization angle 

of the incident wave with respect to the crystal axis can be more 

accurately measured. Secondly, a better ellipsometer can be used to 

obtain more accurate values of g. Since the ellipsometer is a well

developed optical instrument, the way to measure the electro-optic 

coefficient as described in this chapter is as good as other best methods 

for the same purpose. 

The ellipsometer used in our experiment is simple although not 

highly accurate. A detector system having higher signal-to-noise ratio 

and a rotating analyzer controlled by stepper motor can be implemented 

to improve its accuracy. However, the ellipsometer is so compact, it can 

fit easily into any part of an experimental setup. 

For a crystal having more than one crystalline behavior, the 

Jones matrix is an elegant formalism to relate the input and output 
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polarization state of a polarized wavefie1d going through the crystal. 

Once the values of linear and circular birefringence under an applied 

electric field are known, the output polarization state can be predicted 

by Jones calculus. Under a known bias voltage, the input polarization 

state can also be calculated that would give a linear output 

polarization. The Jones matrix is useful for applications that need to 

control the' polarization state of the wavefie1d. For illustration 

purposes, take a simple example of calculating the output polarization 

state of a circularly polarized wavefie1d going through a BSO crystal 3.1 

mm thick and under an electric field of 6 kV / cm along the [110] 

crystallographic direction. The output wavefie1d 

= 1 

cosyz + i .& sinyz 
y 

~ sinyz 
y 

COSyz + i g+w 
y 

f2 !!!.::& sinyz - i 
y 

w sinyz 
y 

cosyz - i .& sinyz y 

sinyz 

cosyz 

1 

t2 

1 

-i 
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If P1 = [COS2yZ + (g~~)2 Sin2yz]2 

1 

P2 = [(royi)2 sin2yz + cos 2yz]2 

€ = tan-1 [(g+ro)SinYz] 
1 y cosyz 

t -1 [ Y cosyz ] 
€ 2 = an -<ro-g) sinyz 

From Chapter 2, g = 

ro = 

_
_ A [elllO

•
70

] then Eo 

0.18 
, 

where A is a complex constant. 
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CHAPTER 3 

DIFFRACTION EFFICIENCY AND TEMPORAL RESPONSE 

BSO is a semiconductor with an energy bandgap of 3.25 eV 

(Hou et ale 1973). The broad shoulder in the optical absorption extends 

to 2.25 eV (Hou et ale 1973), which corresponds to the photon energy at 

A=551 nm. An energy band-diagram was proposed by Hou et ale (1973) and 

was further studied by Peltier and Micheron (1977). An energy-band 

diagram at room temperature is shown in Fig. 9. When a photon at a 

wavelength shorter than 551 nm is absorbed in the crystal, an electron 

will be excited from the valence band to the conduction band. The 

quantum efficiency, the statistical number of photons absorbed per 

incident photon, at the wavelength of 514.5 nm is 0.7 (Peltier and 

Micheron 1977 and Sprague 1975). BSO has very little sensitivity to 

photons at wavelengths longer than 551 nm. 

The photoinduced electrons are the dominant carriers in a BSO 

crystal when it is illuminated (Aldrich et ale 1971). The transport 

process of these photoinduced electrons in the PROM configuration was 

reported by Hou et ale (1973). The transport process in the transverse 

electro-optic configuration was measured by Huignard and Micheron (1976) 

with and without an applied electric field. The diffusion length and the 

drift length are the statistical distances an electron can travel in the-
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crystal before recombining with a hole. In the absence of an electric 

field, the diffusion length is 0.6 ~m. When the photoinduced electrons 

are under an electric field of 6 kV per centimeter, the drift length is 

8.4 ~m. The . long drift length and the high quantum efficiency are 

believed to' account for the high sensitivity of the BSO crystal (Huignard 

and Micheron 1976). 

A simple explanati~n for the recording mechanism of BSO can be 

described as follows. When two plane waves of wavelength shorter than 

551 nm are interfering inside the crystal, free electrons are created 

with a density proportional to the local intensity. The electron 

population is much denser in the bright fringe region than in the dark 

fringe region. Electrons move by diffusion or drift under an electric 

field, and are trapped by deep trapping centers. As a result, the bright 

fringe r~gion becomes positively charged due to the loss of electrons, 

while the dark fringe region becomes negatively charged due to the gain 

of electrons in the trapping centers. A space charge field builds up 

with time across the bright fringe and the dark fringe regions. This 

space charge field modulates the refractive index through the Pockels 

effect, thus the intensity profile is mapped into a phase variation. As 

discussed in Chapter 2, the phase recording is birefringent. Since the 

space charge field is along the [110] direction, the birefringent axes are 

along the diagonals of the crystal. 
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The real hologram forming is much more complicated than the 

explanation given in the last paragraph. During hologram forming, the 

space charge field built up across the bright fringe and the dark fringe 

has an electric force that causes the electron to flow backwards. In 

the case of electron flow by diffusion, this electric force slows down 

the electron flow, until the diffusion force is balanced by the electric 

force, at which time there will be no electron flow. In the case of 

electron flow by drift, the space charge field modifies the initial 

externally applied electric field. This feedback effect of the space 

charge field shifts the peaks of the hologram during its formation. As 

the hologram is being formed, the two interfering beams simultaneously 

illuminate the hologram to give two reconstructed waves. The phase of 

these two reconstructed waves changes as the peaks of the recording 

fringes shift. These two reconstructed waves in turn modify the 

intenSity distribution of the initial fringe pattern. In addition to this 

dynamic effect and the feedback effect, the electron redistribution is 

affected by the occupancy of the donor level and deep trapping centers. 

Models for photorefractive recording have been intensively studied. The 

most rigorous models are those proposed by Moharam and Young (1977) and 

Kukhtarev et al. (1979). One of these models is in numerical calculation 

and the other is in analytic form. The crystal is often used with an 

externally applied electric field to enhance diffraction efficiency. 

Under this condition, many uncertain parameters make verification of the 

theoretical model very difficult. The presence of circular birefringence 
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in the BSO crystal further complicates the problem of modeling. A 

complete model for hologram forming in the BSO crystal has not been 

found in the literature. However, experimental study of the recording 

properties has been reported. The spatial frequency response of the BSO 

crystal at different values of an applied electric field on the phase 

conjugation setup was shown by Huignard, Herriau and Rivet (1980). The 

dependence of the diffraction efficiency and the temporal response of 

BSO on recording parameters has been investigated in our laboratory. The 

experiment was in a simple holographic setup as described below. 

Experimental Procedures 

The experimental setup is depicted in Fig. 10. A BSO crystal was 

irradiated by two arms of a "write beam" that caused a volume phase 

hologram to be formed. A "probe" beam was then used to determine the 

diffraction efficiency of this hologram. The crystal orientation shown 

in Fig. 1 was used. The green line (>.=514.5 nm) of an argon-ion laser 

was used for the write beam. A He-Ne laser was used for the probe beam 

because the photoconductivity or BSO at the He-Ne wavelength is 

approximately two orders of magnitude lower than that for the argon 

wavelength. The irradiance of the probe beam at the crystal was I p=178 

~W/cm2, and the angle of incidence was carefully adjusted to satisfy the 

Bragg's condition of the red wavelength. 
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The diffraction efficiency n is defined as 

where Is is the diffracted component of the probe beam and Ip is the 

undiffracted component. The reflection and absorption by the crystal 

are ignored. With the probe beam on continuously, the diffraction 

efficiency was obtained turning on both arms of the write beam and 

recording the value of Is, and thus n, as a function of time.· A typical 

result obtained for the time behavior of 11 is shown in Fig. 11. 
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Measurements were made for several different values of bias voltage Yo, 

and for several different values of the average write beam irradiance 

Iw=Iw 1 +Iw 2' In this experiment, the intensities on both arms were equal, 

I w1 =Iw2' These measurements were then repeated for two different fringe 

spacings, df, 1.6 \Jm and 3.9 \Jm. The detector was a United Detector 

Technology, Inc. PIN 5DP, MWO 4379, photodiode with a diameter of 2.8 mm 

and the recorder was a Hewlett-Packard Model 135 M x-y recorder. 

v 0 was maintained below 6 kV and Iw below 5.71 mW/cm 2 because 

of the possibility of damaging the crystal. 
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Typical time record of diffraction efficiency after both arms 
of write beam are turned on. 
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Results 

The variation of nmax with bias voltage V 0 is shown in Fig. 12 

for several different values of Iw and two values of df • For both 

values of df' nmax varies nearly linearly with Vo between 1 kV and 5 kV 

for all values of I w' and a departure from linearity appears for V 0 

greater than 5 kV. Note the significantly higher values of nmax for the 

larger fringe spacing. 

nmax was graphed as a function of Iw in Fig. 13 for several 

values of Vo and two values of dfo For Vo between 1 kV and 5 kV, nmax 

remains fairly constant with Iw' However, for V 0=6 kV, nmax increases 

noticeably with increasing I w' 

As indicated in Fig. 11, the hologram takes time to build up 

after the write beam is turned on. The time required for various values 

of diffraction efficiency to be achieved is shown in Figs. 14 and 15. 

Since the electron drift velocity is increasing with bias voltage, for 

fixed values of average write-beam irradiance, I w' the time required to 

reach a given diffraction efficiency decreases with increased bias 

voltage. The hologram formation also occurs at a more rapid rate for 

higher values of write-beam irradiance at constant Vo. This is because 

more electrons are available to build up 'the space charge field. 

Comparing Fig. 15 with Fig. 14a, for which 

the write-beam irradiance Iw was about the same, a significant decrease 

in hologram writing rate is observed for the large fringe spacing. 
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o 
BIAS VOLTAGE (kV) 

Diffraction efficiency vs bias voltage. The four lower curves 
are for a fringe spacing df=1.6 ~m and the upper curve is for 
df = 3.9 ~m. . 
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Time required to reach specified values of n after write beam 
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The time behavior of " depicted in Fig. 11 resembles an 

exponential curve, thus a rise time TR can be defined to be the time 

required for n to reach a value of (l-e- 1)nmax=0.63 nmax' The variation 

of rise time with bias voltage and write-beam irradiance is shown in 

Figs. 16 and 17 for df=I.6 )lm. TR generally increases with increasing 

bias voltage, a result that can be attributed to the strong dependence 

of nmax on bias voltage (see Fig. 12). In other words, a higher bias 

voltage produces a larger" value of "max' which requires a longer time to 

achieve. Or, the higher the ~iffraction efficiency of the hologram, the 

longer it takes to write it for a given Iw and df' Conversely, there is 

an extremely weak dependence of nmax on write-beam irradiance (see Fig. 

13), for V 0 less than 6 kV. As a result, a decrease in rise time is 

observed with increasing write-beam irradiance. The rise time for a 

larger fringe spacing, df=3.9 )lm, is shown in Fig. 18 for a single value 

of Iw' Again, TR increases with Va' but it is substantially less than TR 

for the smaller fringe spacing of Fig. 16. 

Now refer to Fig. 19. With the probe beam on continuously, the 

diffraction efficiency was observed to fall rapidly from nmax to some 

intermediate value n c ' when both arms of the write beam were turned off. 

This intermediate value was typically 0.8 "max and was reached within a 

few seconds. Since there is no photovoltaic effect in BSO (Huignard and 

Micheron 1976), the peak space charge field possibly decreased as a 

result of a sUght redistribution of electrons by diffusion after the 
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write-beam was turned off. With the write--beam off, electron generation 

by light no longer occurs in the bright fringe region, but the electron 

hole recombination continues until equilibrium is reached in this region. 

The electrons thus have an intermediate distribution that causes the 

electrons to diffuse. Although the diffusion length is small, diffusion 

is still effective to reduce the peak magnitude of the space charge 

field which is very close to the steepest field slope (Su and Gaylord 

1975). With only the probe beam incident on the crystal, the diffraction 

efficiency then decayed at a much slower rate-typically 0.2 % of nc per 

second for V 0 = 6 kV and df = 1.6 lim. This very slow rate of decay was 

due to the low sensitivity of BSO at red wavelengths and the low value 

of probe-beam irradiance, 178 lIW/cm 2. 

To erase the hologram, one arm of the write beam was turned on. 

The fall time, TF' can be defined as the time required for n to decay to 

a value of e- 1 nc=0.37 nc ' where nc is the initial value when erasure 

began. The variation of fall time wi~h V 0 and write-beam irradiance 

Iw = Iw 1 + Iw 2 is shown in Figs. 20 and 21 for df = 1.6 lim. In these 

figures, the erase-beam irradiance is equal to half the value of the 

total average irradiance used to write the hologram, which is the 

irradiance referred to on the graphs. The fall time for the larger 

fringe spacing, df=3.9 \.1m is shown in Fig. 22 for a single value of Iw' 

TF is noted to increase with V 0, because it takes longer to erase a 

hologram of higher diffraction efficiency. Now TF is considerably 

smaller than for the smaller fringe spacing of Fig. 20. 
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Effect of Surface Reflections 

The refractive index of BSO at }.:;514.5 nm is 2.615 and the 

amplitude reflection at normal incidence is 

n - 1 
r = il+T = 0.447. 

The high reflectivity leads to a large energy loss and also 

considerably degrades the visibility of interference fringes inside the 

crystal (Cornish and Young 1975). The absorption coefficient a of the 

BSO crystal at the same wavelength was measured as 1.ll8 per cm. This 

absorption coefficient is much lower than that for crystals used by 

other authors (Hou et ale 1973 and Tanguay 1977). The low absorption 

coefficient indicates that the crystal is very likely doped with 

impurities. 

The reflection from the second surface of the crystal has the 

major effect on the reduction of diffraction efficiency. To simplify the 

analysis, only the reflection from the second surface is considered. 

There are three sets of interference fringes existing in the crystal in 

the process of hologram formation. The normalized intensity profile of 

one arm of the write-beam inside the crystal is depicted in Fig. 23. II 

is the intensity of the transmitted beam and I, is the intensity of the 

beam reflected from the second surface. Because of the absorption, the 
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intensities are attenuated as e-az• The first set of fringes, Fa, is the 

set of holographic fringes created by the interference of the two 

transmitted beams of the write-beam. The second set, F 2t is created by 

the two reflected beams. Fl and F2 have the same spatial frequency, but 

may not propagate in the same direction. Wherever the fringe peak of F2 

overlaps the fringe trough of F., the local fringe visibility of Fl is 

greatly reduced. In the region near the second surface, the 

deterioration of visibility is more severe, because the fringe peaks are 

lower for Fl and higher for F 2• 

The third set of fringes, F" is created by the interference 

between the transmitted beams and the reflected beams. F, is in a 

general direction orthogonal to Fl and F2, and has much higher spatial 

frequency. Although the fringe visibility of F, itself is not high, the 

fringe peaks are higher than that of F2' In other words, F, has stronger 

destructive power to the holographic fringes. Note that the fringe 

direction of F, is from electrode to electrode, which would enhance 

electron flow across the holographic fringes. This flow direction has a 

very negative effect on building up the space charge field of the 

hologram. The analysis of four waves interference follows. 

Let Al and A2 be the two transmitted waves of the write-beam, 

and let A, and A_ be the reflected waves 



Al CI A
lO

ei(k l:r-wt) 

A2 = A
lO

ei(k 2.r-wt) 

A, = Asoei(k,.r-wt) 

A .. = A,oei(k ... r-wt). 

The propagation vectors are depicted in Fig. 24. The intensity 

distribution, 

I = I A I + A 2 + A, + A .. I 2 

=IA,12 + IA212 + lA, 12 + IA .. I! 

+ AlA! * + AlA, * to AlA .. * + A2AI * + A2A, * + A2A .. * 
+ A,A I * + A,A 2 * + A,A .. * + A .. AI * + A .. A2 * * + A .. A, • 
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The three sets of fringes can be separately written without the 

constant term as follows, 

F I: * * 2AI ~ COS[(k l - k 2).r] A IA2 + A2AI = 

F 2: * * A ,A.. + A"A, = 2A, ~ COS[<k' - k .. ).;] 



Fig. 24. 
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Propagation vectors of the two transmitted waves and the two 
reflected waves. 
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= 2AlOASO COS~k1 - ks).r] + 2AlOASO cos [(k1 - k/t).r] 

+ 2AlOASO COS~kZ - k,).r] + 2AlOA30 COS[(kZ - k/t).rl. 

Due to its fringe direction from electrode to electrode, the 

effect of F, on hologram forming is not clear. Assume F, can be 

neglected for the time being. As F1 and Fz have the same spatial' 

frequency, 

(it1 - k'~).r =(k', - k'/t).r = 2kx sin6 h 

where 6 1 is the half angle between the two interfering waves. Since it 

is equally likely that the fringe peak of F z may overlap the fringe 

trough or the fringe peak of Fa, the term 2A, ~ cos [(ks - 'k .. ).r] can be 

assumed to have zero average. The total intensity distribution, ignoring 

F" becomes, 

and the visibility 
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Imn (2.1) 

To investigate the effect of surface reflection, the BSO crystal 

was coated with a single antireflection layer, which reduced the 

amplitude reflectivity from 44.7 % to 15.8%. The experimental condition 

was maintained to be about the same as one of the experiments using the 

crystal before coating. The crystal was biased at 6 kV per cm under an 

average irradiance of 3 mW per cm 2, and df=4.5 ~m. The effective 

irradiance inside the crystal had increased 20% with the antireflection 

coating. Figure 25 shows the normalized intensity profile of one arm of 

the write-beam inside the coated crystal. The experimental result 

showed an increase in diffraction efficiency to 5.2 % and a .. decrease of 

rise time to 0.8 sec. Compared with the curve for df=3.9 ~m in Figs. 12 

and 18, the increase in diffraction efficiency was more than double. 

Although it would take a longer time to write a hologram of higher 

diffraction efficiency, the rise time was almost halved. The fringe 

visibilities before and after coating as calculated from Eq. (2.1) are 

shown in Table 2. The improvement in visibility is small compared with 

the improvement in diffraction efficiency and rise time. It is 

reasonable to assume that the negative effect of F, is significant. 
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Normalized intensity profile of one arm of the write beam 
inside the coated BSO. 
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Table 2. Visibility of Interference Fringes in the BSO Crystal. 

Visibility Before Coating After Coating 

First Surface 0.93 0.99 

Second Surface 0.83 0.98 

Discussion 

The diffraction efficiency of a BSO crystal depends on how high 

the space charge field is built up; this in turn depends on how many 

electrons are trapped in the deep trapping centers that are believed to 

be photoluminescent impurities. Saturation will be reached when all the 

deep trapping centers are occupied, so the maximum diffraction efficiency 

is limited by the density of photoluminescent impurities which is about 

10 16 per ern' for some crystals (Peltier and Micheron 1977). There is no 

report on efforts made to control the impurity density. 
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The long drift length and the high quantum efficiency are 

believed to account for the high sensitivity of the BSO crystal. The 

quantum efficiency depends on the density of electron donors that are 

found to be Si or oxygen vacancies. The density of vacancies for some 

crystals is about 10 19 per em' (Peltier and Micheron 1977). Again, there 

is no report on efforts made to control the density level of these 

vacancies. When the crystal is doped with Al to reduce its absorptio~ 

the Si sites will also be partially filled (Hou et ale 1973). The drift 

length of the photoinduced electrons is affected by the density of 

impurities and crystal defects that will provide recombination centers 

to trap the electrons; the higher the density, the shorter the drift 

length. 

The diffraction efficiency of a few per cent obtained in the 

experiments is comparable with those reported by other authors, but the 

response time is much longer than 20 ms as reported by Huignard et ale 

(1977) for a df of 2.5 Ilm. The crystal used in our experiments was 

doped with unknown impurities that may fill some of the Si vacancies to 

reduce the quantum efficiency and may provide recombination centers to 

reduce the drift length. The impurities may constitute one of the 

factors that gave the slow response. Irradiance of the beams used to 

make the hologram is lower than those used by other groups. Low beam 

irradiance may also be a cause of the low sensitivity. 

BSO crystals were used in two different crystal orientations; 

the electric field was applied along, and the interference fringes were 
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perpendicular to the [110] crystallographic direction in one crystal 

orientation, and [111] direction in the other. In the former crys tal 

orientation, the space charge field, which is also in the [110] direction, 

forms two birefringent volume gratings as shown in Chapter 2. The 

grating encountered by a wave linearly polarized along the ordinary axis 

is out of phase with the other grating encountered by a wave linearly 

polarized along the extraordinary axis. In the other crystal orientation 

used with the electric field applied in the [Ill] direction, only one 

grating is formed as will be shown below. 

When the external electric field ia applied along the [111] 

direction, the same procedure as in the crystal matrix operation in 

Chapter 2 is used to obtain an equation of the index ellipsoid, with 8 x 

::I Ity = Itz::l 8 0 /-13. The equation is: 

Ito 
(2XY + 2YZ + 2XZ) ::I 1. 

13 

The principal axes and the respective refractive indices can be 

found by axes rotation. The first rotation is 45° about the Z axis, and 

the second rotation is 35.26° about the y' axis, which is a new coordinate 

axis after the first rotation. 
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The equations for axes rotation of 45° about the Z axis are: 

X=_l_ (X' - Y') 

#2 

y=_l_ (X' + Y') 
{2 

Z=Z' • 

Substituting these equations into the equation for the index 

ellipsoid yields 

1 • 

The equations for axes rotation of 35.26° about the Y' axis are 

X, X" cos a - Z .. sina 

y' == Y" 

Z' = X" sin a + Z.. cos a • 

where a 
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Substituting these equations into the last equation for the index 

ellipsoid yields 

2 
X" 2 y" 2 Z"2 

then + ~ + ~ = 1 
(no~ + imp no:"' no~" 

The indices along the Y" and Z" axes are equal. From another 

point of view, under an electric field, the radius of the basic sphere of 

the index ellipsoid has changed from nOD to n~D. When the applied field 

is along the [Ill] direction, only linearly polarized light along the X" 

axis can detect the change of refractive inde~ In making a grating with 

the interference fringes perpendicular to the [Ill] direction, the space 

charge field created is also in this direction, thus only one phase 

grating is formed along the X" axis. A thicker crystal can be beneficial 

in gaining higher diffraction efficiency. This may be one of the reasons 

for the btgh diffraction efficiency of 25% obtained by using this crystal 



orientation (Huignard and Micheron 1976). The only drawback now in 

having a thicker crystal is the absorption. 
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The effect of surface reflection on diffraction efficiency and 

sensitivity of the crystal is very significant. This effect has not been 

included in the modeling of hologram formation. It would be useful to 

investigate the effect of fringe visibility on diffraction efficiency and 

sensitivity, using a crystal coated with a multilayer antireflection 

coating to minimize the reflection. The fringe visibility could be 

controlled by uniform illumination on the front surface, and then the 

back surface of the crystal. 



CHAPTER 4 

TWO-WAVELENGTH HOLOGRAPHIC INTERFEROMETER 

Many applications of the BSO crystal as holographic storage in 

real time holography have been demonstrated since the introduction of 

the transverse electro-optic configuration. In double exposure 

holography for deformation testing (Huignard and Herriau 1977), the two 

exposures and the reconstruction used the same wavelength (A=488 nm). 

Reconstruction was destructive; however, the reconstructed image could 

be stored in a vidicon memory tube for permanent record. Time-average 

holographic interferometry using the BSP crystal in the phase conjugation 

setup was shown to be easy (Huignard et al. 1977). For frequencies 

higher than 1 kHz~ the temporal response of BSO is slow, and the 

'recording of an object vibrating at these frequencies is time-averaged. 

By reducing the incident irradiance, the response of BSO could be slow 

enough to detect vibration at a lower frequency. When working with a 

recording medium of low diffraction efficiency such as BSO, scattered 

noise' is always annoying. In many cases, noise can be blocked off by 

spatial filtering (Gaskill 1978). In making an image hologram, the wide 

spatial frequency range of the image does not allow effective use of 

spatial filtering without loss of resolution. The polarization property 

of the diffracted image could be used in this special case to improve its 

own signal-to-noise ratio (Herriau et ale 1978). It was experimentally 

82 
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observed that at a certain wavelength and thickness of the crystal, the 

reconstructed image in a phase conjugation setup was elliptically 

polarized with the major axis rotated 90° from the incident beams. A 

polarizer orthogonal to the linear polarization of the incident beams 

was able to eliminate most of the noise. 

The polarization property of the reconstructed wavefront can be 

used in an efficient phase conjugation setup as depicted in Fig. 26. If 

the major axis of the elliptically polarized reconstruction is rotated 

90° from the incident beams, most of its energy would be reflected by 

the polarization beamsplitter. From our observation, the major axis of 

the reconstructed wavefront was not at 90° from the polarization of the 

incident beams. A variable phase plate, which provides one more 

parameter to vary, could probably be used to obtain a better signal than 

the quarter-wave plate shown in Fig. 26. 

Our main interest is to use BSO in two-wavelength holographic 

contouring because there are several advantages as discussed in Chapter 

1. The contouring of a diffuse surface using this technique was reported 

by Kuchel and Tiziani (1981). The contouring of a specular optic using a 

He-Ne laser line and the green line of an argon-ion laser was 

demonstrated (Lam et al. 1980). Using a He-Ne laser as the readout beam 

has the advantage of non-destructive reconstruction. Since the two 

wavelengths were far apart, to satisfy the Bragg's condition in the 

reconstruction, the angular deviation of the reconstructed beam from the 

direct transmitted test beam was very large. As a result, another 
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interferometer had to be constructed after the crystal to align these 

two beams. A better configuration for a two-wavelength holographic 

interferometer has been constructed using the two argon-ion laser lines 

that are closer to each other. The new interferometer will now be 

described. 

Construction of the Two-Wavelength Holographic Interferometer 

In two-wavelength holographic contouring, a hologram of the test 

wavefront is made using the first wavelength, while the reconstruction 

is obtained using the second wavelength. The resulting interference 

between the wavefront coming from the test optic and the reconstructed 

wavefront from the hologram gives an interferogram of the test optic at 

the second wavelength. 

The interferogram is interpreted using an equivalent wavelength 

where ). 1 is used to make the hologram and ). 2 is used in the 

reconstruction (Malacara ~978). In the interferoaeter shown in Fig. 27, 

the two wavelengths of 488 nm (blue) and 5l4~ nm (green) of a single-

mode argon-ion laser were used as the source. The crystal, which had 

dimensions of 10 x 10 x 3.1 mm, was biased along the [110] direction with 

a voltage ranging between 4 kV and 6 kV. As shown in Fig. 27, the light 
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from the laser source was divided into the upper and lower arms of the 

interferometer by a variable beamsplitter. In the upper arm, after the 

45° right angle prism, the green collimated wave served as the reference 

wave, while the blue collimated wave served as the reconstruction wave. 

One deviated from the other by a small angle A. The collimated waves, 

going through the test optic in the lower arm were the green test wave 

and the blue test wave. Preceding the collimator in the test arm, a 

long-pass edge·filter passed most of the green wavelength but passed 

only a fraction of a percent of the blue wavelength. 

In the actual setup, two commercially available edge filters 

that had a cut-off wavelength of 520 nm, were used instead of a single 

custom-made edge filter. The cut-off wavelength of each of the two 

filters was tuned by tilting at the appropriate angles to pass the right 

amount of light for each of the two wavelengths. The variable 

beamsplitter at the left was adjusted so the green interference pattern 

would attain the best visibility at the crystal. Because the edge filter 

passed only a small fraction of the blue light, the blue interference 

pattern had poor contrast. Thus a good hologram was formed only at the 

green wavelength in the 3.l-mm-thick crystal. 

To reconstruct the test wavefront in the blue wavelength from 

this thick phase hologram, Bragg's condition had to be satisfied (Collier 

Burckhardt and Lin 1971). A narrowband interference filter was placed 

after the crystal to pass only the blue test wave and the blue 

reconstructed wave. Because of its low intensity, the blue interferogram 
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formed after the imaging lens was degraded by the light scattered from 

different components of the system. Spatial filtering was found 

effective for filtering out the noise in the interferogra.m. 

The prism in the upper arm served two purposes, one of which was 

to deal with the Bragg requirement. After passing through the prism, the 

deviation of the blue wave from the green wave would satisfy Bragg's 

condition for one spatial frequency of the hologram. To match this 

frequency, the angle between the reference wave and the green test wave 

was set appropriately. However, at the Bragg incidence, the blue 

reconstructed wave did not propagate at the same angle as the blue test 

wave as shown in Fig. 28. As a result, a large number of tilt 

interference fringes were present in the interferogram. Let 6 be the 

deviation angle necessary to satisfy Bragg's law; only when the 

reconstruction wave deviated from the reference wave by 26 would the 

reconstructed wave align with the test wave. At this angle, the 

diffraction efficiency of the blue reconstruction was low because of 

detuning from the Bragg angle. 

In addition to the need for high intensity at the interferogram, 

a way must be provided in the interferometer to control the amplitudes 

of the blue waves to give good interference fringes. The amplitude of 

the blue reconstructed wave could be varied by adjusting the crystal 

bias voltage, while the amplitude of the blue test wave could be tuned 

by the long-pass edge filter. To obtain a blue interferogram of high 

visibility, these two amplitudes had to be closely matched. 



Fig. 28. 

sso 

Direction of reconstructed waves. A and B are the 
reconstruction waves, A' and B' are the respective 
reconstructed wave!:). A is at Bragg's incidence. 
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The other purpose of the prism was to introduce the desired 

amount of tilt in the interferometer. The amount of tilt could be 

controlled by turning the prism. It functioned as follows: The 45° 

right-angle prism had a refra~tive index of 1.652 at the wavelength of 

514.5 nm and 1.657 at 488 nm. As shown in Fig. 29, the deviation angle fJ. 

of the blue wave from the green wave could be written as a function of 

the incident angle ~, 

• sin -, [1.657 8i.[45 - sin -, (;.;:'5~ l] ] 

- Si,-,r.652 8i.[45 - si.-' (t.~'5~ l]} 

For Bragg's condition 

sine 1 sine 2 
-A-l - ::: -A-2-

and 

i -\ [488 i ] a 1 - S n 514.5 s na \ • 

When the prism turned, ~, a 1J and 0 changed. There were no tilt 

interference fringes when fJ. was equal to 20. Curves are shown for fJ. and 

20 against 4J in Fig. 30. Over the range of a 2° change in ~, the change 

in fJ. is slow, whereas the change in 20 is rapid. The under-match and the 
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Fig. 29. $ is the angle of incidence at the prism, !J. is the angular 
deviation of the blue wave from the green wave. 
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over-match of ~ to 215 introduces the desired amount of tilt in the 

interferogram. 
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The interferometer, which gave an equivalent wavelength of 9.47 

pm, worked well. Figure 31 shows an interferogram formed with no test 

optic. Figures 32 and 33 show the interferograms of two ophthalmic 

lenses~ 

Discussion 

Since the crystal is sensitive to both wavelengths used in the 

interferometer, the reconstruction is destru~tive. Because of the 

detuning and destructive reconstruction, the diffraction efficiency of 

the hologram is very low. Using the 530.9-nm and 568~2-nm lines of a 

krypton laser in the interferometer, reconstruction is non-destructive, 

so a higher diffraction efficiency can be obtained. However, since the 

quantum efficiency at >'=530.9 nm is about half of that at >'=514.5 nrn 

(Sprague 1975), a lower sensitivity will be expected. 

In this interferometer, the size of the optic to be contoured is 

limited by the size of the crystal. Due to the large value of the 

equivalent wavelength, the optical path difference from a plane wave is 

large over a comparatively small are~ Thus the curvature of the test 

wavefront is comparatively large. Take the example of a low power 

plano convex spherical lens as the test optic that gives an 

interferogram of five waves in the equivalent wavelength. The maximum 

optical path difference is 47.4 pm at the edge of the crystal. The 
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Fig. 31. Interferometer with no test optie. 
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(a) 

(b) 

Fig.32. Spherical concave ophthalmiC'. lens. 
(a) No tilt. (b) Small amount of tilt. 
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(a) 

(b) 

(c) 

Fig.33. Cylindrical concave ophthalmic lens. 
(a) No tilt. (b) Small amount of tilt. (c.) Large 
amount of tilt. 
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radius of curvature can be calculated using the equation 

L1 
R :: 2 OPD :: 264 mm, 

where L=5 mm is half the length of the side of the crystal, and OPD is 

the optical path difference. 

The radius of curvature of the blue reconstructed wave and the 

blue test wave differ by a multiplicative factor of Al / A 2' The blue 

reconstructed wave has a radius of curvature of 

Al 
R' = -·R = 278 mm. 

A1 

The aberration introduced by optics after the crystal is curvature 

dependent. This error can be corrected by ray tracing. Although the 

error may be small, it has to be carefully watched when high accuracy is 

required in the measurement. 



CHAPTER 5 

CONCLUSION 

SUMMARY 

Two-wavelength holographic interferometry is a technique that 

would work well in contouring surfaces in a height variation between ten 

micrometers to a few hundred micrometers. The three advantages in using 

the BSO crystal as the holographic recording medium in this technique 

are ,low cos t, precision, and speed. Before being used in the 

interferometer, the crystal was tested for crystal qu~lity and some of 

its optical properties. The crystal quality was tested by x-ray 

diffraction (Laue back-reflection method); a crystal of inferior quality 

would easily lead to discouragement due to its low diffraction 

efficiency. Then its properties were investigated in Chapters 2 and 3. 

In Chapter 2, the linear and circular birefringence under an 

electric field were experimentally studied and were solved 

simultaneously by the Jones matrix method. The circular birefringence 

was found to be constant with electric field; the finding is contrary to 

the results reported in the literature. The averaged data of the linear 

birefringence were used to calculate the electro-optic coefficient; a 

value of 3.57xlO- 1ocm/V is within the range as reported by other groups. 

Two methods to measure the electro-optic coefficient include the half-
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wave voltage method used by Aldrich et al. and Litvin et al., and the 

Jones matrix method used by Tanguay and us. Tanguay's measurement was 

made in the normal mode coordinate, while we used the x-y coordinates 

for the polarization state of the transmitted ll7avefield. An 

ellipsometer, a well-developed optical instrument, can be used in our 

measurement method. The method used in our experiment differed from 

the others in one particular respect, the electro-optic coefficient was 

calculated from the averaged data under five different bias voltages 

from 2 kV to 6 kV across a I-cm-long crystal. In this way, additional 

information about how the electro-optic coefficient varies with the 

electric field is also available. We observed that the electro-optic 

coefficient decreased slightly toward a higher electric field. The 

decrease may be due to crystal defects. 

In Chapter 3, the diffraction efficiency and temporal response of 

the BSO crystal were investigated under different values in bias voltage, 

beam irradiance, and spatial frequency of the holographic grating. The 

diffraction efficiency of a few per cent obtained in the experiment is 

comparable to those reported by other authors, but the response time is 

much longer. High sensitivity requires high quantum efficiency and long 

drift length of the photo-induced electrons. The crystal used in our 

experiment is doped with impurities. The impurities may fill some of the 

S1 vacancies to reduce the quantum efficiency, and may provide 

recombination centers to reduce the drift length of the electrons. The 

presenc.e of impurity and the low irradiance of the write-beam are likely 
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the major reasons for the slow response. The crystal was coated with a 

single-layer antireflection coating to study the effect of surface 

reflection. The effect t07aS larger than expected. The diffraction 

efficiency was more than doubled and the rise time was almost halved. 

After the studies in Chapters 2 and 3, the crystal was uaedto 

construct a two-wavelength holographic interferometer. The green line 

(A=5l4.5 nm) and the blue line (A=488 nm) of an argon-ion laser were 

used as the light source. Green light was used in forming the hologram, 

while blue light was used to reconstruct and illuminate the test optic. 

The diffrilction efficiency of the reconstruction was low. To match the 

amplitudes of the reconstructed wave with the direct transmitted wave 

of the test optic, two optical edge filters were used to attenuate the 

blue wave that illuminated the test optic. A prism in the reference arm 

dispersed the green reference wave and the blue reconstruction wave. 

The angular deviation was set to satisfy the Bragg's condition for the 

central frequency of the volume hologram. However, at the Bragg 

incidence, the blue reconstructed wave did not propagate at the same 

angle as the blue test wave (see Fig. 28). If 6 was the deviation angle 

necessary to satisfy the Bragg's law, an angular deviation of 26 was 

required to align the reconstructed wave with the test wave. The prism 

was also used to incorporate tilt in the interferometer. When the prism 

was turned, the angular deviation between the green reference wave and 

the blue reconstruction wave (as well as the central spatial frequency 

of the hologram) changed. The value of 6 also changed. The deviation 
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angle through the prism no longer matched the required alignment angle 

of 26 , and tilt was introduced. The interferometer that gave an 

equivalent wavelength of 9.47 }.1m worked quite well, and interferograms 

obtained were of high contrast. 

Topics Recommended for Further Study 

Better performance in diffraction efficiency and sensitivity of 

the BSO crystal is always desirable for many applications. Improvement 

in the quality and purity of the BSO crystal, and the control of density 

levels on vacancy and impurity are still areas that may be further 

studied. 

The recording mechanism of the BSO crystal is by a distribution 

of electron charges to create a space charge field, which in turn 

modulates the index of refraction. As uniform illumination will induce 

electrons and enhance electron conduction in the crystal, the visibility 

of interference fringes has different effects on recording in crystal and 

on photographic emulsion. Due to the large magnitude of the refractive 

index of the BSO crystal, the visibility will not be unity unless the 

crystal is coated with a multilayer antireflection coating. Then it will 

be interesting to study the effect of visibility using this coated 

crystal. 

Due to the presence of the circular birefringence, the 

reconstructed wave always has elliptical polarization. The property of 

this polarization state can be used to eliminate noise in the image 
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hologram. It will also be interesting to study the polarization state of 

the reconstructed wave under different conditions, such as the 

polarization state of the reconstruction wave, bias voltage, and 

interference fringe visibility. 

The result from the studies of the effect of fringe' visibility 

and the polarization state of the reconstructed wave can be used to 

construct a simple model for hologram forming in the steady state. If 

quantitative information about the vacancy and impurity density levels 

can be obtained, the results will be very useful in the verification of 

the theoretical models reported in the literature. 
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