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ABSTRACT 

THE PHOTOREFRACTIVE EFFECT IN 

LITHIUM TANTALATE AND IRRADIATED LITHIUM NIOBATE 

by 

James Michael Spinhirne 

Holographic techniques were used to study the photo- 

refractive effect in y or electron irradiated LiNb03 and 
in two LiTa03 crystals containing different impurity 

concentrations. Volume phase holograms were written in 

the crystals with two intersecting laser beams and were 

erased either thermally or optically by exposure to a 

single laser beam. Changes in the writing response of the 

crystals after optical erasure were measured. Optical 

absorption spectra and E.P.R. spectra were taken in an 

attempt to identify defects in the crystals and to measure 

any changes in the crystals caused by irradiation or by 

exposure to laser light. 
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I. INTRODUCTION 

A crystal is said to be electrooptic if an electric 

field applied to the crystal produces changes in its indices 

of refraction. If the change in refractive index is linear 

in the applied field then the crystal is linearly electro¬ 

optic. All materials used in this thesis research are 

linearly electrooptic. 

For some electrooptic crystals, exposure to light 

can produce changes in the indices of refraction. This 

phenomenon is known as the photorefractive effect. The 

photorefractive effect can be explained in terms of photo- 

ionizable sources of charge within the crystal. Once 

ionization has occurred, the free charges can move within 

the crystal before they are trapped. Motion of the free 

charges can be caused by an internal electric field (drift) 

or by a diffusion process which will occur if there is a 

non-uniform concentration of free charges as will result if 

the crystal is exposed to non-uniform illumination. If the 

motion of the ionized charges is such that, after the 

charges have been trapped, the charge concentration within 

the crystal is no longer uniform then there will be an 

electric field produced within the crystal. This electric 

field will modify the refractive indices of the crystal 
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through the electrooptic effect. 

The refractive index changes produced by the photo- 

refractive effect can be removed or erased either by 

exposing the crystal to uniform illumination or by raising 

the temperature of the crystal until relaxation of the 

space charge field occurs. 

Laser induced refractive index inhomogeneities were 

observed in LiNbC>3 and in LiTa(>3 by A. Ashkin and his 

collaborators^- at Bell Laboratories in 1966. These 

inhomogeneities could be produced over the diameter of the 

light beam by visible and ultra-violet light, but light of 

wavelength 1.06 microns and longer did not produce damage. 

The Bell Laboratories group also noted that in some LiTaC>3 

crystals the production of optical damage varied considerably 

over the volume of the crystal and in other LiTa03 crystals 

no damage could be produced. Variations in impurity 

content of the crystals was suggested as the cause of the 

variations in sensitivity to optical damage. The temperature 

required for relaxation of the damage was '~200°C for both 

LiNbC>3 and LiTa03. 

F. S. Chen^, studying potassium tantalate niobate 

(KTN), observed optical damage similar to that observed by 

Ashkin, et. al. Using a small diameter low power laser beam 
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Chen measured the change in refractive index by measuring 

the birefringence caused by the optical damage. For KTN 

the maximum change in refractive index was about 10"^. 

Both Ashkin, et. al. and Chen explained the optical 

damage in terms of index changes produced by the photo- 

refractive effect. 

Optical damage was first studied because index 

inhomogeneities adversly effect the use of a crystal as 

a light modulator or a second harmonic generator. It was 

soon realized however that optical damage could serve 

a useful purpose. 

Chen, LaMacchia, and Fraser^ reported the use of a 

LiNb03 crystal as a medium for optical information storage 

in the form of volume phase holograms. The crystal was 

exposed to an interference pattern produced by two 

monochromatic plane waves intersecting within the crystal. 

This spatial modulation of the light intensity produced, 

through the photorefractive effect, a corresponding 

modulation of the index of refraction. Light can be 

diffracted from the index modulations and the fraction 

of the incident light that is diffracted gives a measure 

of the magnitude of the change in refractive index. 

4 5 Amodei, Staebler, and Phillips * at R.C.A. Laboratories 
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reported a more detailed analysis of the photorefractive 

effect in LiNbC^. The method of study was similar to the 

holographic method used by Chen, LaMacchia, and Fraser. 

Dopants of Fe, Mn, and Cu in LiNbC^ were found to increase 

the sensitivity of the crystal to optical damage, 

irradiation of a pure crystal also increased the 

sensitivity. 

The photorefractive effect in electrooptic crystals 

promises to be of importance because of its potential for 

high density (10^^ to 10^ bits/cm^) and low cost infor¬ 

mation storage in the form of volume phase holograms. At 

the present time this method of information storage is 

not practical because the energy required to produce 

holograms is too great. Through study of less sensitive 

crystals and understanding the processes involved in the 

production of holograms in electrooptic crystals it is 

hoped that eventually the problem of crystal insensitivity 

can be solved. 

This thesis investigates the photorefractive effect 

in electron and y irradiated LiNbC>3 and in two crystals of 

LiTaC>3, one containing more impurities than the other. 

Holographic techniques were used to measure the index 

changes. A He-Ne laser was used to continuously monitor 
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the production of the hologram by an argon ion laser. 

Polarized optical absorption spectra of each crystal were 

obtained. An existing 9 GHz spectrometer was used to 

obtain E.P.R. spectra from the LiTaC>3 crystal containing 

the larger concentration of impurities in an attempt to 

identify the impurities. 
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II. THEORY 

A. Wave Propagation in crystals. 

Maxwell's equations (in MKS units) 

7XH = J + 

V x Ë = - it B 

V* D = / 

V • B = 0 

where D = £,E + P 

B = y^(H + M) 

are used to describe wave propagation in crystals. Crystals 

of general interest are approximately electrically neutral 

(p = 0). non-magnetic (M = 0), and have a sufficiently 

high resistivity so that the current density is negligible 

(J - 0). 

In general the polarization P is related to the electric 

field by p = 9C(E)E where %. is a second rank tensor and 

can be a function of E. If P is expanded in a power series 

the expression for p becomes 

P = foC^°Ê + ^ÉÊ + 2?ËËÉ +  ) 

where is a tensor of rank i+1. 

Using the simplifications M = J = 0, /> = 0 and 

retaining only the first term in the expansion of p, 

Maxwell's equations become 
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V X H = ti D (1) 

V*E = - & B (2) 

^*D = 0 

—* -j. 

(3) 

7*B = 0 (4) 

where D = £0(1 + ^ÎE = £0 £E 

and B = JA.0 H 

^ is the relative dielectric tensor. 

Assuming a plane monochromatic wave solution of 

Maxwell's equations which has an angular frequency u? 

and propagates in the s direction with a propagation 

constant = ^777 (where A *,> is the wavelength in air) 

we have 

(E(t) D(t), H(t), B(t) ) = 

( Ê, D, 8, B 
(5) 

where s*s = 1 

Equations 1 and 2 become 

-if sxH = i»D 

-if SXE = -iwB = -iu^H 

Operating on equation 7 by i^s* gives 

s x (s x E) = -itaj/e(x f sxH) 

= - 

Therefore 

(6) 

(7) 

D =£,£! = (8) 
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The dielectric tensor j£ is symmetric and can there¬ 

fore be made diagonal by a proper choice of coordinates 

called the principal axes coordinate system. In a principal 

axes system c1£ 

o 

\ 0 

7 
o 

(9) 

where , £y , and are the principal dielectric constants 

and y, and 'z are the principal dielectric axes. 

Using equation 9, equation 8 can be written in matrix 

form as 

“ 
5y - 4 S'x Sy S,5? | 

Sy §X- - C* $y Sg h 

L s* Sx Sg Sy 1 \ c
n
 

** 

Equation 10 can have a non-trivial solution only if 

the determinant of the coefficient matrix is zero. The 

determinantal equation can be written as 

^ “ Me* <4 *■ sy) * h ( sl) + ty 7 (Sy * 

+ n*- [ (f-jc, Sy +■ £g Sg J — & 
One of the solutions of this equation is ^5 = 0 which 

reduces equation 10 to the form 

(11) 
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r_ S* 5% Sy Sx $2 

Sy Syc 

1 1 * 
^ 

$y $£ 

$2 5* 5Z $y 

which has the solution 

£* 
= f 

£* 
Zy 

Eii 

Sx 

Sy 

§2 

= o (12) 

Since "fr = 0 is not a physically acceptable solution 

assuming a plane wave of the form of equation 5 we obtain 

the result that a plane wave propagating in the s direction 

cannot have its electric field in the s direction. 

Factoring the root -/J* = 0 form equation 11 we obtain 

~ 7>*[.€t£y ( $£ + Sy) * £7. Eg Eg ( ">y 

+/>* si * €y 5/ + Eg si] = O (13) 

Equation 13 is quadratic in j/and consequently has only 
two roots. There are therefore two values of n ( and two 

possible associated directions of E) which are physically 

admissible and will satisfy equation 10. Neither possible 

direction of E is in the s direction. 

Equation 8 requires D and § to be orthogonal. From 

equations 6 and 7 we obtain the facts that H (and B) are 

perpendicular to E, D, and s. Therefore Ê, D, and s must 

be coplaner and H, D, and s are mutually orthogonal. 

The direction of energy flow is along the poynting 

vector = Ë x H which is perpendicular to E and is in the 
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D-s plane as shown in Fig. II-l. 

The energy density for a non-magnetic medium is 

proportional to E»D. For a given energy density in a 

principal axes system 

&Ê-D = it- _ 
6,aO (14) 

where C is a constant. 

D~x Py 0^ 
Letting x , and z = 

implies 2^- j. , Jüt. — f (15) 
e-,. + ey * £i ~ J 

Equation 15 describes an ellipsoid, called the 

index ellipsoid, whose semiaxes are in the directions of 

the principal dielectric axes and whose lengths equal the 

square roots of the principal dielectric constants. 

The index ellipsoid can be used to determine the 

allowed modes of wave propagation which are specified by 

equation 8. For a propagation direction s, a plane normal 

to s is drawn through the origin of the ellipsoid. The 

intersection of the plane with the ellipsoid is an ellipse 

whose semiaxes correspond in direction to the two possible 

polarizations of D and in magnitude to the indices of 

refraction of these two polarizations. 

The semiaxes of the ellipse can be found by finding 

the extrema of F = x2 + y2 + z2 subject to the restrictions 
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Fig. II-l. Directions of the wave normal, 

field vectors, and the energy flow in an 

anisotropic medium. 
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that the point (x,y,z) lie in the plane normal to s 

(S^x + SyY + ~ 0) and that it also is on the index 

to equation 8, thus the two values of D given by the 

semiaxes of the ellipse in the index ellipsoid method are 

the same as those required by equation 8. Although 

proof of the validity of the index ellipsoid method is not 

simple, the results do not seem unreasonable. It was seen 

(from equation 13) that there are only two allowed 

directions of D for any propagation direction. It seems 

reasonable that these two directions should be associated 

with the two singular points of the ellipse. One more 

important feature is also shown by the index ellipsoid 

solution and that is, because the semiaxes of an ellipse 

are orthogonal, the two allowed polarizations of D are 

ellipsoid ( = l). The equation determining 

the semiaxes of the ellipse can be shown** to be equivalent 

orthogonal. 
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B. The Electrooptic Effect. 

If a static electric field E(0) is applied to the 

crystal in addition to the electric field E(u>) of the 

electromagnetic wave propagating through the crystal, then 

P - 6e, ( (o) B(°) + * 2Çco; Ojo') Ë(o) 

Ê(t») Ê(UJ) + Ujr yjj f(u>j £(*) + X (oi; o, UJ) PC'») 

The 2^V»)E(0) term and the <?,«>) Ê (0)E(0) term produce 

only a static polarization which can be neglected because 

it does not change the properties of wave propagation. The 

E(u>)Ê(u>) term and the E(^)E(w) term 

are responsible for second harmonic generation and optical 

rectification respectively and are not of importance to 

this thesis work. The term of interest, in addition to 

E (*>) , is E(0)E(M>) which produces the 

linear electrooptic effect and can be considered as a 

modification of the dielectric tensor produced by a static 

applied field. 

£ = a + xVi, ) —> £ = i + AJ de) 

where = X füj «»> ë (0) 

The usual measures of the electrooptic response of 

a crystal are the electrooptic coefficients r^j^ where 



14 

3 

ABij = JE" rijkEk(0) (17) 
h-t 

Bj_j is defined as t0 jfjÿ . Using the relation D = S0 £. E 

we can obatin the equation E = (f^jD (18) 

where £'‘ is the inverse of the relative dielectric tensor 

£ . Equation IB can be written in component form as 

which gives the result that 

Bi j = TDJ ~ (L
1
) ij 

Thus A B£ j is the change in the ij-tk component of { Ç?1 ) 

which results from the application of an electric field. 

In a principal axes system and assuming 

Atr'Jij = ABij < < § 
the change &£ in the relative dielectric tensor jf can 

be approximated as follows. 

Let + AS be the relative dielectric tensor 

after application of the electric field and ( £' = éfV AU?) 

be its inverse. Since 

( £' r' £' =i 

—* [£,+ MJ.")] [I +41] =1 

—*C'L*C4/ + >?f -1 
—- S'4/ = - 

—*4f- 
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Using the definition A( £~h i-i = AB.:-; we have 
A«v. 

A J 

<41 >ij = -^Bij £if; 

which implies 

( )ij = “jjE rijk^k (0) £e” £7' 

From equation 16 we have the relationship 

= "X- (to'j Oj tf) E (0) 

) i j = ( "X. ( ijkBk (0) 

(19) 

thus the relationship 

"rijk ~ u>) ) ijk 

relates the electrooptic coefficients r^j^ to the elements 

( ^(IO] <?j J ) ijk t*ie susceptibility tensor. 
3 

In actual usage AB^j = ^ rijkEk(®) is written 

ABj = ^ r/j^E^tO) where (ij ) refers to the six 

reduced combinations 1 = (11), 2 = (22), 3 = (33), 

4 es (2 3), 5 = (13), and 6 = (1 2) . This notation is 

pôssible because of the symmetry properties of the 

dielectric tensor, namely that AB^j = ABj^ . This 

relation can be derived from the equation 

E»D = constant 

which, in component form, and using the fact that 

( £ + AB) D = Ê we obtain 

^ Di £( C^ij + ^BijJDj = constant 

interchanging i and j and using the fact that j£ 1 is 
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diagonal we also have 

+ ABji]Di = estant 

Subtracting the two equations gives 
3 
5 ( dBi:j - aBii)DiDj = 0 

which is true for all Dj/s and therefore AB^j = ^Bj^ 

To determine the effect of an applied field on wave 

propagation in the crystal recall that the index ellipsoid 

was derived from the equation 

È* D = <?,C 

This can be written 

( £“'D)*D = e*c 

which, in a principal axes system reduces to equation 14. 

If j? is diagonal and ( equation 14 

becomes j\ £ ' + A B)D7* D = <f. C 

and the index ellipsoid is modified to become 

x2(-^r + AB]^) + y2(-^ + ^B22) + + ^33) 

+ 2xy AB12 + 2xy AB23 + 2xz ^B^3 = 0 (20) 

Equation 20 describes an ellipsoid whose semiaxes 

are, in general, changed in both direction and length from 

the original index ellipsoid. Choosing a new coordinate 

system in which the new dielectric tensor is diagonal 

reduces equation 20 to the same form as equation 14. The 

allowed modes of wave propagation can then be determined 

as before. 
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For LiNb03 and LiTa03 the electrooptic tensor in the 

contracted form is given by 

(rflc) = 

0 "r22 r13 

0 r22 r13 

0 0 r33 

0 r51 0 

r51 0 0 

r22 0 0 

(21) 

The form of the matrix has been simplified by showing 

explicitly the symmetry of (r^) required by the symmetry 

of the crystal. 

For an applied field E(0) = E(0)â equation 21 

gives = AB2 = r^EfO) = (10X10”^ m/volt)E(0) 

-12 (22) 

and AB3 = r33E (0) = (32x10 m/volt)E(0) 

where the numerical values are those for LiNb03. The 

values of r^ for LiTa03 are approximately the same as 

those for LiNb03. 

Since the new dielectric tensor J£
/ is still diagonal, 

equation 19 can be used to determine the new dielectric 

constants. 

f-x — = £■% ~ £1 A 

^ - tj. A B3 

where = £« 

(23) 
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The quantity of direct interest for wave propagation 

is the refractive index which is related to the dielectric 

constant by n2 = £ 

For small changes in dielectric constant we have 

2n An = A£ (24) 

The change in the three principal refractive indices is 

therefore given by equations 23 and 24. 

Anx = Any = Af?/(2nx) = - f * AB1/(2nx) 

= -1/2 n^r13E(0) 

and similarly 

nz = -1/2 n|r33E(0) 

For light propagating along the x axis the two 

allowed polarizations are D//y and D//z. An applied static 

field E(0)â of 10^ volts/m will produce changes in the 

refractive index of 

An = -0.6x10“^ for (E, î>) // y 

and An = -1.7x10”^ for (E, 5) JJ z 

These calculations have been made using nx = ny = 2.3 and 

nz = 2.2 and are approximately correct for both LiNbC>3 and 

LiTa03 for light in the visible range. 
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C. Volume Phase Holograms. 

Assume the relative dielectric constant of a LitfbC^ 

or LiTa03 crystal for some fixed polarization is a scalar 

of the form 

where £(o) and K is along the crystal c axis (denoted 

as the z axis). $ is a phase factor measured with respect 

to some reference point. Equation 25 describes a plane 

wave volume phase hologram with no slant <$.(/ z) and which, 

in general, is in a lossy material (v ^ 0, where V" is an 

effective conductivity used to describe light absorption 

by the crystal and is not related to the resistivity of 

the crystal). 

Assuming all waves in the crystal will be required to 

propagate in the x-z plane with the electric field polarized 

along the y axis the solution of the wave equation 

where £; and _£ are the conductivity and the relative 

dielectric tensors, becomes 

£ - £(o) + £f cos (K* r + $) (25) 

(26) 

V*a(x,z) - iu^ra(x,z) + i a(x,z) =0 (27) 

for a monochromatic wave of the form 

E(x,z,t) = ÿ a(x,z)e*“'t 

assuming the y direction lies along one of the principal 
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axes of both and £ , and where tr and £ are the effective 

conductivity and relative dielectric constant for E 

polarized along the y direction. The solution of equation 

27 is assumed to be independent of the y coordinate because 

of the symmetry of 

£ = tlo) + £, cos (K- r + S ) 

and the wave propagation directions (which lie in the x-z 

plane) with respect to the y axis. 

Equation 27 can be rewritten as 

\7^(x,z) +[tvt//0 £o(C(o)+ + S ) ) -iu^4,irja(x,z)=0 

Defining = uSÿ//, £„ = to/ c = 2«r/A<f,> 

and q2 = - iu^* r + C, cos (K* r + $ )J 

equation 27 now becomes 

V*a(x,z) + q2 a(x,z) =0 (28) 

using the definitions 

/ =JIYM 
to M, cr 

* = <29> 

£ 
and W = y^Ji 

q2 =/[/ - 2i + 2u(ei(K*r + S ) + e“i(K*f + S )) 

To obtain a feel for the constants ft and »< note 

that if w = 0 then equation 28 has a solution 

a (x,z) = A e~/*x 

where y„ = i(/3* - 2i^ 
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For ot-Z/é 1 (which is the case for all crystal used) 

y0 can be approximated as = iy# +<A 

and thus a(x,z) e~ 
p£'x 

Therefore ft is the propagation constant of the wave and 

c< is the absorption constant. The constant W is called 

the coupling constant and is a measure of the strength of 

the volume phase hologram. 

Assume there are two waves propagating in the crystal 

whose propagation vectors jO and <r lie in the x-z plane 

 », 

as hhown in Fig. II-2. /> and (T satisfy the relationship 

cr = /0 - K where /> - I/Ô ! = $ is the propagation 

constant. The assumptions require the solution of equation 

28 to have the form 

a(x,z) = R(x)e^^ + (30) 

where y0-r = y4*x + z 

and (f~ • r = x + f^z 

Substituting equation 30 into equation 28 gives the equation 

* R(x) - R'M + (/3*~ */$) ftl'*) 

ésè/lH) ? 

+• St%) -h 5 (-X) — $.À. (Ty S'/x) *■ (fl*- Î** ) 5/TC) 

flvi/Ah) V- 2u/evSSt%) e**'*]ëJ*'Ÿ =■ 0 

(31) 
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Fig. II-2. Geometry for a transmission hologram 

with no slant. 
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where some terms have been simplified by using jp = p - K. 

Setting terms with equal exponential factors ( 
r 

-i <r-f or e ) equal to zero, one obtains 

—/Û^RH) f R'^-x) - /?7x> ï (fi1- ÎÀ */) RM 

+ 2*/ é^SM + twjt e*sRM eJi*'r = O 
(32) 

- r*5h) + SV-x) - iÂ <r% S7r) U SM 
+ X u/ e^Rh) + X \\j9 eJ* $(x) eÀ*’r — O 

the terms Rfxje”*^*2 and 2vt/£e
>*^S (x) e^ are now 

neglected, physically this can be justified by noting 

that the term (which is equal to e"'*^2 ) introduces 

a rapidly varying phase factor for the portion of the wave 

in which it appears. This rapid variation in phase factor 

causes what can be regarded as random interference in the 

waves originating at different points in the hologram, and 

thus the net result is that there is no contribution from 

these terms. Mathematically the same result can be obtained 

by averaging equations 32 over z which gives the equations 

t RMht.) - 2 JRfy.) f 2 \AjS $(*) — o 
(33) 

5V») - } J <r% 57*) + (ft*- o-*) 5/-x) $M +3*/ ejSRM - o 

For the special case $> = (Fig. II-2), then 

J^J = } r} = and ft sin &0 - K/2. Using K = 2n/d, 

where d is the spacing between points of equal phase in 

the relative dielectric constant, and using 
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1 n v>t°) 
À ai r 

where n(0) is the average index of refraction of the 

crystal, gives the result 

2d sin 90 = (34) 0 n/o) 

which is Braggs Law. The effects of the hologram will be 

shown to be maximized when Bragg's Law is satisfied. 

For near Bragg incidence ( û = ûff) the quantity 

- <rl = Jb%
 - (/ - K)2 

= 2/> K sinê - K2 

can be approximated by letting 

e = e0 + A & 

sin 0 = sin + A0cos 0O 

— K/(2) + Aôcos Ê>* 

ft* - = 2^K(K/<(2 ft ) + Ù0COS 9o ) - K2 

= 2/0 K ÙÔCO& 90 

= 2^2 sin &0 A9 cos &c 

= 2 sin (2 &0)A9 

Defining P = j$A&sin 2&a 

so that - (Ti = 2j& P 

equations 33 now become 

Cft R ' (x) + ei. R (x) = -iue"J,S S (x) 

£5S'(X) + ( et. + if)S(x) = -iiAe^R(x) 
(35) 
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where Cjj = - cos & 

and CQ = <r?//3 

and where the R"(x) and S"(x) terms have been neglected. 

This approximation will be justified later. 

Assume solutions of equations 35 of the form 

R(x) = R eft* and S(x) = S eftx 

This gives the equations 

(CfiY + cA )R = -iv\ S 

and + ( cA + iP))S = -iMe^R 

which in matrix form gives 

ÙR Ï + ** -i V* e* ^ R 

-iUe;( Ciy+ ( eL + i D S 

which has a nontrivial solution only if 

c/? cs + «*• + i P)] y 
+ cA ( cA. + if1) + — 0 

the roots of equation 36 are 

Hi ’ -41 £- c* 
£- ïulŸ* 9 CH J 

(36) 

(37) 

Thus equations 35 have solutions 

R(x) = R^ eft* + R2 eft** 
(38) 

and S (x) = eft* + S2 eft
1* 

The values of Rj_, R2, Sj, and S2 will be determined by 

the boundary conditions. 
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The limits of the validity of the approximations made 

in equations 35 can now he obtained. From equations 33 the 

magnitudes of the R”(x) and R1(x) terms are 

R" (xj^v.^eï'* 

R1 (x) cos 0 eY* 

Thus for Q <90°, which holds for the configuration used 

in this thesis, the approximation is valid if > 

(which is true near Bragg incidence, i.e. P is small), 

and for the case when 1 /<*. >> A (the skin depth is much 

longer than the wavelength) and <<( <?/o) (the modulation 

of the relative dielectric constant is much smaller than 

the average relative dielectric constant). 
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the result Ri + R2 “ 1 and S1 + = 0* 

The boundary conditions R(0) = 1 and S(0) = 0 

correspond to a single beam incident on the hologram at 

near Bragg conditions. In this case equation 38 gives 

(39) 

Substitution into equations 35 requires 

Yl R1 + R2^ + <^ = 0 

£$< ï> S1 + ÏXS2) = 
Equations 39 and 40 have solutions 

(40) 

_ +At * ït 1
 y* - r» 

f ïi 2
 y» - r* 

1
 y>) 2

 wp-rù 
For exact Bragg incidence ( P = 0), the quantity 

which is measured experimentally is the diffraction 

efficiency ( ^ ) and is defined 

„ = S (T) S* (T)  
" S (T) S* (T) + R (T) R*(T) 

For P = 0; Q = (which means that />x= <rand there¬ 

fore C% = = cos ) 

* 4 U _ 

(41) 

Y'.i = Z. 1* 
cos&, ~ ~ cos 

For these conditions Ri = R2 = 1/2 

and Si = -S2 = -1/2 (e-4^) 
(42) 
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Therefore 

f - 
5/ n 

WT . 

to 500 

. 2 U T = ei n4*—    

C06 0* If " sln (43) 

An important property of defined as the diffracted 

power divided by the total transmitted power is that effects 

due to the uniform absorption of the crystal have been 

removed. 

Recall that u was defined by 

. J,  
« ” y* t vnz> 

~ ^ £/ 
2 Aff.v 1/£(o) 

where the relative dielectric constant C =£(<>)+£tcos(K«r+$). 

The index of refraction (n) is defined as 

~ ( €{o) + €, cos 

In all cases applicable to this thesis £t < < £{o) and 

therefore n can be approximated as 

£ 
n = Vefo) + '/i y==~ cos(K*f + s ) 

= n(0) + Z\n cos(K-r + $) 

where ni (0) is the average refractive index and An is the 

amplitude of the refractive index modulation. 
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The expression 43 can now be written in the more 

familiar form 

. o AH jr.T 
X - s-2*—Ï55. (44) 

Equation 44 is for exact Bragg incidence. For off 

Bragg incidence the expression 41 for ^ has a much more 

complicated form. A plot of ^ vs. the off Bragg parameter 

éj = A<9(2 n(0) /\a;r )T sin Q0 

is given by Fig. II-3. 

From Fig. II-3 it is seen that = 1/2 for the 

= 100% curve occurs at £ = 1.5. Therefore the full 

width at half power is = 3. 

?A A Z, II11 IVJ I X 

A - 
2m(0)Tsin& __ 

= 3 
air 

AOy = 
A 

yX~ IT $ Mo) s / w @o T 
on r 

Using the Bragg condition (equation 34) one has 

Xgj, 

2 H(O) <3in 

Thus we obtain the rule of thumb estimate 

-V. _ d 
~ T (45) 

where T is the thickness of the hologram and d = 2/r/IKf 

is the distance between planes of equal phase of the 

relative dielectric constant £ = £/<>) + £;cos(K*r +S). 



Fig.n-3. Relative diffraction efficiency 

of a lossless slant free transmission 

hologram vs. the off Bragg parameter . _ 
„ TTAHT __ 
$ = A&2rrn(o) (T/Aa/y )sin0© where \? ~ cos Go 

(From Collier, Burckhardt, and Lin^) . 
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An important property of the hologram is that it can 

cause coupling between two incident waves. For the experi¬ 

mental configuration used, two equal power beams (called 

the write beams) separated by an angle 2& are incident 

on the crystal with their bisector along the x direction 

( as in Fig. II-2). These two beams produce an interference 

pattern within the crystal. As will be shown in the next 

section, if the two waves are described by the functions 

e-/'r and e“xflr'|r the interference pattern will be of the 

form cos ( ^ - <r ) * r = cos K-r . The intensity modulation 

can produce a change in the dielectric constant of the 

crystal through the photorefractive effect. This change 

will be periodic with the same period as the intensity 

modulation but will not necessarily have the same phase 

( i.e. (f = £(o) + f/COsfK'f +5) ). Since any changes 

in the write beams can produce changes in the process of 

formation of the hologram, the effects of the hologram on 

the write beams are important. Since the write beams form 

the hologram, they are necessarily incident at the Bragg 

angle. Thus the initial conditions are 

r = o , & = 

and R(0) = 1 and S (0) = 1 
(46) 
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Substituting equations 46 into equations 35 gives 

R' (x) + oCR(x) = -iUe^ S (x) 

:e <47> 
and ^JJS'(X) + ftS(x) = -iWe^’R(x) 

where ^, = - c* i -< Sj 

Again letting R(x) = R^eX1"* + R 2 R ^ X 

and S(x) = + S2e)T*0C 

and using equations 47 and the boundary conditions, one 

obtains R1 + R2 = 1 

S1 + s2 = 1 

CR(* 1J, + R2 YX > + = "iUe*iJ 

£/*<sl + s2 + = -itte4* 

which have solutions 

Rx = 1/2(1 - e~
y6) R2 = 1/2(1 + e

Jî ) 

Si = 1/2(1 - e'€) S2 = 1/2(1 + e
4'*) 

After the waves have propagated through the hologram 

R(T) = e'%? [cos -x e-*5 ô/* 

S (T) = e cos ^ - u e'* $/> 

which gives the power in the two waves upon leaving the 

hologram 

4nT 
R*(T)R(T) = é"clt ( 1 - sin $ sin —) 

i*T * vi T 
and S* (T) S (T) = e cR ( 1 + sin $ sin ) 

Expressing vt in terms of one obtains the ratio of the 
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powers of the two beams after leaving the hologram as 

For a hologram which gives 50% diffraction efficiency 

it is possible to have all the power in one wave transferred 

to the other wave by the hologram. The parameter & , which 

is the phase shift between the intensity maxima and the 

refractive index maxima in the crystal, will have an 

important influence on the actual production of a hologram 

in an electrooptic crystal. These effects will be discussed 

in greater detail in the next section. 

All previous derivations have assumed that the waves 

are polarized in the y direction. It can be shown ^ that 

for waves polarized in the x-z plane having a propagation 

direction normal to the direction of the electric field 

all previous equations are true provided the coupling 

constant H is reduced by the factor cos(^ + ^), which 

for Bragg incidence becomes cos2fi>,. If the crystal is 

anisotropic, the reduction of vt by cos(é> + ^) gives the 

correct result only if the polarization is along a 

principal axis of both and (as used in equation 26). 

For the experimental configuration used 00 = 3° and thus 

E lies near a principal axis of and . For LiNbC>3 and 

R* (T)R(T) 

S*(T)S (T) 
(48) 
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LiTa03 (and Oo= 3°) the values of the principal dielectric 

constants require the angle between Ê and D (D is normal 

to the propagation direction) to be less than 0.3° for 

LiNbC>3 and 0.02° for LiTaOg. Thus, for the experimental 

configuration used, the correction of H by the factor 

cos2#, will be a good approximation for incident light 

polarized in the x-z plane. 
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D. production of Volume Phase Holograms. 

Two monochromatic beams which are in phase and of 

equal power interfere within a crystal. The bisector of 

the two propagation directions is chosen to be perpendicular 

to the z axis, which is the crystal c axis, and the polar¬ 

ization is along the y axis. The waves can therefore be 

described by R(x,z) = Ae4/'* 

S (x,z) = Ae4 r * ? 

where the time dependence ( has been omitted. 

In the region of interference of the two beams the 

intensity of illumination is given by 

I = (R(x,z) + S(x,z) )(R*(x,z) + S*(x,z) ) 

= 2/A/2 (1 + cos( ^ - t )' r ) 

= 2 lAl2 (1 + cosK'r ) (49) 

yO - cr is replaced by K because the refractive index 

modulation produced by the interference pattern through 

the photorefractive effect will be of the same spatial 

frequency as the intensity modulation. 

If there are photoionizable sources of charge in the 

crystal, the probability for ionization will be higher in 

the regions of intense illumination (K-r = 2nfT) than in 

the darker regions. For there to be any permanent changes 

in the crystal caused by these ionized charges, they must 
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move to a new location before they are trapped. There are 

two possible mechanisms for charge transport: diffusion and 

drift under the influence of an electric field. These two 

transport mechanisms lead to differences in the holograms 

produced. 

For pure diffusion transport there will be a variation 

in the free charge concentration which, through a diffusive 

process, will be brought toward a state where the free 

charge concentration is uniform. Trapping will occur, but 

the charge carriers trapped in the darker regions will not 

be readily reionized and there will be a build up of charge 

in the darker regions. Fig. II-4 shows the relative phases 

of the intensity (curve a) and the two possible charge 

concentrations (curve b) due to the two possible signs of 

the charge carriers. The variation in charge produces an 

electric field along the z axis which is proportional to 

the integral of the charge concentration. Thus the electric 

field is 90° out of phase with the charge concentration. 

A change in the refractive index is produced by the electric 

field through the linear electrooptic effect. Curve c 

shows the refractive index modulation. The two curves 

represent the two possible phases of the modulation due 

not only to the two possible signs of the charge carriers 



Fig. II-4. Relative phases of the intensity, charge 

concentration, and refractive index change for a 

pure diffusion transport process. 



38 

but also to the two possible signs of the electrooptic 

coefficient. The net result is a hologram which is *90° 

out of phase with the intensity modulation. This corresponds 

to the value of £ in equation 25 being *90°. 

Fig. II-5 shows the phase relationships between 

intensity, charge concentration, and refractive index 

modulation for a pure drift transport mechanism. The 

charge concentration is only 90° out of phase because of 

the details of the transport mechanism. It is assumed that 

the traps are dense enough to assure that the distance a 

free charge moves before it is trapped is much shorter than 

the hologram spacing d. For a positively charged carrier, 

the charges freed on the left hand side of an intensity 

peak will move toward the right, but will soon be trapped. 

The result is a build up of positive charge on the right 

hand side of the intensity peak. For a negatively charged 

carrier the effect of the reversal of drift direction is 

cancelled by the change of sign of the carrier so as to 

leave a charge concentration identical to that for a 

positive carrier. The final result is that the phase 

between the intensity peaks and the index peaks is 0° 

or ± 180° ( § = 0°, t180° ). 

The value for § can therefore range form -180° to 
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> 

Fig. II-5. Relative phases of the intensity, charge 

concentration, and refractive index change for a 

pure drift transport process. 
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+180° depending on the relative importance of the two 

transport mechanisms and the signs of the charge carriers 

and the electrooptic coefficient. 

For polarization of the incident waves R(x,z) and 

S(x,z) in the x-z plane the previous derivation must be 

modified by changing equation 49 to 

I = 2/A I2 (1 + m cos K»r ) (50) 

where m is called the modulation ratio and is equal to 

cos 2&e. The qualitative response of the crystal is the 

same as before. 

As shown in the previous figures the exposure of the 

crystal results in a sinusoidal electric field in the z 

direction (along the crystal c axis). The electrooptic 

coefficients of LiNbC>3 and LiTaC>3 for an electric field 

along the c axis are larger for light polarized parallel 

to the c axis. Therefore the hologram will be stronger 

for light polarized E//c. For example, if is small, 

a hologram which has a 70% diffraction efficiency for 

light polarized Ê )J c will have a diffraction efficiency 

of only 10% for light polarized Elc. 

In the previous discussions on the formation of phase 

holograms the assumption was made that the amplitudes of 

the two waves which produce the hologram (denoted as the 
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write beams) are unchanged as the waves propagate through 

the crystal. This assumption is not valid. 

If the crystal is absorbing then the amplitudes of the 

write beams will decrease exponentially as the beams pro¬ 

pagate through the crystal. The change in refractive index 

is proportional to the exposure of the crystal and will be 

decreasing exponentially through the crystal. The diffrac¬ 

tion efficiency given by equation 44 will be modified to 

where the average refractive index modulation An is defined 

where ^nis the refractive index change for no absorption, 

and c< is the absorption constant defined earlier (equation 

29) . By using equation 51 the response of the crystal can 

be corrected to what it would have been if the crystal 

were non-absorbing. For proof of equation 51 see the 

Appendix. 

(51) 

which for an absorbing crystal becomes 

/ -.4*1 \ ( l - e e*'0a ) 

Another source of changes in the amplitudes of the 

write beams is the coupling of power from one beam to the 

other caused by the hologram as it is being formed. This 
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effect is not easy to compensate for because the properties 

of the crystal which cause the beam coupling, namely the 

phase shift Ç inherent in the charge transport process, 

cannot be measured independently. 

O 
In a recent paper by Ninomiya , numerical computations 

of the effects of beam coupling were reported. It was 

assumed that the value of An in any region of the crystal 

was proportional to the time integral of the illumination 

of that region where the intensity of illumination at any 

time included effects due to the build up of the hologram 

A 

over all prior times. Fig. II-6 shows values of An , /R/ , 

and Is} in the crystal as the hologram is being written. 

/R/2, /S/^, An , and the time parameter have arbitrary 

units. The phase shift parameter $ is 90° and the 

crystal is non-absorbing. The important thing to notice 

is that, even for small diffraction efficiencies ( = 20%), 

beam coupling produces considerable imbalance in the write 

beams which means the intensity of illumination is 

I = I (1 + m cos K*r ) 

where m < 1 

instead of I = I (1 + cos K* r ) 

which is the case for no coupling and polarization E^/y. 

The smaller the modulation ratio m, the smaller the changes 
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r 

Fig. II-6. Effects of write beam coupling on the 

formation of volume phase holograms. 
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in refractive index. Thus after longer exposures the holo¬ 

gram becomes stronger in the front part of the crystal 

but is weak on the back part of the crystal. Also the 

maximum diffraction efficiency is now only 80% instead 

of 100%. For other values of è , the effects of beam 

coupling are.less severe. Fig. II-7 shows the writing 

characteristics of holograms for various values of the 

phase Ishift parameter $ . 

To make the production of the hologram as efficient 

as possible, one should choose the polarization of the write 

beams to be perpendicular to the c axis. For this config¬ 

uration, the modulation ratio can be made equal to unity 

and the effects of beam coupling are less severe (assuming 

£ ^ 0) because the hologram is weaker j£or polarization 

ÊJ.C. To maximize the diffraction efficiency the light 

used to monitor the hologram should be polarized ’È Jf c. 
This suggests that the best experimental configuration 

would be for the illumination which is producing the 

hologram to be polarized Elc and the light which is used 

to monitor the build up of the hologram to be polarized E^c. 
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Fig. II-7. Theoretical write curves for various 

values of the phase shift parameter £ . 
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III. EXPERIMENTAL METHODS 

A. Sample preparation. 

Crystals of LiNbC^ and LiTaC>3 were obtained form 

Crystal Technology, Inc. and from Union Carbide Corp. In 

some cases the orientation of the crystal was unknown, in 

those cases two complementary methods of determining the 

axes of the crystal were used. 

It was found that the best way of determining the 

orientation of a crystal was to first find the c axis of 

the crystal. Since LiNbC>3 and LiTaC>3 are uniaxial crystals 

(i.e. one axis (the c axis) has a different index of 

refraction from the other two orthogonal axes) optical 

properties can be utilized to determine the c axis. The 

crystal was placed between two crossed polarizers which 

were positioned above a light èource. Unless the light 

incident on the crystal was polarized along one of the 

principal axes of the crystal, it would emerge from the 

crystal elliptically polarized and hence some of the light 

would pass through the second polarizer. Thus if the cry¬ 

stal was rotated about an axis parallel to the propagation 

direction of the light, variations in the intensity of the 

light transmitted through the top polarizer would occur 

and would have a 90° periodicity. The only exception was 
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when the axis of rotation was the c axis. In this case, 

since the refractive index was constant for light polarized 

in a plane normal to the c axis, no variation in the light 

intensity with rotation of the crystal would occur. It 

was possible to determine the direction of the c axis to 

within 10° using this method. 

After determining the approximate direction of the c 

axis, Laue pictures were taken along what was thought to be 

the c axis. These pictures were compared with the Laue 

pictures taken of a crystal that was oriented by the 

supplier and final adjustments were made in the orientation. 

Orientations to within 1° were possible using this method. 

Laue pictures taken for the three crystallographic axes 

are shown in Fig. III-l. The direction of the c axis 

(shown for the B face) was determined using the piezo¬ 

electric properties of the crystal. Upon compression 

along the c axis, the + C face becomes negatively charged 

with respect to the - C face^. 

The crystals were cut using a metal bonded diamond 

edged abrasive wheel. The wheel (purchased from the 

Norton Company) was 6 inches in diameter and 0.017 inches 

thick. During cutting the peripheral speed of the wheel 

was approximately 1000 feet/minute and the wheel and 
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Fig. III-l. Laue patterns along the three 

crystallographic axes of LiTaC>3. 
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Fig. III-l. (continued). 
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crystal were cooled and lubricated by a steady stream of 

water. The feed rate of the wheel was limited to about 

1 inch/hour to avoid warping of the thin metal wheel which 

could cause the cut to become rough and could result in 

cracking of the crystal because of excessive forces. 

For use as a holographic medium the crystal is 

required to have a flat, well polished surface. To obtain 

such a surface, various size grit abrasives imbedded in 

paper or mylar disks were used. These disks were placed 

on a rotating plate which had a glass surface. The crystal 

was mounted using paraffin wax to the flat end of a brass 

piston. This piston fit with a minimum of play into the 

bore of a three legged jig (see Fig. III-2). The legs of 

the jig were carbide tipped micrometers which could be 

adjusted to give the correct angle of the polishing plane 

( the plane determined by the three leg ends) relative to 

the crystal. The jig was placed on the abrasive disk and 

the piston with the crystal slid down until the crystal 

contacted the surface of the disk. Water was used to wash 

all loose particles from the polishing surface and a motor 

driven arm was used to slowly translate the jig back and 

forth over a radius of the disk to provide a more uniform 

polish. A 600 grit abrasive disk was used for the initial 
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Fig. III-2. Polishing jig. 
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polish to remove all marks left during the cutting process. 

Mylar disks imbedded with 3 micron size grit were used for 

the final polish. A surface polished in this way was flat 

to within \/2 over 70% to 80% of the surface area as 

checked using an optical flat and a sodium vapor lamp. 
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B. E.P.R. Spectrometer. 

An existing 9 GHz microwave spectrometer was used in 

an attempt to monitor changes in impurity concentration or 

changes in charge states of impurity ions. 

A complete description of the spectrometer is given by 

A. 0. Barksdale'*'®. Essentially the spectrometer consists 

of a source producing monochromatic microwaves which are 

incident upon a resonance cavity which contains the crystal 

sample. A large static magnetic field applied to the sample 

splits the Zeeman levels of the impurity ions. When the 

microwave photon energy is equal to the energy difference 

between Zeeman split levèls, the sample absorbs energy. 

Changes in sample absorption change the power reflected 

from the cavity. The reflected power is directed into a 

detection stage and the resultant signal is amplified and 

filtered. In practice the applied magnetic field is 

modulated at 3 kHz so that phase sensitive detection can 

be utilized to eliminate much of the noise in the signal. 

A cryogenic system is used to cool the sample cavity. Using 

this system temperatures as low as 1.2°K can be attained. 
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C. Optical Absorption Spectrophotometer. 

A Cary 17 optical spectrophotometer was used to mea¬ 

sure the absorption of the samples of LiNb03 and LiTa03 and 

to determine if any changes in the absorption resulted from 

the various treatments of the samples. 

A block diagram of the Cary 17 is shown in Fig. III-3. 

The operating wavelength range is from 2650 nm. to 186 nm. 

and is divided into three regions 

I.R. (infrared)— from 2650 nm. to 750 nm. 

Visible — from 750 nm. to 320 nm. 

and U.V. (ultraviolet)— from 320 nm. to 186 nm. 

The light source is a special tungsten filament lamp for 

the I.R. and Visible ranges and is a deuterium lamp for 

the U.V. range. Light from the source is dispersed by a 

prism and then a grating. The use of a prism eliminates 

the problem of second order diffraction. After dispersion, 

the light is directed onto a rotating mirror which alter¬ 

nately directs the light through the sample and reference 

compartments. The detector section then compares the 

signal from the reference compartment to that from the 

sample compartment. The light incident on the detector 

through the reference compartment is kept at an optimum 

level by automatic control of the exit slit width of the 
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monochromator section. For the Visible and U.V. ranges the 

detector is a photomultiplier tube. A lead sulfide detector 

is used for the I.R. range. 

The output of the detector section is then plotted on 

a strip chart recorder which is driven linearly with wave¬ 

length by the same mechanism which adjusts the wavelength 

setting of the monochromator section. The units of output 

of the Cary 17 can be selected to be either % transmission 

(%T) or optical density (O.D.) where 

_ Light trans. through sample compartment ±ooy 
/o - Light trans. through reference compartment /o 

and 

O D - Lo Light trans. through ref, compartment * • ~ "10 Light trans. through sample compartment 

The parameter usually used to characterize the 

absorption properties of a sample is the absorption 

coefficient ©<. . The absorption coefficient is related 

to the optical density by the formula 

_ O.D, (corrected for surface reflections) 
* “ 2.302 T 

where T is the thickness of the sample in cm for in 

units of cm-’*-. It should be noted that this ei. coefficient 

describes the attenuation of the power of the beam and is 

therefore equal to twice the PC defined in equation 11-29 

which describes the attenuation of the electric field. 
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The light output of the monochromator is essentially 

unpolarized, but polarized absorption spectra can be 

obtained by placing polarizers in the reference compartment 

and in the sample compartment in front of the sample. The 

profile of the beam as it passes through the compartments 

necessitates the use of a wide angle (30°) polarizer which 

has a wide wavelength band. Calcite polarizers, which will 

operate from the near I.R. to 320 nm., were used. 
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D. Holographic Apparatus. 

A diagram of the basic apparatus used in the production 

and monitoring of a volume phase hologram in LiNbC^ or 

LiTaC>3 is shown in Fig. III-4. The argon ion laser beam 

is incident on a beam splitter which divides the beam into 

two beams of equal power which are then deflected by two 

mirrors so as to intersect within the crystal. The He-Ne 

laser is adjusted to the Bragg angle of the hologram which 

is being produced by the two argon laser beams and the 

amount of power diffracted by the hologram is measured by 

the detector and recorded on an x-y recorder whose x axis 

is driven linearly with time. The resultant data are of the 

form shown in Fig. III-5. The two parameters used to charac¬ 

terize the response of the crystal are obtained form Fig. 

III-5 which is called a write curve. The first parameter 

is the maximum diffraction efficiency ) . The other 

parameter is the sensitivity which is defined as the maximum 

slope of the write curve where the units of the horizontal 

axis have been converted to energy density by multiplying 

by the writing power density. The sensitivity thus has 

the units of %/joule/cm2. 

Mechanical stability of all the optical equipment is 

required to perform long term (tens of minutes) holographic 
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0.0 0.5 1.0 1.5 2.0 
EXPOSURE TIME (arbitrary units) 

Fig. III-5. Typical write curve. 
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recording. Any variations which result in a shifting of 

the argon laser interference pattern relative to the crystal 

by the order of 0.1 microns will result in degradation of 

the hologram. 

Isolation of the apparatus from external vibration 

is accomplished by using a vibration isolation table, Model 

1100-M-4-A manufactured by Newport Research Corporation. 

This table consists of a thick honeycomb aluminum substruc¬ 

ture with a ferromagnetic stainless steel surface. The 

table is supported by a four point pneumatic suspension 

system which is controlled to provide automatic leveling 

of the table regardless of load distribution. 

The room containing the holographic apparatus is 

isolated from the building's central air conditioning 

system and a window air conditioning unit has been installed. 

This has been done to improve the thermal stability of the 

apparatus and to keep the optical components from being 

contaminated by the dust which was being forced into the 

room by the central air conditioning system. 

All optical components from the beam splitter to the 

crystal are contained in an enclosure to reduce air currents 

(see Fig. III-9). It was observed that the variations in 

air density associated with the currents are sufficient to 
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shift the phase of the object beam relative to the reference 

beam and hence shift the position of the interference 

pattern within the crystal. To further increase the sta¬ 

bility of the system, electronic controls were made to 

operate several components so that no one is present in 

the room when data are being taken. 
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D. i. Argon Ion and He-Ne Lasers. 

The argon ion laser used is a Model 52 G-A made by 

Coherent Radiation Laboratories. The original graphite 

plasma tube has been replaced by a plasma tube made of 

beryllium oxide. The optical cavity is 1.15 meters long 

which gives a frequency spacing between adjacent resonance 

modes of 130 MHz. A prism wavelength selector internal to 

the resonance cavity is used to restrict operation to one 

of the several available lines all lying air the blue-green 

region of the visible spectrum. Doppler broadening of the 

lines occurs because of the relatively high temperature of 

the plasma causing the envelope of the output power to be 

5 to 6 GHz broad. 

To reduce the frequency spread of the laser a Fabry- 

Perot étalon is introduced in the optical path in the 

resonance cavity. The free spectral range of the étalon 

(the frequency spacing between adjacent modes) is 10 GHz 

and the 1/2 power bandpass is 5 GHz. The étalon can be 

tuned by slightly tilting the étalon off axis which increases 

the optical path length. Single mode operation can be 

attained because the étalon introduces sufficient loss in 

the system to prevent oscillation except at the cavity 

resonance mode which is also a resonance mode of the étalon. 
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Half power frequency spread of the laser output is less than 

100 MHz when properly tuned. The original étalon purchased 

from Coherent Radiation Laboratories was found to have a 

conversion efficiency less than half that of a Spectra 

Physics étalon. An adapter was made to install the Spectra 

Physics étalon permanently in the Model 52 G-A laser. The 

reason for the greater conversion efficiency of the Spectra 

Physics étalon is not known. 

The argon ion laser uses 10 kilowatts of power of 

which most in converted into heat. The laser is water 

cooled using a pump and a closed water system. A heat 

exchanger using tap water cools the circulating water. A 

closed water system is necessary because pressure fluctua¬ 

tions in the tap water supply would introduce thermal 

instabilities in the laser and also because impurities in 

the tap water could damage some parts of the laser cooling 

system. An automatic back up system is used to cool the 

laser in the event a power failure causes the coolant pump 

to stop. Further details on the system are given by Dick 

Ang^. 

The He-Ne laser used to monitor the formation of the 

hologram is a Spectra Physics Model 120. It operates at 

a wavelength of 632.8 nm. and with a power of 7 milliwatts. 
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To adjust the power and polarization of the laser two 

calcite polarizers are used (Fig. III-6). The outer polar¬ 

izer is set for the desired polarization and the inner 

polarizer is rotated until the correct power is obtained. 

For a final polarization perpendicular to the laser polar¬ 

ization this restricts the maximum power to less than 2 

milliwatts, but the normal power setting is 1 milliwatt to 

prevent the monitor laser beam from producing changes in 

the hologram. The He-Ne laser is attached to a mount (see 

Fig. III-7) which can be angularly adjusted to the Bragg 

angle of the hologram. By the use of slotted holes to 

fasten the laser to the mount, the laser can be aligned 

so the beam intersects the pivot axis. Thumb screw adjust¬ 

ments allow changes in the height and angle of the laser 

beam relative to the plane of the table surface. The mount 

is attached to the table by magnetic bases. 
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D. ii. Accessory Optical Components. 

Oriel Corporation two inch diameter first surface 

mirrors are used (**^2,3,4 • Fig. III-9). They are 

mounted in Newport Research Corporation Model 625 mirror 

mounts which allow rough adjustment in height and have 

two micrometer adjustments on two orthogonal angular 

directions. The mirror mounts are attached to the table 

with magnetic bases. 

The beam splitter (Oriel Model A-43-564-60-4) is used 

to divide the argon laser beam. A precision mount on a 

magnetic base holds the beam splitter. The angle of 

incidence of the argon beam is adjusted to give 50%-50% 

division at a wavelength of 488.0 nm. 

The crystal sample is held on its C faces by spring 

loaded polyethylene jaws. Polyethylene is used to insulate 

the crystal from the table so that, in future experiments, 

electric fields can be applied to the crystal. The crystal 

mount is part of a rotational mount which was con¬ 

structed (Fig. III-8). The mount is attached to an 

x,y,z translation stage which is attached to the table by 

a magnetic base (see Fig. III-9). This magnetic base is 

also used to hold the pivot bearing of the He-Ne laser mount. 

In some cases exposure of the crystal to one off Bragg 
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.polyethylene crystal mount jaws, 
I j  

© movement 

0 , r rotational crystal mount. Fig.. III-8. 
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argon laser beam is needed to study the erasure character¬ 

istics of the hologram. For this purpose, one of the two 

inch diameter mirror assemblies was attached to a translation 

stage. The micrometer screw on the translation stage is 

driven by a 40 r.p.m. reversible motor. Limit switches 

turn the motor off when the stage has reached one of the 

two positions and also control indicator lights which show 

the position of the stage. This device is labeled TM in 

Fig. III-9. The indicator lights and the switch controlling 

the position of the mirror are located outside the room. 

The whole translating mirror assembly is mounted on a 

magnetic base. 

An electronically controlled shutter is used to 

interrupt the argon laser beam shortly after it leaves the 

laser so that the formation of the hologram can be initiated 

from outside the room. 

A Model 212 power meter made by Coherent Radiation 

Laboratories is used to measure the diffracted power of the 

He-Ne read beam (see Fig. III-9) and is also used in the 

alignment of the optics of the system. The detector is a 

photo diode which produces a current proportional to the 

incident light power. The current is amplified to a level 

where it can drive a meter and an x-y recorder. The power 
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meter has scales ranging from 100 nanowatts full scale to 

10 watts full scale if a 1000 to 1 attenuator is used, 

powers over a few milliwatts should be measured using the 

attenuator. The scale reading of the power meter is 

calibrated for a wavelength of 632.8 nm. and a normalization 

factor (provided by the manufacturer) is used for other 

wavelengths. 

A spectrum analyzer (Spectra Physics Model 4 20/430) 

is used to monitor the frequency distribution of the argon 

laser output during tune-up. The analyzer consists of an 

étalon which has a frequency resolution of 50 MHz and a 

free spectral range of 10 GHz. The étalon spacer is 

piezoelectric and is connected to a voltage ramp generator. 

A detector behind the étalon will have an output only when 

the optical length of the étalon is an integer multiple of 

\/2. The signal from the detector is amplified and drives 

the y axis of an oscilloscope. The x axis of the oscillo¬ 

scope is driven by the ramp voltage which drives the piezo¬ 

electric étalon spacer. The oscilloscope thus displays the 

power output of the laser vs. frequency. 
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D. iii. Initial Alignment procedure. 

With both lasers operating the following procedure 

for initial alignment is used (see Fig. III-9). 

(1) Adjust the angle of mirror so that the 

reflected beam is in the plane of the table and incident 

on the beam splitter. 

(2) Adjust the angle of the beam splitter so that 

the reflected beam is in the plane of the table and the 

two beams are of approximately equal power. 

(3) position the mirrors M2 and M3 and the x,y,z,0,^ 

crystal mount to give the desired angle between the beams 

(12° for all data taken for this thesis). Align the 

direction of the x,y,z stage so that one direction of 

travel is along the bisector of the two argon laser beams. 

(4) Position the translating mirror (TM) so that in 

one position it completely clears the argon laser beam and 

in the other it deflects the beam onto mirror M4 with the 

beam in the plane of the table. 

(5) Position mirror M4 to deflect the beam (the erase 

beam) as close as possible along the bisector of the two 

write beams (from mirrors M2 and M3). 

(6) Adjust the He-Ne laser so that the beam intersects 

the pivot axis of the laser mount and the height of the beam 
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is the same as that of the argon laser beams. Adjust the 

He-Ne laser beam so that it is in the plane of the table. 

(7) Center the polarization rotators on the appropriate 

beams so that the beam is along the axis of the rotator. 

This can be done by observing the back reflection from the 

surface of the rotator. 

(8) Place the shutter mechanism appropriately. 
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D. iv. Routine Alignment procedure. 

Turn on the He-Ne laser and the argon ion laser. The 

argon ion laser should be allowed to warm up at least 6 

hours before final adjustments are made as this is the time 

required for all components to become thermally stable. A 

fraction of the output power of the argon ion laser is 

deflected into the spectrum analyzer and the remainder is 

measured with the power meter. If a change in wavelength 

is to be made the angle of the étalon should be adjusted 

until the axis of the étalon is along the axis of the laser 

cavity. When this occurs the output will become multimode 

and the power output will increase significantly. The 

reason for this is that the front surface of the étalon is 

sufficiently reflecting so that laser oscillations occur in 

the cavity formed by the front laser mirror and the front 

étalon surface (the étalon is installed between the plasma 

tube and the rear mirror assembly which also contains the 

prism wavelength selector). The prism wavelength selector 

can now be adjusted. There will be an increase in the laser 

output power corresponding to each line of the argon laser. 

By comparing the relative intensities and spacing of the 

lines to a chart given by the manufacturer (Table III-l) the 

wavelength of any particular line can be determined. Once 
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Wavelength Power (milliwatts) 
(nm.) without étalon 

514.5 700 

501.7 150 

496.5 150 

488.0 700 

476.5 250 

472.7 30 

465.8 30 

457.9 100 

Table III-l. Wavelengths and relative 

powers of the argon ion laser emission 

lines. 
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the correct wavelength has been selected the étalon angle 

can be changed so as to produce single mode operation. By 

adjusting both the étalon angle and the rear mirror assembly 

angle the power is maximized while still maintaining single 

mode operation. The output power is then monitored for 

approximately 15 minutes. If the output is not stable then 

more time is needed for the laser to warm up and retuning 

may be necessary. If the output is stable then the spectrum 

analyzer is removed. 

Polarizer P2 (Fig. III-9) is adjusted to pass verti¬ 

cally polarized light (the output polarization of the laser) 

and polarizer P^ is rotated to give the desired power output. 

If full power is to be used, polarizers P]^ and P2 are 

removed. 

Polarizer p^ is adjusted to give the desired erase 

power density. For equal write and erase power densities 

polarizer P3 is removed. If the erase power density should 

be greater than the write power density, polarizers can be 

placed in the write beams between the mirrors and the 

polarization rotators. 

The polarization of the three polarization rotators is 

adjusted to the desired angles. This is done before critical 

alignment of the beams on the crystal because the rotators 
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can cause some angular deflection of the beams. 

Since the reflection characteristics of the beam 

splitter change with wavelength, the two write beams will 

probably not be of equal power. To correct this power 

imbalance a glass plate is introduced in the path of the 

more powerful . beam and the angle is adjusted until suf¬ 

ficient power is reflected to bring the beams into balance. 

To be consistent with the derivations in chapter II 

the three orthogonal directions of travel of the x,y,z 

stage are defined as follows (refer to Fig. III-9). 

(1) The x direction of travel is along the bisector 

of the two argon laser write beams. 

(2) The y direction of travel is normal to the plane 

of the table surface. 

(3) The z direction is in the plane of the table and 

normal to the bisector of the write beams. This direction 

is also the direction of the crystal c axis during hologram 

production. 

For the final alignment of the laser beams an aperture 

of diameter 0.2 mm is used. The aperture is placed in the 

crystal mount so that it is in the plane determined by the 

front surface of the crystal if the crystal were to be 

installed (see Fig. III-10). The position of the aperture 
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is adjusted until the He-Ne laser beam is centered on the 

aperture. This is accomplished by maximizing the power 

transmitted through the aperture. The aperture is now 

positioned to be over the pivot point of the He-Ne laser 

mount. The angle of the He-Ne laser is changed and the 

aperture is moved until, for any angle of the He-Ne laser, 

the power transmitted through the aperture is at a maximum 

for the same position of the x,y,z stage. When this occurs 

the aperture is directly above the pivot point of the He-Ne 

laser mount. If no aperture position can be found where 

the transmitted power is maximized for all angles then the 

He-Ne laser beam does not intersect the pivot axis of the 

mount and the angle of the laser relative to the mount must 

be changed. 

An estimate of the accuracy of the alignment can be 

made. The minimum detectable movement of the He-Ne laser 

beam relative to the aperture was measured to be 0.01 mm. 

The maximum angular travel of the He-Ne laser mount is 20°. 

Let the distance of the laser beam from the pivot axis 

be 'a* (see Fig. III-ll). The minimum detectable change in 

laser beam position (0.01 mm) must be greater than the 

value of &CL. 

ÙOL— (sec 10° - 1 ) CL ^ 0.01 mm 
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Thus the He-Ne laser beam can be adjusted to be within 

0.7 mm of the pivot axis. 

The position of the aperture relative to the pivot 

axis in the x direction can be adjusted to within 

- T-HKÏÔ^=i0-03 

Thus the aperture can be adjusted to within 0.03 mm in 

the x direction and 0.7 mm in the z direction of the pivot 

axis. 

The argon laser beams and the He-Ne laser beam are 

now adjusted to all intersect in the center of the thick¬ 

ness of the crystal with the crystal centered over the He-Ne 

laser pivot point. Once the aperture is positioned over 

the pivot point, the x translation stage is translated 

away from the beam splitter by an amount equal to T(n-l)/(2n) 

where T is the thickness of the crystal to be used (5 mm in 

most cases) and n is the index of refraction of the crystal 

(2.1 to 2.3). The z translation stage is now moved to 

maximize the power of the He-Ne laser through the aperture 

where the angle of the He-Ne laser is set to approximately 

the Bragg angle (7° off the x axis). The particular choice 

of x position is such that, once the crystal is installed, 

the refracted He-Ne laser beam will pass through the center 

of the crystal at the same z coordinate at which it passes 
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through the aperture at the alignment position when the 

crystal is not present (see Fig. III-12). Without changing 

the y or z positions the aperture is translated forward by 

an amount T(n-l)/n so that it is now T(n-l)/(2n) in front 

of the He-Ne laser pivot point. The argon laser beams are 

now adjusted by changing the angles of mirrors M2 and M3 

(or mirror M4 for the erase beam) (see Fig. III-9) so that 

the power transmitted through the aperture is maximized. 

The x stage is now moved forward (toward the beam splitter) 

a distance T/(2n) so that the aperture position (which will 

coincide with the front surface position of the crystal 

when it is installed) is now a distance T/2 in front of the 

He-Ne laser pivot point. 

After closing the shutter the aperture is removed and 

the crystal is placed in the holder. Fig. III-13 shows the 

final configuration of the laser beams in the crystal. For 

this configuration the pivot axis does not intersect the 

beam intersection point by a distance of approximately 

(sin & ) T (n-1)/(2n) which is ^0.15 mm for a crystal thick¬ 

ness T = 5 mm and n = 2 with B = 7°. Since the uncertainty 

in the pivot point location is +0.7 mm the 0.15 mm displace¬ 

ment is not significant. The important property to be 

determined is the distance the He-Ne laser beam moves 
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when the final angular adjustment of the He-Ne laser to 

Bragg incidence is made. The final adjustment is less 

than 1°, which means the He-Ne laser beam moves from the 

intersection point less than 0.02 mm. This value was 

calculated by adding the value (T/2)sin0.5° which results 

from the 0.15 mm displacement of the pivot point from the 

beam intersection point to the value 0.7mm(seel0 - 1) which 

would result if the laser beam is at the maximum distance 

from the He-Ne pivot axis. Motion of the He-Ne laser beam 

by 0.02 mm is not significant since the diameter of the 

argon laser beam is 2 mm and the diameter of the He-Ne 

laser beam is ~0.8 mm. 

After the crystal has been installed the x translation 

stage is not moved. The y and z stages are moved so that 

the He-Ne laser beam is near the edge of the crystal. The 

shutter is opened and the adjustments are used to 

change the angle of the crystal until the reflection of 

one write beam from the front surface of the crystal lies 

along the path of the other write beam. This will align 

the c axis of the crystal normal to the bisector of the 

write beams. 

With the shutter closed the crystal is moved until 

the desired portion of the crystal is positioned in the 
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write beam intersection area. The write beams are turned 

on for a sufficiently long time (from a fraction of a 

second to a minute or more depending on the crystal and 

the write power denstiy) for a hologram of a fraction of 

a percent diffraction efficiency to be written. The He-Ne 

laser is then adjusted to the exact Bragg angle of the 

hologram and mirror M5 (Pig. III-9) and the detector are 

positioned. After closing the door on the enclosure and 

leaving the room, measurements are ready to be taken. 
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IV. DATA AND ANALYSIS 

A. Irradiated LiNbOj. 

Several pure LiNbC>3 crystals* were cut and polished. 

These crystals were approximately 5 x 10 x 5 mm along the 

a, b, and c axes respectively. The A faces were polished. 

The optical absorption and holographic parameters of the 

crystals were measured before they were exposed to ÿ rays 
from either a Cs^? (0.66 MeV) source or a Co^® (1.33 MeV) 

source or to electrons of energy 2 MeV. Changes in the 

optical absorption and holographic parameters were measured 

after irradiation. 

After y-irradiation there was an increase in the 

optical absorption over most of the visible range resulting 

in the crystal having a brownish tint. This increase in 

absorption could be removed by exposure of the crystal to 

light. Fig. IV-1 shows the optical absorption of a LiNb03 

crystal after y-irradiation at 0.66 MeV to a dosage of 

10^ rads. The crystal was irradiated in the dark and kept 

in darkness until the absorption spectrum (curve 1) was 

taken approximately 30 minutes after termination of ^-irrad¬ 

iation. After taking the absorption spectrum the crystal 

*Standard Optical Grade LiNb03 purchased from Crystal 

Technology, Inc., Mountain View, California. 
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was exposed to 488.0 nra. laser light of an intensity 0.18 

watts/cm2 for 5 seconds. The absorption spectrum was again 

taken. The results are shown by curve 2. Curves 3 and 4 

show the optical absorption after further exposure to laser 

light (at 0.18 watts/cm2) to a total exposure of 58 and 

9,000 joules/cm2 respectively. Curve 4 is also the optical 

absorption before ^-irradiation. All detectable changes 

in the optical absorption of the LiNb03 produced by 

Y-irradiation at either 0.66 MeV or 1.33 MeV were bleached 

by exposure to 488.0 nm. laser light. 

Electron Paramagnetic Resonance (E.P.R.) was used 

in an attempt to identify the crystal defect which caused 

the changes in optical absorption. No E.P.R. signal could 

be detected at either 77°K or 1.2°K. 

The holographic response of a crystal after ^-irrad¬ 

iation with 0.66 MeV or 1.33 MeV / rays was the same. The 

sensitivity after irradiation increased by a factor of 5 

and the maximum diffraction efficiency decreased to about 

1/10 its original value. After optical erasure the sensiti¬ 

vity decreased and the maximum diffraction efficiency 

increased on the following writing exposure. The erasure 

sensitivity also decreased upon write-erase cycling. The 

erasure sensitivity on the second erasure was approximately 
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1/3 that of the first erasure. All data were taken for a 

write-erase wavelength of 488.0 nm. Fig. IV-2 shows 

writing and erasure responses of a LiNb03 crystal after 

exposure to 0.66 MeV y-irradiation to a dosage of 106 

rads. The laser beams were polarized E_Lc and the wave¬ 

length was 488.0 nm. with a power density of 0.18 watts/cm^. 

The sensitivity and maximum diffraction efficiency of this 

crystal before irradiation were 0.045 %/joule/cm^ and 18%. 

Immediately after irradiation the sensitivity was 0.20 

%/joule/cm^ and the maximum diffraction efficiency was 2.1%. 

Fig. IV-3 shows the change in optical absorption, the 

sensitivity and the maximum diffraction efficiency as a 

function of the laser light exposure for the crystal 

following 0.66 MeV y-irradiation. All three parameters 

tend toward the values before y'-irradiation as exposure 

increases. The sensitivity decreases with exposure to 

laser light as does the change in optical absorption. This 

indicates that the radiation damage in the crystal has 

caused both an increase in the absorption and the sensitivity, 

and that, as this damage is bleached by laser light, the 

sensitivity also decreases in a manner that is very similar 

to the manner in which the optical absorption decreases. 

The fact that the sensitivity and the maximum diffraction 
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efficiency after long exposures are less than the values 

before irradiation may be the result of a fatigue effect 

which has been observed to occur in other LiNb03 crystals 

and in LiTaC>3. The term fatigue means that, after several 

write-erase cycles, the sensitivity and maximum diffraction 

efficiency are decreased from their initial values. This 

fatigue effect is believed to be independent of the effects 

due to y-irradiation (see chapter V) . 

A sample of LiNb03 irradiated with 2 MeV electrons to 

a dosage of 2 x 10^ rads gave results similar to ^-irradiated 

LiNbC^. The sensitivity was increased and the maximum 

diffraction efficiency was decreased but these changes 

(as for y-irradiation) were removed by exposure to laser 

light. 

One sample was electron irradiated at 2 MeV to a 

dosage of 6 x 10^ rads. The change in optical absorption 

was somewhat (10%) greater than for the lower dosage 

electron irradiated sample. The holographic sensitivity 

was increased to a value of 11 %/joule/cm2 with a maximum 

diffraction efficiency of 40%, as compared to a sensitivity 

of 0.20 %/joule/cm^ with a maximum diffraction efficiency 

of 2% for the 2 x 10^ rad, 2 MeV electron irradiated sample. 

After an optical exposure of 40 joules/cm^ the sensitivity 
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dropped to 0.34 %/joule/cm^ with a maximum diffraction 

efficiency of 10% (compared to 0.10 %/joule/cm2 with a 

maximum diffraction efficiency of 6% for the lower dosage 

electron irradiated crystal). The sensitivity and the 

maximum diffraction efficiency continued to decrease 

slightly with subsequent erasures and writings. As with 

the y-irradiated LiNbC>3, the changes in the optical 

absorption were bleached by exposure to laser light. 

No E.P.R. signal was detected in either electron 

irradiated crystal. 
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B. LiTa03« 

B. i. Optical absorption and E.P.R. Data. 

Two samples of acoustic grade LiTa03 were obtained 

from two different manufacturers. One crystal* had a 

significant impurity content and will be referred to as 

impure LiTa03« The other crystal* will be referred to as 

pure LiTa03- The pure LiTa03 crystal was clear whereas 

the impure crystal was yellowish. 

A sample suitable for holographic study was cut from 

each LiTaÛ3 boule section. These samples were approximately 

5 mm long in the b direction and 10 mm long in both the a 

and c directions. The B faces were optically polished. 

The optical absorption of both crystals is shown in 

Fig. IV-4. The pure crystal has a sharply defined band 

edge and has no absorption in the visible. The absorption 

edge of the impure crystal is less well defined and extends 

into the visible. The three wavelengths used for writing 

holograms are indicated on the figure. The absorption 

increases for shorter wavelengths and also changes with 

+Purchased from Union Carbide Corporation, Crystal 

Products Department, Cleveland, Ohio. 

*Purchased from Crystal Technology, Inc., Mountain 

View, California. 
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Fig. IV-4. Polarized optical absorption of pure 

and impure LiTaOg. 
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polarization. The E±c polarization has a higher absorption 

than the E^c polarization. There are no distinctive 

features to the absorption spectra which would help in 

identification of the defects in the impure LiTaC>3 crystal. 

E.P.R. spectroscopy was used in an attempt to identify 

the defects in the impure LiTa03 crystal. No signal was 

observed at 77°K or 1.2°K or after x-irradiation of the 

crystal at room temperature prior to taking of data at 

1.2°K. A weak spectrum was observed after x-irradiation 

of the crystal at 77°K. The spectrum was taken at 1.2°K 

and the temperture of the crystal was kept near 77°K 

during the time after x-irradiation and before data were 

taken. X-irradiation at 77°K changed the color of the 

crystal from yellow to black but as the crystal warmed 

to room temperture the crystal again became yellow. 

Fig. IV-5 shows the angular dependence of the E.P.R. 

spectrum obtained. The results are plotted in terms of 

the g factor vs. the angle of the applied magnetic field 

where the g factor is defined by 

h\> = gjfBn 

where hv is the microwave photon energy, is the Bohr 

magneton and H is the applied magnetic field. 

No conclusive identification of the defect(s) respon¬ 

sible for the spectrum was made. 
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B. ii. Holographie Data. 

Holographie data were taken for both LiTa03 crystals 

at a writing wavelength of 488.0 nm. The writing power 

density was 1.1 watts/cm^ with polarization Eic. The 

results of the measurements are shown in Table IV-1. The 

initial sensitivity refers to the writing sensitivity 

measured after the crystal has been thermally erased at 

300°C for 2 hours in the dark. The impure crystal is 

more than five orders of magnitude more sensitive to 

hologram formation than is the pure crystal. The maximum 

diffraction efficiency is increased from 0.02% for pure 

LiTa03 to 70%-80% for impure LiTaC^. More detailed 

measurements of the response of the pure LiTa03 crystal 

were not made because of its low sensitivity. 

The failure of the diffraction efficiency of the 

hologram to surpass 80% is not caused by a limit in the 

maximum value of the refractive index modulation amplitude. 

Fig. IV-6 shows the write curve for the impure LiTa03 

crystal. The two curves correspond to two polarizations 

of the 632.8 nm. read laser beam. The difference in the 

two curves results from the fact that, for LiTaC>3, an 

electric field along the crystal c axis produces a change 

in the refractive index which is approximately four times 
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LiTa03 
Initial Sensitivity 
(%/joule/cm2) 

pure 2 x 10“^ 0.02% 

impure 7.1 i 1.0 70% - 80% 

Write: power density; 1.1 watts/cm^ 

wavelength; 488.0 nm. 

polarization; Eic 

Read: power; 1 milliwatt 

wavelength; 632.8 nm. 

polarization; E//c 

Table IV-1. Sensitivity and maximum diffraction 

efficiency for pure and impure LiTa03. 
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Fig. IV-6. Read beam polarization dependence of the 

diffraction efficiency for impure LiTaC^. 
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greater for incident light polarized E jjc than for light 

polarized Blc. Thus the hologram is 4 times stronger 

for read beam polarization E JJ c than for polarization Êi-c. 

Theoretically the diffraction efficiency should be of the 

form 

and should reach ^ = 100% before the diffraction efficiency 

becomes smaller and should then reduce to ^ = 0% before 

it afcfain increases. Possible causes of the diffraction 

efficiency only reaching 75% (for read polarization E //c) 

are: 

(1) coupling of the two write beams by the hologram 

as it is being formed 

(2) distortion of the hologram due to irregularities 

in the surface of the crystal and to deviation of the 

writing beams from monochromatic plane waves. 

The most probable cause is hologram distortion since 

writing beam coupling is dependent upon writing polarization 

and no variation in the initial maximum diffraction effi¬ 

ciency were observed with changes of the writing polarization. 

The wavelength dependence of the initial sensitivity 

and maximum diffraction efficiency of the impure LiTaOg 

crystal is shown in Table IV-2. The initial sensitivity 
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Write Wavelength Initial Sensitivity 
^max (%/ joule/cm2) 

457.9 nm. 8.9 t 0.9 70%-80% 

488.0 nm. 5.8 t 1.4 70%-80% 

514.5 nm. 0.78 £ 0.06 70%-80% 

Write: power density; 0.3 watts/cm2 

polarization; E/^C and Eic 

Read: power; 1 millwatt 

wavelength; 632.8 nm. 

polarization; ëJjc 

Table IV-2. Wavelength dependence of the sensitivity 

and maximum diffraction efficiency for impure LiTa03« 
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increases with decreasing wavelength but the maximum 

diffraction efficiency is constant. The initial sensitivity 

is independent of writing polarization to within experimental 

error which also indicates that effects due to coupling of 

the write beams are not significant. 

Attempts to correlate the absorption at the writing 

wavelengths to the initial sensitivity were not successful 

because of the lack of polarization dependence of the 

initial sensitivity. The changes in absorption produced 

by polarization changes are comparable to those produced 

by changes in wavelength over the range studied. 

Table IV-3 shows the writing power density dependence 

of the initial sensitivity for a writing wavelength of 

488.0 nm. The initial sensitivity increases with increased 

writing power density but is independent of writing 

polarization. The maximum diffraction efficiency is 

constant. 

Response of the impure LiTaO^ crystal to repeated 

writing and optical erasure was measured for a write- 

erase wavelength of 488.0 nm. The response of the crystal 

was qualitatively the same for all writing and erasure 

polarizations and power densities used. The writing 

sensitivity decreased after optical erasure and continued 
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Write power 
Density 
(watts/cm^) 

Initial Sensitivity 

(%/joule/cm2) ^ max 

0.3 5.8 t 1.4 70%-80% 

1.1 7.1 t 1.0 70%-80% 

7.5 10 i l 70%-80% 

Write: wavelength; 488.0 nm. 

polarization; E^c and Ei-c 

Read: power; 1 milliwatt 

wavelength; 632.8 nm. 

polarization; E//c 

Table IV-3. Write power density dependence of the 

sensitivity and maximum diffraction efficiency for 

impure LiTa03. 
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to decrease upon subsequent write-erase cycling. After 

several (usually 3 or 4) write-erase cycles the writing 

sensitivity reached a stable value which remained unchanged 

upon further write-erase cycling. The stable sensitivity 

value will be denoted as the fatigued sensitivity. The 

erasure sensitivity was constant throughout the cycling 

process. The optical absorption of the LiTa03 crystal 

was measured before and after exposure to laser light but 

no change in the absorption was detected. 

Fig. IV-7 shows write-erase cycling for the particular 

case of writing power density 1.5 watts/cm^ writing 

polarization E_Lc, erasure power density 1.3 watts/cm^, 

and erasure polarization E//c. The sensitivity is reduced 

from 7.7 %/joule/cm for the initial writing exposure to 

0.66 %/joule/cm^ for the writing exposure after the first 

optical erasure. The maximum diffraction efficiency is 

also reduced from an initial value of 72% to 55% on the 

second writing exposure. The reason the maximum diffraction 

efficiency is only 55% is that the index change does not 

reach a sufficiently high value. The diffraction efficiency 

does not oscillate as it did for the initial write curve 

(Fig. IV-6). By the fourth write-erase cycle the writing 

sensitivity has reached its fatigued level of 0.28 
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%/joule/cm^. The erasure curve has not changed during 

write-erase cycling even though the slope of the writing 

curve has changed by a factor of 25. During the fifth 

erasure the erasure polarization was changed from E //c to 

Ê J-c. On the sixth write-erase cycle the writing sensitivity 

is increased to 1.25 %/joule/cm2 and continues to increase 

slightly during the next several cycles until a stable 

value of 1.4 %/joule/cm^ is reached. This sensitivity 

value is the same as the fatigued sensitivity measured by 

using only erasure polarization E_Lc for all write-erase 

cycles. Thus the writing sensitivity is not dependent upon 

all optical treatment occurring after thermal erasure of 

the crystal but only upon the writing and erasure parameters 

for the previous several cycles. The slope of the erasure 

curve increases by approximately 30% when the erasure 

polarization is changed from Ë^c to EJ.c, 

Table IV-4 shows the initial and fatigued sensitivity 

and maximum diffraction efficiency for the impure LiTaC>3 

crystal for a wavelength of 488.0 nm. and for the special 

case of equal writing and erasure power densities. For the 

two power densities shown the fatigued sinsitivity is 

smallest for write polarization E J_c and erase polarization 

Ë//c and is greatest for write polarization ^//c and erase 
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polarization ÊJ-c. The fatigued sensitivity and the 

fatigued maximum diffraction efficiency also increase 

with increased write-erase power density. By using high 

power densities (7.5 watts/cm^) and by choosing the correct 

write and erase polarizations (write E}jc, erase Elc) the 

degradation of the sensitivity upon write-erase cycling 

can be virtually eliminated. 

The erasure sensitivity corresponding to the fatigued 

sensitivity measurements shown in Table IV-4 was found to 

be independent of all the optical parameters shown except 

erasure polarization. As shown by Fig. IV-7 there is a 

slight (30%) increase in erasure sensitivity for the ÊJLc 

relative to the E//c erasure polarization. 

The writing power density dependence of the fatigued 

sensitivity and maximum diffraction efficiency for impure 

LiTaC>3 is shown in Table IV-5. The writing polarization 

is Eic and the erasure power density is constant at 0.3 

watts/cm^. The write and erase wavelength is 488.0 nm. The 

fatigued sensitivity increases linearly with write power 

density as shown by Fig. IV-8. The fatigued maximum 

diffraction efficiency increases with the write power 

density but does net change with erasure polarization. 
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Fig. IV-8. Fatigued sensitivity of impure LiTaC>3 

vs. write power density for constant erase power density. 
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Other data were taken for a constant write power 

density and variable erasure power density. The fatigued 

sensitivity decreases for increased erasure power density, 

but the fatigued maximum diffraction efficiency varies 

little with erasure power density. Changes in either 

write or erasure power densities produced no changes in 

the erasure sensitivity. 
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V. CONCLUSIONS AND FURTHER EXPERIMENTS 

A. Irradiated LiNb03« 

The effects of write-erase cycling in LiTa03 and 

y -irradiated LiNbÛ3 seem to involve two different 

mechanisms. 

In LiTa03, write-erase cycling causes a decrease in 

the sensitivity and the maximum diffraction efficiency, 

but the erasure sensitivity remains constant. There is 

no change ih the optical absorption with exposure to laser 

light. 

In y-irradiated LiNb03 write-erase cycling causes a 

decrease in the sensitivity, but the maximum diffraction 

efficiency increases. The erasure sensitivity decreases 

significantly upon cycling. There is a change in the 

optical absorption upon exposure to laser light. 

The mechanisms involved in the y or electron radiation 

damage in LiNb03 are not understood. The behavior of the 

sensitivity, the maximum diffraction efficiency, and the 

optical absorption suggest that radiation damage in LiNb03 

produces new defects or new charge states of existing 

defects and that this new state is not stable under exposure 

to laser light. Thus, upon exposure to laser light, the 

concentration of these new states is reduced and, after 
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long exposures, is very low. 

A possible explanation of the holographic response 

of y-irradia ted LiNbC>3 can be given in terms of two 

separate charge sources, one resulting from the irradiation 

and the other present in the pure LiNb03 before irradiation. 

To obtain a write curve similar (disregarding changes in 

the time scale) to the initial write curve for the y - 
irradiated LiNbC>3, assume the time dependence of AH 

produced by each of the two charge sources is of the 

form \?(t) » U(l“ where v> is proportional to 

and where ^ . Suppose \7;(t) = U/(l-e”"t//l,7) 

describes the response of the unirradiated crystal and 

V^(t) = v^(l “ describes the response due solely 

to the irradiation produced sources. The response of the 

irradiated crystal is assumed to include both the term 

\J,( t) and the term y^(t) ^ue Pure material which is 

assumed to be unchanged by irradiation. From the data 

for unirradiated LiNb03; V; = .44. Assuming -f} = 50 it 

was found that to obtain a theoretical curve similar to 

the write curve for irradiated LiNb03 the parameters 

= .18 and T£ = 1. Further, it was assumed that the 

two changes ih refractive index are not necessarily in 

phase so that 
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y = */#*[ ylt)* + y*)11 % cot o (v,it) y,/*))] * 

The best agreement with experimental data is obtained 

when 0= 120°. When Q £ 120° the effects of the two 

mechanisms partially cancel each other so that the diffrac¬ 

tion efficiency rises sharply (about 5 times faster than 

the maximum slope of ^ = sin^ l?/(t) which is used to 

describe the response of the pure crystal) and then remains 

virtually constant (at ^ = 2.5%) for a time 5 or 6 times 

longer than the time needed for the initial rise, after 

which it slowly increases to a final value less than that 

of the pure crystal. 

This model qualitatively agrees with the results, 

although there is insufficient data to determine if the 

second increase in ^ predicted by the model actually 

occurs. The model also requires a phase shift of 120° 

between the two index modulations. This requires the 

phase shifts Ç and (as used in chapter II) associated 

with each charge transport process to satisfy the relation 

/ $/ ” = 120°. The most likely cause for the large 

difference in phase shifts is a difference in sign of the 

charge carriers associated with the two charge sources. 

There is no experimental evidence to support the assumption 

of a difference in charge carrier sign although the effects 
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of such a difference could probably be measured in terms 

of its effects on the coupling of the write beams as the 

hologram is being written. 

After the first erasure, the concentration of the 

radiation produced states is smaller which, in terms of 

the model, would mean that is now less than its initial 

value of 0.18. Thus the crystal would respond more like 

an unirradiated crystal during the second writing. 

A fatigue effect like that occurring in LiTaC>3 has 

been observed to occur in several samples of doped LiNbC>3. 

No measurements of fatigue in pure LiNbC^ have been made 

but the existence of fatigue in pure LiNbC^ may be inferred 

with some degree of certainty from the behavior of similar 

crystals. Using the model described, the existence of 

fatigue in pure LiNbC>3 would explain the fact that the 

sensitivity and maximum diffraction efficiency of the 

irradiated samples after many write-erase cycles are both 

less than the values for pure LiNbC^. 

The behavior of the more heavily irradiated sample 

(6 x lO^rads electron irradiation) can be explained by 

assuming the concentration of the radiation produced charge 

states is greater for higher dosages. 
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Use of y or electron irradiation to increase the 

sensitivity of a crystal which is being used for holographic 

information storage does not appear practical because of 

the impermanence of radiation damage. 
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B» LITEOJ• 

The absence of ionizable defects in the pure LiTaC^ 

crystal is believed to be the cause of its low sensitivity 

to hologram formation. The impure LiTaC>3 crystal has a 

higher concentration of defects and also a higher sensitivity. 

Attempts to identify the defect(s) in the impure LiTaC>3 

crystal were inconclusive. 

The results of our measurements of the sensitivity of 

the pure LiTaC>3 crystal are consistent with the findings 

of F. S. Chen^ and of A Ashkin, et. al."*" These two 

researchers have reported that LiTaC>3 is less susceptible 

to laser induced refractive index changes than is pure 

LiNbOg. Comparison of our data show pure LiTaC>3 to be more 

than 2,000 times less sensitive than pure LiNbC^ to 

hologram formation. On the other hand we have found the 

sensitivity of impure LiTaC^ to be comparable to the 

sensitivity of the most sensitive doped LiNbC>3 as measured 

4 
by J. J. Amodei, et. al. and by our research group. 

The greater optical absorption of the impure LiTa03 

crystal for a writing polarization Elc would suggest that 

more charge carriers would be photoionized for that 

polarization. Thus the sensitivity of the crystal to 

hologram formation should be greater for writing polarization 
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Êlc. Writing polarization independence of the sensitivity 

indicates that no direct correlation can be made between 

the optical absorption and the sensitivity. This lack of 

correlation can have several causes among which are: 

(1) The fraction of the absorbed radiation which causes 

photoionization is not correlated with the total absorption. 

(2) The attenuation of the writing beams causes a 

reduction in the effective writing power which is greater 

for polarization Ei.c and tends to reduce the sensitivity 

for that polarization. Defining the effective power 

density as the power density averaged over the thickness 

of the crystal and assuming the change in refractive index 

is proportional to the power density we obtain the result, 

using equation 11-51 ( = sin^ (2Sn/rT/( A*,y cos 9«) ) ), that 

the change in sensitivity produced by non-ionizing absorption 

shoiild be related to the sensitivity for no absorption by 

the ratio of the effective power density to the incident 

power density. For impure LiTaOg the ratio of effective 

power density to incident power density is 0.93 for Êlc 

and 0.97 for E//c. This means the sensitivity for EJj c 

polarization should be about 5% greater than the sensitivity 

of El_c polarization. This 5% change is not sufficient to 

compensate for the expected 80% greater sensitivity of the 
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E-lc polarization over the E jjc polarization (assuming a 

correlation between the amount of light absorbed and the 

number of ionizations produced and using the fact that for 

E_i~c polarization 13% of the incident light is absorbed 

whereas only 7% is absorbed for Ê JJ c polarization at a 
wavelength of 488.0 nm.). 

(3) Assuming a correlation between the number of 

ionizations occurring and the fraction of the incident 

light absorbed, the lack of polarization dependent sensi¬ 

tivity could be explained if the charge transport process 

were more efficient for one polarization. This could occur 

if the charge carrier changed when the polarization was 

changed. Changes in the charge transport process would 

probably produce changes in the relative powers of the 

two write beams upon leaving the crystal (see equation 11-48). 

planned experiments include measurement of the coupling of 

the write beams in an attempt to detect changes in the 

transport process with changes in writing polarization. 

Of the three causes listed above, (1) seems the most 

likely because of its simplicity. If the fraction of the 

incident light at a particular wavelength which causes 

photoionization is constant and independent of the total 

absorption, the polarization independence of both the 
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sensitivity and maximum diffraction efficiency can be 

explained by assuming a nearly pure drift transport 

process (no coupling of the writing beams). Effect (2) 

is not sufficiently large to explain the data and effect 

(3) assumes accidental cancellation of two opposing 

independent effects and seems unlikely. 

The phenomenon of fatigue, i.e. degradation of the 

writing sensitivity after write-erase cycling, is not easily 

explained. Fatigue could be the result of the relaxation 

of an internal electric field which results from the rapid 

cooling of the pyroelectric LiTaC>3 crystal after thermal 

erasure. Relaxation of the internal field could result 

from the build up of an opposing internal electric field 

resulting from a space charge produced by the ionized 

charges. An electric field will increase the efficiency of 

the charge transport process and thus increase the sensi¬ 

tivity. Simple relaxation of an internal electric field 

cannot explain the fact that the fatigued sensitivity is 

dependent upon the erasure power density and polarization 

unless some more complicated relaxation mechanism is assumed. 

If a relaxation of an internal electric field is partially 

responsible for fatigue then the writing beam coupling 

should change upon fatigue since an electric field will 
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change the parameter $ . Future experiments are planned 

to determine if this effect occurs. Also planned are 

measurements of the effects of an external electric field 

on the sensitivity and the writing beam coupling. If an 

internal electric field exists in the crystal an applied 

electric field should either increase or decrease the 

sensitivity depending on the polarity of the external field 

relative to the internal field. The writing beam coupling 

should increase for the polarity which decreases the sensi¬ 

tivity since for this case the transport process will be 

more nearly pure diffusion which produces maximum beam 

coupling ( § =±90°). 

The erasure polarization dependence of the fatigued 

sensitivity means that the simple model of charge transfer 

between two charge states of a single defect is not suffi¬ 

cient to explain the data. For a two charge state, single 

defect model, optical erasure regardless of polarization 

returns the charge carriers to the same distribution. 

To explain the data it is therefore necessary to assume 

that there is a defect existing in three charge states or 

some more complicated situation of several defects each 

having several charge states. Upon optical erasure there 

may be a redistribution of the charges among the defects 
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which will depend upon the polarization of the erasure beam. 

This erasure polarization dependence of the final charge 

distribution assumes the probability for photoionization 

of the different defects varies with the polarization of 

the incident light. 

Since the hologram is itself a redistribution of 

charges among the different defects, it is possible that 

after optical erasure of the hologram there is a variation 

of the relative concentration of the different charge states 

with the same spatial frequency as the original hologram. 

The relative concentrations would have to s&tisfy the 

requirement that the net charge concentration is zero 

otherwise the hologram would not be erased. To determine 

if there is a 'ghost' of the hologram remaining after 

optical erasure the following experiment is planned. The 

crystal will be subjected to write-erase cycling until the 

fatigued sensitivity is reached. After optical erasure 

the crystal will be translated along the c axis approximately 

half the grating spacing of the hologram (2.5 microns). 

The hologram will then be rewritten and the sensitivity 

measured. Any 'ghost' of the previous hologram should 

result in a deviation of the sensitivity from the fatigued 

sensitivity value. 
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Another experiment is planned which should also 

determine whether or not a ’ghost' of the previous 

hologram remains after optical erasure. After thermal 

erasure of the crystal it will be exposed to the erase 

beam to a total exposure equal to the total write-erase 

exposure normally required to reduce the sensitivity to 

its fatigued value. A hologram will then be written in 

the crystal. If the sensitivity is equal to the fatigued 

sensitivity for that particular choice of optical parameters, 

then no 'ghost' of a previous hologram is required to 

explain the fatigue process. 

Attempts will be made in the future to introduce 

known impurities into the pure LiTaC^ crystal. The impurity 

materials will be evaporated onto the surface of the LiTaOg 

crystal and then diffused into the crystal at high tempera¬ 

ture. The most promising dopants are Fe, Cu, and Mn which 

have been shown to greatly increase the sensitivity to 

hologram formation in LiNbC>3^. 
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VIII. APPENDIX 

Effects of non-uniform index modulation on the 

diffraction efficiency. 

Assume the refractive index of the crystal is 

described by 

n = n (0) + £n (x) cos (K*r + 6 ) 

where ^n(x) is slowly varying. This means the coupling 

coefficient (equation 11-29) is a function of x 

VC(x) = ~7 r v Aai r (1) 

The diffraction efficiency of a hologram was shown 

to be independent of the parameter $ and the absorption 

coefficient . Therefore the problem will be solved 

assuming § = 0, «<. = 0, and also for exact Bragg incidence 

( r = o). 

The initial conditions are R(0) = 1 and S(0) = 0. 

For these conditions it was shown in equation 11-42 that 

Rl = R2 = 1/2 

and Si = - S2 = “ 1/2 

where R(x) = R^eîT** + 

and S(x) = S^eT'* + S2e^76 

and n.2 - * iv(/^ 
Making the approximation that Vi(x) = y\.(0) for 

small range 0 < x < T we obtain 
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R (dT) = 1/2 (epA^ + ) 

VUe>) àt 
= cos 

and S (ûT) = -l/2(eîf'AT - ePàT) 
(2) 

= -i sin 
VI MAT 

Consider the effects of any small portion of the 

thickness of the crystal on two incident beams described 

by R(0) = cos f and S(0) = -i sin f where the point 

x = 0 corresponds to the front surface of the portion 

of the crystal under consideration. Assume H throughout 

the section of the crystal is constant. Thus 

R1 + R2 = cos f and si + $2 = -i sin f (3) 

Substituting these boundary conditions into equations 11-35 

(for CR = C$ ; P = 0; % = 0) we obtain 

C*( // R1 + YxR2) 88 “i Vt (~i sin f) 

CR(Y
S

 1 + Y*S2) = -i^cos f 

(4) 

Equations 3 and 4 have the solutions 

Rx = 1/2 e
if 

S]_ = -1/2 eif 

R2 = 1/2 e
_lf 

S2 = 1/2 e“
lf 

which gives 

R(4T) = cos (f + ) 

(5) 

and S ( T) = -i sin(f + 

Equations 5 show that if, at a point x in the crystal, 

R (x) = cos f (x) and S (x) = -i sin f (x) 



then at a point x + AT 

R(x + AT) = co s ( f (x) +^f~) 

and S(x + AT) = -i sin(f(x) 4. 
UK 

where it is assumed that the variation in V((x) 

small over the distance AT. However, 

R(x + AT) - cos f (x + AT) 

and S (x + AT) = -i sin f(x + AT) 

and therefore 

f (x + AT) = f (x) + 

f (x + AT) - f (x) 
AT 

\Ur)AT 
c*\ 

. a f(xi 
d x 

U(x) 

CR 

which gives the diffraction efficiency 

t 

where An 

S(T)S* (T) 
S (T) S* (T) +R(T)R*(T) 

11,2 (i ^c7e,x) 
. o rrAw T in A "’*** 

-"T f^An (x) dx . 


