
RICE UNIVERSITY 

LASER INDUCED REFRACTIVE INDEX CHANGES 

IN LITHIUM NIOBATE DOPED WITH COBALT 

by 

Dick Ang 

A THESIS SUBMITTED 
IN PARTIAL FULFILLMENT OF THE 
REQUIREMENTS FOR THE DEGREE OF 

MASTER OF ARTS 

Thesis Director's Signature: 

Houston, Texas 

July, 1973 



ABSTRACT 

LASER INDUCED REFRACTIVE INDEX CHANGES IN 

LITHIUM NIOBATE DOPED WITH COBALT 

by 

Dick Ang 

The optical spectra of lithium niobate doped with 

cobalt were observed at room temperature and 77K. The 

absorption bands were identified using a theoretical 

energy level diagram. EPR spectra were obtained at 9 GHz 

and 4.2K. The observed spectra were explained with an 

axial spin Hamiltonian with an effective spin of 1/2. 

Holographic techniques were used to measure the laser- 

induced refractive index change at 514.5 and 488.0 nm. 

The holographic equipment and its operation are described 

in some detail. 
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I. INTRODUCTION 

In recent years a growing interest in optical infor¬ 

mation storage has developed. The computer has to a large 

extent been responsible for this trend. The desirable goal 

of large storage capacities in a relatively small volume for 

a comparatively low cost may possibly be met by an optical 

holographic memory. Theoretically each bit of information 

gan be stored optically in a volume of about one wavelength 

on a side. Using visible light of approximately 500 nm 

12 
this implies that one could store 8x10 bits of information 

in a cm^ of volume. 

A method to store information in this matter was first 

studied by F. S. Chen et al.^ Chen utilized the so-called 

laser induced damage in electrooptic crystals. An electro¬ 

optic crystal is a crystal whose refractive indices can be 

altered by the application of an electric field. Laser 

induced damage was first observed as refractive index 

inhomogeneities. This serendipitous observation was made 

by A. Ashkin and his collaborators at Bell Telephone Labora¬ 

tories while performing experiments on optical modulation 

and optical second harmonic generation in ferroelectric single 

2) crystals . Using a focused beam of a few milliwats 

inhomogeneities resulting in light scattering were produced 

in lithium niobate for beams propagating along the x or y 

axes of the crystal. Preliminary observations by the Bell 
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group showed that the inhomogeneity could be produced with 

visible and U.V. light; however, no damage was observed using 

wavelengths greater than 1.06 microns. The effect was also 

found to reach equilibrium after a certain exposure and per¬ 

sisted for days after removal of the laser light. A few 

3) years later F. S. Chen extended the studies of A. Ashkin 

et al. Chen studied materials such as lithium niobate, 

lithium tantalate and KTN (potassium tantalate niobate). 

He measured the damage caused by the laser beam by using 

a weaker and smaller laser beam to probe the damage profile. 

This was done by studying the relative birefringence of 

different parts of the sample. Chen concluded there were 

two contributions to the refractive index change, a part 

which faded away in a few hours and a part which stayed 

essentially unchenged for days (called the integrating com¬ 

ponent) and which could be erased upon heating the sample 

above 170° C. He proposed that the index change was caused 

by photoexcited electrons which drifted under the influence 

of a field. Trap levels were assumed to exist (donors and 

acceptors) in the band gap of the electrooptic crystal. 

In the illuminated region, the donors released electrons to 

the conduction band. Once in the conduction band the elec¬ 

trons drifted under the influence of an electric field and 

moved out of the high light intensity and were trapped by 

the acceptors. These electron traps were considered deep 

enough in the band gap such that thermal re-excitation was 

negligible. Since the phenomenon occurred in lithium niobate 
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without the application of an external electric field, Chen 

postulated the presence of an internal electric field of 

4 -3 
approximately 7x10 V/cm to accoant for the large (10 ) 

induced changes in the refractive index. 
4) 

In a later paper Johnston 1 proposed his so-called 

improved model of the light-induced refractive index change. 

He proposed that the drift field resulted from polarization 

— 
0 + 

charge density and an amphoteric defect (D ,D ,D ) was 

assumed to exist in the band gap. Upon exposure to light 

there would be an increase in the D+ sites proportional 

to the light intensity and a corresponding increase in the 

density of electrons in the conduction band. A macro¬ 

scopic polarization pattern with an identical distribution 

as the light intensity was thus generated. His model did 

not require the postulate of an internal electric field 

of unknown origin. While the model offered some advan¬ 

tages it did require rather large defect concentrations 

(1% - 2%) to fit Chen's data. 

5) W. Phillips, J. J. Amodei, and D. L. Staebler of 

RCA laboratories investigated LiNbO^ doped with transition- 

group elements with emphasis on Fe-doped samples. Theo¬ 

retical analyses of models for charge transfer based on 

drift and diffusion mechanisms were presented. They 

reported an increase in the damage susceptibility of 

LiNbO^ doped with Fe, Mn and Cu. The method of measuring 

the damage susceptibility was similar to that used by 
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Chen et. ajL.^ Two coherent laser beams were made to inter¬ 

fere inside the crystal to create planes of high light 

intensity and low light intensity. In the high light in¬ 

tensity regions charge carriers, electrons for instance, 

are photoionized and they travel to the low light intensity 

regions either by drift or diffusion or a combination of 

both. In the low light intensity regions the electrons may 

be trapped and in the absence of light the probability for 

being reionized is small. A nonequilibrium concentration 

of charges exists between the high light intensity and low 

light intensity regions which leads to a spacially varying 

electric field. This spacially varying electric field in 

turn modulates the refractive index of the crystal via the 

electrooptic effect. The refractive index modulation pat¬ 

tern forms a volume phase hologram. The magnitude of the 

refractive-index modulation pattern was measured by obs¬ 

tructing one of the laser beams and measuring the amount of 

the diffracted power of the remaining beam due to the 

refractive-index grating. 

Much research has been done since then in an attempt 

to understand the mechanisms or possible mechanisms of the 

induced change of refractive-index. This thesis investi¬ 

gates the laser induced refractive index changes in lithium 

niobate doped with cobalt. The investigation was approached 

using holographic techniques to measure the index changes. 

The index changes were continuously monitored by measuring 
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the diffraction of a beam from a helium-neon laser. To 

implement this investigation, optical equipment for writing 

and reading holograms was assembled. An existing 9 GHz EPR 

spectrometer was utilized to identify the charge state of 

the impurity ion as well as its environment. Polarized 

optical absorption spectra of the sample was measured using 

a spectrophotometer to identify the charge state and loca¬ 

tion of the cobalt ion and to aid in the understanding of 

the absorption of light which may lead to photoionization. 
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THEORY 

A. Wave Propagation in Crystals 

The wave propagation in crystals is appropriately 

described using Maxwell's equations (in MKS units) 

VXH - T - H (1) 

V X I (2) 

v. 3 = P (3) 

V. B * 0 (4) 

where: 

D = e Ë + P o 

B = \1 (H + M) 

The crystals with which we are concerned are generally non¬ 

magnetic, neutral and the conductivity is negligible such 

that the following simplifications are approximately correct. 

M - 0 

p ? 0 

J - 0 

The equation of motion for the Ë vector can be obtained by 

taking the curl of Equation 2 

VXCVJTÊl * - v x || = 

or 
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VxCVXS} = - /o (5) 

^ a-t* 3*t 

Now the polarization of a material can in general be 

expressed as a power series in the electric field, i.e. 

V * ÉoC^Ê ■+ £ ë 4 XÜJÊ££ + — ) 

where the X^ are tensors. The quantity X^ is a second 

rank tensor which relates the polarization to the linear . 

electric field term. Written out X^ has the form: 

/*„ X*, Ï 

C
 

IS
 

**3 

, *34 X*Z X|3 , 

For a non-absorbing crystal a principal axis system can 

always be found such that the tensor is diagonal, i.e. 

( 0 
0 

(*> 

* - O O 

O o 

We can therefore rewrite the part of Equation 5 containing 

only linear terms in Ë as: 

vxCvxêi ■* -/•«• -/!»«.(6) 

It follows that the crystal can sustain monochromatic plane 

waves of the form e-*-(h*r provided the propagation vector 

k satisfies the equation 
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h xû«ï)+ ê = - ^ »“ 6 (7) 

In component form Equation 7 becomes 

Cr ky ■* ~ri )£* + kx ky Ey + kx k» ~ -fi Ex 

kyk*E* + Crky-U + ÿ) £y + kyleaE* » “* {=> 
(7a) 

k* k*E* * k a ky Ey +C~k/ 
<o* 
C* Xia £* 

To obtain a physical picture of Equation 7a, let k = k, 

and ky = kz = 0, i.e. the wave propagates in the x direction. 

Equations 7a reduce to: 

to* 
C* 

Ex * a* *« E* (8) 

C-V + fljEy - - £ Xia By 
(9) 

C-V" 4- ) £4 s "* -T* Xjj Ea (10) 

Since X-^ ^ 0 or -1 Equation 8 can only be satisfied when 

E =0 implying a transverse wave. Equations 9 and 10 imply 
X 

k* e V* + ***• (ID 

k s V » ■+ ■a O (12) 
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The last two equations say that for a wave propagating in 

the x direction, two possible phase velocities exist de¬ 

pending on how the E vector is oriented, viz. 

— A 

*\\y 
* Vi 

ÊII 2 
uJ _ 
k V | + *>33 

More generally for a nontrivial solution of E , E , E x y z 

the determinant of the coefficients of Equation 7a must be 

zero. 

C “k-V'k* k*lly k* it* 

ejat kY k< 

le* k* 

Wy le« 

k * ky Ci ^ - k**- k y 
(13) 

The equation above yields a three dimensional surface in k 

space, the so-called wave vector surface after making the 

substitutions : 

( t * ** y\* 

C 1 + = 621 * Mj1 

C I + * /ft* 
The e.. are the relative dielectric constants and the n. are 
11 1 

the refractive indices. 
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To illustrate this let us examine the cross section of 

this wave vector surface in the k k plane; therefore k = 0 x y z 

and the determinant of Equation 14 reduces to: 

V)- w;xcw- ) -k, V ]. o 

The first factor yields: 

lazily** (fig*)' 

The second factor yields: 

Ü— + bL * i 
c'*±r)x c 

The cross section in the other planes, k k and k k can be 
r y z y z 

obtained in a similar way and yields the following: 

k k plane, k =0 y z * ' x 

i; + it,* - u^Ÿ 

Or* y * 1 

k k plane, k =0 x z * y 

k/ +V,* * c*?? 

bL. + = i 
CH?Y Hr) 
A cross section of the wave vector surface is shown in 

Figure H-l assuming n^ > n2 > n^. The wave vector surface 

is double and therefore the intercepts of this surface with 
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« 

\ 
optic axis 

Figure II-l Wave vector surface 
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any k vector yields the two allowed phase velocities corres¬ 

ponding to two mutually orthogonal polarizations of the E-M 

wave. Only for one particular direction, the optic axis, 

for a uniaxial crystal or for two directions in the case of 

a biaxial crystal, are the two phase velocities equal. 
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B. Index Ellipsoid 

The phase velocity is therefore a vector quantity 

which is dependent on the direction of the electric field 

of the E-M wave. It is therefore convenient to make a 

geometrical construct of this vector quantity and it is 

usually represented by the so-called index ellipsoid. 

The index ellipsoid is a geometrical construct in x-y-z 

space corresponding to the crystal coordinate system. If 

we choose a direction of propagation and represent this 

as a vector from the origin of the ellipsoid, the allowed 

polarizations of the E-M wave lie in a plane whose normal 

is parallel to the k vector. If we construct this plane 

such that it contains the origin, then the cross section 

of this plane with the ellipsoid is an ellipse. The lengths 

of the semi-major and semi-minor axes of this ellipse are 

the extrema of the refractive indices for a wave whose 

polarization is in the plane of the ellipse (see Appendix 

A). The phase velocity of the wave can be obtained from 

the relation V = — = ^ . p n k 

A widely employed geometrical construct of a symmet¬ 

ric second rank tensor is the so-called representation 

quadric*^. 

S . . X. X . = 1 
13 1 3 

where S.. are elements of the inverse tensor we wish to 
13 

represent. The X^ and X^ are directions in an x-y-z space 
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i.e. X^ = x, X2 = y, X^ = z which have units of the physi¬ 

cal quantity being represented. 

For the index ellipsoid the equation is thus: 

The equation above is for the principal axis system, i.e. 

the off diagonal terms are zeroes. The equation simpli¬ 

fies further for the case where two indices of the 

refractive-index are equal, e.g. n^ = viz. 

2 2 x +y 
n* nj 1 
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C. The Effect of Electric Fields on the Index Ellipsoid 

We have mentioned earlier that the polarization P of 

a crystal is in general a function of the electric field and 

consequently the dielectric constant and the refractive- 

index will also be modified as a function of the electric 

field, provided nonlinear terms in the electric field in P 

exist. The changes in the refractive-index as a function of 

an applied field is commonly given by the electrooptic 

tensor relation^: 

3 

where i = 1, 2, 3, ...,6 (contracted notation-see Appendix 

B) . 

The r^j are the elements of the electrooptic tensor 

and they are related to the third rank susceptibility tensor 

(2) 
* ijk ^See APPendix B) 

The A are changes in the inverse dielectric 
n 1 

tensor. The form of the electrooptic tensor is determined 

by the symmetry of the crystal and is given for all sym- 

7) metry classes . We can physically interpret the electro¬ 

optic effect by noting that an electric field distorts and 

rotates the principal axis system of the electrooptic 

crystal. Let us illustrate this using a specific example, 

LiNbO^. In the absence of an applied field, LiNbO^ is a 

uniaxial crystal. The index ellipsoid in the principal 

axis system has the form: 
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2 x 
2 

n 
o 

+ 
2 

o 

2 z 1 

where nQ stands for the ordinary index and ng stands for 

the extraordinary index. An ordinary index corresponds 

to polarization of the E-M wave in the x-y plane (also 

known as the a-b plane) and the extraordinary index cor¬ 

responds to a polarization along the z axis (or c axis), 

i.e. the optic axis. The electrooptic tensor for LiNbO^ 

- 8) is given by 

0 -r 22 

22 

0 0 

0 r 51 

r51 0 

"r22 0 

13 

13 

33 

0 

0 

0 

The equation of the index ellipsoid for LiNbO^ in the 

presence of an electric field E(x,y,z) is therefore: 

( T - r„_E +r. -,E Jx^ + (—~ + r__E +r. _E )y \ 2 22 y 13 z/ \ 2 22 y 13 z/J 
n J n J 

o o 

+ + r33Ez)z2 + 2(r51Ey)yz + 2<r51Ex,xz + 2('r22Ex)xy 

n J 

e 

= 1 

Specializing to E A E 
y 

0 and E = E we obtain: z 
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(“S’ + r13E)x2 + ("S' + r13E)y2 + (“S + r33E)z2 = 1 n n n o o e 

It is seen that the crystal is still biréfringent and uni¬ 

axial, but the index of refraction has been changed 

slightly by an amount which can be calculated as follows: 

d 
n 

dn 

dn = 

2 n -3 

S n d 

so 

dn. = - Sn.3 Hr.. E. 
i i j 13 3 

Defining nQ^ and ne^ as the modified indices of refraction, 

we obtain: 

1 n 

n = n - — ~ ■ rn _E o o 2 13 

1 n 

n = n f— r__E e e 2 33 

The change in the index of refraction is proportional to the 

electric field. 
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D. Volume Holograms 

We have described how an electromagnetic, E-M, wave 

propagates in an anisotropic crystal, now we will see how 

an E-M wave responds to a crystal which has a hologram in 

it. The hologram we assume to exist is rather simple in 

geometry. It consists of alternating planes in the crystal 

whose dielectric constant or absorption constant varies 

sinusoidally as a consequence of exposure to light. The 

9) analysis given below, follows an approach by Kogelnik . 

A diagram of the hologram we wish to consider is shown 

in Figure Ii-2. It is assumed that the electric field of the 

light is linearly polarized in the x direction and we there¬ 

fore write E(y,z,t) = E(y,z)e1U)t. To allow the possibility 

of some absorption of light we define an effective conduc¬ 

tivity 0 even though the crystal is an insulator. We 

further characterize the crystal with a dielectric constant 

£go and permeability |-Lo. 

The wave propagation in the gratings is described by 

the scalar wave equation which can be obtained from Maxwell's 

equation : 

V x E ÔB 
ôt 

VxH=J + ^r = dD 
dt 

V • E = 0 

V • B = 0 



19 

li<l= AX 
JL 

Figure II-2 Plane wave Hologram with slant 
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taking the curl of ^ x Ë we obtain: 

VxVxE = -U^x -=rj7 = - p. -|T‘ 
V
 H 

'o ot oat 

— — ÔË 
and substituting v x H with CJE + £€Q we obtain: 

v x V x E = - U0 fj (OE +eeo If) 

= - ^ 0 It Ê - ^o6eo ù 
however 

2- 

V x v x E = v V.E - v E 

The first term on the right hand side is zero since V-Ë = 0, 

and by specializing the polarization of E to be in the x 

direction only. We may write: 

2 2 
V E + q E = 0 (1) 

where 

2 2 q = - (iiup^a - Uü Ho€6o) (2) 

Let us further assume that the conductivity and 

dielectric constant vary spatially as: 

the relative 

£ = £ (0) + i cos K*r (3) 

o = a(0) + cos K.r (4) 

2 
Substituting 3 and 4 into q defined by Equation 2 we obtain: 

q2 = -iui)iio(a(0) + a^cosK*r) + Uü
2
PQ é Q ( £ (0) + £ ^ cosK*r) (5) 
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^ . , 2n 2nf 
Defining k = — = Y~f 

a a1 c - 

where: f = frequency of the light, k is the wave vector 

(absolute value) of the light in vacuum, and X = the wave- 

length in vacuum, we can rewrite 5 as: 

I* 6(oj-t -t* (l^“6,-À to^io<) cos K. V' 

. i r 1 .. . . A 2i wj , = k^(o)t lk£Co)^ - fk 6CQ>^  

» ( Kfc- - jaSSO “* s-f 3 

Making the following substitution: 

/ask eccd'1* 

^ = CÜ>(» of, $ CO Jio^x 

~ At <^ltÊCcû
,^*- 

* s i O - c 7{f£»0 

- *^ ffe-K-£ 

(6) 

X is called the coupling parameter. Equation 6 can thus be 

rewritten as : 

. p JL k.v* - t *T 
+c J 

For small variations in the index of refraction due to small 

changes in the dielectric constant, the coupling parameter 

can be rewritten in terms of the amplitude of the refractive 

index modulation in the following manner: 
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; £ * eto + £, cos i<> 

A\ * Mo + /VI, COSK.V 

(Mo + /v»4 C.05 K-VO* * MoX + 2. /Ho /Vit Cos K.V" •+/H,
1

CÛS
1

K. p 

s £e é, Cos K*V 

2 . 2 
neglecting n^ since n^ « nQ we have 

*1 
1 2n- n, - 

The coupling parameter now reads: 

3C 
*n* r\t 

k * 

Physically K is a measure of the coupling between the inci¬ 

dent wave and the diffracted wave, for zero x means no 

hologram exists either phase or absorption. 

We must now seek solutions to the wave equation as 

defined by Equations 1 and 2. We assume the solution of the 

form: = R CO C. ~ 

- i. <T. P 
£a * 5C«>€ 

Where E. and E, are the incident and diffracted waves and l d 

the symbols for the amplitude functions R(z) and S(z) have 

obviously been chosen for their mnemonic value R for 

referenced for signal. The wave vector of the incident 

beam is chosen to be p = jpj = [b which is the "mean 

wave vector" in the crystal and the diffracted beam wave 

vector is defined by the vector equation : 
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a = p - K 

where: K = grating vector 
2 TT -v 
T n 

n = unit vector perpendicular to grating planes. 

We also limit the solution where the diffracted wave has 

the same energy as the incident wave (elastic scattering) 

is |p| = |ôj = p. The Bragg condition o = p - K is shown 

geometrically in the figure below 

Figure II-3 

Ewald contruction 

for Bragg condition 

The electric field at a given point inside the hologram is 

obviously: 

p.f -c & y 
£ * £ c + E *» * K to c, 4* S CO s 

Since we have assumed that the E vector is polarized in the 

x direction we can therefore write: 

P, y ■+■ P* 2 f * ^ y + 2 

ex * p/ + P,1 -v 

Now substitute the solution: 

E 8 £ i + E«J 

Performing the operations by parts we obtain: 



,* -ce.c 
J2 TU%)<=. 
dr 

- A P.F 

I- —i^V* v -*4P.V* 
d-\ •RUJe > R<we 
da 

- X £ P* ft* C») e “ c ^ - fi?TU*)e“ 

and therefore: 

7*E; - H.’,c«c"’?-aif>R'c«cie '?-^ + Pi* } ftU) ='"* f^ 

-•V£i)e’",.fj((ii'(ÿe",'fi:. ^RuJc-4 ?<S 

2- 
Likewise for V E, we obtain: d 

-j'Ei - saK"'?,f- Aitf.stoe'4**- v*s c*j t 

Recall that: C^*" cr /&* ~A/i ct> ft + 2. X £ C + C J 

so 

, -*?► -f-r _ „ vnea
c<K~t'J'r -turt+rj^i ^£c-pRfe)e +acd(iWO<= + 2*£RU)|e +c J ~f>.Y cCK-P^.r -c CK+PJL?' 

In the equation above the exponential term e ^^K+P^r does 

not satisfy the Bragg condition imposed earlier. It will 

therefore be neglected. By the same argument for the dif- 

fracted wave the term e v is also neglected and we 

obtain the following 

q'Et «• P Rt»ie'1 ‘ +2i«iPRt^e" ' +axP R«>e'‘ * 
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j -C«1r _i P f 
+2U + «JX(3S<«e 

Now we demand that the solution will satisfy any K value 

. . -ip.r we choose, we must therefore set the coefficients of e 

—i o • r 
and e in the wave equation separately equal to zero, 

and thus obtain two differential equations which are coupled: 

V - P? K‘- f>x R + x x so o) 

S'— <I*S + S - a.i o< $ » O (10) 

Next we assumed that R(z) and S(z) are changing very slowly 

in z such that R"(z) and S" (z) can be neglected. We also 

2 2 note that in Equation 9 the term (-p +P )R = 0 since 

p = | p | = |3. Now we will evaluate the term in 

Equation 10 for the case where 0, the angle of incidence, 

deviates from the bragg angle by a small amount, viz. 9 = 9o+0. 

So we have the following: 

- cf> -iol 

a /S* — (>z + % ÊK- K* 

* 4 P K COS c 5 - ©3 - K* 

.* ;PK 54*1 Ô - K* 

5m 0 • S \y\ C&o + s SltoGoCos Î + SI* £ Cos Bo 

- Sllrt 0o + S Cos 6o 

c# **, + % Cos ©o 

However, 
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Substituting + & COS9Q for sinQ in the expression for 

2 2 3 -a we obtain: 

/**-<* * *PK + S CosOe] - K* 

=* JtfK S Cos Go 

a JP A £ SlTi $o S Cas do 

« A fl*S Si* A&o « J fi P 

Where 

r 3 /3 S’ SI* 4 ©o 

By defining the following quantities: 

C* S Pe/(S » CP CM 40/A * cos v 

Ci 3 

Equations 9 and 10 (after dividing by a common factor 2ij3 

and neglecting R" and S") can be written more compactly as: 

CR R‘ + p< R « - c X S (ID 

CsS’ + W + iOs*- t X ^ (12) 

Substituting Equation 11 into 12 we obtain: 

c*C,W +<321 + C^CPKC^ R* ■» R 
- c X - é* X 

which upon multiplying becomes: 

CSC* RM + C*«< R‘ +o(Ca'+ollR ■+ tVC*R*+£ T^R* -.X^R 
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and upon rearranging we obtain: 

*.*+(.!;+& + TÎH' + c Cs 
(13) 

or in a more compact form: 

H," + AR’ + 3 R * O (14) 

where 
.£<. + sL 4 ^ 

^ C5 CJ 

£ r X* 4 A Fo( + X* 

C|l^ 

The solution of Equation 14 is obviously: 

R CD - 
ya 

(15a) 

and we obtain a quadratic equation for y: 

y* + A y + 3 - o 

Therefore . .. 

^1,2. * -± A i VO*-^ 
and the complete solution for R(z) is thus: 

_ y»* ÎUO * R. e a, (15b) 

Substituting 12 into 11 we obtain a relation for the signal 

wave : 

OR,CCS S *-t- c 4+*VXl + 5* 4- CoM> ( D s3 _ _ £ * S 
-t X C * 

which upon multiplying both sides by -ix we obtain: 

C*C* S“ +C%oiS*4 Cntrs'4 oCC5S’ + o(l5 + JIŸ $*- X5S 
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S* 
tci* +* P + **,) 5 

Cft C* 
O 

S" -v AS' + 35 » O 

The solution is therefore similar as that for the R beam, 

viz. 
SCO s 5, ? ^ ? + Sz <- ** 3 (17) 

where i A * i VA*--VS' 

The coupled wave equation is thus solved in general. The 

constants R^,R2 and S^,S2 should be evaluated from the 

boundary condition of the particular problem in question. 

The special solutions are more easily tractable in cases 

where the hologram gratings are pure absorption or pure 

phase gratings. 

Let us check the validity of the approximation in 

neglecting R" in comparison to p R1 in Equation 9. From z 

Equation 15a we have: 

** <2 ** 

and f, *R' ff fcCSV X<21*** $CôsV 

where \|i is the angle between p and the z axis. Thus for 

V < •? the condition R" « p R' is equivalent ;to the con- z z 

dition Y <<: P 
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where 
+ x 
- 2. 

X vjL T ^ 
CROJ -I 

Therefore the condition is satisfied when the following 

requirements are satisfied: 

T « 0 the Bragg condition must be satisfied 

a « j3 the attenuation is small 

* - (%-- 

Recall that (3 is the mean wave vector in the crystal, viz. 

& = 
>«L. 

The amplitude of the refractive index modulation (n^) is 

-4 
usually very small (~ 10 of n) and by choosing crystals that 

are not too optically dense, the condition a « (3 can be 

satisfied as well. Similar arguments hold for neglecting S" 

in comparison to o S in Equation 10. Let us particularize z 

for a transmission grating (hologram) only with the geometry 

shown in Figure II-4. 

Figure II-4 

Transmission hologram 

?*-d 2*0 
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To simplify the solution of the wave equation let us normal¬ 

ize the incident wave such that: 

R(z=0) = 1 unit amplitude 

Therefore the following boundary conditions apply: 

« 1 (is) 

y o y±o 
5 C**ô) * 5« C 4- Sx e » 5, +S* » O (19) 

* y.S, + 
d 2 /gs o 

(20) 

substituting 20 and 19 into 18 for z = 0 we obtain: 

C* ( Y, S, + Ÿi. Sx) * - si X 

However from Equation 19 we obtain: 

Sn = - S. 

so S, - - S* 

2 

x 

(21) 

Solving for the amplitude of the diffracted wave S as it 

emerges at the boundary of the hologram (z = d) one obtains: 
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X d d 
SC*-d) * S. -f 5* 

- - ^ 
^ -ro 

^d 
.£— -/■ 

: X ^—. A C * 
^d ^ ^ did 

; 
(23) 

Where Y-i 0 
as previously defined yields: 

-L » ^ 

+ ±V* - *-*£■)'-12£ 1 y,,i * ±Cik * c, * CT) - *m c ca J ce. J 
It is useful to define the following quantities: 

. r y J 
U~ C^RCS)* 

B a -L I f £. - SL - <S-T ^ 
5 - idvcfc cs c» J 

k 

(24) 

(25) 

With the above substitutions we can rewrite the expression 

for the signal wave as: 

(26) 
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E. Phase Hologram Without Loss 

Equation 26 can be simplified further for the case 

where the grating is a pure phase grating with no loss. 

From Equation 24 we have: 

i/ - x d - ( HJüL - ijLz \ —— « 

(c-nCsy* v 

However = 0, so 

If r PC J _ TÎ/H, gj 

and from Equation 25 we have 

fc . J. j /£ - 4 - -il\ 
3 *•« c, es J 

However a = 0, so 

_ A ré S * «2 Ci 

It is therefore convenient to define § as and the signal 
s 

amplitude can therefore be rewritten as: 

si* g;** i 1 * 
C* + £ ]* 

(27) 

The diffraction efficiency is usually defined as the quotient 

of the diffracted wave to the total incident wave. However, 

since we have normalized the incident wave to unity we have: 

= s*s 
Ctf 

£• + **J 
(28) 
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For the more specialized case where C = C , i.e. the 
K S 

grating planes are normal to the boundary and for no devia¬ 

tion from the Bragg condition (i.e. % = 0) we obtain 

S C* “c0 “ À srvt V 

= s*s _ _ l / TT'H, d \ 
Silt P * SJ* I     A V. ^cos e0 ) 

(29) 

The condition for maximum diffraction efficiency is thus: 

T'Vi d . T y*,A •>„ ■" ** -r^ or * — » ■ ■ "^ 
COS Go COS 0O A 

The last equation says that the diffraction efficiency 

reaches 100% when the optical path length change equals half 

the wavelength of the light in vacuum. Equation 28 can be 

plotted with % as a parameter (recall that § is a measure 

of the amount of deviation from the on Bragg condition) 
CR 

and setting = 1. The result of such a plot is shown in 
S 

Figure II-5. 



34 

F. Angular Selectivity of a Phase Hologram 

The sharpness of the diffraction width can be obtained 

from the graph of T|/TI vs. Ç. It is clear that the half 

power point occurs for § - 1.3. So we can approximate the 

full width at half power as |?| = and therefore: 

F A m é fl é «SIH 4 So 
A cos e0 x cos do 

However for small angles SlW JL &o — SI"Vl &o 

and therefore 

J |3 s SIM Oo 

Cos 6o 
3 

Solving for 6 we have: 

' ^ 3 COS 0O ~ 3 COS Go 

SIM 0o ££ S|>n5>o 

3 Cas 6>o 

^7Td -5/ yj 6o 

For small angles COS0Q -1 

s 
>  

d A 5IM 0 

and TT 

d 

3 so 

where l is the grating spacing of the hologram. 
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G. Phase Hologram with Loss 

In the case where the material is lossy, i.e. a ^ 0, 

the diffraction efficiency T| as defined previously can never 

reach 100% even though large index modulations exist. 

However we can define a modified diffraction efficiency as 

follows: 

We will also limit the analyses for the following conditions. 

C_, = Cc = C, i.e. no slant of the gratings, and the Bragg K b 

condition is satisfied exactly (F = 0). From Equation 18 

we have: 

RCO * •R.C
y,a +ü.eïlî 

RU--oi « •R, + T»*. « i 

<0 \ * y.n, 
d 4 /«*O 

Substituting this into Equation 11 we have: 

c+ o( - o 

c-»■ + é * ° 
(30) 
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Substituting these values back into the expression we have 

- £ ». + t g )* R. - ê “ (r g )4 + é - 0 

The expression can be satisfied when 

R1 = r2 “ °-
5 

SO * («5 - K. ey'2 + R*<= 
/_^ 

• os le +e ) 

R Od> O.S- <=• 
/ ^’2ii -x 5<d 

- C2 ) 

= e cos *a\. e’“
dcos/üM 

(¥) V,>C03 Ôo 

For the S (z) wave we obtain 

-*d — *^c — / -j-p <y| J v 

■St».<0'Â<=0 siv>(^)* à <= " sw(3^cos«0) 

Therefore the diffraction efficiency becomes 

"1 = 

S*s 
_ Aflca 
-C- * TTV.d 

\ 5/77 ^^COSÔo 

K* R + S*s -ifLd rcos* TT nd , sm* JgrU 1 
c « Lcos 57731©,+5m A^COS 6oJ 

which reduces to a simple expression, viz. 

*A * s\y\*( _HL2Ld_\ 
v >«*. C os ©o / 

Notice that the expression is exactly similar to the one 

we derived for a grating without loss. We must remember, 

however, that we have defined the diffraction efficiency 

slightly differently. 
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H. Requirements of Holography 

Holography is a process which records the interference 

pattern of two or more waves on a recording medium. For a 

fixed illumination a recording material is said to be more 

sensitive than another if less exposure is required to pro¬ 

duce a hologram of specified diffraction efficiency, the 

exposure being defined as^^ : 

, . 1^P 
Eo " A 

where: T) = the net power transfer efficiency 

Te = exposure time 

P = power incident on the recording material 

A = area exposed to the beam 

For two waves with amplitudes | | and | e2 | the intensity 

pattern resulting from the two waves is 

X * (c, + +êt) 

=■ e* ë4 + + cr/*. 4 

The first two terms on the right hand side are just the 

individual intensities of the beams. The last two terms 

are the interference term and for hologram formation the 

time averaged value of the interference term is important. 

So 

I » 1, -t-Ii + ■+ ël*. ë, > 

. X t X; + 2. 
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T —fjjifc -j 
but Re C<^. <fx,f>l-'ReL:£Tj.T «*1» d-t J 

_ SIM 

^ ATT 

which goes to zero for T » l/(f^-f2). This implies that 

the two beams must have the same frequency. Furthermore 

the relative phases between the two waves must be constant, 
i (2TTf t+icp) 

for if they are not, then the product of e 
i(-2rrf t) 

o • e = exp îcp. The phase factor cp can take on all 

random values from 0 to 2rr and therefore the mean of 

exp icp =0. The frequency requirement forces one to use a 

single coherent source, and one can obtain the two waves by 

beam division. The second requirement implies that the 

path difference between the two waves must be constant over 

the observation time. It is clear that for less sensitive 

recording materials (such as phase materials) the above 

requirements will have to be satisfied more stringently 

than for sensitive materials. 
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III. EXPERIMENTAL 

A. Introduction to Holographic Apparatus 

A standard optical arrangement for writing volume 

phase holograms is shown in Figure III-l. Monochromatic 

light from the argon ion laser passes through the electric 

shutter which controls the exposure of the holograms. 

After the beam passes the shutter, it is incident on a first 

surface laser mirror, which directs the beam onto a pre¬ 

cision beam splitter. The angle of incidence of the beam 

with respect to the beam splitter is adjusted for half 

amplitude division. Two additional laser mirrors are used 

to direct the laser beams so that they interfere inside the 

sample. 

The two beams that originate from the beam splitter 

are normally called the reference beam and the signal beam, 

although no distinction exists in this particular arrange¬ 

ment, since the beams are equal in intensity and no object 

is inserted in the signal beam for recording. The inter¬ 

ference pattern formed at the intersection of the two beams 

inside the sample consists of planes of high and low in¬ 

tensity. The normal of these planes is perpendicular to 

the bisector of the two beams and parallel to the c axis 

of the sample crystal. The planes of high and low light 

intensity modulate the index of refraction of the sample 

(LiNbO^) semipermanently, thereby creating a phase hologram. 
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As the hologram is being written, it is continuously 

monitored by a helium-neon laser operating at 632.8 nm. 

A polarization rotator/attenuator is attached in front of 

the helium-neon laser, and the attenuation is adjusted for 

2 
negligible erasure (approximately 1 milliwatt/mm ). The 

polarization can be adjusted for any angle, but normally it 

is adjusted for extraordinary polarization, i.e. the E vector 

approximately parallel to the c axis of the crystal. The 

helium-neon laser is oriented to satisfy the Bragg condition 

for constructive interference of the waves reflected from the 

planes of the holograms. The diffracted beam is directed 

onto a light detector via a first surface mirror. The 

signal from the detector is amplified by the optical power 

meter and drives a recorder. 

The work area from the beam splitter to the sample is 

enclosed in a box to minimize fringe shifting due to air 

currents. 
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B. Argon Ion Laser and Helium-Neon Laser 

The argon ion laser used in this experiment is a 

Coherent Radiation Laboratories Model 52 G-A. A BeO plasma 

tube is used. The active amplifying medium in this laser 

consists of Ar+ ions. Population inversion between a pair 

of laser levels is achieved by exciting the plasma with a 

low voltage high current discharge (approximately 300 volts 

D.C. at 30 amperes). The discharge is confined by a series 

of beryllium oxide disks with holes drilled in the center. 

Other than confining the discharge the BeO disks help remove 

the enormous heat generated inside the tube. 

The mechanism or mechanisms by which a population 

inversion is established for a pair of ionic levels is not 

well understood at the present time. There is reason to 

believe, however, that the excitation of the Ar+ ions is 

due to a two collision process. This is supported by the 

observation that the spontaneous emission from the upper 

level of Ar+ ions is proportional to the square of the exci¬ 

tation current^). Higher efficiencies are therefore ob¬ 

tained by using larger currents. The efficiency is further 

enhanced by confining the discharge to a small diameter by 

applying a magnetic field of about 1 kilogauss. 

The optical cavity in which the oscillations occur 

consists of a fully reflecting plane mirror and a partially 

reflecting concave mirror (radius = 5 meters) separated by 

1.15 meters. The mirrors provide the feedback and output 
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coupling for self-sustained oscillations and useful output. 

The mirrors are held in place by a resonator structure which 

is constructed from four quartz rods enclosed in aluminum 

tube. Without an external prism wavelength selector, the 

laser gives an output at several discrete lines in the blue- 

green region of the spectrum. The wavelengths and ionic 

levels of the laser transitions are shown in Figure III-2. 

Single line operation of the laser is achieved by using a 

prism wavelength selector. However, since the plasma inside 

the tube is at a relatively high temperature, Doppler broad¬ 

ening of the lines occurs. The axial magnetic field neces¬ 

sary to confine the plasma discharge also contributes to 

the broadening, viz. Zeeman splitting. These two broadening 

mechanisms combine to give 5 to 6 GHz bandwidth in which the 

gain of the laser is sufficient to support oscillations. 

Since the mode spacing of the laser optical cavity is 

approximately 115 MHz, several different modes are simul¬ 

taneously excited with no correlation between modes. This 

results in a reduced coherence length (a few centimeters) 

and therefore reduced "fringe visibility." 

To extend the coherence length of the laser, a Fabry- 

Perot étalon is introduced in the optical path in the laser 

cavity. The optical path length of the étalon is about 

1.5 centimeters which yields a F.S.R. (free spectral range) 

of about 10 GHz. The surfaces are coated for a finesse of 

1.8 (see Appendix C). Tuning of the étalon is accomplished 
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by tilting the étalon axis slightly off the beam axis. Thus 

the étalon operates as a frequency selective filter with a 

passband of 5.5 GHz. Single mode operation is obtained be¬ 

cause the étalon introduces sufficient losses to suppress 

adjacent modes oscillations. Other than the coherence re¬ 

quirement of the laser in holography, volume holography 

demands that the laser have excellent pointing stability. 

The angular selectivity of the holograms studied in this in¬ 

vestigation is of the order of a milliradian. This means 

that the resonator structure must be extremely stable with 

minimal thermal distortions. Heat shielding between the 

plasma tube and the resonator structure is therefore provided. 

Acoustic noise generated by the water rushing inside 

the plasma tube jacket results in vibration of the resonator 

structure. The vibrations are also transmitted to the base 

of the laser head and can therefore propagate across the op¬ 

tical table as a surface wave. To attenuate this source of 

vibration the laser head is supported on a foam rubber pad 

with a plywood top. The plywood acts as a heat shield to 

the foam rubber and distributes the weight of the laser more 

evenly to reduce sagging of the foam pad. 

The helium-neon laser used to monitor the hologram con¬ 

tinuously is a Spectra Physics Model 120. The output power 

is about 7 milliwatts, vertically polarized, and the output 

power is stable to 2% after a warm-up period of four hours. 

It possesses excellent pointing stability due to its external 

mirror construction. 
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The method of exciting the gas inside the discharge 

tube is quite different from the argon ion laser. The 

helium-neon laser is a neutral gas laser, the medium offers 

a high impedance to current flow. A high voltage low current 

D.C. is used to excite the gas. The process is indirect, 

whereby the discharge actually excites the helium atoms to 

3 1 the 2 S and 2 S states which have relatively long life times 

-4 -6 
(10 sec.) and (5x10 sec.) and differ only slightly in 

energy from the 2 S and 3 S levels of the neon atoms. The 

excited helium atoms therefore transfer their energy to the 

ground state neon atoms and excite them to the 2 S and 3 S 

level with the energy difference appearing as kinetic energy. 
_7 

The neon 3 S level (life time 10 sec.) makes a laser 

—8 transition to the 2 P group (life time 10 sec.) with a 

7 ) wavelength of 632.8 nm (see Figure III-3) . 

The helium-neon laser is mounted on a pseudo¬ 

goniometer mount to facilitate adjustment for the proper 

Bragg angle to read out the hologram. The laser mount is 

attached to the table surface using magnetic bases. A 

sketch of the helium-neon laser mount is shown in Figure 

III-4. 
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Figure III-4 Semi goniometer mount for laser 
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C. Cooling System for Argon Laser 

To dissipate the heat produced by the argon laser, 

cooling water is circulated through the plasma tube jacket 

and the power supply transistor bank. At maximum current 

(maximum laser output) the power consumption is approxi¬ 

mately 10 kilowatts. The amount of cooling water required 

is about 2 gallons/minute for a 30°C inlet temperature. It 

has been established that the frequency stability of the 

laser is considerably degraded by a variation in the flow 

rate of the cooling water. The tap water supply cannot 

meet the requirement of the laser since the line pressure 

fluctuates between 20 and 80 lbs/sq. in. and contains a 

relatively large amount of solid particulates. A closed 

cooling water system with constant flow rate was therefore 

designed and constructed for the laser and includes an 

emergency system utilizing the tap water supply. The closed 

cooling water system has the following capabilities: 

1) Removes up to 10 kilowatts of heat. 

2) Supplies cooling water at 2 gpm. or more. 

3) Constant pressure, adjustable from 40 to 80 lbs/ 

sq. in. 

4) A closed cooling water system under normal operation 

and can therefore use distilled water. 

5) Automatic "back up" in case of power failure. 

A schematic diagram of the cooling system is shown in Figure 

III-5. 
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Cooling system operation: 

Normal Operation 

The tap water supply is forced through the open line of 

the heat exchanger, therefore cooling the water in the 

closed system. The cooled water flows into the reservoir 

where it is allowed to expel any bubbles that are possibly 

introduced in the system (e.g. through fluid cavitation). 

From the reservoir the water is pumped through a filter at 

constant pressure which is determined by the setting of the 

pressure regulator. The filter removes any particles 

greater than 5 microns and the water is directed into the 

laser inlet connection. The hot water coming out from the 

laser is then cooled in the heat exchanger and the cycle 

continues. The relief valve prevents any over pressure from 

occurring. 

Emergency Operation 

If an electrical failure or flicker occurs, the pump will 

cease to operate. The laser outlet relay will also be 

de-energized and the laser power supply will be shut off. 

Solenoid valves 2 and 3 open and the tap water cools the 

laser. The warm water expelled by the laser is then di¬ 

rected to a drain pipe. Solenoid valve #5 closes and solenoid 

valve #4 opens in the event of a power failure and therefore 

prevents the reservoir from overflowing. 



Turning-On Procedure 

All manual valves should be shut off from previous shutdown. 

The following procedure is strongly recommended: 

1) Open shut off valve #1. 

2) Turn on pump switch (this switch has a manual 

reset) and the following will occur: 

a) Solenoid valve #1 opens, allowing water to 

flow in the open line of the heat exchanger. 

b) The pump starts. 

c) Solenoid valves 2, 3 and 4 close, solenoid 

valve 5 opens. The closing of solenoid valve 

2 and 3 seals the back up water from entering 

the closed cooling water system under normal 

operation. The opening of solenoid valve 4 

and closing of valve #5 directs the water 

from the laser outlet into the heat exchanger 

d) Relay energizes the three phase outlet. 

3) Open shut off valve #2. This readies the emergency 

water system. 

4) Turn laser on. 

Turning-Off Procedure 

1) Turn laser off. 

2) Wait 15 minutes. 

3) Close shut off valve #2. 

4) Close shut off valve #1. 

5) Turn off pump switch. 
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Emergency Procedure 

In case of power failure the laser will be shut off 

automatically and the back up cooling water system will 

provide the laser with cooling water from the tap. Allow 

at least 15 minutes before closing valve #2, and do not for¬ 

get to turn valve #1 off. The system must be purged with 

distilled water before restarting the laser. 
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D. Vibration Isolation 

To record holograms efficiently, the interference 

pattern formed in the recording medium must be stationary 

during the exposure time. This was done by securing all 

components rigidly with magnetic bases to a massive surface 

which was essentially vibration free. The vibration iso¬ 

lation table used was an N.R.C. Model 1100-M-4-A equipped 

with a four point pneumatic suspension system for vertical 

isolation, and horizontal pistons for horizontal isolation. 

The resonant frequency of the table was 1.1 Hz, well below 

ordinary vibrational frequencies of a building. The low 

resonant frequency of the table was obtained by using a 

honeycomb aluminum table top which was clad with ferromag¬ 

netic stainless steel. In addition any vibrations generated 

on the surface were partially damped by a proprietary 

material from N.R.C. called Epocel III. Once the table sur¬ 

face was leveled, a self-leveling device which utilized one 

of the legs as a reference kept the table surface level 

independent of unequal loading of the surface. 

Comparative measurements of the isolation properties 

of the N.R.C. table and a steel plate supported by a 4 inch 

thick foam rubber pad were made. Using a geophone, the 

relative vibration amplitudes of the table surfaces were 

compared. The results were that a voltage of about 2 milli¬ 

volts was produced by the geophone when it was placed on the 

steel plate while no measurable voltage was generated other 
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than the .2 mV noise level when the geophone was placed on 

the N.R.C. table. Although no calibration in terms of 

vibrational amplitude was available, we believe that the 

isolation properties of the N.R.C. table was better than 

the improvised table by at least an order of magnitude. 

The vibration isolation properties of the N.R.C. table were 

also evaluated by monitoring the fringe pattern of a 

Michelson interferometer using the table as a base. The 

stability of the interference pattern was monitored at the 

center of the pattern, using a pinhole and a power-meter 

connected to an X-Y recorder. This method led us to realize 

the effect of air disturbances which randomly changed the 

relative phases of the wave traveling along the two dif¬ 

ferent optical paths. Enclosing the interferometer in a 

plastic box, improved the fringe stability and visibility 

considerably. This observation led us to enclose the area 

of the holographic arrangement from the beam splitter to the 

sample. 
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E. Mirrors 

Oriel Corporation Model A-33-264-001 two inch diameter 

pyrex reflect-ors were used to stear the laser beams to the 

proper locations in the holographic arrangement. Each one 

of these reflectors consists of a pyrex substrate with the 

reflecting surface polished very flat (X./20) over 80% of 

the aperture, and coated with aluminum and a silicon monoxide 

overcoat for high reflectivity and durability. The high 

degree of flatness reduces the possibility of wavefront 

distortions upon reflection from the mirror surface. 

The reflectors were mounted in N.R.C. Model 625 mirror 

mounts with N.R.C. Model 100 magnetic bases. The mirror 

mounts have precise angular positioning micrometers about 

two orthogonal axes. The micrometers have direct reading 

scales with 1.5 minutes of arc/division calibration. 

Special care was taken in handling the mirrors as well 

as other coated optical components. When not in use the 

mirrors were covered with plastic bags to reduce dust accumu¬ 

lation on the reflective surfaces. A few blasts of clean 

compressed gas, "Omit," directed on the mirror surface were 

normally sufficient to remove all the dust that was on the 

surface. Surgical gloves were used to take the mirrors in 

and out of the mirror mounts when on the site cleaning could 

not be done, and even then they were only held by the edges 

since foreign matter, especially grease, could easily con¬ 

taminate the surface. In such an event, a method to clean 
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optical components is recommended by Oriel Corporation and 

is here reproduced in part for quick reference. More details 

can be obtained from the original Oriel Instruction Sheet. 

Cleaning Procedure from Oriel: 

A) Clean top surface of table to remove grease and dust. 

Lay component on top of two or more sheets of lens 

tissue with face to be cleaned on top. 

B) Place a single sheet of lens tissue over the component 

to be cleaned near one end of the tissue. Be sure that 

the other end of the tissue rests on more tissue, not 

on the table directly to prevent dust pickup from table. 

C) Put a few drops of alcohol on the tissue directly on 

top of the component surface. This will spread to wet 

the entire component surface. Use only enough to wet 

this surface. 

D) Grasp the near corner of the tissue and slowly and 

gently slide (pull) the lens tissue off the component. 

Pull parallel to the surface so that the entire surface 

of the component is in contact with the tissue. During 

this sliding you will see that a dry area is created 

at the far side of the component which slowly creeps 

toward you until the whole piece is dry. The sliding 

action should be done in one motion, not stopping, 

until the entire surface is dry. 
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F. Beam Splitter 

To form a hologram, the output power from a laser 

must be divided into a subject and a reference wave. The 

method employed in this arrangement was amplitude division 

by using a precision Oriel beam splitter Model A-43-564-60-4. 

The beam splitter is constructed of a fused silica blank 

with parallel faces which are optically polished and flat 

(X/10) over 80% of the surface. The front surface is coated 
0 O 

with a broad band (4000 A to 7000 A) partially reflecting 

dielectric coating. The rear surface is coated with a 

single layer of magnesium fluoride to reduce reflections of 

the second boundary. 

For plane wave holograms, both the reference and signal 

waves must have the same amplitude for optimum fringe visi¬ 

bility. This division occurs at approximately 55° incident 

angle on the beam splitter for a TE mode* polarization of 

the light. For exact division of the beam, the angle of 

incidence must be set very accurately. This was convenient¬ 

ly done by installing the beam splitter in a precision laser 

mirror mount (Oriel #B-44-60) which in turn was attached to 

a magnetic base (N.R.C. Model 150) on the optical table for 

mechanical stability. The precise amplitude division of 

the beam was done with the aid of an optical power meter. 

A dependence of reflection coefficient vs. angle of incidence 

for the beam splitter is shown in Figure III-6. 

* The E vector of the light is perpendicular to the plane 
formed by the incident and reflected beam. 



100 

75 

50 

25 

59 

Figure III-6 

ANGLE OF INCIDENCE 
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G. Polarization Rotator/Attenuator 

The helium-neon laser used to read out the holograms 

produced light linearly polarized in the vertical plane 

with an output power of approximately 7 milliwatts. At 

this power level it was observed that some noticeable 

erasure of the hologram occurred as it was being monitored. 

Furthermore the construction of the helium-neon laser head 

was such that the plane of polarization of the beam could 

not be adjusted more than 20° off the vertical. Without 

modification the dependence of the diffraction efficiency 

of holograms on the polarization of the read beam could not 

be obtained efficiently. To circumvent these shortcomings 

a device was constructed, which allows the laser light to be 

attenuated and the plane of polarization to be rotated 

through any angle. 

A polarization rotator/attenuator was constructed 

using two Gian Foucoult polarizers* arranged in a linear 

configuration inside an aluminum bushing. The bushing was 

threaded to the output aperture of the helium-neon laser 

(Figure II-7). The outer polarizer determines the polariza¬ 

tion of the outgoing light. In our holographic arrangement 

a rotation of 90° in the polarization was required viz. the 

vertical polarization of the helium neon light had to be 

changed to a horizontal polarization. Without the inner 

* Purchased from Special Optics, Cedar Grove, N. J. 
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polarizer this would have been impossible to do since the 

polarization of the helium-neon laser would be "crossed" with 

respect to the outer polarizer, hence no light would be 

transmitted. However, if the "easy axis" of the inner polar¬ 

izer is set in between the polarization of the laser beam 

and the outer polarizer "easy axis," some light from the laser 

will be transmitted since the inner polarizer is not crossed 

with respect to the polarization of the incident laser beam. 

A similar explanation applies regarding the propagation of 

light from the inner polarizer to the outer one. Hence the 

light emerging from the polarization rotator is linearly 

polarized in the horizontal direction and it is also attenu¬ 

ated. It can be shown that for a 90° difference between the 

incoming and outgoing beam the maximum transmission is ob¬ 

tained when the easy axis of the inner polarizer is 45° from 

the vertical. The theoretical transmission of the light at 

this angle is 25%. The actual value obtained was approxi¬ 

mately 22%. This discrepancy was mainly due to the reflec¬ 

tion losses at the air to polarizer boundaries. The 

attenuation can be increased until the extinction ratio of 

the polarizers is reached. This value is approximately one 

5 
part in 10 . For other angles between the incoming and out¬ 

going polarization viz. less than 90°, the attenuation is 

less, i.e. more light can be transmitted through. 
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H. Optical Power Meter 

To quantitatively measure the power used in writing a 

hologram, the diffraction efficiency, for alignment of the 

beams, as well as for tuning the argon laser for maximum 

power output, a CRL j(Coherent Radiation Labs) 212 optical 

power meter was used. The CRL 212 has a range from 100 

nanowatts to 10 watts full scale with a 1000.X attenuator. 

The low power range of the meter is particularly useful 

for measuring low diffraction efficiencies and the high power 

ranges are useful for laser alignment. The optical detector 

is a silicon photo diode which produces an output current 

proportional to the amount of light incident on it. An 

operational amplifier, amplifies the minute current generated 

by the photo diode to a sufficient level for driving a meter 

or an X-Y recorder. A zero suppression feature is also 

available on the meter to enable reading small light in¬ 

tensity changes on an otherwise high background illumination. 

Since on the most sensitive range the optical detector can 

measure incident light of the order of a few nano-watts, 

care must be exercised to prevent the detector from being 

exposed to high intensity light accidentally when it is set 

on the lower ranges. The recommended procedure when measuring 

unknown light intensities is to always use an insensitive 

scale to start with and then go to the more sensitive scales. 

Furthermore, the optical detector must never be exposed to 

2 
intensities greater than 1.0 watt/cm and the maximum power 
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incident on the detector must not exceed 0.5 watt. Abusing 

the CRL 212 can easily destroy the expensive hard-to-get 

individually-calibrated detector. The scale of the meter 

gives a direct reading in watts only at the wavelength of 

6328 Angstroms, for other wavelengths a calibration factor 

supplied by the manufacturer must be applied to the scale 

readings. 



65 

I. Scanning Interferometer 

The formation of a hologram requires light sources of 

high coherence. The degree of coherence is a measure of the 

length of a wave packet within which there exists a definite 

phase relationship. In general laser sources produce much 

more coherent light than non-laser sources. However, there are 

cases where the degree of coherence of lasers is still not 

sufficient for holographic recording. This occurs if more 

than one mode is excited simultaneously in the laser cavity. 

This may occur if the laser has gain sufficient for oscillations 

over a frequency range which covers many cavity modes. 

One way to eliminate this problem is to construct a 

short laser cavity such that the bandwidth over which oscil¬ 

lation can occur is equal to the mode spacing. However, such 

a laser is not too practical to construct, since for an argon 

ion laser the cavity length will be about 2 cm, hence only a 

small amount of power can be obtained due to insufficient gain. 

A practical solution to the problem is to use a long cavity 

for the argon laser (~1 meter) to obtain high gain (hence 

power) and to couple this cavity with a short one, such that 

only one mode, that which is common to both, has sufficient 

gain to allow the laser to oscillate. Such a short cavity, 

called an étalon, is usually placed between one of the. mirrors 

in the laser cavity and the brewster angle window of the 

plasma tube. Such an arrangement is shown in Figure III-8. 



66 

>i 

■H 
> 
rd 
ü 

u 
O 
CO 
rd 

d 
-H 

+J 
d 
o> 
g 
0) 

d 
rd 
u 
u 
rd 

d 
o 
rd 
-P 
W 

oo 

<D 

d 
tn 

-H 



67 

To ensure single mode operation, the two cavities must 

therefore be coupled correctly. However, since the gain of 

the argon laser is relatively high, one can usually obtain 

oscillations in the laser cavity due to the étalon surface 

itself acting as a mirror; hence still several modes will be 

excited. To obtain the proper coupling, the étalon axis 

must usually be tilted by a small amount by adjusting the 

vertical and/or the horizontal adjustment screws. This is con¬ 

veniently done with a Fabry Perot scanning interferometer 

(better known as a spectrum analyzer). 

The spectrum analyzer that was used in this laboratory 

was a Spectra Physics model 4 20/430, a schematic diagram of 

which is shown in Figure III-9. The analyzer consists of a 

detector head which contains a confocal étalon with a piezo¬ 

electric spacer, a photodetector and associated electronics. 

The weak current from the photo detector is amplified so that 

it is suitable for an oscilloscope input. A ramp voltage is 

used to modulate the length of the cavity and to sweep the 

horizontal axis of the oscilloscope. When the length of the 

étalon cavity is equal to an integral number of half wave¬ 

lengths of the laser light incident on it, the detector "sees" 

the light and a voltage is thus generated at the photodetector. 

When the above condition is not satisfied no light is incident 

on the detector and no signal is obtained. Changing the 

length of the cavity allows one to observe the incoming 

laser beam intensity vs. cavity length or equivalently the 



piezoelectric spacer detector 

laser 

beam 

Figure III-9 Scanning interferometer with 

associated electronics and scope 
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intensity of the laser beam vs. its frequency. Approximately 

1 mw is required to operate the detector, and therefore the 

laser beam must be properly attenuated to prevent damage. 

In using the spectrum analyzer one must also be careful not 

to allow reflected light from the spectrum analyzer to be 

reflected back into the laser cavity. If this occurs it may 

lead to a distortion of the observed laser mode. To prevent 

this from occurring a Faraday isolator may be used or the 

spectrum analyzer can be tilted by a small amount such that 

the back reflection will be deflected away from the incident 

beam. The free spectral range of the spectrum analyzer is 

10 GHz and the finesse is 200 allowing spectral details as 
7 

narrow as 5x10 Hz to be resolved. (see Appendix C for 

definition of terms). Photographs of the laser mode for which 

the étalon is properly adjusted in contrast to an improperly 

adjusted laser are shown in Figures lll-10a,b. 

The short-term frequency stability (~1 second) of the 

laser can be obtained from the oscilloscope display. A 

typical display is shown in Figure III-10c with the dispersion 

adjusted for approximately 100 MHz/cm. For this argon ion laser 

the bandwidth was /,d00 MHz. corresponding to a coherence length 

of: 

c 3xl0^cm/sec 
AL = -r~ =  p—‘  = 300 cm. 

c ür 1.0x10 Hz/sec 

No long-term frequency stability of the laser was obtained, 

since drifts in the electronics and thermal instabilities in 

the spectrum analyzer make such measurements difficult. 
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Figure III-10 a 

improperly tuned étalon 
laser operates on several 
modes 

% 

r 

Figure III-10 c 

single mode operation 
dispersion 100 Mhz/cm 
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J. Alignment Procedure 

The efficient performance of a holographie arrangement 

depends critically on how well the system is aligned, its 

mechanical stability and the frequency stability of the 

laser. Some comments about the mechanical and frequency 

stability have been made in Chapter III-B, C and D. This 

part of the experimental chapter will therefore address 

itself to the method of alignment we used. 

Whatever method of alignment is used, the objective is 

to obtain optimum and reliable results for the important 

parameters of the samples studied. Experience from early 

experiments led us to realize that quite often some optical 

components need to be inserted in the optical path of the 

basic holographic arrangement (Figure III-ll), components 

such as polarizers, polarization rotators, mirrors, optical 

detectors, etc. In most cases the components are held in 

holders which have no other degree of freedom except for a 

height adjustment. The passage of a light beam through 

an optical component which has a finite thickness and an 

index of refraction greater than air often results in a 

displacement of the beam due to refraction, unless the 

angle of incidence is zero. We therefore found that it is 

best to align the laser beam parallel with the table surface 

and construct holders for the components such that the opti¬ 

cal surfaces are essentially orthogonal to the table surface. 

Therefore only the azimuthal angle and the height have to be 
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adjusted. To obtain this the argon ion laser and the helium- 

neon laser were leveled such that the beams were parallel to 

the optical table surface. This was done most conveniently 

by measuring the beam height at the laser exit and comparing 

the height of the laser beam at some distance (approximately 

1 meter) from the laser. The next component to be adjusted 

is the mirror that deflects the argon laser beam to the beam 

splitter. The tilt angle adjustment must be set to maintain 

the laser beam level. 

The maximum fringe visibility of an interference 

pattern formed by two plane waves occurs when the intensity of 

each wave is equal. The beam splitter must therefore be ad¬ 

justed for 50% division. For a TE mode incident beam of 

about 500 nm the angle of incidence for which this occurs is 

approximately 55°. Precise balancing, however, requires the 

use of an optical power meter and the micrometer adjustment 

of the beam splitter. To reduce losses due to internal re¬ 

flections of the beam splitter, the dielectrically coated 

surface must be oriented into the incoming laser beam. Care 
1 * 

must be taken to prevent the secondary reflection from enter¬ 

ing the optical detector, or an erroneous reading results. 

After the beam is divided, the two resultant beams are made 

to interfere in the sample with the aid of two mirrors. The 

angle (20) formed between the two beams at the sample clearly 

depends on the separation of the mirrors and the distance 

from the sample to the mirror. A small angle results in a 
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large separation between the grating planes (d = 2nsin9^' 

and thus less angular selectivity (see Chapter II-F) which 

favors angular alignment requirements of the helium neon 

read beam. However, for a given separation between the 

mirrors the optical path from the beam splitter to the sample 

is increased if 29 is decreased, thereby increasing the sus¬ 

ceptibility of random phase shifts between the two beams due 

to air disturbances. Nor is it advantageous to reduce the 

distance between the two mirrors appreciably since not 

sufficient space will be available for inserting optical 

components between the beam splitter and the sample. With 

those practical considerations in mind, we arrive at the 

present arrangement of the basic experimental set-up with the 

following parameters: 29 - 12°, mirror separation ~18 cm, 

mirror to sample distance ~90 cm. The sample holder is thus 

positioned at this location and the helium-neon laser is 

positioned such that the pivot point will be at the sample. 

The precise alignment of the beam is done with the aid of 

a pinhole (~ 0.3 mm) which is attached to the sample holder 

bracket. With the helium-neon beam on, an optical detector 

was placed behind the pinhole to read the transmitted beam. 

The X and Z micrometer knobs of the holder are adjusted for 

maximum transmitted light and the Y micrometer is adjusted 

for a minimum (if not zero) variation in the transmitted 

light with a change in the angle 9' of the helium-neon beam. 

After this is done, the two argon beams are adjusted by 
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putting the detector behind the pinhole with respect to the 

argon laser beam and adjusting the azimuthal and tilt angles 

of the mirror micrometer knobs for a maximum in the trans¬ 

mission through the hole. This is done for each beam 

separately. 

Now the three beams are aligned at a point. However, 

maximum interference volume will not be obtained if the 

sample is positioned with its polished surface coinciding 

at the point of interference. By ray tracing methods it can 

be shown that the maximum volume of interference is obtained 

when the point of interference is located approximately 1/4 

of the sample thickness from the front surface. (see Figure 

III-12). This was also verified experimentally. Therefore 

the sample bracket is translated in the +Y direction by this 

distance. The sample is then positioned in the bracket with 

its polished surface parallel to the front surface of the 

bracket. To position the helium-neon laser read angle (0') 

correctly a hologram must be written initially, i.e. a weak 

hologram must be available and the sample is thus exposed for 

a short time, depending on the sensitivity of the sample. 

For cobalt doped lithium niobate this time corresponds to 

2 
^ 1 minute at 1 watt/cm . The helium-neon beam is then ad¬ 

justed for the proper bragg angle (01) by finding the maximum 

diffracted beam with the aid of an optical power meter. The 

angle 0' is related to the angle 0 through the Bragg condition 

and for small angles 
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Figure III-12 
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91 ? 9 

Continuous monitoring of the progress of the hologram as a 

function of exposure is obtained by monitoring the diffracted 

beam of the helium-neon laser as a function of time. It 

must be noted that no precise alignment should be attempted 

until the laser is thermally stabilized. Also changing the 

prism wavelength selector, étalon adjustment screws, or the 

current to the plasma tube, requires the system to be 

realigned again. 
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K. Spectrophotometer 

A Cary 17 spectrophotometer was used to obtain the 

absorption spectrum of the sample as a function of wave¬ 

length. The range covered is from 186 nm to 2650 nm. The 

principle of operation of the instrument is shown in Figure 

III-13. 

Visible, infrared or U.V. light from the source enters 

the monochromater. The source for visible and infrared is 

a special tungsten lamp, A deuterium lamp is used for the 

U.V. source. The monochromater consists of both a prism and 

a grating. The prism disperses the light before entering 

the grating to eliminate the problem of second order dif¬ 

fraction. After the light is dispersed and consists of a 

narrow band of frequencies it is directed to the sample and 

reference paths alternately via a rotating mirror. The two 

light beams are then incident on a detector. For visible 

and U.V. the detector is a photomultiplier tube, and a lead 

sulfide detector is used for detection in the infrared. 

The signals seen by the detector are alternately coming from 

the reference and sample paths and are compared against each 

other. 

The instrument operates on the-so-called electronic 

null principle, in that the slit width is controlled such 

that the beam coming through the reference path is at an 

optimum level to maintain full scale deflection for the 

reference signal. In the transmission mode of operation the 
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two signals are compared directly on a linear basis and thus 

the % transmission is given by: 

% T 
L±2lit_transrnifcted_toY^_s ample  

Light transmitted along reference path 
x 100% 

In the absorption mode of operation the two signals are com¬ 

pared in a more complicated method using logarithmic ampli¬ 

fiers. The absorption range is calibrated in units of O.D. 

(optical density) and is defined as: 

O.D. Lo910 
ïfi2h!:_£ï:Ë2Ëï!?i£t:ed_by_ref erence 

Light transmitted by sample 

An O.D. of 1 therefore implies that the transmitted light 

through the sample is 10% of the transmitted light of the 

reference beam, and an O.D. of 2 means only 1% of the light 

is transmitted through the sample, etc. 

For automatic recording of the spectra, the processed 

signal from the detector is recorded on a strip chart re¬ 

corder which is driven by the monochromater scan drive system. 

In the absorption mode the instrument can measure optical 

densities from 0 to 3.0 (using the 0 to 1.0 electronic sup¬ 

pression) and N.D. (neutral density) filters can be inserted 

in the reference path to increase the range to O.D. values 

greater than 4.0. Neutral density filters are optical 

attenuators which have constant attenuation factors over the 

optical range. The light coming from the monochromater is 

essentially unpolarized, however, polarized absorption spectra 
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can be obtained by inserting wide angle (30°), wide band 

(near I.R. to 230 nm) calcite polarizers in the reference 

and sample paths before the sample. Low temperature spectra 

(77K) were obtained using an optical dewar equipped with 

quartz windows. 
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L. E.P.R. Spectrometer 

A standard 9 GHz homodyne spectrometer was used to 

obtain the E.P.R. spectra of the cobalt doped lithium 

niobate. A block diagram of the spectrometer is shown in 

Figure III-14. In addition an N.M.R. gaussmeter was used to 

measure the magnetic field accurately. A detailed descrip- 

12) 
tion of this spectrometer was given by Barksdale . A 

concise description is given below. 

Microwaves which are essentially monochromatic are 

incident on the cavity containing the sample. The cavity 

is tuned for a V.S.W.R. of as close to 1 as possible. The 

loop consisting of the klystron, microwave bridge, A.F.C. 

detector and klystron stabilizer comprises a feedback loop 

for stabilizing the frequency of the klystron. 

A Varian electromagnet provides the steady magnetic 

field which splits the Zeeman levels of the impurity ion. 

The magnetic field is stabilized by a field dial system, which 

uses a temperature compensated Hall probe as the feedback 

signal source. The magnet power supply is capable of supply¬ 

ing currents to provide magnetic fields up to 10.2 KG. 

When the Zeeman splitting due to the steady magnetic field 

is equal to the energy of the microwave quanta, a resonance 

occurs and the sample absorbs the quanta and therefore the 

impedance of the cavity is changed, and microwaves are re¬ 

flected back from the cavity. The microwave bridge detects 

this signal. The detected signal is fed to a low noise pre- 
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note: dashed boxes are support equipment 

Figure III-14 Block diagram of EPR spectrometer 
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amplifier for amplification and impedance matching to the 

P.A.R. lock-in amplifier. The lock-in amplifier demodulates 

(synchronous detection) and amplifies the signal suitable 

for an X-Y recorder. The E.P.R. spectra are recorded 

automatically as a function of the magnetic field since the 

X axis of the recorder is driven by the electromagnet 

sweep circuit. The audio amplifier and audio modulation 

coils are part of the phase sensitive detection system. The 

60 Hz modulation coils, variac, phase shifter, and oscil¬ 

loscope are peripheral instruments to aid in tuning the 

spectrometer. The frequency counter provides a digital 

readout for accurately determining the klystron frequency 

and the frequency of the N.M.R. gaussmeter. 
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IV. DATA PRESENTATION AND ANALYSIS 

A. Sample Preparation 

Single crystals of lithium niobate (LiNbO^) doped 

with iron group ions were obtained from Isomet, and pure 

samples from Crystal Technology. The dopants were added 

to the melt and the crystals were grown using the Czochralski 

process. Single domain crystals were obtained by using an 

electric field during the growth process (poling). Most 

of the crystals obtained were oriented with either one or 

two faces. In cases where no orientation was obtained from 

the crystal suppliers, Laue pictures were taken on the crystal 

to identify the crystallographic axes. In some cases we 

obtained crystals which had been oriented and cut; however, 

the cut faces were not identified. -There is a relatively 

easy method to differentiate the c axis, i.e. the optic axis 

of the crystal, from the other two axes. Using two polar¬ 

izers that are crossed with respect to each other the sample 

is placed between the polarizers. A white light source is 

placed behind one of the polarizers. By observing the 

light transmitted through the analyzing polarizer the crystal 

axes can be found. If the light propagates along the c axis, 

no variations in the intensity is seen when the crystal is 

rotated about this axis. However, for light propagating 

along either of the other two axes it will in general have 

an elliptical polarization as it leaves the crystal. By 
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rotating the sample about the axis of propagation the 

ellipticity of the polarization is changed, causing inten¬ 

sity variations in the light transmitted through the 

analyzing polarizer. The orientation of the samples was 

quite important in many of the experiments in view of the 

fact that we can take advantage of the large electrooptic 

coefficients in some directions. Furthermore some orienta¬ 

tions may not produce any results at all. 

The cobalt doped (0.1%) LiNbO^ sample was dark blue 

in color when viewed under room light. The size was about 

3 
1 cm and it was then cut into 3 samples with the following 

dimensions. 

2 samples of 10x5x5 mm 

1 sample of 10x10x5 mm 

A thin (0.5 mm) diamond saw was utilized to cut the 

sample and minimize waste on the expensive crystal. During 

the cutting process the peripheral speed of the saw blade 

was approximately 1000 ft/sec and cooling water was continu¬ 

ously sprayed into the cutting region. A very slow cutting 

rate (approximately 2 cm/hour) was used since the thin saw 

blade warped rather easily and could result in an off vertical 

cut if high cutting rates were used. 

After many unsuccessful attempts to obtain consistent 

holographic data, it was finally realized that, a flat 

optical finish on the sample surfaces was necessary because 

of the very sharp angular selectivity of volume holograms. A 
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rule of thumb to approximate the angular selectivity of a 

volume hologram is to take the ratio of the fringe spacing 

to the sample thickness which gives the angular selectivity 

in radians of arc. This implies the thicker the sample the 

flatter the surfaces have to be. For a 5 mm thick sample a 

flatness to about X/2 is required over an area of the size 

of the beam. This criterion was obtained by considering the 

amount of angular shift introduced to the angle of incidence 

for a surface irregularity of approximately X/2 across the 

laser beam diameter. A Vibromet polisher* was used without 

success, since the polished surfaces though excellent opti¬ 

cally were curved appreciably. The holographic results ob¬ 

tained from this method of polishing were very inconsistent 

(large uncertainties) and only very low diffraction efficien¬ 

cies could be obtained. At first it was thought that the 

poor quality data were a result of a rough surface. So the 

final polishing was done using 0.3 micron alumina dissolved 

in distilled water. By shining a laser beam through the 

polished sample one can qualitatively conclude how good the 

surface condition is by observing the projected beam on a 

sheet of paper. If the image of the beam is well defined 

the surface is usually good. If the image is diffused, the 

surface is not very smooth. Using this method to obtain an 

idea of how the surfaces were we concluded that the optical 

finish was very good; however, no regular straight interference 

* Made by Buehler and obtained through Metallurgical Supply Co. 
in Houston. 
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fringes were seen under a sodium light source and an optical 

flat. 

A method that turned out to be quite successful used 

a polishing jig to hold the samples and polishing was done 

on a rotating polishing surface covered with polishing paper. 

The jig body, shown in Figure IV-1, was constructed of 

aluminum and supported by three precision micrometen with 

carbide tipped heads. A new sample holder base was con¬ 

structed and secured to the center sliding piston with four 

set screws. To minimize ''play1' a thin lubricant was applied 

on the piston wall and the piston itself was never allowed 

to extend more than 5 mm from its barrel during polishing. 

The samples were attached to the holder base using parafin 

and were polished using mylar paper* embedded with aluminum 

oxide of about 3 micron particle size. The paper itself was 

placed on a rotating polisher which has a flat glass surface.. 

The glass surface was cut out from a flat glass plate whose 

degree of flatness had been checked against an optical flat. 

During polishing the legs of the jig came in contact with the 

polishing paper and the sample surface was thus polished as 

well. Besides the weight of the piston some extra weight 

(about 200 grams) was added on top of the piston to increase 

the polishing rate, nevertheless it took an extended period 

(about 4 hrs.) to polish each surface. Water was continuous¬ 

ly sprayed on the surface to wash off any small particles that 

* This paper was obtained from 3 M Company through Metallurgical 
Supply Co. in Houston. 



Figure IV-1 
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came off the crystal edges. A mechanical arm moved the jig 

across the polishing surface automatically and is shown in 

Figure IV-2. The polished surface was checked from time 

to time by using an optical flat and a sodium light to 

observe the interference fringes. The quality of the fringes 

(how straight it runs across the surface) is a measure of 

the surface flatness. In most cases we were able to obtain 

flat surfaces (X/2) over 70 to 80% of the surface area, with 

some curvature around the edges. Viewed under a microscope 

with 30x magnification showed the surface finish is quite 

good with very few scratches which are comparable to the 

observed grit size of the polishing paper. This result is 

puzzling because a priori one expects that polishing a sur¬ 

face with a given particle size abrasive could not yield a 

surface with better regularity than the size of the abrasive 

particle. Furthermore the interference fringes observed 

under sodium light showed good contrast. We feel that the 

puzzling results could be explained if one assumed that the 

abrasive is embedded very well in the bond of the mylar 

paper and therefore only a fraction of the actual size of 

the abrasive particle projects out from the surface. If any 

particle is dislodged from the bond it will be washed out 

by the water. It must perhaps be mentioned that this is a 

method that we found to give good results. It probably is 

not the best method available. 
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B. Optical Spectra 

Polarized optical absorption spectra and EPR data 

were taken prior to the holographic experiments with the 

laser. This was done deliberately as a precaution against 

possible irreversible optical damage as a result of intense 

laser radiation. Furthermore it was initially thought that 

strong optical absorption might lead to a strong photo¬ 

ionization and a consequent high sensitivity of the samples 

to laser-induced refractive index changes. The optical 

absorption data would therefore serve as a guide in choosing 

the wavelength for the laser-induced refractive index 

experiment. 

The data as obtained from the samples with the Cary 17 

spectrophotometer have been replotted as a function of 

energy (in cm along the abscissa with the optical density 

as the ordinate. To obtain the absorption constant (a) for 

the sample at a given wavelength the following relation can 

be used: 

„ _ O.D. (corrected for surface reflections) 

2.302 T 

where T is the thickness of the sample in cm if the units of 

a are in cm \ 

The 77K absorption spectra for both Ë||c and Ei-c are 

shown in Figure IV-3. At room temperature the spectra look 

similar except for a decrease in resolution due to broadening. 

The spectrum for Ë||c displays prominent absorption bands at 
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WAVELENGTH (nm) 

WAVENUMBER (cm-1) 

Figure IV-3 
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3-1 3-1 3-1 
7.0x10 cm , 14x10 cm , 19x10 cm and a weak absorption 

3-1 
band at approximately 27x10 cm . For the Eic spectrum the 

absorption bands appear less prominent and somewhat broader. 

3 -1 
They occur at approximately 7x10 cm , several bands occur 

3 -1 
from about 16 to 20x10 cm , and the band edge is shifted 

3 -1 
by approximately 0.8x10 cm towards lower energy. The 

spectra were fitted to a computed energy level scheme given 

13) 7 by Liehr ' for a 3d configuration in an octahedral field 

with spin-orbit coupling included, but with no trigonal 

2+ 4 
distortion. The free ion term for Co is F. In the 

presence of a cubic field the orbital degeneracy is lifted 

yielding a a F^, and a T^ state. The and states 

are both orbital triplets which upon application of the 

spin-orbit coupling yield four states: 

°3/2 X r2 = r8 X r8 

°3/2 X r5 F8 X F5 

D3,/2 X r4 “ r8 X r4 

r
6 + 

r
7 + 2Fg 

r6 + r7 + 2r8 

The parameter giving the best fit to the Liehr energy level 

3 -1 
diagram is 10 Dq = 7.0x10 cm . The energy level diagram 

was computed for the following parameters: 

B = 835 cm"1 

C = 4B 

X = 150 cm 
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3 -1 
With the exception of a band near 16x10 cm all the re¬ 

maining observed bands can be accounted for to within 

2 -1 
3x10 cm by Liehr1s energy level diagram. The ground 

4 
state given by Liehr is a and the excited states are 

indicated by the vertical lines on the top of Figure IV-3. 

The states are labelled by the octahedral double group 

representations and the supercripts 4 and 2 have the same 

meaning as the spin degeneracy (2S+1) for the free ion term. 

No changes in the optical spectra were observed after 

the sample was irradiated with X-rays at 77K for approximate¬ 

ly 12 hours (at 50 KV and 30 mA) nor after a Y-ray treatment 

using M.D. Anderson Hospital's Co source facility. 

Attempts were made to identify the unexplained absorp- 

3 -1 
tion band near 16x10 cm . Reducing the sample in an argon 

atmosphere at 800°C for ^ 48 hours did not change the optical 

absorption spectra. Neither did a subsequent oxidation in 

which the sample was heated in an oxygen atmosphere at 

~ 1000°C for 48 hours. However reduction at 1000°C for ~ 48 

hours produced definite changes in the absorption spectra. 

Visually the LiNbO^iCo sample became non-uniform in color. 

The periphery of the sample was less absorbing than the 

center after final reduction. For the Eic spectrum the ab- 

3 -1 sorption-band near 16x10 cm was decreased in intensity, the 

resolved maximum becoming a shoulder. Also the difference 

in the absorption amplitude (in O.D.) of the two prominent 

3 —1 absorption bands (18 and 19x10 cm ) was decreased to 
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approximately two thirds of its value before reduction. 

3 -1 
The almost flat region occurring between 10 to 15x10 cm for 

the Eic spectrum before reduction changed to a slowly rising 

absorption. A less pronounced effect was also seen in the 

Ë||c spectrum in this region after final reduction, resulting 

in a broadening in the already broad absorption band near 

3 -1 
14x10 cm . It appears that the rising absorption that was 

observed in this region has been caused by the introduction 

3 -1 
of a broad band absorption near 15x10 cm as a result of 

reduction. This band appears to have appreciable E||c and 

Eic absorption components. 

We suspect that the decrease in the unexplained broad 

3 -1 absorption near 16x10 cm has also decreased the apparent 

3 -1 amplitude of the 18x10 cm absorption band more than the 

3-1 
19x10 cm absorption band, since the latter is farther 

removed from the peak of the unidentified absorption band. 

The remaining features of the absorption spectra appear to 

24* replicate the identified Co spectra quite faithfully. 

In view of the observed changes in the spectra after 

reduction we feel it is unlikely that the unaccounted absorp¬ 

tion was due to a cobalt ion in a 1+ or a 3+ state. The 

unidentified absorption band appeared to have been caused 

by impurities other than Co. We have no candidates for the 

other impurities. There was some indication from an EPR spec¬ 

trum obtained using a different spectrometer that there were 

trace amounts of Mn ions in the crystal. A closer examina- 
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tion of a LiNbO^iMn optical spectra shows a prominent 

absorption band near this wavelength range with peaks at 

3 -1 -1 around 17x10 cm , i.e. about 1000 cm removed from the 

3 -1 
16x10 cm unidentified absorption band. As mentioned 

2+ 
before the Co spectra can be accounted for to within 

2 -1 
3x10 cm . So unless the existence of rather complicated 

absorptions lead to the apparent shift in the peak of the Mn 

3-1 . 
absorption by 10 cm , we feel it is not very likely that 

it was due to Mn ions. 

3 -1 Thus we still fail to identify the band at 16x10 cm 

2+ Nevertheless we can conclude that the charge state of Co 

in LiNbO^ is quite stable. 
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C. EPR Spectra 

Lithium niobate is an unusual type of ferroelectric 

crystal in that it has the very high Curie temperature of 

1470 K ' . The oxygen atoms are arranged in planar sheets. 

Above the Curie temperature the Li+ ions are in the planes 

5+ ... 
of the oxygens and the Nb ions take up a position midway 

between them. At temperatures below the Curie point LiNbO^ 

becomes ferroelectric, i.e. it exhibits an electric dipole 

moment in the absence of an external electric field. Both 

+ 5+ the Li and Nb ions are displaced perpendicular to the 

oxygen planes (along the c axis). At room temperature the 

5+ ° Nb ions are moved approximately 0.25 A from their 

positions above the Curie temperature and the Li+ ions are 

° . . . 14) 
displaced by 0.45 A in the same direction . The oxygen 

atoms form a network of octahedra surrounding the Li+ and 

5+ Nb ions. The sequence of distorted octahedra along the 

c axis contain Nb, vacancy, Li, Nb, vacancy, Li, ... . 

From the crystal structure data we expect that the site 

. + 5+ 
symmetry of the Li and Nb cations in LiNbO^ are both 

trigonal (C^) with the three fold axis parallel to the 

optic (c) axis of the crystal. The observed EPR spectra 

suggest that Co enters the LiNbO^ lattice as a doubly ionized 

ion in a single type of axial site. The spectra can be 

observed at 4.2 K (but not at 77 K) and are shown for the 

magnetic field parallel and perpendicular to the c axis in 

Figure IV-4. The eight hyperfine lines are not resolved 
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(a) H Ile 
LiNb03:C02+ 

T = 4.2 K 

1900 2300 2700 H (G) 

I I I I I I I I 
1000 1200 1400 1600 H (G) 

Figure IV-4 
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for H||C and only becomes clearly resolved for H greater than 

30° away from the c axis. The spectrum is isotropic in the 

a-b plane. 

The angular dependence is shown in Figure IV-5. The 

EPR can be described by an axial spin Hamiltonian of the 

form: 

3C 
s 

P (g 11H S + g (H S + H S ) ) + AS I 
^11 z z ^i x x y y z z 

+ B(S I + S I ) xx y y 

where (3 is the Bohr magneton, gyand g± are constants, S and 

I are the spin and nuclear spin operators respectively. 

The solution to the eigenvalue problem of this 

15) 
Hamiltonian is given by Orton and the condition for 

resonance absorption is given by (for S = : 

hv = gPH + K m + 1KWI - m 1 2] 
^ o K 

+ o.. I ——J ( 2~L) sin“0 cos“0 m 2gPH K 

2^ _ 2 
I 

where K = 

_2 2 20 2 2 . 2_ 
2 A g|| cos 0 + B g^ sin 0 

1 = 7/2 

HQ = hv/gP 

2 2 2 2 2 
g = gj| cos 0 + gx sin 0 

0 = angle between the c axis of the crystal and the 

magnetic field at resonance can be obtained from this equation: 
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HX c Angular Dependence of LiNbO^tCo 2+ H//c 

Figure IV-5 
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HOn-j.) _ hv 

” gp 

K 

gp mi 
B2 (A2+K2) 

4g0K2hV 
[I (1+1) 

2 
rru ] 

i fgngA2 rA2-B2i2 

2gj3hv \ ^2 / L K J 
■ 2. 2n sin 0 cos 0 m. 

2 

Since the hyper fine splitting for H||c is not resolved, the 

hyperfine splitting constant A is obtained by a linear 

2 2 2 
extrapolation of the quantity g K vs. sin 0 viz.: 

22 22 2 22.2^ 
g K = A gj| cos 0 + B gx sin 0 

*2 2,. . 2_N ^ n2 2 . 2_ = A g|| (1-sin 0) + B gx sin 0 

,n2 2 *2 2, . 2_ ^ *2 2 
= (B gx - A gj| ) sin 0 + A gy 

2 2 2 
Therefore by extrapolating g K to sin 0 = 0 we obtain 

2 2 
A gy . The remaining constants are obtained by analyzing 

the data and yields: 

gx = 5.056 ± 0.006 A = (36 ±10)xl0_4 cm-1 

gy = 2.637 ± 0.003 B = (157±10)xlO-4 cm-1 

2+ 7 
Co ion has an [Ar] 3d electronic configuration and 

4 
yields a F free ion term for its ground state. In the 

presence of an octahedral field the seven fold orbitally 

degenerate states splits into an orbital singlet and two 

orbital triplets. Using group theory notation we obtain: 

4
F - r2(ix) + r4(3x) + r5(3x) 
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The numbers in the parentheses indicate the degeneracy of 

the states. Under a further trigonal distortion these 

states split again into: 

r2 “* 
r2 (lx) 

r4(3x) - r2 (ix) + r3 (2x) 

r5 (3x) - (lx) + r3 (2x) 

And finally the spin orbit interaction split the states 

further into: 

D3/2 X h - <r4+r5+r6> x F1 “ r4(2x) <r5+r6> (2x> 

D
3/2 

X r2 (r4+r5+IV x r2 = r4^2x^ ^2x) 

°3/2 X r3 = ^r4+r5+r6^ X r3 = 3r4(2x) (r5+
r
6) ^2x^ 

where r^+r^ form a Kramers doublet. The final splittings 

terminate in a succession of Kramers doublets and are shown 

in Figure IV-6. The observed transitions only occur from 

2+ 
the lowest doublet. The EPR data for Co are in agreement 

with the theoretical calculations of Abragam and Pryce for 

Co2+ in an octahedral field with trigonal distortion^). 

It is obvious that our EPR data fit very well in the g± 

vs. g .I curve shown in Figure IV-7. 
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D. Holographic Data 

The holographic data at room temperature were obtained 

using the experimental apparatus described in Chapter III. 

The parameters in the experimental arrangement were 

20 = 12° (angle between write beams in air) 

d = 0.455 cm (sample thickness) 

Write wavelengths: 514.5 nm and 488.0 nm with the electric 

vector of the light perpendicular to the optic (c) axis of 

the sample. Read out was done at 632.8 nm with the electric 

vector approximately parallel to the c axis. 

The diffraction efficiency of the holograms was 

measured using the definition described in the theory section 

for phase gratings with loss, viz. 

_ S*S  _ Diffracted power 
^ S*S + R*R Total transmitted power 

The holographic sensitivity of the sample was measured 

by the linear region of the tl vs. exposure (i.e. time) graph 

and defined as 

\ + At - nt 
Sensitivity — ^t x (Incident power density) 

The result for a typical write curve of the hologram is shown 

in Figure IV-8. Table I shows the result of a series of 

holographic sensitivity measurements at two wavelengths and 

the parameters pertaining to the experiments. 



Exposure Time (Hours) 

Figure IV-8 
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No change in the sensitivity was observed after the 

crystal was irradiated with x-rays. The Y irradiated sample 

showed a transient increase upon irradiation, similar to the 

effect observed in pure LiNbO^ samples upon Y irradiation 

The amplitude of the refractive index change (averaged 

over the thickness of the crystal) is calculated from the 

expression for the diffraction efficiency: 

TTd 

The magnitude of the electric field responsible for 

the refractive index change is calculated from: 

/vi, « vis* Yn 
2. 

ng = 2.2 (at 600 nm) 

The magnitude of the refractive index change and the magni¬ 

tude of the induced electric field as a function of diffrac¬ 

tion efficiency (r|) are shown in Figure IV-9. 

The angular selectivity (6) of the holograms was 

measured using the helium neon laser and is shown in Figure 

IV-10. The theoretical angular selectivity for the volume 

Cos 0^1 

-12 
where r^^ = 32.2x10 meters/volt 

hologram is given approximately by (Chapter II- ) 

£ a 0.«q x,0~3 
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Amplitude of refractive-index modulation 

( x 10"5) 

Figure IV-9 
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The measured angular selectivity (full width at half power) 
_3 

was approximately 1.4x10 radians. We suspect that the 

discrepancy is attributable to the finite divergence of the 

-3 -3 write and read lasers which are 0.6x10 and 1.7x10 radians 

respectively. 

Comparison of results to other samples and results 

from other laboratory. 

During the course of this investigation preliminary 

data were also obtained from samples of LiNbOg doped with 

Cr, Ni, Er, Ti, U, Mn, Cu, Fe, standard optical grade (SOG) 

LiNbOg, transducer grade LiNbOg and Nb enriched LiNbOg. 

An abbreviated list of the results is given in Table II. 

The sensitivity of LiNbOg:Co is less than SOG LiNbOg 

at 488.0 and at 514.5 nm. SOG LiNbOg is lithium niobate of 

the highest purity available commercially. The difference 

in sensitivity with respect to SOG LiNbOg is greater at 

514.5 nm than at 488.0 nm. It is interesting to note that 

a strong absorption band is present in the vicinity of 

514.5 nm for LiNbOg: Co (see Figure IV-3) yet the measured 

holographic sensitivity at this wavelength is poor. The 

measured sensitivity of LiNbOg: Co at 488.0 nm is not in 

agreement with the result reported by Phillips ^t al. 

They reported an increase in the sensitivity of LiNbOg:Co 

as compared to SOG LiNbOg (see Figure IV-11). No compari¬ 

son is available at 514.5 nm. It must be mentioned, 
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Figure IV-11 
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however, that precise comparisons with other laboratories 

are difficult to make due to different ways in which other 

laboratories define power density and diffraction efficiency 

as well as other differences in experimental procedures. 

The saturation diffraction efficiency of LiNbO^iCo 

is approximately 75% at the measured wavelengths, in con¬ 

trast to the rather low saturation diffraction efficiency 

of 20% for SOG LiNbO^- This result is qualitatively in 

agreement with that reported by Phillips et al. 

The results of samples doped with Mn, Cu and Fe agree 

qualitatively with the results reported by Phillips e_t al. 

2 
They quote a typical value of 150 mJ/cm to produce a holo¬ 

gram of 1% diffraction efficiency in LiNbO^tFe. The sensi- 

2 
tivity of LiNbO^iFe measured in this laboratory is 30%/J/cm 

2 
or about 33 mJ/cm is required to obtain an increase of 1% 

in the diffraction efficiency. As mentioned earlier due to 

possible differences in laboratory procedures this result 

does not necessarily imply that the sensitivity of the 

LiNbO^iFe sample we measured is five times more sensitive 

than the sample investigated by Phillips ejt al. Excluding 

LiNbO^iCo the trend in the increase in sensitivity of samples 

doped with Mn, Cu and Fe is similar to that reported by 

Phillips e_t al. All doped samples exhibit a higher satura¬ 

tion diffraction efficiency in comparison to SOG LiNbO^- In 

the case of Mn, Cu and Fe doped samples the diffraction 

efficiencies may easily reach values close to 100%. In 



2 3 addition a significant increase (10 to 10 ) in the 

holographic sensitivity is obtained in comparison to SOG 

LiNbO^ and LiNbO^rCo. 
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V. CONCLUSIONS AND FUTURE PLANS 

The EPR and optical absorption spectra indicate that 

Co resides in the LiNbO^ lattice as a doubly charged ion 

and occupies an axial site with charge compensation being 

remote » There are two substitutional sites that have this 

. .+ 5+ symmetry m LiNbO^# the Li and Nb sites. The negative 

result of the Y-ray and x-ray irradiation treatment, as well 

as the oxidation and reduction seem to suggest that the 

2+ ... Co charge state m LiNbO^ is extremely stable. 

With regard to the holographic experiments, all doped 

samples show an increase in the saturation diffraction 

efficiency and in the case of LiNbO^ doped with Mn, Cu and 

Fe an increase in the holographic sensitivity is also ob¬ 

served. The holographic sensitivity of LiNbO^tCo, however, 

is much less than other doped samples and in fact worse 

than pure LiNbO^. A proposed explanation of the LiNbO^iCo 

holographic result is given below. 

. + 2+ Consider a charge transfer between Co and Co ions. 

Suppose the Co+ ions can be photoionized to release an 

2+ electron and leaving behind Co ions which become electron 

traps. Consider also an electrooptic material in which the 

■ + 2+ concentration of the Co and Co are uniformly distributed 

(the individual concentrations are not necessarily equal) 

before the exposure to light. During the exposure using two 

intersecting plane waves, there are regions of high and low 
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light intensities in the sample as a result of constructive 

and destructive interference of the light. In the high 

light intensity regions Co+ ions can be ionized to release 

2+ electrons and leaving behind Co ions which can capture 

electrons. The photo-excited electrons will be retrapped 

and re-excited until they eventually leave the high light 

intensity region and are trapped in the low light intensity 

region. Since the photoionization is negligible in the low 

2+ light intensity region and if the Co traps are sufficient¬ 

ly deep that thermal excitation is negligible, then the 

electrons remain trapped there. Clearly the distribution 

+ 2+ 
of the Co and Co ions are not in equilibrium. There is a 

relatively higher concentration of the Co+ ions in the low 

light intensity region in contrast to the high light inten¬ 

sity region. Conversely there is a higher concentration of 

2+ the Co ions in the high light intensity region in compari¬ 

son to the low light intensity region. A space charge field 

is thus created due to the non-equilibrium charge distribu¬ 

tion, which in turn spacially modulates the indices of 

refraction via the electrooptic effect. 

Clearly the holographic sensitivity of the material 

depends on how fast the charges can be separated for a given 

light intensity. In other words if the process of charge 

separation is efficient then high holographic sensitivity 

can be obtained. Let us argue what the holographic sensi¬ 

tivity will be for a material in which the Co+ concentration 
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2+ 
is very dilute and the Co concentration dominates. The 

Co+ ions are ionized in the bright region releasing electrons 

2+ and Co ions are left behind. The electrons can be trapped 

and re-excited a number of times before they are finally 

trapped in the dark region. The effective transit time, 

i.e. the average time the electrons take to move out of the 

illuminated region, increases as the trapping becomes more 

significant since the electrons spend more time in the traps. 

Furthermore the transit time would be increased if the dis¬ 

tance between the bright and dark regions is increased. The 

rate at which the charge accumulates is also dependent on 

how many Co+ ions are available for photoionization. For 

dilute concentrations of Co+ ions few electrons are ionized. 

We may therefore conclude that if the trap concentration 

dominates and the concentration of the ionizable impurities 

is low, the material will not possess a high holographic 

sensitivity. 

The presence of Co+ was not observed in the optical 

absorption spectra nor in the EPR. However, this does not 

necessarily prove there are no Co+ ions in the sample. If 

. 2+ the dominant charge state is Co , the absorption spectrum 

of Co+ could easily be obscured. If the explanation we 

presented is correct it would appear that by decreasing the 

fringe spacing of the hologram the mean distance the electron 

has to travel to reach a dark region will be decreased hence 

the transit time will also be decreased. Consequently a 
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higher holographic sensitivity is expected. Such an experi¬ 

ment has not been carried out. 

2+ 3+ 
A charge transfer between Co and Co seems unlikely. 

2+ 3+ 
The Co would be the ionizable charge state and the Co 

2-b 
the trap. The Co is the dominant charge state resulting 

in a relatively large amount of ionization and the concen- 

3+ tration of Co is low (since it was not seen in the optical 

spectra), hence the retrapping process is reduced. It thus 

appears that the holographic sensitivity would be high, a 

contradiction with the data. The explanation we presented 

does not imply that the low holographic sensitivity of 

LiNbO^îCo would consequently lead to a low saturation dif¬ 

fraction efficiency. In fact if the explanation we presented 

is correct it would appear that for materials in which a 

charge transfer mechanism occurs between two charge states 

of an ion, the saturation diffraction efficiency would be 

determined primarily by the lower concentration of the two 

charge states of the ion. Only a very low concentration is 

needed to obtain diffraction efficiencies of about 100% 

(10^ to 10^ impurities/cm"^) . 

From the EPR data only it is difficult to determine 

on which axial site (Li+ or Nb5+) the Co2+ ions reside. 

In either case there must be some other defects (charge 

compensators) in the crystal to maintain the charge neutrali¬ 

ty of the crystal as a whole. The explanation we presented 

appears to suggest that Co ions occupy the Li+ site. If 
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+ 2+ 
this is the case, replacing Li by Co would result in an 

excess of one positive charge. Hence the remote charge 

compensators must be negatively charged, and would not have 

a significant trapping cross section for electrons. However 

2+ + the Co ions on Li sites would serve as excellent traps 

for electrons but not for holes. The description given is 

consistent with the data provided that photoionization of 

the charge compensator is assumed negligible. Throughout 

it has been tacitly assumed that the charge transfer is due 

to electrons. 

The results of the survey on the other doped samples 

have yielded some information as to where our future en¬ 

deavors will be directed. We will concentrate our research 

on the more sensitive samples, viz. LiNbO^ doped with Fe, 

Cu and Mn. Sample treatment experiments will be carried 

out more extensively and the application of electric fields 

to the samples will be attempted in the hope that it will 

change the transport properties of the ionized charges. The 

holographic sensitivity of the sample will also be investi¬ 

gated as a function of the polarization of the write beam 

and the grating spacing of the hologram. 

A major achievement of this research has been the 

development of the experimental facility for writing long 

exposure holograms as well as the techniques for preparation 

of samples for holographic measurements. 
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VIII. APPENDICES 

A. The equivalence of the index ellipsoid and the wave 

vector surface for finding the allowed phase velocities in 

anisotropic crystals. 

The equation of the index ellipsoid is given by: 

+ X1- + 4 X1 4 £.\ * 1 
Gy G% Mi* Ms (1) 

Let S be a unit vector which is parallel to the propagation 

vector k, viz.: 

S. S * i 

where ; UU = 2TTf 

n = index of refraction 

c = speed of light in vacuum 

The equation of a plane which contains the origin and normal 

to S is : 

s « X S* 4 y 4 2 5, s o 

where S . S and S are the components of S along the three 
x y z 

orthogonal axes, r is a vector from the origin to any point 

on the plane and its components are x, y and z. This plane 

intersects the index ellipsoid and the cross section is an 

ellipse (a two dimensional figure) in three dimensional 

space. According to the prescription in Chapter II-B the 

allowed phase velocities for an electromagnetic wave propa¬ 

gating along the k direction is related to the lengths of 
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the semi-minor and semi-major axes of the ellipse. Also the 

allowed polarizations are along these two axes. What we 

want to find is therefore the vector from the origin to the 

ellipse which corresponds to the minimum and maximum lengths. 

This is equivalent as finding the extrema of 

V. r a^v®x,x+Y1 + a * 

This we do by means of Lagrange's method of undetermined 

multipliers. We introduce two multipliers 2\^ and \^ and 

construct the function F. 

F *X%Ya,+ a,‘ + 2>*(*s*++A*( 

2 
So the function F is actually r since we have only added two 

zero terms multiplied by constants 2\^ and respectively. 

The factor 2 will become clear later on. To find an extremum 

of F we set: 

3F . * if = O 
ax 32 

This yields the following equations after dividing by a 

factor of 2: 

X + $* + x s o 
e* 

(2a) 

y + $y + Y - o 

2 + > ♦ S* + a Q 

(2b) 

(2c) 

Multiplying each equation by x, y and z respectively we 

obtain: 
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X* + S* * + 
6* 

y* + sy y + 7* 

2' + 4 
6» 

= o (3a) 

= o (3b) 

s 0 (3c) 

Adding these three equations we obtain: 

x*4y* + a*+>i(***4Syy+5»2j+>*.(. — + 'Ÿ + * 0 (4) 

£/ fry 

But 5*X +5yV45»2 * O 

and £l yX 2j - j[ 
dy 6* 

Equation 4 can therefore be simplified as: 

V-L +>i.5Ô yielding y *• a - > *. (5) 

Next we multiply equations 2a, 2b and 2c by S , 
X 

S and S y z 

respectively and obtain 

X Sx + ->* Sx*' + > a. Sx X (6a) 

y S’y + ># 5y* f- (6b) 

£ S'*1 /• (6c) 

Adding these three equations we obtain: 

KS< + ysr +2s* +>* (
s*l + sy* + s^) +. 
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The first three terms in Equation 7 add to zero the fourth 

term is just and we may therefore simplify it into: 

(8) 

(9) 

Substituting Equation 5 into 2a we obtain: 

X + - Vl? « 0 
€ * 

and substituting Equation 8 into 9 for we obtain: 

-o 

Upon substituting Equation 5 for and rearranging we have: 

*0- £,) + Ÿ's‘(.s1n+ ,w?) 

By applying the same method to equations 2b and 2c we have: 

Y<J - ^ J + * *g) = O (10b) 

* C ■ - • o (lOO 
Upon grouping terms we obtain: 

*o- £ + v* iC'-g*). o 

y0^s>) 

(11) 
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VVS,\ 
É.» * 

O 

For a given S, the last three equations are compatible if 

the associated determinant vanishes, viz.: 

Det 

y»* Sx* v“xSx Sy 
& y 

V' Sx Sy 
«x 

V* S t S* 
£ x 

+ vi£y 
1 «r + 

V* Sy S<t 

« 

V* Sy 5? 

I- i.1 + dû 
1 «•» Ca 

= 0 

2 
This yields an ecruation in r . The two roots of r are the 

two allowed indices of refraction, and hence the allowed 

phase velocities can be obtained. To solve for the direc¬ 

tions of polarizations we have to insert the two solutions 

of r into the system of equations in x, y, z and solve for 

the x , y , z , i.e. the coordinates of r. o Jo o 

To show that the solution of Equation 12 yields the 

same solution as the wave vector surface we do the follow- 

. 2 ing. Divide every element of the determinant by r (this 

2 
is valid since r is never zero) and we get: 

(12) 
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S*£V S< 5a 
V* V J éy 

Sy -U _ / l ~ 5y 5 9» 
6K V* ^ Sy J 

S»Sv ^3 S'y 

v>! 
t { 1 

£ * V* ^ £a j 

is a unit vector 
- - 2 

By definition S so S*S = S +S x y 

and therefore we have the following 

SK - I - - S»* 

3/ = 1 - Sxz 

5**- * » - S<1 - V 

these into 13 we obtain: 

_1_ _ t * Sy1 + S** SA Sy 5< 5) 
V* ^ X <Sy £■» 

■Sy S* J. - S*1 + Sy1 Sy S3 
V* Sy <s* 

SB_S* S» Sy J. - 5** 3 Sy1 

<SJT tfy ►* 

Interchange rows and columns: 

JL - sli±£* 1 S> S< 
v S* 

SxSy 

s«iî 
«6 « 

$J_£? J. 

S»Sy 

S 9 Sy 
*Y 

svVsy* 

(14) 

(15) 

Now multiply the first row by e , the second by e 
X 

third by z^, and we get: 

and the 
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- (SY* + 5a*J 5* Sy Si S> 

SK Sy <x- - £S*24Sa*J Sy S* 
V1- 7 

Sx S* Sy*» £L -£s,l + S>*) 

(16) 

Recall that k = S, so multiplying every element in the 
C 2 2 

determinant by ~ we obtain: 

kyk» lulu 
v* c* v ' 

M* <*£**., (fex*+k*J M* 

feu lu 

v** e» 

<'£*•*- CWS V) 

(17) 

But we know that e = 1 + X-M X X X 

Sy 1 + X22 

ez “ 1 + X33 

2 2 and r is the length of the vector in x, y, z space and n 

is in refractive index space, so we may rewrite Equation 

17 as : 

+ x0 ^ fe* by k> 

k*ky 0 + ^*0jr\-Ck<*4kyt) ky If* 

ki ky M, Ci +x*)gf-aMY
t) 

(18) 
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Equation 18 is just Equation 13 in Chapter II-A. So we 

have demonstrated the equivalence of the index ellipsoid 

and the wave vector surface in obtaining the allowed polar¬ 

izations and phase velocities of an E-M wave propagating in 

an anisotropic crystal. 
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B. Derivation of the electrooptic tensor (r^.) from the 

relative dielectric constant tensor. 

We will accept that the polarization of an anisotropic 

crystal is expressible as: 

^ = é6 (DC™ E + Xa> i i + EÊi + -- ) 

The X's are called the susceptibility tensors. 

A more convenient starting point to derive the electro¬ 

optic tensor is to start from the relative dielectric tensor 

defined as: 

1 + -X t j + 

where 1 is a diagonal tensor (or 0^), the E superscript 

indicates that this is with an electric field influence. 

So in component form it looks like: 

*«■ s . + xf + *2 E:o> • r *ui. tj 4* 3M»3 £5 

3 xS v «.sr , v(*> s«a .*«) p<eü 
f Ajli Ea. + AiiJ Ej 

3 Viî + X?J, c 
, -yW rW , V<*J c<°4 
+ 5C ij» ta, <f 5C i3i Ej 

6^, xfï. + y!« + 3C au ta f 3 2|1 Cj 

m 1 + ^ i* + J&. EV + A. Ei* A *. Ejf 

m V' **3 4- Vail 4-^aii Ea* + Viü Ei* 

■z V» All + V31 » £ ï“ 1-^iu E? + eîf» 

- ^ 31 + 5(3*1 £ * x'Sii £/“■' 

*33 • i + Æ + ^ fi r t ^u*E?,+ x%i er 
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E 
The e.. must still be a symmetric tensor, therefore we have 

the following conditions. 

6 
£ 

Iî. 

6 
E 
13 

€** a 
E 

r^(») 
***»>. - Y& 

» xï, 

* x *»», 
fli 

«■ X ilj 

-TO 
X 14 ■» xV! 

<AiJt 

* 

tfU * 

It 

^
 *1 Xe’1 

■*11 

It «Î 

°x J» 
^ Uf 

-*cv 

-yO» 
x * 

vJtW 

Therefore there are only six independent terms of the 

and the notation can be contracted as follows: 

e E 
ij 
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S 6, 

é/ 

» £ * 

6Îz ■ «« * 
* 

«Î 

• £/%. 

So the tensor 

like: 

in 

6 

the 

* 
i 

presence of a D.C electric field looks 

®C 

* e 

Now in the absence of a field the e tensor looks like: 

6r 

6». C f 

6r ef 6, 
In principle we can transform this to a principal coordinate 

system yielding: 

e1 0 01 

0 e2 0 

, 0 0 e
3 

Where 

S1 1 + X11 

e2 = 1 + *22 

S3 1 + *33 
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Now the index ellipsoid (in a non-principal axis) can be 

described by the equation: 

X . 
3 

1 

where S.. are the elements of the inverse dielectric tensor 

(not the reciprocal of the elements of the dielectric tensor). 

So in the principal axis system it is: 

Let us find the inverse dielectric tensor in general in the 

presence of an electric field after the e tensor is diagonal¬ 

ized in the absence of an electric field. We define the 

inverse dielectric tensor as: 

such that 

We will do this explicitly step by step since we will have 

to make an approximation in the magnitude of the elements 

of the tensor as we solve for the inverse dielectric tensor. 

We start out with the dielectric tensor in the presence of a 

field: 
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Procedure I: Interchange rows and columns. This gives the 

same since is a symmetric tensor. 

Procedure II: Replace each term by its minor. 

I (££-****) - (A 6 - 

, * *r € * 
£r) \ 

\ (6c 6? - 6r éi) ~ Cétéf- £r€<b 
€ a * « 

C.6* 6t * 

Procedure III: Multiply each element of the tensor by +1 or 

-1 depending on whether the sum of their 

indices (row and column indices) is even or 

odd. Then divide each element by the deter¬ 

minant of the original dielectric tensor. 

Now we have to make an approximation of the size of the e 

E elements.The off-diagonal terms (elements) of the e , i.e. 

E2 
e4 ' S5 ' e6 ' are small* In general they are about 
/w —3 
- < 10 smaller than the diagonal terms. So the deter- 

E 
minant of the e tensor is approximately the product of the 

E E E 
diagonal elements only, viz. - e2 e3 ' We also ig- 

nore terms of order e.e. if the indices i and j are both 
i D J 

greater than 3 (i.e. 4,5,6). With these approximations we 

arrive at the inverse dielectric tensor: 
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(* *k‘\ 

-L\ - 
* J <j “ efef 

_JL 

6s 6f 
if / 

Now if we express this as an index ellipsoid in 

of an electric field we have: 

the presence 

T C 

It is obvious that in the absence and presence of an electric 

field we have the following constants (see Table I). 

Table I 

Without E Field With E Field 

1 1 
e, E 
1 ei 

1 i 

®2 e E 
®2 

1 1 
e_ E 
3 e3 

E 

0 
e4 
E E 

e2 63 
„ E 

0 
S5 
„ E E 
®1 e3 

e E 

0 
e6 
„ E E 
S1 S2 
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The changes in the (—) tensor elements can be interpreted £ 

as the changes in the index of refraction. Therefore: 

1 
I4X,V‘+A 6, * + *« 

r I*?** - 0+2?* ML 
C14 PC 4 AéJdl + tfO 0+ X» y 

By the same method we obtain the remaining diagonal terms: 

f JL. \* ~ à £*■ - 

For the off-diagonal terms we have: 

/-V ~\7- _ ^ f _ = A £ +  
( 6/ (/+Xii 4Ü+ *ii J+A éi") 

t// XuJ 

Remember that (~)^ = 0, since we were in the principal axis 

system before we apply the E field. By the same method we 

obtain the remaining off-diagonal terms: 

/'-M* s* 
' 041 ' S’ (/* (rttij) 

/-L- \*- ~ A €*-  
c/+x„)C/+xhï} 

But we know that Le . . is just ,,E, ^ so for the case of 
lj ljk j 

A _ S * s £ - vûjM«y r-Cty v«J r- (*) 
A £// *■ 6, - X/,, c, / £t y- -^//i «.* 
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and therefore the changes in the index of refraction we may 

write : 

/JL-Y - X n. E?* 4 ?ànX £a
OJ + >^,,3 ^ 

^ AH A “ (I + Y 

The expression above can be rewritten as: 

/J-V - % r(0> , V c«> , 
(^M )v " Vu E» 4- £4 

Where obviously we have defined the following: 

v„ ^ III 

O + rtXF 
V11. s Xuv r„ - x >ii 

Of*.)' 
The r^j are called the elements of the electrooptic tensor, 

By the same method we arrive at the remaining terms of the 

electrooptic tensor, viz. 

VS, m 

7\ A#.l 

Vii * 

(i+AuO* Û 

n,- V34 * VS3-- 

1 o+*s»y 
c1 +**v- 

V* 1 ^ j - X 3^* Vx/» — 
rtl 

CHT£)CH-XB 

rVi 

VVi 
- 505, 

Vj-r 

-S» 

- _ A JU 

V« * 1 71 

c * a+xbo+iti»') 

v&, 

- A A// 

CH*Î?)C/*AJ 

vu 

- XAJI  . 

K, * 

m 
0 +*ïv)* 

A -iJ3  

0+-&)('* 

- A Jt 
K 

CH-MCI+YU-) 

AO 

C'+YVO+K) 
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In tensor notation we can therefore relate the changes of 

the coefficients of the in the representation quadric 

for the index ellipsoid as: 

' V~*a. 

Vfc Vii 

A<*)' — Vi. V"» a. 
E* 

A C *»)* V*v» 

At*,)? Vr. Vr» Vs* 

. At j V*i V«3 - 
Es 
i 4 

Thus we have demonstrated the relation of the electrooptic 

tensor to the dielectric tensor in the presence of an 

electric field. 
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C. Etalon Theory 

Suppose we have two parallel reflecting surfaces which 

are separated a distance d. Let the amplitude reflection 

coefficient r and the amplitude transmission coefficient t 

be the same for both reflecting surfaces as shown in 

Figure VIII-I. 

Then if E is the amplitude of the incident beam, the ampli¬ 

tude of the successive transmitted beams are: 

2 2 2 
Et ; Et r : 

2 4 
Et r : Et2r6; 

Now the optical path difference between two successive trans¬ 

mitted waves is 2 d n cos 0, where n is the index of re¬ 

fraction between the two surfaces, and the phase difference 

is therefore: 

, 4TT 
0 = k 2d n cos© = -ÿ— n d cos© 
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The total transmitted amplitude of the incident beam is 

thus : 

ET - E-t* + E e 
t’ef B-t V** A c (25 -f «V<î ■+ 

The series can be replaced by an infinite sum and we obtain: 

£T - £-t* CVae ‘5‘ 3^ 
•H-o : 7^3 

2 
But the intensity is proportional to |E,J,| SO: 

x <* £“1*1* - T ici-v-*fi£®jr 
which can be rewritten as: 

1r A 
| I- y‘e I 

where: 

I « E2 o 

In general a phase change may be introduced upon relection, 

so we can express r as: 
iôr 

r = I r l e 2 

We can therefore rewrite the expression for IT as: 

XT * . 1 i-tr  . x»i*'*1 

U- OH tlVY ' ii- 

By defining the following quantities: 
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ôr + 0 = A 
2 

r = R (reflection coefficient) 

2 , . 
t = T (transmission coefficien 

we can rewrite the last expression in the form: 

gr~ T*     
s I - R<- 

t) 

To T*  
(, - RV ± 2R - 2R cos 4 

2 
and using the trigonometric identity cos A = 1-2 sin 

equation above we obtain: 

-j- _ ILoT1-  
T 0-^y* + ^ R 21VA 2* 

The last expression says that the maximum transmission occurs 

for: 

A _ 4TT nd cos8 ü “ X. 

where '*n = 1,2,3,  

A plot of such a transmission with respect to à is shown 

below. 

2 -WITT 2^/WI +|)TT 
A 

to
|t
> 
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The condition for maximum transmission can also be 

written as: 

_ _ m c  
m 2nd cos© 

where c = speed of light in vacuum 

fm = frequency of the light 

Or the difference between two successive frequencies 

of the light that are transmitted is: 

f , , - f =  ? jr = F.S.R. m+1 m 2 n 1 cos© 

F.S.R. stands for free spectral range. 

Now the resolving power of an étalon is clearly a 

function of the width of its transmission peak. Taking 

arbitrarily that the limiting resolution of an étalon is 

the separation A' between two frequencies at which the 

transmission of the étalon is down to half its maximum 

transmission we have the following relation: 

( i- R)*   = 
C I — R) 1 * -VK SIM1- Ai 2 

X 

Cl - FO* - “V R^Si*1 ài 
a 

e Ci-*)V-yR 
Z 

FOR ù[
 ~ O Sl-H A1 - A1 

T 2. •£ 

ûj = C\- K) 
2- 2.ŸK 

5 O 



146 

The bandwidth itself is obviously twice as large as A' and 

therefore the resolution is just: 

Av 2 (1-R) 

JR 
X 

F.S.R. 
2TT 

TT /R 
The quantity -^_R^ is called the finesse, usually given the 

symbol F. The resolving power is defined as: 

R.P. = F.S.R. = 0 2nd cos© )/F 

The resolving power is a unitless quantity. 


