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ABSTRACT

This thesis explores the use of a pointed seeker lens

designed using a spherically symmetric gradient refractive

index (GRIN) . The design helps to solve the current design

conflict between optical quality and aerodynamic drag in-

herent in hemispherical seeker lenses. Equations for lens

design and the evaluation of off-axis lens performance have

been developed for both a homogeneous version and a GRIN

version of the pointed seeker lens. The homogeneous lens

is used as a comparison and a check for the GRIN lens. A

FORTRAN program (GISL) has been written and employed to

evaluate and compare both the homogeneous lens and many dif-

ferent configurations of possible GRIN lens designs. Results

indicate that the GRIN lens has highly superior off-axis imag-

ing performance as compared to the homogeneous lens. The best

results were obtained for the GRIN lens with a fifty percent,

positive, spherically symmetric gradient index with center of

symmetry interior to the lens. Only very slightly inferior

performance was observed with a five percent version of the

same lens; such a lens possibly can be manufactured today.

GRIN lens performance also indicates that for objects off-

axis by more than 17.2 degrees a large scale, multiple ele-

ment sensor array may be required; with such a sensor array,

objects off-axis by more than 37.2 degrees may require mirror

elements to compensate for image movement.
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I. INTRODUCTION

Historically, the design of tactical missiles employing

passive or semiactive infrared (IR) seekers has involved a

difficult compromise between aerodynamic requirements and opti-

cal or seeker requirements. Whereas aerodynamically the mis-

sile nose region should be sharp in order to reduce drag,

optically it should be hemispherically shaped for image

quality and as large as possible to increase aperture and

therefore acquisition or tracking range. Some IR homing mis-

siles designed for very short range anti-armor missions have

totally ignored nose drag in order to optimize seeker per-

formance while other designs for longer range missiles re-

quiring high cruise velocities and greater aerodynamic

efficiency have used the blunted ogive as a compromise. There

have not been any IR designs which have ignored optics in favor

of aerodynamics; nor has there been employed a pointed seeker

lens with the desired optical qualities.

In order to increase the performance of optically guided

missiles beyond the current state of development, the conflict

between aerodynamic requirements and optical restrictions must

be resolved. Significant improvement in missile performance

by increasing thrust is not likely due to the highly advanced

state of propulsion today. One way to resolve the aerodynamics-

optics problem is to design a pointed lens which has, if not
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imaging quality, enough optical performance to allow the

reduction of tracking data.

The lens must be in the general shape of a cone or ogive

with half angle compatible with the design free stream Mach

number in order to maintain an attached shock wave. Such a

spike-shaped lens might also be used in the diffuser portion

of an optically guided ramjet with nose inlet to conserve

stagnation pressure. A diffuser-lens may benefit by a semi-

isentropic spike shaped lens.

Poor optical performance due to the pointed shape of

sharp lenses has precluded their use. Gradient Refractive

Index (GRIN) materials, however, permit the lens designer

the freedom to spatially vary the lens index of refraction

to compensate for a traditionally poor optical shape. Al-

though the use of GRIN has seen widespread use in fiber optics

technology, it has been used infrequently in lens applications

until recently. Lens designers are discovering that multiple-

element photographic objectives may be redesigned using a

two-element gradient lens [1]. It should be noted, however,

that such GRIN lens have not yet been successfully fabricated

even though large index changes in glass have been accomplished

by the diffusion of doped electropolarizable ions [2]. Ex-

tensive research is being conducted in the creation of ever

larger and more precise gradients. A total change in refrac-

tive index of approximately five percent is currently

attainable.
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At the Naval Postgraduate School, Frazier [3], Terrell

[4], and Amichai [5] have studied GRIN as applied to the

sharp lens problem. The brief introduction by Frazier was

followed by Terrell who designed a sharp lens having a coni-

cal outside surface and a variable inner surface using a

homogeneous index (HIN) and then also briefly touched on the

GRIN application. Amichai extended Terrell's lens to the

GRIN case and included preliminary results from this thesis

in a computer routine intended as a framework for lens

optimization by following researchers.

This thesis investigates the design and off-axis per-

formance (skew rays) of a GRIN seeker lens having a variable

outer surface and a fixed right circular cone as an inside

surface. The variable outside surface is determined by the

character of the spherical gradient employed and varies from

a pseudo ogive to an approximate isentropic spike as shown in

Figure 1. First, the theory of the HIN lens is developed,

followed by the design of a homogeneous lens intended both

as a comparison and a check for the GRIN lens theory and the

design which follows. Lens performance parameters are dis-

cussed and results presented for both the HIN and GRIN lenses
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OUTSIDE CONE

a) Terrell's Lens With Conical Outer Surface

INSIDE CONE

(b) Lens Shapes In This Thesis With Conical
Inner Surface.

Figure 1. Lens Shapes
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II. THE HOMOGENEOUS LENS

A. THEORY

Snell's law is the cornerstone of contemporary lens de-

sign in homogeneous optical materials. In the HIN case

Snell's law is used in the familiar form

N^ sin 9^ = N^ sin 9^ (1)

where N^ is the index of refraction of the material corres-

ponding to surface intercept angle 9
.

, with respect to the

surface normal, at the interface between surfaces. Lens

geometry and the relative values of N. determine the resultant

optical behavior.

B. ASSUMPTIONS AND SIGN CONVENTION

In order to simplify the design and analysis of the

seeker lens problem, certain assumptions have been intro-

duced. Although energy loss upon transmission through the

lens at each surface is calculated, it is assumed that the

light is monochromatic radiation, time dependent

electric and magnetic fields. Light impinging upon the lens

is assumed to have a planar wave front as if propagating from

an object at infinity. The presence of a shock wave attached

to the lens is ignored as are any other regions of expansion

or compression in the flow field about the lens [6] . Further-

more, the index of refraction of the free stream is assumed
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to be equal to that of the interior space behind the lens

even though computer routines were written with the flexi-

bility to process unequal values.

The sign convention used is a right handed system with

spatial coordinates positive to the right, up, and out of

the page as seen by the reader. All angles are assumed

positive counterclockwise from point of reference unless

otherwise noted. All linear dimensions are implicitly non-

dimensionalized with respect to the maximum radius of the

right circular cone forming the inside surface of the lens.

C. HIN LENS DESIGN

The lens design procedure consists of calculating both

the loci of points forming the outside surface and the slope

of the surface at each point in the meridian plane. It is

convenient to approach the problem by placing a point source

of light at the design focal point F and calculating succes-

sive refracted ray paths U' using Snell's law at points D.

on the inside surface in Figure 2. Points E. are formed by

the intercept of the refracted ray and the slope of the out-

side surface as extended from the previous point E._-,. The

tangent to the surface which will refract the ray in the de-

sired direction, U, may again be found from Snell's law.

The accuracy of the calculated surface increases as the

spacing between points decreases or as angle AU" becomes very

small. The final ray is parallel to the lens axis and point

D corresponds to point B, which is the origin. The area
n
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formed by the triangle ABE^ is opaque to prevent rays from

scattering through the opposite side of the lens.

A particular lens is begun by specifying the focal

length BF, the cone half-angle a, the indices of refraction

U^, N_, and N^, the cone radius at the edge R, the ray

direction angle U, and the total number of rays to be traced.

The thickness, T, of the lens at the edge (E,D,) must also

be specified in order to define which of the family of possi-

ble outer surfaces will be calculated. In general, angle U

will be taken to be zero in order to investigate objects on-

axis at infinity. R will always be set equal to one and to

nondimensionalize all linear dimensions every length is im-

plicitly expressed as a ratio with respect to R. The angle

3 at the focal point is measured from the lens axis to D, and

is expressed as

^^ 1^1 = (BF-R.cotan a) ' ^^^

Thus, if I+l is the total number of rays to be traced, then

AU" = 3/1 (3)

and

U" = 3 - J-AU" (4)

where J is the ray number. To begin the lens design the

43





coordiantes X2(J),y2(J) of point D^ must be found. Here

the subscript 2 refers to the inside surface where x, (J),

Y-^iJ) are the coordinates of E^ on the outside surface.

Following Kingslake [7], Q in Figure 3 may be expressed

as

Q = BF sin U" = x^{j) sin U" + 72 (J) cos U" (5)

But,

Y2 (J) * = X2 (J) tan a (6)

so that

BF sin U" = X2(J) [sin U" + tan a cos U"] (7)

Now, X2(J) and 72 (J) ^^e

X (J) = BF sin U"
2^^'' [sin U" + tan a cos U"]

^^'

(1) = BF in U" tan a .

^2^^^ [sin U"+tan a cos U"] ^^

'

Looking now to find the incident angle I' which the ray forms

with the inside surface at D^ it can be seen that

BF - X- (J)

tan (a + I-) =
y^(j)

(10)
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Substituting into Equation (1), Snell's law, the refraction

angle 1^ can now be written as

-1 ^3
I2 = sm [{—) sin !•] (I2:

The path of the ray inside the lens may now be expressed

in the form of the angle U' where

U' = {j- a) - I2 (13:

To this stage all rays are treated the same. Now, however,

a differentiation must be made between the outermost ray

which defines the edge of the lens and all other subsequent

rays

.

For the outermost ray the thickness, T, of the lens at

the edge can be specified which yields x, (1) and y, (1)

immediately

:

x^(l) = x^Cl) - T cos U' (14)

y(l) = 72(1) + T cos U' (15)

At point E, we may write Equation (1) again to obtain

-1 ^1
Ij_ = sin [(^) sin I^] (16)
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where angles I^^ and I| are the incident and refracted angles

at the outside surface and are not yet known. Angles I,

and 1^ may be found by first noting that

U + I^ = U' + Ij_ (17)

then substituting Equation (16) into (17) and rearranging

terms to obtain

-1 ^1
I^ = U* - U + sin ^[(^)sin I^] (18)

It can be shown after some algebraic manipulation that

Equation (18) may be solved for the angle I, in the form

T _ ,.„-l^ sin^(U' - U) //^ ,,Q
It - 3in I = = ) (19

[cos(U'-U)-N/N2] +sin (U'-U)

Angle I' may be found, if desired, by substitution of Equa-

tion (19) into Equation (16) . Of more importance, however,

is the determination of the slope of the outer surface and

the surface normal. Now that angle I, is known these slopes

may be written as

DYDXN(J) = i^inormal = ' t^<" ^ ^l'
'^O)

and
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DYDXT(J) = 1^
dx surface = cotan(U + L3_) (21)

tangent

Equations (20) and (21) may be evaluated by using Equation

(19) for I^.

Now that all the parameters are known for the first ray,

the remainder of the points E and the respective slopes

may be found. Each successive ray is traced as before by

Equations (4) through (13). Equations (14) and (15), how-

ever, may not now be used since the lens thickness along the

ray can not be specified. Instead, the intersection of the

ray and the surface slope from the previous ray is used to

define the new point E^ , . The intersection is found by first

writing the equations of lines representing the ray and the

surface tangent. For the ray:

y = -X tan U' + y,(J) + x^(J) tan(U') (22)

For the surface tangent:

y = X cot(I^ + U) + y^(J-l) -x^(J-l) cot(I^ + U)

(23)

Equations (22) and (23) are solved simultaneously to yield

the coordinates of E which are

y,(J) = {^-^} (24)
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where:

A = cot(i^+u) cot(U') [y (j)+x (J)tan(U') ] (25)

B = Y^{J-1) - x^(J-l) cotdj^ + U) (26)

C = 1 + cot(I^+U) cot(U') (27)

and

x^iJ) = cot(U') [-y^(J)+y2(J)+X2(J) tan(U') ] (28)

Now Equations (19) , (20) , and (21) are used to calculate I

and the slopes at E . Therefore, the remainder of the lens

surface may be generated. The opaque region at the surface

is formed by extending the slope of the surface at E to
K

intersect the lens axis. Here, K refers to the last ray.

The nose half- angle, y, thus formed is given by

tan 7 = i^l ^ r. (29)
' dx surface, E„ '

D. SKEW RAYS

A skew ray is one that begins from an off-axis object

point and enters the lens either in front of or behind the

meridian plane (z = 0) . For every skew ray, there is a

corresponding mirror image skew ray on the opposite side of

the meridian plane so that two skew rays are traced at the
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expense of only one calculation. These two skew rays inter-

sect at the same diapoint

.

Large numbers of skew rays are traced through a lens

in order to study lens performance at different obliquities.

The procedure is to superimpose a grid over the lens aperture

and to trace rays through the intersections of the grid,

through the lens and onto the image plane. An image plane

spot diagram and an energy density plot are then constructed

for study.

To accomplish this, the aperture grid has been attached

to the nose (opaque region) of the seeker lens at station A;

see Figure 3. The plane of the aperture grid is tilted

relative to the lens by a variable angle. A transformation

between the grid coordinates and the lens coordinates has

been derived to connect skew rays from grid to intercept with

the outside surface of the lens. Referring to Figure 4, it

can easily be seen that

x' = [x + ABjcos ct - y sin a (30)

y' = [x + AB]sin ct + y cos ot_ (3i;
^ P P

z' = 2 (32)

where ct is the tilt of the grid plane, AB is the length of
P

the opaque nose portion on the x-axis. Both z and z' are

positive out of the page.
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The three dimensional lens outer surface is generated by

rotating the array of outer surface coordinates in the merid-

ian plane through 27t about the lens axis. Each pair of

coordinates x, (J) ,y, (J) thus describe a circle in the y-z

plane of the lens. This circle transforms, however, to an

ellipse in the grid plane given by the equation

/ 2 2
y' = [x + AB] sin a ± vr - z' cos a (33)

Sp ir

where R is the radius of the circle in the x-y plane. R

may be expressed by the familiar equation of a circle

R^ = y^ + z^ (34)

in the y-z plane of the lens, or by solving Equation (33)

for R in the grid plane

r2 = z'2 + (

—

"I (X + AB) tan a^) (35;
cos ct p

With the aid of the foregoing groundwork, the x,y,z coor-

dinates of the ray intercept with the outer surface may be

found. To see how this is accomplished, first refer to Figure

5. The skew ray will pass outside the circle formed by rotat-

ing some point x^(J),y^(J) and inside the next circle formed

by rotating x-l(J-I) ,y^(J-l) . In so doing the skew ray will
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intercept an imaginary cone formed by the two circles."''

Now, the y',z' of the skew ray in the grid plane and a

trial value x^ ( J) from the array of surface points are sub-

stituted into Equation (35) and a value for R is calculated.

If R is greater than y^(J) but less than y,(J-l) than the

appropriate circles have been found. If not, another trial

value of x^(J) is picked. In practice the x,(j) corresponding

to

y-^CJ) = z' (36)

is chosen as the first trial value and subsequent trial

values are x, (J-1) , x. (J-2) and so forth.

The equation of the cone passing through the two circles

may be derived by again referring to Figure 5 and noting

that

QP = Qp' = Vy2 + z^ = R (37a)

QP = y = m[x - X, (J) ] + y, (J) (37b)

where the slope m is given by

Recall that a straight line between points Ej was used
to form the outer surface in the meridian plane. These
approximations are valid only if the spacing between points
or circles is very small.
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y^(J-l) - y^(J)

^(J-1) - x^^ = - (j-1) - X. (J)
^^8)

and therefore

2 y, (J-1) -y, (J) 2

^ = ^^^^[j^ir^n^UX-Xi^)] ^y^iJ)} (39)

By equating Equation (39) to Equation (35) and solving for

X, the expression for the x-coordinate , x- , of the outside

surface ray intercept may be found. After some algebra, this

reduces to the complicated relationship

PARI ^ ypARl PAR3
PAR2 " PAR2 PAR2 ^

where

PARI = ab + ce - b^AB - c d (41)

PAR2 = b^ - c^ (42)

PAR3 = a^ +b^(AB) ^ - 2abAB + z • - (e-cd) ^ (43)

and where

a = y'/cos Gt (44:

b = tan ct (45)
P
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y^(J-l) -y^(J)

^x^(j-l) -x^(j)^ (46:

d = x^(J) (47)

e = y^L^*^^ (48)

It has been found that the plus sign in Equation (40) gives

the correct values until PAR1/PAR2 becomes greater than

x^(l) at which time the negative sign must be used. It now

follows from Equations (31), (32) and (40) that the y^ and

Zq coordinates of the intercept are

^0 = ^^iV- (^0-^^) ^^^ °^p (^^)

and

Zq = z' (50)

The next step in tracing the skew ray is to ascertain the

direction cosines of the ray inside the lens after refrac-

tion at the outside surface. This is accomplished in a

series of steps beginning with the determination of the

angle ^ which the skew ray makes with the normal to the

surface at the point of intercept. Angle (p may be found by

taking the scalar product of the direction cosines of the
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skew ray and the surface normal. Thus to find (p , the surface

normal must first be obtained.

As might be surmised by the reader, the direction cosines

of the surface normal can be found by taking the gradient

of Equation (39) with Equation (37) substituted for R.

Several orders of magnitude may be gained in accuracy, how-

ever, if the normal N is found by interpolation in the

meridian plane and then rotated to the point of intercept by

angle u as in Figure 5. This interpolation procedure involves

multiplying the ratio S/ST with the difference between

DYDXN(J) and DYDXN(J-l) and adding the product to DYDXN(J)

.

DYDXNp^j^ = ^(DYDXN(J-l) - DYDXN(J) ) + DYDXN(J) (51)

where subscript PIM refers to point of intersection, meridian

Values of the slopes of the normals in the meridian plane,

DYDXN(J) , are given by Equation (20) and S and ST are the

linear separation of points P", PIM and ?", P respectively.

S/ST is given by

S
t(R-y,(J))^ ^ (Kp^„-K^(J))^l

Therefore, the normal vector, N , in the meridian plane is

% = 'dyMn—»^ ^ 5 (53)

PIM
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and since

tan y = — = -^ (54)
^0 ^0

the normal vector at the point of intersection on the

outside surface becomes

^' ^ ^ DYDXN ^^ "^ cos(tan"-^ —
) j + sin(tan"-'- — ) k (55)

PIM ^0 ^0

and

1/2
N'

!

= [DYDXNp^j^"^ + 1] (56)

Now the scalar product of the skew ray vector, R, and surface

normal, N', may be performed to find $ . Since the acute

angle between these vectors is required, the dot product

must be written

R-N' = |N'| cos(Tr-(|)) (57)

Substituting Equation (55) for N' and noting that

R = Ki + Lj + Mk = cos a i - sin a j (58)

the left side of Equation (5 6) may be expanded to

cos a_ _T z.

. M •R-N ^ - Sin a cos(tan"^ -^) (59)
DYDXNp^^^ p yo
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Solving Equation (56) for the angle <^ and introducing

Equation (5 8) , the expression for angle <\> becomes

(J)
= IT -cos V f-iii )l V

' [DYDXN -2 + cos^(tan~^ % + sin'2(tan"^ — ) ]
^^^

)

(60)

Now that the acute angle, cf) , between the ray and the outside

surface normal is known, cj) ' , the angle between the refracted

ray inside the lens and the surface normal may be found using

Snell's law.

-1 ^1
<|)' = sin "-(^ sin <p) (61)

'2

The next step is to ascertain the direction cosines K', L',

M' of the refracted ray inside the lens. Following Kingslake

[7] , Figure 6 shows the optical vector relationship between

R, the skew ray, R', the refracted skew ray, N' , the surface

normal, and the indices of refraction of the two media.

Algebraically this relationship is written as

N-R' = N^R + (N cos |)
' - Nj_ cos (^))N' (62)

By resolving Equation (61) into component form, the direction

cosines of R' may be found. After rearranging, K', L', and

M' become
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Figure 6. Xingslake's Skew Ray Diffraction
Diagram
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N,
1 1^' = N~ ^ "^ (cos (|)' - -i cos (|))k

2 ^^2
(63)

L' = ^L -H (cos ^' - J. cos (|)) £ (64)

^1
M' = _£ M + (cos COS (|))m (65)

where K, L, and M are given by Equation (5 7) and k, Z, m are

k =

i =

m =

DYDXN
-1

PIM

|N
I

COS (tan —

)

Iq_

In'I

sin (tan ^ —

)

^
In' I

(66)

(67)

(68)

Again, | N
|
in Equations (66) through (6 8) is expressed by

Equation ( 56)

.

At this stage in the process of tracing the skew ray,

the coordinates of the external ray intercept x-. , y , z-

are known as are the direction cosines K', L', M' of the

skew ray inside the lens. The next step is, of course, to

find the ray intercept with the inside surface (cone) and

the direction of the ray subsequent to refraction. The

intermediate steps are similar to, if not identical with.
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the foregoing. One major difference, xhowever, is that the

inside conical surface may be expressed analytically and the

intercept coordinates x^, y^, z^ may be found exactly without

approximation. Proceeding, it can be seen that if x., v..

z^ were already known, Equations (63), (64), and (65) could

be rewritten as

X .
- x^

• _ 1K' = n (69)

^i " ^0

Z — z

M' = ^
n ^ (71)

where D is the distance between surface intercept points.

Upon rearranging:

x^ = DK' + Xq (72)

y^ = DL' + yQ (73)

z. = DM' + z^ (74)
1

Furthermore, there exists a relationship between x., y., and

z . which is given by the expression for the inside conical

surface

:

y^ + z^ - x^ tan^ a = (75)^1 1 1
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where a is the half-angle of the cone. Substituting Equa-

tions (72), (73), and (74) into Equation (75) and solving

for D, it is seen that

v/?T

^2 '
^2

(76)

where

Pi = L'Yq + M'Zq - K'x^tan^a (77)

P2 = L'^ + M'^ - K'^tan^a (78)

and

P3 = Vq + Zq - Xq tan^a (79)

Correct values for D are obtained by using the minus sign in

Equation (76). Now that D is known, values for K', L', M',

Xq , y- , and z- are substituted into Equations (72) , (7 3) , and

(74) to yield the coordinates of the inside surface intercept

point.

In the case of the inside surface, the gradient may be

used to obtain the surface normal at the point of intercept

since this surface has been expressed analytically. If

Equation (75) is denoted by f(x,y,z) then

N. = -^^ (80)
^ !7f

I

|x^,y^,z^
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where N^ is the unit vector in the direction of the surface

normal at the point of intercept. Here,

" = M ^ ^ H 5 - M ^ <«!>

or alternately.

Vf = fi+fj+fk (82)
X y-' z

Thus, the direction cosines of the normal k', £
• , m' may

be expressed as

f
x_

Vf
(83)

£• =
f
y

Vf

m '

f
z

m
!Vf!

(84)

(85)

where

:

f = - 2x. tan^a (86)
X 1

f = 2y.
y ^

(87)

f = 2z. (88)
z 1
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and

—I 7 4 9 9 1/2
Vf| = 2[x^tan^a + y + z^] (89)

Now that the two unit vectors R' and N' are known the inci-

dent acute angle of the skew ray with the inside surface,

0^, may be ascertained by again taking the scalar product as

in Equation (57) . Thus,

^^ = TT-cos"-'- [K'k' + L'£' + M'm'] (90)

and using Equation (1) again

-1 ^2
q)| = sin -^[^psin ^ ^] (91)

where t ! is the acute angle between the skew ray and the

surface normal after refraction at the inside surface.

Direction cosines K", L", M" of the skew ray after refraction

are found analogously to K', L', and M' in Equations (53),

(64) and (65). Here, however, N^, N^, K', L', M', $^, $j^,

and k*, I', m' are substituted for N^ , N^ , K, L, M, $, $',

and k, Z , m respectively. Thus

N N
K" = rr^ K' + (cos <t):

- rr^ COS ^.)k' (92)
N _ 1 IN -5 1

N N
L" = rr^ L' + (cos

't>l
- ^ cos ^.) i' (93)

N, 1 ^2 1
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and

N N
M" = ^ M' + (cos 0! - r^ cos (}).)m' (94)

Finally, the skew ray intercept with the image plane may

be found. The image plane is treated as another surface

along the path of the skew ray, and the intercept coordinates

x-_/ Yi^, Zj„ are easy to find. Equations (72), (73) and
im * im im -^

^

(74) may be used again in the form

X. = D'K" + X. (95)
im 1

y. = D'L" + y. (96)

z . = D'M" + z. (9 7)
im 1

where D', in this instance, is the linear separation between

coordinates x., y^, z^ at the inside surface and x^^^ , y^^,

z. of the image olane. Furthermore,

X. = BF (98)
im

is the equation of the image plane. It follows that

(BF - X.)

D- = j^TT-^ (99)
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after substitution of Equation (9 8) into Equation (95)

.

Therefore,

BF - X.

^im = f K^^^" "*

yi ^100)

and

BF - X
z
im ^ K

[ vTi-^lM" + z. (101]

Hence, the skew ray has been traced onto the image plane

at the focal point of the lens. The y. coordinate of theim

corresponding mirror image skew ray is the same as Equation

(100) . The z. coordinate, however, is the negative ofim ^

Equation (101) since the mirror image ray is behind (when

viewed along the z-axis) the meridian plane. After tracing

a complete set of skew rays through the lens a spot diagram

may be plotted. Clearly, the number of rays to be traced

depends entirely upon the incremental size of the aperture

grid chosen. According to Kingslake [7] , at least 100 rays

must be traced to give a fair approximation of the actual

image. In addition to the spot diagram, an energy density

plot may now be constructed by counting the number of rays

within progressively larger radii from the image centroid and

then plotting the number of rays as a function of radius.

Here, each ray is assumed to contain a unit, nondimensional,

an amount of radiant energy for convenience.
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E. RADIANT ENERGY LOSS

In reality, each ray loses intensity upon transmission

at each interface. Of the total amount of energy contained

in each ray, a fraction I will be transmitted, a fraction I_
' R

will be reflected, and a fraction I will be absorbed by the

medium into which the ray is propagating. Since it has been

assumed that absorption is negligible, it must be true that

It + Ir = 1 (102)

Furthermore, the relative amounts of transmitted and reflected

electromagnetic energy may be calculated by the well-known

Fresnel Equations which state the dependency of I™ and I„

upon the angle of incidence and the indices of refraction

at the interface. That I^j, and I_ are further dependent upon

the orientation of the electric vector with respect to the

geometry of ray incidence is fundamental to the boundary

conditions which govern the form of the Fresnel relations as

derived in Hecht-Zajac [8] . Since this thesis examines lens

response to monochromatic radiation, the indices of refraction

are not considered as a function of wavelength; further, the

electric vector orientation is assumed to be rapidly and

randomly changing with time. By time averaging field com-

ponents, it may be seen that the reflectance is

Ir = |(rf + r,^) (103)
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where

cos ^ ' (N^^ - sin^c}))
•^'^^

""X = „. 2" .2.1/2 (104)
cos (^ + (N^ .

- sin^tj))-"-/^
ti

and

N^ cos ^ - (nJ. - sin^cj).)-^/^

^ r 2
""1/2 (i°5)

N^ cos cp + (N^^ - sin""^)^/^

Here, N^^ is the ratio of the index of refraction of the

transmission side of the interface to the index of refrac-

tion of the incident side. From Equation (102) it now follows

that the transmittance through the interface is

It = 1 - Ir (106)

The total transmittance through the lens is simply the product

of I at the outside surface with that of the inside surface

where ti . is substituted for 7) in Equations (104) and (105) .

Total internal reflection of the ray may occur at the

inside surface if the incident angle becomes too large.

Following Reference (7) , this occurs when angle ^. is equal

to or greater than tt/2. Thus, Snell's law becomes

sin $. = rr^ (107)

and any ray with . equal to or greater than this will be
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totally internally reflected. In this thesis such rays are

labeled "failed rays" since they fail to intersect the image

plane. If N2 is 1.5 and N^ is 1.0, the incident angle for

total internal reflection is 41.81°, or greater.

F. OPTICAL PATH LENGTH (OPL)

The optical path length of a skew ray is an analytical

tool with which the researcher may ascertain the phase of a

ray at the end of the path. By so doing, the image diffrac-

tion pattern may be constructed which shows the addition or

subtraction of amplitude depending upon relative phase. Since

each ray must begin with the same phase, monochromatic radia-

tion is used for diffraction experiments. OPL is included

here only as a matter of interest. The calculation of optical

path length is simply the sum of the geometrical path segments

of a ray multiplied by the corresponding index of refraction

of the medium for that segment.
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III. THE GRIN LENS

A. THEORY

This thesis assumes a spherically synmietric, inhomogene-

ous, isentropic medium in which the refractive index varies

from point to point but is independent of direction at each

point. The refractive index is a function of the coordinates

of the points of the region being considered. The problem

of describing the resulting curved paths of rays in such

GRIN materials has been solved long ago in the form of a

single second order vectorial differential equation. Marchand

[9] has shown that the solution to the differential equation

in the case of spherical gradients can be written in polar

coordinates in the plane of the ray as

^ ^ /
, 2 f 2,1/2

^^^^''

Tq r [n r - e ]

'

Here r^ and 9^ are values of r and 9 at a convenient reference

point on the ray and ie| is a scalar constant along the ray

given by

e = £ n^ r^ sin .^^ (109)

Referring to Figiire 7, r is measured from the center of

symmetry of the index function; angles 8 and 9q are measured
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Figure 7. Grin Lens Geometry

72



i



counterclockwise from the lens axis; angles
\l>

and i^^ are

measured counterclockwise from the radius vector to the

instantaneous ray direction vector. e is the sign function

expressed as

£ = sgn \\1)q\ = ±1 (110)

where

^ol < ^/2 (111)

In Equation (109) , n^ refers to the index function n evaluated

at r^ . The form of n has been chosen as

n = n(Og,r) (112)

where denotes the position of the center of symmetry on

the lens axis (shown in Figure 7) and r is the radial coor-

dinate from to the point in question. This form allows

the study of the effects on lens performance as O is changed,

More specifically, in order to allow the analytical

integration of Equation (108) , the expression used for

n(0 ,r) is a generalized version of that employed by Luneburg

as described by Marchand [9] . Here

2

n = [a + b(^)"]^^^ (113)
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whereas Luneburg used specific values for a and b. Generaliz-

ing the index function enables the strength, or percent change

of the gradient to be varied as well as the algebraic sign

of the gradient. If the parameter b is negative, a decreasing

parabolic gradient results; conversely a positive b yields

an increasing parabolic gradient. By visualizing a plane

wave front passing through a spherical gradient, it may be

seen that the negative gradient results in light rays bending

forward at the center, as shown in Figure 7, whereas a posi-

tive gradient has the opposite effect. This principle was

used by Wood, as related by Marchand [9], in constructing

simple lenses having plane faces and a radial index. The

Wood lens acted as a converging or diverging lens depending

upon the sign of the gradient used.

Additionally, it must be noted that if the parameter b

is equal to zero, Equation (113) reduces to

n = /i (114)

which is a HIN lens having constant index of refraction.

This fact has facilitated the correlation of GRIN and HIN

computer trace algorithms.

Equation (108) may be integrated by a change of variable

using the relation

V = (^) (115)
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which leads to the solution

e = 9q-| sin-l 2e /r - a

^a^ + 4be^/Rj -'

- sin

o 2 , 2

-if ^^ '^''o-^

Ly?T 2 2
4be^/R^-'

(116)

Equation (115) gives 9 as a function of r. This equation

can be easily solved for r as a function of 9 in the form

r =

a+

/2

' 2 4be
a -i rr— sm -2z (9-9q) +sin

-1 2e /r^ - a -| -I

Va^+4be/R| ]]

1/2

(117)

The instantaneous direction of the ray at any point r,9

may be ascertained by using the invariance of e. Hence,

e = £nr sin-ii = en^ rQ sin 'i;^ (118)

and

^p = sm [
— ] (119)

Furthermore, the orientation of the plane of the ray may be

easily deduced since every ray in a spherical medium is a

plane curve lying in a plane through the center of symmetry
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using this fact, Marchand [9] has shown that a suitable

conversion from coordinates r and e in the plane of the ray

to global Cartesian coordinates may be written in the form

^0
X = r(6 — + n p^) (120)

^0
y = r(5 — + n q ) (121)

^0 ^

^0
z = r(6 — + n i^) (122)

^0 ^

Here p^ , q^ , l^ are the initial direction cosines of the

ray at r^fd^; x^ , y^ , and Zq are the Cartesian coordinates

corresponding to r^^eQ. The parameters 6 and n are given

by Marchand as

n = sin 9/sin 'j;^ (123)

= cos 9 - n cos li^ (124)

It should be noted that Equation (117) may become singu-

lar for certain rays where ;|/ or 'i>Q become very close to zero

or T . This singularity may be more easily seen in Equation

(123) where n becomes indeterminate as both 9 and ip^. approach

zero and/or tt . In practice these conditions occur when

is located either far out in object space, coincident with

3, or on the image side of the lens; see Figure 8. Positioning
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Figure 8, Excluded Regions for Center of
Symmetry Due to Singularities
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the center of symmetry at these locations has therefore

been avoided.

B. ASSUMPTIONS

The aforementioned assumptions for the HIN case also

apply here. Additionally, it must be assumed, as depicted

in Figure 7, that the GRIN lens could or soon may be fabri-

cated from a sphere of dielectric material with the required

spherically symmetric parabolic gradient.

C. GRIN LENS DESIGN PARAMETERS

In the HIN lens, the available design parameters are

basic. These include: F, R, T, a, U, and N2 • Parameters

available for varying the design of the GRIN lens, however,

include those of the HIN case but expand the index of refrac-

tion variable N-, into , a, +b, and -b . These additional

lens design parameters greatly expand the lens designer's

power to bend radiant energy to his will.

D. GRIN LENS DESIGN

The GRIN lens design procedure, although paralleling

that of the HIN case, is somewhat more complicated in that

the rays are now curved and the index of refraction varies.

Accordingly, the same design process is used but with more

intermediate calculations required.

The additional calculations arise since the intercept

of the GRIN ray with the surface tangent cannot be solved

in closed form, and an iterative solution must be used.
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The reader will note that Equation (117) will yield r if

O-Bq) is known. Hence the iterative procedure is to

"guess" (6-9q) based on the HIN coordinates x^h/Y^jj which

are calculated as in the homogeneous lens. Thus

9h = 9t - ^0 (125)

in Figure 9 is used in Equation (117) to find point p. The

tangent to the ray path at point p is now extended to inter-

cept the surface tangent again using the homogeneous inter-

cept relations to find ^{o/Y-'u- The prime superscripts

indicate successive iteration values. The distance d is

employed as a measure of the error of point p. If d is not

within an acceptable margin then 9
' is calculated based on
n

xJ ,y' and the procedure repeated to find p' in Figure 9.

If d' is not within allowable error then the iteration con-

tinues until it is acceptable. In practice, this iteration

procedure has proved to be extremely rapid, rarely requiring

more than three iterative steps before converging. Slight

modifications, however, must be introduced to handle a posi-

tive gradient. Furthermore, if is located outside the

lens proper, a decreasing angular increment must be subtracted

from 9„ to ensure that each radial vector r„, r ' , ... inter-
H n il

sects tne ray during iteration. These modifications to the

intercept iteration procedure are recorded in the program

listing for program GISL (for Gradient I_ndex Seeker Lens) .

Refer to Appendices A, B, and C for a full description of GISL

79





4J

O
(U

u

a
0)

o

<o

c

>1
(0

•H

s
3

•H

80





^1H 'VlH

^1H 'ViH

*iH»yiH

Figure 10. Expanded View, Intercept Geometry
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with the overall iterative intercept procedure now being

clear, the mathematical details of the GRIN lens design

follow. Referring again to Figure 9, the GRIN ray is traced

as in the HIN design procedure to obtain the coorainates

X2(J),y2(J) o^ the inside surface in the meridian plane. Now,

before Snell's law can be used, the index of refraction must

be found at these coordinates. Using Equation (113)

n, = [a + b(^)^] (125)

where

rQ = n/(x2(J) + OB) ^ + y2(J)^ (126)

and where

R v/(x,(1) + OB)^ + y^d)^ (127)
Z " ^-2^"' ^"' '2

Furthermore, by inspection it can be easily seen that

^j = TT - U' - 9q (128)

U' is identical to the HIN case and

"Here Equation (125) must be substituted for N2 in

Ecuation ( 12)

.
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-1 i'2<J'

In Equations (126) through (129) OB is the line segment from

to B and is defined as a positive quantity to the left

of B for algebraic ease of manipulation. By substitution

into Equation (109) the scalar constant, e, of the ray can

now be found. Furthermore, since angle U' is now known

coordinates ^lu^Yiu ^^Y t)e calculated using Equations (14)

and (15) or Equations (24) through (28).

For the first ray defining the edge of the lens, Equa-

tions (14) and (15) are employed, and, since no iteration

is required, angle (9„-9q) is used in Equation (117) to find

r immediatelv. Here

X, + OB
cos e_ = -^ (130)

H

and

T^ = ^(^IH ^°B)^ + y^j,
(131)

Thus

x-j_(l) = r cos 6^ - OB (132;

and
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Y-^il) = rsin9^ (133)

are the coordinates of the first point on the outside

surface. Since e is known. Equation (119) is employed to

find the angle -4}. Angle <; in Figure 10 is employed to

translate ^ into the ray direction with respect to the lens

axis by the relation

; = TT -
('J; + 9^) (134)

Therefore, by substituting c for U' in Equations (19), (20),

and (21), DYDXN(l) and DYDXT(l) may be found. Here again, N

in Equation (19) must be replaced by n2 as given by Equation

(113) evaluated at x, (l),y, (1).

Now that the first point on the outside surface is known,

along with the surface tangent, the remainder of the K number

of rays may be processed to yield the balance of the outside

surface. Each subsequent intercept between ray and tangent

must be iterated. Thus, unlike the first ray, once x, , Y-.^^

r„, r , i) , and ; are known, x, „
' and Yt„^ are ascertained by

rl p Xrl In

the substitution of the coordinates of point p for x„(J),y2(J)

in Equations (24) through (2 8) with U' replaced by ^. The

coordinates of point p are

x = r cos 9„ - OB (135)
p p T

y = r sin 9„ (136)
P P T
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Therefore

^1h" = ^H^} (137)

where

A = cot(I, +U) cot C [y + X tan?] (138

B = y^(J-l) - x^(J-l) cot[I^ + U] (26)

C = 1 + cotdj^ + U) cote (139)

and

I, = sin-^f siniu^U)
^ (^4Qj

( [cos(?-U) - N^/n^J + sin (C-U)

Note that n_ in Equation (14 0) is found from Equation (113)

evaluated at r .

p

Additionally,

^1h' " "^^^ ^^"^1h'
"^ ^p "^ Xptanc] (141)

Now the error, d, may be evaluated as

d = ./(x - x^^M^ . (y,,' -yp)' (142)
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Here d is compared to 1 x lo ^. if d is larger than this

value then the entire procedure is repeated by si:ibstituting

^1h''^1h' ^°^ ^IH'^IH ^^^ ^° forth. Once the error criteria

are satisfied

2«l(J) = X (143)

Yl^J) = Yp
'* *

(144)

and the next ray is processed. Correlation between GRIN

(with b set equal to zero) and HIN design procedures run

with identical parameters has shown agreement to the fifth

and sixth decimal places.

E. SKEW RAYS IN GRIN

GRIN skew rays are handled analogously to the homogeneous

case with the same coordinate transformation from grid plane

to global coordinates being required. It is only after the

initial directions cosines of the GRIN skew ray K', L', M'

are found that the differences between GRIN and HIN appear.

The only exception to this being the use of Equation (113)

in Snell's law for refraction at the interface. Since the

GRIN skew rays display curvature in a plane through , K',

L', and M' are constantly changing until intercept with the

inside conical surface. Therefore, not only must the plane

of the skew ray be analytically described, but the final

values of K', L' , M' must be found. Due to the nature of

86





GRIN rays, the procedure for finding the ray intercept with

the conical inside surface is different from both the HIN

case and the iteration procedure employed in the meridian

plane due to the multiplicity of the geometry encountered.

The Newton-Raphson iteration routine has been found to be

ideal for this purpose.

To begin, the magnitude and direction of the initial

radius vector r^ from for x,, , y^, z^ must be ascertained,
s "^

The magnitude is given by

1/2

Therefore the unit vector in the direction of the intercept

is

x^ + OB . y-^ . z .

r, = -° 1 + _i j + _2. k (146)
^0 ^0 ^0

The plane of the ray may be fully described by the vector

normal to the plane. Two vectors, r^ and R lie in the plane

of the ray. R is the unit vector in the initial direction

of the ray after refraction and described using direction

cosines as

R = K'i + L'j + M'k (147)

Thus, the plane of the ray may be described by the cross

product
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/^ /\

\ = ^O"^ (148)

or

N = N i + N J + N k (149)
Pq PQx pQy Pqz

where

N^ = r^ M' - r^ L' (150)
Pqx Oy Oz \-^^v.y

^Oy
=

^OZ"^' - ^OX"' <l5l)

and

N^ = r- L' - r. K' (152)
POz °^ Oi^

In Ecuations (150) , (151) , and (152) r^ , r^ , and r.
Ox Oy Oz

refer to the x, v, and z components of r^ in Equation (146) .

Furthermore, the angle p^ between r,, and R may be found from

the dot product as

*0 = =""^"^0x'^' -^
'^Oy^' * '^Oz"'^

'^"'

Now the scalar invariant e may be found. Substituting known

values into Equation (109) :





rg 2 1/2
= £[a + b(^) ] Tq sin ij^^ (154)

where R^ is unchanged from that found during previous calcu-

lations for the lens shape by Equation (127)

.

With the foregoing groundwork established, the intercept

of the ray with the inside surface may be calculated. The

Newton-Raphson iteration scheme requires the calculation of

the radius vector from to the cone by geometrical methods

and the radius to the ray by GRIN theory. The difference

between the two radii is then divided by the difference

between the derivatives of the two functions. The resulting

quantity is subtracted from the trial angle, 9 , in the plane

of the ray, to give a new trial angle 6'. The process is

continued until the difference between radii is less than

1 X 10 . The first trial angle is measured to a reference

HIN intercept as if the material were homogeneous since the

actual GRIN ray curves only slightly. The coordinates of

this HIN intercept point are designated x.^, y-u' z . and

are derived using the HIN equations as before. To obtain

the first trial angle, the scalar product between ^^ and

r ,. is used. Here
iH

r,„ = Uk,„ ^OB)' ^yj^ + ^\J' (155)

and
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X. + OB . y , z. .

^iH = ^V— i-^3-^^ (156)
IH "- iH " iH

Thus,

% = =°^"^l'^Ox'^iHx -^ -^Oy^iHy -^
^Oz-^iKz^ '"^'

where i^j_j^^^
^iHv' ^^^ ^iHz ^""^^ ^^^ ^' ^' ^^^ ^ components

of r.j,, respectively.

In Equation (117) 8 is substituted for (9-9q) to yield

r as required by the iteration procedure. The geometrical

radius, r , is not so easily acquired. First, note that the
y

equation of the plane of the ray inside the lens is given by

^Ox'^^-'^o' * '^poy'y-i'o' ^ >z'^-^0' = ° '"8)

Secondly, the equation of the conical surface is given

by Equation (75) . The combination of the plane of the ray

and the cone yield the loci of possible intercept points on

the inside surface. In Cartesian coordinates, the sum of

Ecuations (75) and (158) is

x(N -X tan • ] + y [N ^ + y] + z [N ^ +z] - N ^^x
pox ^ pOy ^ pOz pOx

- N ^ y^ - N ^z^ = (159)
poy poz

Equation (159) must be transformed into coordinates r and 6
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in the plane of the ray. The transformation is made possible

using Equations (120) through (124) . Upon substitution,

and after solving for r , Equation (159) becomes

^ '^^2 4A2 2

where

^2 "^ ^1 ^ ^1 "
'^l

^^^^^ (-^^'•^

2
B^ = B,N + C,N + A,N + 2A, OB tan a (162)
2 1 poy 1 poz 1 pox 1

C- = OBN + OB^tan^a + N ^^x. + N^^, v..
2 pox pox poy

+ N z^ (163)
poz

and

A = A.(x 4- OB) + nK' (164)
1 ^0

B, = —^ + nL' (165)
^ ^0

r = !!0 + nM' (166)
^ ^0

Here, 6 and n are found from

n = sin 9 /sin •b^ (167)
' p
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and

5 = cos 6 - cos \i)f. (168)

which follow from Equations (123) and (124) . The plus sign

in Equation (160) yields the correct values. Now that r of

the rav and r of the surface are known, the derivatives of
g

r and r with respect to 9 at 9 must be found. It can be
g P

shown that for the ray

^1 = i^ cos [-2 £9 +sin^(A,)] (169)

^^le 2e^ P ^

P

where

o 2 , 2
2e /r^ - a

A^ = ^ (170)
•3

a^ + 4be^/R2

The derivative of r is somewhat more complicated. With
g

persistence, however, it can be shown that

dr , dB^ dA^ -, B^ C^ -1/2

(171)

where A^ , B , and C^ are given by Equations (161) through

(168) and

,
P

dB „ dA C dA
C^ = [J^(A^B^ 2 . 32 2 _ 2 2^ (172)
3

2A 2 2 de 2 2 a9 ^2 d9
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Therefore, the r and 8 to the intercept are found by

iteration of revised trial values

(r - r )

p = ^ - -—h- (^^2)

(^ - __2:)
^de de ^

In practice the quotient of differences in Equation (173)

is reduced by a factor of 1.3 to slow convergence and provide

stability. The number of iterations, however, rarely exceeds

five

.

Values for r and 9 are now transformed into Cartesian
P

coordinates x., y., z. by substitution into Equations (120)

through (124) . Next, the values of the direction cosines

K', L', and M' at the intercept are needed. The angle \p

between the radius vector and the tangent to the ray at

intercept may first be deduced from the scalar invariant,

e. Hence

(|; = sin~^(—|—

)

(174)
2^PI

Where e is known, n^ is evaluated at J^pj/* r j is the

radius to the intercept as found by the iteration above.

Three constraints on the direction cosines may be written.

These are:

1) The scalar product of the radius vector, rp^, and the

instantaneous ray direction vector, R, at intercept.

2) The scalar product of the normal to the plane of the

ray N ^ a.nd R.
-^ pO

93





3) The sum of the squares of the direction cosines must

sum to unity.

Mathematically, the above constraints are written as

( X . + OB ) y . 2 .

^ K' + —^ L' + —^ M' = cos ^ (175)r r r
PI PI PI

Nnn^,K' +N_L'+N^M' = (176)POx pOy pOz

K'^ + L'^ + M'^ = 1 (177)

To find K', L', and M', Equations (175), (176) and (177) are

solved simultaneously. It can be shown that the solution

leads to

'^^e 4A^ ^6
5

L' = A- - B.M' (179)
5 D

2 2
^/2

K' = (1 - L' - M'^) (130)

where

-6 = U.(/^)^1B^3--^^^^B3

+ (^0£)2 + 1 (181)

Vx

94



i



B. = '^^y^P"^ A3 - 111 . (^)^1A.B
pOx ^

"pOxT^Zf^ A5 -
1 [1 + (^j'lAjBj (182)

=6 = '1 -^ (fJ^^'^lAs - 1 (183)
pOx

and

Vx°°^*
^5 = N B, - N „ A, (184)

pOx 4 pOy 4

pOx 4 pOy 4

Furthermore, in Equations (184) and (185), A., B . , and C.

are the coefficients of K', L' and M' in Equation (175) .

Now that the direction cosines of the ray are known at

the point of intersection with the inside surface, the index

of refraction, n» , is computed by substituting r into

Equation (113) . The remainder of the skew ray trace to the

image plane is identical to the homogeneous procedure.
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IV. LENS PERFORMANCE PARAMETERS

The function of the seeker lens is to focus electromag-

netic energy either reflected from or emitted by the target

onto a detector. Angular displacement of the target with

respect to the missile body axes as well as target angular

rate information are both desired outputs from the seeker.

Hence, it is not only important just to be able to detect

the target by focusing energy into a spot on the detector,

it is equally important that this spot be as small as possi-

ble to enable the precise position of the spot on the detec-

tor to be discerned.

The ability of a lens to focus an object to a small spot

does not guarantee the quality of the image. For a FLIR

optical system extensive effort is expended to obtain an

image with minimum aberration [10]. Seeker optics, however,

are generally non-imaging devices where the pressure of the

different aberrations does not detract from the function of

the seeker as long as a tight image is maintained [11]

.

Accordingly, the most important parameter by which seeker

lens performance is judged is that of spot size at different

obliquities. Since the image found at the focal point is not

necessarily circular nor equally dense, the standard devia-

tion in the y and z directions with respect to image centroid

is used to define spot size.

Therefore, once the coordinate pairs of all the skew rays

have been calculated in the image plane, the first step in
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the analysis of lens performance is to calculate the image

centroid [12], If the spot diagram is composed of N rays,

the centroid location, y is
-^ c

N
V = g I Yi (186)

*• i=l

Since there is symmetry about the x-y plane, the z coor-

dinate of the centroid will always be zero.

The next step in finding the spot size is to find the

standard deviations of the spot diagram in the y and z

directions. This is accomplished by summing the squares of

the differences of the intercept coordinates with respect

to the centroid and then dividing by the number of rays.

The standard deviations then, are given by

1=1

and

2 1^ 2
^ = i y (Y. - y^)"^ (188:
y N .^-j 1 "^ c

The spot size, a , is now defined by
r

a = L^\a^ (189)
r \ z Y
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Of further interest in appraising lens performance is

the energy density of the image as a function of radius from

the centroid. In nondimensional form, this is simply the

number of rays in the spot diagram within a succession of

circles of increasing size overlaid about the centroid. Here,

each ray is assumed to carry a unit amount of radiant energy.

This type of plot facilitates the comparison of different

lens designs by detailing the distribution of energy within

each image. Clearly, it is desirable to have as much energy

as possible concentrated very close to the image centroid.

Between two lenses with equal spot sizes, the preferred lens

has more energy concentrated within a smaller radius.

Every ray, however, does not deliver an equal amount of

energy to the focal plane. It is prudent, therefore, to

include as a performance parameter the average ray intensity.

Again, for N rays, the intensity I of each ray is summed and

normalized by N to yield

1 ^
av N .^-j 1

Finally, each lens design is checked for "failed rays".

The reader will recall that these rays fail to intercept the

image plane due to total internal reflection, total external

reflection, or failure to intercept the inside surface within

the bounds of the lens. Hence, a lens design with fewer

"failed rays" or no "failed rays" at all is a preferred lens.
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Although there are many other performance criteria by

which lenses are compared, the foregoing parameters are more

than sufficient to judge the merit of preliminary seeker

lens designs. It should be noted, however, that notwithstand-

ing the fact that the image centroid and standard deviations

were used as stepping stones to obtain image spot size, they

have significant meaning of their own. The standard devia-

tions a and a inform the lens designer as to the horizontal
y z ^

and vertical spread of the image. Image centroid location,

y , at increasing obliquities is of obvious importance since

excessive displacement will cause the image to miss the

detector entirely and would dictate the necessity for a

second lens element to dampen the movement. Furthermore,

since Line of Sight (LOS) measurement accuracy to the target

is highly dependent upon the linearity of y as a function of

the lens tilt angle, lens designs which exhibit a greater

degree of such linear behavior are the preferred designs.

To summarize, it is sufficient to note that although

spot: size is the most important of the performance parameters,

every other parameter has a significant impact on the

performance of a particular lens.
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V. RESULTS FOR THE HOMOGENEOUS LENS

The performance of the homogeneous lens is presented

primarily as a comparison with which to compare the performance

of the GRIN lens. Here, the relationship of spot size to

increasing lens obliquity and lens thickness are presented

as well as the image centroid movement as a function of

obliquity. Additionally, the reader is introduced to the

four basic computer plots used to display the results: lens

shape, object plane with superimposed skew ray grid, image

plane or spot diagram, and energy density. These plots were

generated on the VERSATEC Plotter using arrays of data points

produced by program GISL on the IBM 30 3 3 mainframe computer.

To begin. Figure 11 shows the homogeneous lens shape.

The first of the four basic plots, the lens shape plot, pre-

sents the lens side view in the meridian plane. The outer

surface (curved) and the inner surface (cone) are constructed

by connecting the points x^ (J) , y, (H) and x_(J) ,y^(J)

,

respectively, by straight lines. At the apex of the lens

about the lens axis is a trapezoidal region which represents

the opaque nose area. In the legend are listed the lens

design parameters and the significant calculated dimensions

of the lens. Since all linear dimensions are implicitly

normalized with respect to the maximum inside radius, R,

the lens may be scaled up or down by multiplying each dimen-

sion by a factor of R /R. Beginning at the top, the^ new

parameters listed in the legend are explained in Table 1.
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2.
LENS SHAPE
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OSYHB = 1.000

R = l.OOG

flLPHfl = 0.7853975

T = 0.050

U = 0.00000

I = 1008

Nl = 1.0000

N3 = 1.0000

fl = 2.250000

B = 0.000000

8EFF =0.0000000
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Figure 11. Homogeneous Lens Shape for N^ = 1.5
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TABLE 1

Explanation of Lens Shape Plot Legend

PARAMETER

F/#

F

OSYMB

R

ALPHA

T

U

N.

N.

EFF

Index

% Inside

% Outside

TYPE OF PARAMETER

DESIGN

DESIGN

DESIGN

DESIGN

DESIGN

DESIGN

DESIGN

DESIGN

DESIGN

DESIGN

DESIGN

DESIGN

CALCULATED

DESIGN

CALCULATED

CALCULATED

MEANING

F number. F/# = F/2R
*

Focal length from B

.

OB. Line segment O to B
(positive to left) *^

Immaterial in HIN

Maximum radius of cone

a--cone half-angle, radians
*

Edge thickness

Incident ray offset angle
(design) , radians

Number of iterations.
I+l = number of rays

Free stream index of
refraction

Index of refraction of
interior lens cavity

I 2 2
a in n2(r) = va + b(r /R ,

gradient refractive
index function,
in HIN.

^2 = ^^

b in n2(r) . Zero in HIN

2
b effective = b/R„

Percent change in n_(r)
from r = to r = R^

Percent change in n^(r)
along inside surface from
lens axis to edge

Percent change in n2(r)
along outside surface
from opaque region to edge
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Table 1 (Continued)

PARAMETER TYPE OF PARAMETER MEANING

% Across CALCULATED Percent change in np(r)
across lens from lens
axis to outside surface
at the thickest point

STATION A CALCULATED x-coordmate at nose of
lens

GA>LMA CALCULATED Y—nose half-angle of
opaque nose region,
radians

TSURFL CALCULATED Total outside surface
length from Station A
to the edge

Refer to Figure 2 for clarification
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The HIN lens shape has a convex outer surface with maxi-

mum thickness on axis of almost ten times the edge thickness.

Although the lens has a good aerodynamic shape resembling an

ogive, the outer surface is not a circular arc nor can a

single analytical function be fitted to the array of points

describing the surface. Note that the nose half-angle, y,

is almost identical to the cone half-angle, a.

All lenses have been designed with a cone half-angle of

45'' which is approximately the maximum angle for which aero-

dynamical ly efficient lens shapes may be designed, consider-

ing a free stream Mach Number not to exceed three. Without

exception, overall lens performance is more severely degraded

as angle a is reduced.

Table 2 explains the legend of Figure 12, which is the

second basic plot. Here the lens is depicted as seen from

the skew ray grid plane. The lens tilt angle, a , causes

the equally spaced (in J) circles descriging the surface of the

lens to appear as ellipses. In Figure 12, the grid spacing has

been reduced from 0.1, which is normally used, to 0.3 to

allow identification of individual rays for correlation with

the image plane spot diagram. Although the small number of

rays used is not sufficient to given an accurate definition

of spot size, the number is sufficient to describe where

rays in the object plane are being focused in the image plane

by the HIN lens. The skew rays in Figure 12 have been numbered

in the order in which they were processed. Actually, only

rays 1 through 19 were actually traced; 20 through 33 are
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TABLE 2

Explanation of OBJECT PLANE Plot Legend

PARAMETER TYPE OF PARAMETER

ALFAP

Rays

Failed Rays

Analysis

Analysis

Analysis

MEANING

a . Lens tilt angle,
radians

Total number of rays
processed

Total number of rays
failing to pass through
the lens*

Failed Rays are indicated on the plot by a diamond
superimposed on the grid location of the ray.

mirror image skew rays. Ray 30 corresponds to ray 14, for

example. Here, the lens has been tilted by 0.4 radians, or

22.9 degrees, and 33 rays have been processed of which none

have failed to intercept the image plane. The staircase

pattern has been added in this case in order to show the

resulting distortion present in the image plane (Figure 13) .

The Spot Diagram in Figure 13 is an example of the third

basic computer plot; see Table 3. Unlike most Spot Diagrams,

this example has the individual rays numbered for comparison with

Figure 12; also the resulting distorted staircase pattern

is sketched. By cross-referencing individual rays between

Figures 12 and 13, it is possible to recognize where certain

areas of the lens are focusing rays in the image plane. Rays

1, 4, 20, and 22 about the opaque nose region form a coma

tail which contributes most of the image spread. Rays 33,
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Figure 13. Spot Diagraai for HIN Lens Design Shown

in Figure 11
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TABLE 3

Explanation of Spot Diagram Legend

PARAiMETER TYPE OF PARAMETER

ALFAP

SPOT SIZE

Y-CENTROID

SIGMA Y

SIGMA Z

RAY COUNT

Analysis

Performance

Performance

Performance

Performance

Performance

MEANING

ap, lens tilt angle,
radians

a , see Equation (189)

Yc y-coordinate of
image centre id; see
Equation (186)

'^Y'
y~standard deviation;

see Equation (188)

02/ z-standard deviation;
see Equation (187)

Number of rays striking
the image plane

18, and 19 from the bottom portion of the homogeneous lens

are imaged at the top and are widely separated from the core

of the image. In general, the regions of the lens which

have been found to contribute the bulk of the widely spaced

rays are the immediate nose region and the lower portion of

the lens

.

Furthermore, the distortion present in the image of the

staircase pattern clearly shows that regions closest to the

nose yield the greatest distortion. Horizontal lines are

switched end for end and tilted approximately 4 5 degrees.

The upper portion of the lens performs the best. Rays

3, 7, 11, and 15 in the meridian plane are focused on the

y_„ axis in a fairly tight region; rays 10, 14, 17, 27, 30,
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and 32 about the upper periphery in the object plane are all

focused within the image core.

Table 3 explains the legend of the spot diagram. It is

seen that the standard deviation in the y-direction is

approximately five times that of the z-direction. This

elongation of the image is not readily evident in the spot

diagram since the ordinate and abscissa have not been plotted

with equal increments. This results from the great disparity

between Spot Diagrams of the various lens designs studied.

It is important, therefore, for the reader to take careful

note of the relative sizes of the y^,, and z^^, axes.
IM IM

Of primary importance is the spot size in Figure 13. The

value for spot size is adversely affected by the poorest

performing regions of the lens. Were it not for these

errant rays, the spot size would be considerably smaller.

The image intensity pattern is benefitted, however, by the

fact that the rays spread the farthest from the centroid

contribute significantly less energy per ray than those

being focused in the core of the image. Table 4 lists the

relative intensities of the primary skew rays plotted in

Figure 13. It is seen that the high intercept angles experi-

enced by the rays closest to the bottom of the lens and, to

a lesser extent, those near the nose, result in higher

reflectivity and lower transmission through the lens.

In the legend of Figure 14, the average of ray intensity

is given. The Spot Diagram Energy Density distribution may

be seen at a glance. The fraction of energy (number of rays)
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TABLE 4

Skew Ray Intensities of HIN Lens

Numberical Order

Ray Intensity Ray Intensity

1 0.746 11 0.919

2 0.789 12 0.918

3 0.921 13 0.910

4 0.89 2 14 0.887

5 0.877 15 0.918

6 0.811 16 0.916

7 0.920 17 0.910

8 0.917 18 0.640

9 0.904 19 0.576

10 0.870

In order of Descending Intensity

Ray (s) Intensity Ray ( s

)

3 0.887 14

7 0.877 5

11 0.870 10

12,15 0.811 6

8 0.789 2

16 0.746 1

13,17 0.640 18

9 0.576 19

4

Intensity

0..921

0,.920

0,.919

0,.918

.917

.916

.910

.904

.89 2
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Figure 14. Nondimensional Encircled Energy Plot for

HIN Lens Design of Figure 11
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shown as a function of radius from the Spot Diagram centroid

is normalized with respect to the total number of rays

traces (Rays, in Figure 12) regardless of whether all of

the rays successfully intercepted the image plane. Thus

the fourth basic plot may be used in conjunction with the

Spot Diagram to further define the image concentration with

respect to the centroid.

The response of the HIN lens to increasing tilt angles

is given in Figures D-1 through D-23 where the index of refrac-

tion of the lens has been set at 1.5. Whereas the spot size

at a = 0.0 is very small, that at a =0.7 radians is quite
P P

large at 67% of the lens radius. Figures 15 and 16 summarize

spot size and centroid locations for the lens. Spot size

growth, although somewhat irregular at the higher angles,

is pronounced. Furthermore, the centroid movement is seen

to be an approximately linear function of a until

a = 0.3 and easily exceeds the radial dimension of the lens

at higher tilt angles.

Figure 17 shows that the HIN lens may be slightly improved

by increasing the edge thickness, T , by a small amount. The

lens may be otherwise tuned to improve performance at certain

tilt angles by designing the lens with U slightly greater

than zero. These performance improvements are practically

insignificant, however, and neither lens tuning by the param-

eter U nor T produce improvement across the spectrum of tilt

angles. Instead, an improvement at one a usually has resulted

in a degradation at others.
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Finally, the homogeneous lens is shown with index of

refraction of three at the intermediate tilt angle of 0.3

radians in Figures D-24 through D-27. The lens shape required

to accommodate the higher index of refraction is seen to be

thinner and displays less outside surface curvature than

the HIN lens with N- = 1.5. Spot size is significantly re-

duced. Since infrared lenses such as germanium generally

have fairly high refractive indices, improved lens per-

formance at these higher values is encouraging.
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VI. GRIN LENS RESULTS

The performance of the GRIN lens is similar in many

respects to the homogeneous lens. The relationship between

characteristic regions of the GRIN lens, such as the lower

lens portion, and where these regions image bundles of rays

is identical to the HIN lens as depicted in Figures 11 and

12. The growth of spot size with increasing a and the

respective movement of image centroid typical of the homogene-

ous lens is clearly displayed by the GRIN lens as well.

The measure of the superiority of the GRIN lens, there-

fore, lies in the successful correction or improvement of

the deficiencies seen in the HIN lens. Here, the reduction

of spot size is of primary concern.

As a modest example of the ability of the gradient refrac-

tive index to reduce spot size, the GRIN lens design shown

in Figure 13 is examined. This lens is very similar in shape

to the homogeneous lens with N- = 1.5. Note, however, that

unlike the HIN lens, the nose half-angle, y, is slightly

larger than that of the cone, indicating more outside surface

curvature. The object plane for this lens, at ot = 0.4, is

shown in Figure 19. Here, the error in focusing rays present

in the image plane has been superimposed over the grid plane.

y^.. coordinate error contours (with respect to the centroid)
IM

are shown in the left half of the plane and z contours in

the right. These contours vividly show that the largest
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LENS SHAPE

-1

F/« = F/2

F = 4.000

OSYMB = 1.000

R = 1 .000

flL°Hfl = 0. 7853975

T = 0.050

U = O.GOOOO

I = 1008

Ml = 1.0000

N3 = 1.0000

fl = 2.250000

B = -0.427500

BE'^F =-0.0855000

/, INDEX = -10.000

7. INSIDE = -3.2397

7. OUTSIDE = -9.2302

7. ACROSS =1.0913

STATION fl =-0.43525-^

GflMMR = 0.3068293

T5URFL = 1. 7399152

- c
_ 1 -co 1.0

X-LENS QX:5

Figure 18. Example GRIN Lens Design with 10%

Negative Gradient at OB = 1.0

118





LD

O

o
o

LO

O
I

^NU1d iJir^Q'i

0) <u

Ui u
d (d

e rH
M a

4J en

U t3 •H
in •H C Q

*

a. (0
'—

'

0)

Q 0)

c
N

4-1 fO

M .H !T>

(0 0^ C
E

0)

•H

o -p D^ C
•

<+-! fd—

'

0) E a.
J M en

0)

0) 0) M
^ ^ S-l

-p -P

u
c c

LO •H •H 0)

o UJ W Q) 4J2 ^^ 4J

CT 3 (T3 cn

_J -g •H
5

Cl_ G TI j::

5-1 eno u
• 1

—

uo (_J U 3
1

LxJ
•

0) -P^ r^ >. c
CQ (0

O
1

a.

T3
in +j +j C •

• Pv^J o (13 QJ
CD QJ c K G

1 •1—1 0) a
ja 0) -P rH
c

-p
x: 0^
en

CO 0) •H OJ

c OQ « CT>

0) (TJO J OJ CD S
• U x; H—

•

z c Eh
1 H 0) cu

« 5^ x:
o

<4-l

a; <+-l •H C
rH •H -H
aa S-l

LO e P 4J
. (C 0) C G

^^ X ^ Q) 0)

1 w 4-1 u e

•

ON
rH

(U

M
3
0^
•H
b

119





errors in both y and z stem from the nose and bottom of the

lens. The best performance is contributed by the upper

central region. The reader will note that negative errors

in z occur below the Yq = plane of the lens and that nega-

tive errors in y straddle the y^, = plane.

The corresponding intensity contours are displayed in

Figure 20. Of significance here is that regions which perform

relatively well in y and z error also perform well in trans-

mitting energy. Regions of the lens which are characterized

by relatively high angles of incidence, therefore, perform

the poorest and have the most to gain from better combinations

of gradient index and 0„

The Spot Diagram, Figure 21, displays an image pattern

virtually identical with the HIN lens in Figure 11. The

GRIN spot size, a , however, is slightly smaller by approxi-

mately 2% and both a and c are correspondingly smaller

which indicates superior performance by the GRIN version.

Image centroid for the GRIN is displaced further than that

for HIN. The average intensity transmitted by the GRIN lens

compares favorably at 0.88 as opposed to the average inten-

sity of the HIN at 0.85. Further evidence of superiority

of the GRIN lens is seen in the form of a steeper slope to

the Encircled Energy Plot (Figure 22) than that of the HIN

lens in Figure 13.

Although the example GRIN design displays marginal

superiority, some GRIN designs do not. In particular, it
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has been found that as the center of symmetry of the index

function, 0^ , is moved further away from the interior of the

GRIN lens, performance deteriorates.

Two series of GRIN lens designs have been examined at

the intermediate tilt angle of 0.3 radians in order to define

the spectrum of lens performance. Both design series explore

the GRIN lens for 0^ inside, outside, and far outside the

interior of the lens. The first series, Figures E-1 through

E-92, are GRIN designs in the "low range" of refractive index

with the index parameter "a" set at 2.25. This first set is

compared to the HIN lens with N = /a = 1.5. The second,

or "high range" series is for a = 9.0, as compared to the

HIN at N^ = 3.0, and are displayed in Figures F-1 to F-12 8.

Both the high and low range lenses exploit gradient changes

of 5, 10, 25, and 50 percent both positive and negative,

where possible. A negative 50% gradient in the low range

is, of course, not possible since an index of below 1.0

would result. The center of symmetry was not located at

X >_ due to the aforementioned singularity encountered at

very small angles.

The lens shapes of the GRIN designs shown vary widely.

The outside surface may be either convex or concave and ex-

hibits a thinner profile at higher values of refractive

index. Although all of the resultant GRIN lens shapes are

superior aerodynamically to the hemispherical seeker lenses

currently in use, the convex version of the lens has more
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obvious applications for a Sidewinder type tactical missile,

whereas the concave lens shape is more applicable to the

diffuser of a ramjet with nose inlet.

Object plane diagrams show that for lens designs exhibit-

ing smaller spot size, fewer or none of the skew rays failed.

This fact underscores the success of GRIN in controlling image

deterioration contributed by the nose region of the lenses.

Although the lower lens and nose regions still create the

largest of the image spread, the extent is reduced.

Figures 2 3 and 24 are contour diagrams summarizing

spot size performance of GRIN lens designs in the low and

high range respectively. From these diagrams, it can be seen

immediately that the best performance is obtained from lenses

having the center of symmetry inside the lens. From this

fact, it may be deduced that large changes in refractive

index are desired along the surface of the lens rather than

across. Except for isolated regions at -5%, increasing

gradients produce smaller spot sizes. The positive gradient

in the high range, however, has an almost constant spot size

from +5% to +50% where an improvement of only 0.6% is seen.

In both the low and high ranges the positive gradient at

50% and at OB = 0.05 has proved to be the best performing

combination. Again, as in the HIN lens the high range

exhibits the smaller spot size.

The best GRIN lens is now further examined over the range

of obliquities up to 0.8 radians. Furthermore, since it has
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been determined that placing the focal point at x = 2.0,

improves spot size performance at lower values of a , another

series of plots is given for F/1. With the focal point at

X = 1.5, severe degradation results; for F = 3.0 only modest

differences with F/2 are evident. Appendices G and H show

the performance of the "best" GRIN lens at F/1 and F/2.

Here it may be fully recognized that the resulting be-

havior of a "good" gradient refractive index seeker lens is

far superior to that of the HIN lens for a < 0.6 radians;
P -

see Table 5. The reader will note that there are no failed

rays even at . 8 radians (45.8 degrees). Although centroid

movement at F/2 is slightly greater than the HIN lens, by

changing to F/1, this can be corrected; see Figure 25. The

F/1 version, moreover, displays a range of spot sizes signi-

ficantly smaller than that for the F/2 lens below a =0.54

radians or the HIN lens below 0.68 radians; see Figure 26.

That the lens displays more desirable performance with a

shorter focal length is a surprising but highly desired re-

sult. Since seeker optics systems are volumn limited, any

reduction in the lens focal length is beneficial to the final

design and packaging requirements.

It is significant for the reader to note that centroid

movement beyond a value of ±1.0 exceeds the physical dimen-

sions of the lens radius. If the interior of the lens mount

is of similar dimension, it follows that the requirement for

y-,„-.„^ to be less than ±1.0 restricts the F/1 lens to approxi-

mately 0.6 5 radians of tilt whereas the F/2 lens is further

restricted to less than 0.3 radians. The superior performance
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TABLE 5

Comparison of HIN and GRIN Lens Designs

Performance Parameter or Feature HIN GRIN

Shape of Outer Surface

Fraction of Failed Rays
at a =0.7 radians

P

Linearity of Centroid
Motion; a for Ay/y
deviation^of 10%

Convex

0.14 3

Concave

0.0

0.4 radians 0.8 radians

Spot Size for a

a

a.

a.

a.

ct

= 0,.1 radians

= 0,.2 radians

= 0,.3 radians

= 0,.4 radians

= 0,.5 radians

= .6 radians

^ .7 radians

=0.8 radians

Spot radius for 80%
of energy (§ a =

radians ^

0.19 0.029

0.247 0.063

0.442 0.112

0.466 0.201

0.637 0.313

0.632 0.490

0.667 0.688

N/A 0.947

Does not 0.28
attain 80%

within 0.50

Average relative intensity
of skew rays 9a =0.4

radians ^
0.82 0.44

"Best" GRIN lens with 50% positive gradient, 0^ = 0.05,

in the F/1 configuration.
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of the F/2 lens above 0.54 radians is, therefore, unusable.

Attempts to improve upon this performance by increasing the

edge thickness, T, or by slightly adjusting the parameter U,

as with the homogeneous lens only produced uniformly degraded

performance in every respect.

Although the "best" GRIN lens resulted from a positive

50% gradient change in refractive index, it has been noted

that this configuration was only slightly better than the

same lens with a positive 5% change. Furthermore, since

refractive index gradients of five percent or better have

already been produced, it is entirely feasible that if the

precise parabolic change could be controlled, this lens could

be produced today.

Despite the obvious success of GRIN in controlling spot

size growth and image centroid movement, a penalty in the

form of reduced ray intensity has been paid. That increasing

spot size performance is tempered by a loss of intensity may

be seen by comparing "good" GRIN encircled energy plots with

that of the HIN lens. Note that the HIN lens with N^ = 3.0

also loses ~ 50% to intensity; see Figure 44. This loss in

intensity is partially offset, however, by the GRIN lens

with an increased number of rays transmitted and by the re-

duced spot size.

One drawback to the use of the GRIN lens as a self

sufficient, single element lens is still that of the relative

sizes of image and detector. Hence, even though GRIN has
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significantly reduced spot size below a =0.6, that size is

still significant at tilt angles above 0.3 radians. In order

to use the lens without a secondary focusing element or

mirror arrangement, a large composite sensor array would be

required.
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VII. CONCLUSION

Gradient refractive index materials may be employed to

design a pointed seeker lens which exhibits optical per-

formance far superior to that obtainable with conventional

homogeneous optical material. A fifty percent, positive,

parabolic gradient index with center of symmetry interior

to the lens was found to yield the best performance although

a five percent version of the same lens was only very slightly

inferior; this lens may possibly be fabricated today.

For objects off-axis by more than 0.3 radians (-17.2

degrees) a secondary lens element may be required unless a

large scale multiple element sensor array is employed. With

such arrays, objects off-axis by more than 0.65 radians (37.2

degrees) may require Cassegrainian or other mirror elements

to compensate image movement.
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VIII . RECOMMENDATIONS FOR FUTURE WORK

This thesis investigated a spherically symmetric GRIN

seeker lens with inside conical surface. Future studies

should investigate:

a) The elimination of the singularity problem by

modification of the theoretical equations for GRIN

using numerical techniques. See Reference 13.

b) The optimization of the GRIN lens with both inside

and outside curvature.

c) The effect on lens performance due to an attached

shock wave.

d) The effect on lens performance when the object is

no longer in the far field and wave front curvature

must be taken into account.

e) The performance of the lens using wavelengths corres-

ponding to atmospheric windows

.

f) The effect of a radially symmetric gradient index

on lens performance.

g) The feasibility of adding an anamorphic gradient-

index lens located on the missile body to increase

off-axis tracking/acquisition capability to 90° and

beyond. See Figure 1 of Reference 14.
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APPENDIX A

COMPUTER LOGIC FLOW DIAGR?yyi FOR PROGRAM GISL

This appendix together with Appendices B and C describe

the FORTRAN program GISL. GISL may be used to design either

a homogeneous (B = 0) , or a GRIN lens to the user's specifi-

cations by changing the design parameter where indicated by

comments in the input section of the program. Additional

software required to run GISL and plot the results are not

described since these system-dependent procedures do not

apply elsewhere.

The flow diagrams which follow provide the reader with

the information necessary to follow the fundamental logic

of the main program and subroutines of GISL. Not shown is

Subroutine DIRECT which has been derived from Subroutine

DIRECT as described by Amichai [5] with only slight modifi-

cations.
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START

GGMPLTE

X1H,Y1H

MO

INPUT
CESIO^

/PARAI^ETERS

COMPUTE

X1(1),Y1(1)

INLEX,
RADIUS

COMPUTE
X1(1),Y1(1)
DYDXN(l)

,

DYDXr(l)

XI (J) =X1H

Y1(J) =Y1H

COMPUTE

X2(J) ,

Y2(J)

INDEX

RADIUS

COMPUTE
X1P,Y1P,
ERROR

^J0

©
COMPUTE
OPAQUE
SECTION

COMPUTE
X1H,YIH

YES

PRINT
200

COMPUTE
DYDXN(J) ,

DYDXT (J)

X1(J) =X1P

Yl(J) =Y1P
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NO

INITIALIZE
PAYY(G)

PAYZ(G)

CECREMENT
R7\YY(G) ;

RAYZ(G) =0

YES

SEAEOi FOR
Yl{J)>PAY(G)

INCI<EMENr

RAYZ(G)

PAYY(G)=-GRIE

PAYZ(G) =0

YES

INCREMENT

J

I^X:REMENT

R;^YY(G) ;

RAYZ(G) =0

Here, the prime indicates Y-coordinate as transfonned into the grid plane.
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CAKUIArE
XO,YO,ZO,

BO

INDEX,

XMIT

CALCULATE

XIH,YIH,
ZIH^THETAP

ITPATE

CALCULATE

XI,YI,ZI

INEEX,

DIRECT

CALCUIATE

YlJyi,ZlM
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MIREDR IMAO:
SKEW PAYS
MATCHED

CALCULATE
OBJECT
PIANE

ELLIPSES

CALCULATE

YCEOTR

CALCULATE
SIGMAY,
SiaiAZ

CALCULATE

R^ERAD

PRINT

WRTTE
DATA TO

FTOlKJ&l

VERSATEC OR
PRINTER

PLOTS
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( XMIT )

CALZULATE
NTI

CALCULATE

SPER,RPAR

CALCULATE

^

RETURN
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€)

CALCULATE
X^EW
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( SURF )

CALCULATE

A,B,C

CALCUIATE

A2,B2,C2

CALCmATE

R^

CALCULATE

dr /de

f
RETURJ

J
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APPENDIX B

LISTING OF FORTRAN PROGRAM GISL

ooooooooooooooooocooooooooooooooooooooocooooocoo
OOCO Oo •-* "-^ "-^ "-^ "-^ •-<•--' 1-^ •-<'-• (NJ^ c^' og (\i (\i CNJ (N <\; cvj (vi oT ro ro c^ r^ rf^ <^. fO fO <J- >^ocoooooocoooccooooooooooooooooooooooooooooooooooccoooocoooooccooccooccoooooooooocoooooooooocoooo
(•) c^/ oo t/ J VI V" t/1v^ </^ u:^ uo t^ u? t/^ to (yo t/1 1/1 1/1u . tr v/7c^ </i «/)V 1/1 CO u) I/) u^ to t/^

•-4 •> X »
a. O ••rHXC—I * > —»Xct •

» •• > rvi tvi •> OO-Q. » OC
• t— <—'^ •• •• •>«—t Ln*-'fsjQ. •-«

r> a o •« >ocjz) oo-at- <i • x 02
2H-0 CCQ. ^O i/O CM ••>IJJ ox CL t—

<

-jou -z -•-'Os: * ~'-' •x "-o -J o
uj Qc c — a3«_ia ••"-' •.ocj-ci x •> iiccct •• <i>-<o
••ujiu u' o a:><r^>"MOOZ - ^-x rgit » o (YCCuj

oocLt- • ,-4 cQo-Ot—t>JOi^ujc oo. xuL'*^ rj o<u-i*^
><r_j — C I— * • •'O—I--' •^^•JCMT' (\jX»— Z" t->2Z5
<x—I o ""^ •oOvi-2:uj^o>-cr2> zoO •• = uj

CtV^LL r-iU^'-' I-"—'UjS:*— •"—<-• •> • ••«/) • "^ cl lu olu
Q » • QCfVJ ••21— •X2~Q-—'^OcxC ::^i/>QC S ci^t'" cCi

••»— Q. '-t(_;)>Q-Uj<Qi; •0<CO<C •• '-'Cj * ^ <.Z'<eC

»/>z>-t ^Qt. •zoctQ ••r*-o»-»<ioi—o;'^ xoo ^-J cO'-*Q
I^q: q.<-~q •• •>m5'OOQCou.cr:x c\i:^k •• »-< _j

(/)CJt- fM O •-*»— CS:X'-t>^^XLUCL ZQiO Q- XI— 'X
>o • •-•>—•-' CD Ooo0x2 • •'y>-'^— ••O ••«ic: —' ^-CL^-0
<i m<r) ••ciO<o » •x •^^-^G^o -a. r-* *cac; —i >->axx
Qcxuj llo^ "-oQ-c ••o—o •<.a3X>- cNio: * o 3: o.t/i

•XX ••«/)«-'<f-^«/)£i;cM2r»-o—•QcS'-'X XUO Q. • _ "H-

O "-i^ Q. ••rvjS'-' •• ••s:X_'OOQ>>Q-<-<rgZ< •-<a. <iH-Xci
•-OX CXX3"rsj>aXZUJ^OoO<-0 •-COX'-'U. COi^ UJXClU
—-o^- X<T ••<t><<x • •—'in CO- •• • »—J—I a ii^ <^"'Q- K
O •. _JJ——0<>— •' •^—K *— •XX'-»OV/l<I *0 OK-U.UJ
Oii>- C<0 •K3C-JQ..-<COa.OOCD»-'XCOO • •• i*»J •• xxuz
00< •• "*-<— *UJ»—2: ••0<»-H0 XQ. •O-JO CO ou <
—<^ct (xzoo—QXX—Oi—^-rfX •.0'-^QiLL<r aot ^a:
-*XX ••OirH.-tO -a.XO»-tQ>^ *< *< "CCi- -5X •• UJOOUJ<
ov-o <t—--oox •o ••x<rxuj»— t— •tuxuj •• ^c ccxca.

_juj • u-!i/^>'-'—<-xs <-*—•—000 fviocLUJ I— • ^o •• H-sro-h-

U It/; cOC ••Q-^'-JG. (_:—'>< •-'<•-' * •'•-'CO -^a. Q.Q.CD l/^^D <
•OQ. •O— •-<>U-I ••_J_J>— OOCtl/OCLOX "--J^ "X^ X_JU.IUJ

a.X>-» X »0»-'>0<C-Q.UJUJ »U.Q.—"Q- ••—tLLJ— X • » S'OXQ.
*<t-j "X-^ •< •t-JC -X-' • •>ZQtooa:xi-cxa3 >(-uj
X,_>_j <t-i0^a.a3Luo »_j>-o— <N » •"X<X»—UJJ02: */) a:

HiJ X^'-'O ••aiX "rO-J »OOt-«Q-(vjOCC^/1 »>(/5Q.> xo
X(I3 • Q. *—rHOOl—CLQUjQ.mOQ.'-^OUJ • ••Q-<fQ.XV5 CX_JX
•.x> jx—*0'~'t— •^ • -^ "^o "XQ. •ujcs:2:uj -o >—<a.o
XXCt <<Xi-t<X •.i^UQ. — —'O—X ••ZXt/)»—XX w^ • I— H-_^
•^< »_ -...^o^-a. -co •'^»rc— ••0<x.X^-' CUO Q.eJ»-cr

o > —.0— f- •ox^'xoQ-—'S:_io>cx:ccij •Luac x ax—

i

•x 000X0.03 «.xoo—ii^Xt>ou-NO * •'ct:cL>u_.-H ^^^2^^'-^
_J3t-. ^ •^(X< •"SX »»-H_j<</1Q.-^af-Q.Q.—J<ivi'230'^ • t—H-XXX
•zcD oxo>u-Q.Q- •CL— s *ujxx»-«<i --jXo: ••'-'X «^ xx ox
:^UJX .-<»-i^Q_JCXOQ.XO.C)— *< *O^Kh-OX •^tO • X Q-'-'—

I uC
• .^ ,^</^— •<l»— •r>i_Ji-H:^'—'OliJH-XoUJ»— •UJ<».Q.'-« <-) H-<X-JX
OQX O-cX-^-* • •"-• •'OM—loOO<UJO»-'^Xa.a. -'v'^X •-' XQ.>-'<UJ
•ci • Q<i(-.cj»—xo-x • * • •coH-xa. • oi^ioccoco:^ h- C :sx-^
^o— o • •—» •ujxxa.—ac-ro-^ujj— xt/5Q.a:i<:'jL ••-•xx Q- uj h-<
00 •—--Of^O • *0-OS"XOX •• •CDaQ.OU-<Q</5X O •>= </)

CiOO u.oO-<X •-ia:aiOXXC(-X(vl<»-* » ••- ^"^v. Z'-'COUJ

UJ •u^ cn^-i— -vioxocxuoct •»-o ••>ujxcxxxx »- oooaiocruj

0(V«— OOXfMX • ••-' • •• •—'^QlO j-x •ooco X -t/>XCX
uJocccuj_i^^^X>--irvjir\^r')cg_jCL - -cX-JX-iXXXXX Q- K-uji^xt-
t-xao<'--*o •o<a:xxQ:x< •x>uj<o_ioxxxx h; 3yx
230<ujr-jQ.>-^<LL'<x^-<XU. 0.-<<Jf>JLL:Qc:5t>-«ci-JCCJ _^ •axt-OX

««^««.» •-Zou.cx.'-'XQXi^£x.Q.2>Q.t/'iXQt>a:ctoCQ.ii</iouoo o oujs iCi-<

000000000 0000000000

*

« «
* *
* *
* *
* »
^ *
* «

•«•

*
it- *
* •*

* *
* «
* «
* «
* «
•* *
•>!• *
* 00 *
> X *
* LU

-J *
Jfr

* a *
* LU *
* Si
* LU
* LU *
- </? *
* *
* X *
- UJ
* Q *

X *
« 1—1 *
T*- *
* f— *X *

UJ *
* <-m *
* Q *
-» <

CX ** *
* •«

*
•*

» -»

•» •»

» *
*

« »
# *
•» *
« *
»
*

*
* *
* *

*

145





oooooooooocoooooooooooooococoooooooooooooocooooo
(\i fTi >r u^ vU ^- COoo i--« c\i (T^ >^ ir vo r~ 00 o^o ,M f\j ro >j- li^ so r^ 00 o^o r-^<Ni (^"> »r u^ >o ^- 00 cr o •-< fM (T^ »i^

irir*iriuMr\irirMrvc vo<J»OsO<>>c^<4D<i)r-r^r^r--r--r>-'p--r*t*-r«-aDa:ooooocooooaccoooa^o^(7>o^o cr o^o^ct'Oooooooccooooooooooooooooooocoooooooooooooooooooooooocooooooooooooooooooooooocoooooooooooooocoooo
t^ U5 1/1 Ul 4/1 U . VO U ) I/) U', U^ 00 «/^VI (/) 1/ JU^ l^ to Ul fc'l (O </"> t/^ O^VI c^VI VI CT; 1/) U7 (/) t/> U'^ «/) VI (^

oo
Ul •(/;

«/) oz
i-i

II LU a:

3 H •

LU h- OC UJ XLU
V) UJ LU ^00 UJC •

1-4 v^ J. C-J C -~

CC Q Q LL t-tO—' U. •

LU UU • -<(— c oc
X >~ • -• Ot-t QCt— a: "V"
- Z r-* O UJ CCLJC? OCU-O
O I— tf> OO ^ZTi/^ ujX vo

QC O 1^ ^H '/'O II l->-LL»-<
• a. *- < iJ-fNj 2 c

t-< -» H- XS UJ Z LU • s
^tt S O ^^'^ L;J*I <_-'COH->
-UJ </1 LL. *>^' X t-HU-LO

t— ^o a. ot 1^2: ^/^^- luxluo
QtU -• U.I dJ^ •<!>-< X<-J

S H--J O X — Sf-lt-
LU >Z ^ UJ vof- OitO XUJ<
a. <•-• UJ H- v-.s ^LUV) c XX
< (X'-» s Z ijJ fMt-i:z t—uii— h-

1 •- ZH- ZcXLiJ X
(/) 3 • I— •• :^UJ <—I 0»— C'vo

S UJO LU 2 LU UOO Cl^> " I— UJ

^ (/) UJ Z •—' O to OO •—

•

l_ </)0 > C X - U-a.15 2*>^-J
lu K o LU o t— 1— u.'o 2c;»->o.
(/) UJ lu z cDOLLi a -J s

OS »- Z UJ U-iu.' ZZ (X.<T--'
Q O Z •• < O XS cJUlU U_ >- —
UJ Z< '— •• UJ < •• t-U' -JO X'^^LU —
K »-»a C^ LU -J UJLLLUa <C U'UJCv) —
z DO. Q. o cEQCO UJO os: oQ z <
»-• oiO < z z> c: >z vizo zzt-uj x
Qt C*'! ^ ^ «J •• I— u: LU <!-.— t— X <3!«—'•<oO Q-

Q, CK2 t— VO I LU CO X QC Z— I— X —1

a: < X -J r? lu LU o-Lu <a:u: cokh-u.i <
< >-•-. Q (/> -J O 2: O X CLUO f-^X ^-c- > '-'

>_ ^uj Z < Z '-•>-' ^- h-^'^-' oocMH- aujoo»~« z
< VI LU UJ X < '^ ^i-" 2 2^ «UJ>— <
ci Q Q. J cozi-C2Zi-jc:c ujQ^< t->-n

^LU < LU t- Z ^ < LUir»-t -' O •I— x<i--0 CO"
UJ <ivi X i. z LU a a.o-' t- o h-ocQ-Uj Ljr«-

Q. _JLO _J OLO>-iLLLO>-t» OUJ •00 O^Z • •« O^

X S lij • fMU_ < ujiuo tx<Jiiz •—ai u.' » I ir\

to • a: . 000 q: u.'coo qc <>o _j ::>< 11 u. coo xujxo u,rfi

o ^ o. II a - iji<T UJ z) = UJ o a. OH-ooj- ;^ir|

l/JII 3 --.- - — ^.u. X <r>>- f- •-• LL v)>-v: u: zu_oo Z z u_ ^<J
, „ UJC _jt/i (_ d.in<t •-• Q o t-^ccuj ^»-.uj '—u-uj ••c::li^ o^c^j

uju; :^h^ _JCL <-o o aoocto < z u. 3 o^ 3CJV7> o -^cro
^Q. V) uj^ Z z 3r- ou- (X vo i-ir.i<: c oj-ct C -Jh- • zm •

< - ^ _jo 3 lu */> '^-oo vi t-jTvXO _j<c ir> j>LULuXO <f-^r^

LUX»-4 UJ>|| aj_i !i O _j OZ3 2: UJ •(— II VI _JXO cm«,ql:>ooO+ »- vf^
^V1 II ><> >UJ«/1 Z lU II LUOQC r) Zir>U_05 t/1 UJOOK O •0»-»-CChh || 0<-^h-i

<r UJ <a:< <s a. ^ _ioc:<iQOuj02'Oi^CH-. 11 uj o .u- xo-^u-luh-ujix^ 'il '"^^

X a x55 X -^ < .i-ix^ •cQO'-' "O • i-t-z -<-* ujLj •-« 3:.-> s:r-4<rrri 11

ailix C<7io CU--J 3 SiiZ-iZil 3 IKH X II tXOXX Z-^XCX 'I II X>C'-'Xoomuj-«^
)_o^,vi -- VI |-<^UJ a- u-u..-«i.-.:3Z»-i2:cri-KCH-t-»- .-zt-Z3<a3f-vicLOKOZaQQ.CL

v_^-> uvjo ootj u<*'oo 00000 000 00 000 00000

146





ooooocooococoooooooooooooooooooooooooooooooooooo
O—•c\jm>}-ir >or^xo^o»-i(\irn,^u>>Ct^occ^O«--'(\j(^«i-Ln^i*-cDC^O'-^r>.ir'^«Tir\NOr--cDtr>Of-tf^-ifn>t ir^vOf*"

Oo OOOO OOOo f-^ •-* f-< <-' --H -w •-^ -H »-< -^ (\a r^J (>g rv.1 c\i (\j (\J (N cJ fvj (t^ <r^ rn ro ro fo (<^ <^ (T^

^-^ f-^ i-H ..- ,-H»«•--» f— •-< c-H.-<•--• »H »-< i-H f-l •—'<-<•--• "-^ .-H i-H ,_, ,^ ,-J .-^ r-< ,-J ,_^ 1-^ ,_H t-^,H »^
coocccocoooooocooccoooocoocoooooocoooooooocoocoo
«/i CO CO 1/7 (/^ </- oo c- .' u^ on </i v/: to CO t/) «/^ to or. u " I/)V )c^ ui (/: to <•: u^ uT */? t/) t/) to 00 u)^
ooooooooooooooooooooooooootiooooooocaooooooooooooo

oo

<

>
<
a:

o
<

C
u.

C
2

3

cz<
o
o
z

I-
ULi

OQ

>

>
II

a.o
u-a
_j<
<>

>UJ

X

QZ
<

LUCX
>U-'

z
LUi-i

33<

210

or
2t-

-13
UJ

•UJ
2:0

2t-
LU2

LU

CO
c

c

Co:
LULU

<rx

LU
O »

UJ
X.
LU

CX
O

II

lU
U"/U_
0.0:

o

t/1

Q.

LU

a:
O

2
UJ
3:

Li-

L_)

LU

^ <

c
c
o
U

^ a ^to>Min
2 </i »-' UJ3S •

O - II at srnuJh-

<0'-'(X J- • II 3—' '-'

Zii < II ooza:zujooa:
-•CLU.> ||3UJ_|ll»-0
_j<i--i >uJOZca_jz. II

ou- t— a:->j^_jZLu3_(_i

^<U«/J></)OUJ2*-'UJLUUJ

a.
3"LU MK
<t- «i>

(XOO «~
-5

UJ— ^«
a.2 O.
Q.UJ

SL D
LLLU *<»

Xq: •• V)

>-U 1-4

2 z
u_»-» •> *
u H- «K

LH •> aiK

0:0 t—

I

<
LU • » X
CO 3 CL

2 •> -t
-< a: <
< •> ««*

.>» 5:> < z
LU LUCO H <
> a: LU K

in CQ «-•

CD LUlT. •• + —
< X • < -~ «~

h-O X —• ->—
-

II a. -3 ^<M *-•

3 t- _i <v (VJ* —
a. f-H < Q. >* -»

z a Q •n,— a. -3

,_ 00 1- ,iM ^ — -^ •« ~
>^ .-.»> Q.

LU Ln 2 -?CvJ • M
LU s 1-4 »-» *-> CM H-

00 00 • » > 00 CVJ + II —
LUOU^ -0 < ^^#-«•xrsi C 2
2 II

•m^ a >^<
; 1 » a: «

LU .^V- • IJJ '"'X:a.* LU 1/1

CL X H- K -^ouaD— rsi *—
< 1— aC il

-4 oO -»—
1— CD OL —-3

S OK C£ •»4 -5<:^2: 0—.
<•} U- 3: .^•-'2>- —~COC\J

LL "~ 1 cl2<oo 002»-
00 ^-«C.-l ..^ a<rK a •n'v. 1 CO

2 LU <-4 ai r3H-< + 02m<3:
UJ f- • '^•tt- + *— 2X>
_j H-<ro -~ • Q 2-•<-5 •O"—Q.tO

2UJUJ »>i4 OCJ LU -"^"•X"-' 1— CX—-iO
s: >— Q. • *>» OUJ a. <O0*^Q.(\J -('-'2< +
_j OUJ < 0^ .OLU (--* ——IX • Xt-« 1

—
Q.Cf1<^ ^- 1-4 DX UJLL(N<—

'

LUl/lPvl~3

LU LLIirLUUJ •OJ-JH-O CCCQX: 1 ^ocococf-^

o

iyiLU2Cl3OX!C0 </Q.Cj II II
— «- II I— Q::S2<rcLM

i-4(E:^i-2 •2 II c^-'< H-Qc: — Il II —<x II >t-4 II u.x
X X >-'O^Q.'«vUJXU.<UJ -3—.—-500t/1 ——II
I— _;K C»— + t—QU-»—oOOl H- —'-^-?^oOctC-J~3-3UJ
_;^02J-20 il H-i^ *»— _lf-iQ.'—— Q. II LU'-_)-~'^

I— »-iU_ O II (J_JLL a LUmcX*-' II Qf^r»4C\IO'^ll.«lf^'CL<
<:5_ o>-ocicd.*.-i2<u.~33x>h«q:q:i-io»-'3cd

rg r«»

UUOO UO 00 (_)WOO <-'O <-Ju

147





ooooccoooooGooooooooooooooooooooooooocoooooooooo
CO 0^O •-*f^ (^ >J" u^^ f*- <3D o^o »-< {Ni n^ »J" ir\ >o r^ 00 (7»O --4 f^i c^ «*" u^ vO ^- 00 <7^O r-H <\j ro >^ «ri >£) r-. 00 <y^

vt•>*•u^u^u^l^u^lnu^u^u^l^»^o^^^o^^>£^^oo^"r*-^^*^^^~^~^-^-^-QOaioccoco<^cccDoOQo(7^oo^c^(J^c^

oocoooocoocooooooooooooooooocooooooooooooooooooo

OOOOOOOOOOOOOOOOOCSOOOOOOOOCDOOOOOOOOOOOOOOOOOOOOO

cvj a. -^

z * "i- a
-, — — Q
l/l — -3 Z)
q: CM —•

"—

•

< 2 CM «'!

- "^ H- C
UJ 2 — -M-

O w -> —

.

2 I — —
.— — Q. <i
00 3 CM X

t
»—

I

a.
t~ < • ^
X H — <r
LU OJ -3 —

'

t— NJ -' Z^ Q. <
UU to G K
X O 3 —

m — H o •• +
S CO a: w — —

C «/1 -J -> CM —
' *

i|. O »-iCCO0 fvi >- CL-M-
,-HC *Lu lls:< -j^ •• c —0< ^< •> ^^.^-^ Z5"5
O »— Of- O VI _...—»-• -. —. -5 ~. ^
Q LU O ^ H-'* O tOCVJ—.to ^ — — Z fMox O X C OO I Q.t-'QCL r3 "5 f^J '— >Oh- O OK • OO —— Ql< t I — X t/) +
O 4- O <"f ^ 3^® OO U. a.'-**-' < <-< • —'^^
• »-• o -—• I -r-* «. ouj*a«/i H- •-' — >».<*
^ Q. • LUQ. II— 3 rv4h-»- _)(MllCLOLU ^ "3 — X-X-

II ;| ^ X II 20 <>OQOLijai O Z*-" I <'^ Z li^~- CL—Q.—

.

02 —o ——
II t-tu CJ»- QC— XX <O0»o0»-.K-' H-. ^ ^ Q— -jmo

s: uj< -*— 03 I < -j«/i ""ujai— H- tu>2:Q-Q.ujz oo—oo^ > x-5<isoc
> OOt- -9-1 S: —V- OOCL—UJt-t- + + i-<c— IIX-" -tt-X+t- -- < T^T'^^Ji
irt <LU ^— > --^ujo a.^f-<i^-' ujuj iyo:s—ii-H-.(— t/i — + — ---5 ct oct^too
•^ a:x aa. oo oox< uJX»-h-Qr:(_;<«a 2—1«/;—'<^

I
"-"—^^—~'0->— H'C:i<x.cc:

>vr— 3:^ -i^ <ir— I— i-ia:UJ30t—»-—^•etO.QCO.LL!'-'—Z~5-'eJ—'t— t— —xt— +o
—. •*— Z,^ -» XI— UU —(/?(_)X'*--'LUliJCM UJl_-—<—.— '"v^i-" r-lX to —!—•«• —ClC

C;33~)C t/'2 O V.OX rM->> t— t— -^1-hX— 2»-'l-l-'—'t— OH- >-<Mr-«,-(»-'—xo -< •--z-~-5
• S.^ • X-— • X •»— —O " •• Kt— -oo—'^ LLiiX-n- Z—"—-O •> I

^—.w—
o><MO l;oococcq.-iO I o-oroo • •• qq.Ouj • •xo*——z -jo q^ :^^~'C^^

,c,C * cx,> '^^ •-:) to ^ujujO'-'ct««t2U)0 I zo-a u. ojulcm— •

3+ZK ajLUtoOtOXi I— cmXo-* • •ot/"-^Q- '-' • •-ZX»—h-COJO-J ><: cOCDX^O
U-—<!L I 4.CUJC*»-—CLOOZOX *-«-X ZVO v/:*-. I 00 I U "O.^ UU (I—*-»~UJ

.-5H- • ——-f •*.(- ,3 • •»(->cx:(XQQiijUL;<auJSQ-i>^<Q^ II II <M'-< o ofvi —11 Ho: •

^«l -5-5X "^<
I -• 2r^C«JJUJ<«IQ::^ <r<<0 I ci:K<—UJ •-UJ< • II

-4-3—
'— or

LutM II
uj ^^,-.^;li 11 ^^ II oo3:<i-t-a:ctz<co I i--i'-'<uj II -5-70.^0 -Xo: o-> i w-j-joo-j

oOXOoOc£(NfMXOOXU.OOQ.Z-.«_jOOoC_J_J II II -4H-i2—lUJtOCX II ^sl—'-'—<r^«~XV- II -30.'^'- II-'

<r II <<^x> II <3' II << II 0</^oo H-»-.^— uCQ-XQ. II——-SXh-XLU-j*- rHJO II QfMruOU.
Suj»-5»- M M-^a3^t-So:jCLQ.-_IU-U.-J-3JUJX ||h-UJ<-3Z-'XXOOI ^H-U, + u.r-._i3X>o:-
-'OOUJ-' II XXtO—cOLLi»-.«oOwUJ_j«J^'^'—*-—IQCH-*-"-"-'!—"-''^'^'^'"~'Q-^^'~*9^_
U_<X J_Q--<^<U.<XU-O0CLUL II <X<U_U.r^.-H<:UJUUt''U_a.UJr-'tOr-.>->-u.QC:^0 II xc
.-I CD I- H-uj x>- cx:M-c::(—»-.a uj^ujuo'—^-'X >-ox at .»-<_. fvi»-.-'<—c qh- 3'-'OQ2t^c

OO <^

148





oocooooocoooooocoooooooooooooocooooocooooooooooo
O r^ QC cr o ,-« (Ni r< > vf ir\ «o ^- 00 0^O •-< fNJ r<^ vf ir\ »o ^- 00 (7^o .-Ifvj fo vj- u^ nC r^ CO crO t-< csj r^ <4- in vC r-- CO c^
c^ 0^ a» cro ocooooooo <-^ t-H f-i t-t t-t t-- ^H r-t 1-^ ,-( cj fsj (>j (\j (>^ (Nj (\j oj cvj CO (T^ (t1 (Tt ro (^ (Ti (^
•-i r-< t-i «-• <NJ r- : <Ni (\i (NJ cvj (\j CNj <\j (\j f\j r^ r^ I rg <V' (Nj f\l <Nj c\i csi Cvj cvi (\j fvj c\i og eg (^COCOOOOCOOOOCOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOGOOO

ocooooooooooooooooooooooooc^oooooooooooooooooooo
Q. II -~

II

Of a.>-H«>. •-*

»— HHQca. </)

o K sr cr -~
(\j —.-OH- W
O X>-H"- *-<

• <NfX u-

+ i-o< u_ I

—t LU •»— C •
• xou. \-

O I •- I X Ct o
t-i—.00 •«— •!! I— O^ -~ »-* Cm—' o •"•

^ -^ i_ ^ O'v'-' -~ a: Q-

+ — w —.—

.

—

.

~ci: QC < •

— Z5 Q, o -J-J a. •— I- UU X Q
-5+ 3 O —-«- i-i ^-.-^"— I— O Z
—'—> —. F-H,-4 QC C I X — <
rg_) 2 — X>- H •a.< « LU •

>»-. < LP. II i( ^ •-'t— u, X rvj

^.-H t— .-I XX X OqCLU * CO I— HH
•* •— # • .-•?-< < H-iK-X O ^ CL

—

.

—^ — O X> I— ^>0— H- H- > U_ •

— —2 -5
I LU clX c CO o a f-

-) —

<

^ —-

.

X <— Q O Z -I

.», —. -71— (\J • OO H- tl-O Ql I LD C- •

fM — —'C X UJ • • II OUJ • •• —.-• V5 • LU O
>. — Q-O + O OO — 2JL.O C— OO 3ii: — <—

>^ -) -» O*^— • — Qu <»- <0 <r< << 00 fyy

— — O O —»— —.-5 • • (Nj >— • I • QiO Kl— OO^ r~- CL

-• Q. (X • 2:_j— "i-* o I— t— *-"" a: —>— *ao Luuj luh- <7^ •

-5 f^J >^ —t <<— -jcvj .— OO *X - •-^Ql_j — r-H XX cnoc '>— a:

^ ^ -.
I H-,^«-.>- o" • • XCt Ow a^ • Q. »<\lb.(— O •••^ C

(\j w (C II—CxQ--f Q- "-^"^ <X I— a: ^-i«£)0O4'+ o-u. vOf-<o •

X 2 5. zoo I 3X OO >— l-< C0(-O Qc;^ —.— '-' — • • H-

I
_ > (^H-—*—'— -H • -I— 4.CD UJ»— t— •-' t— LUCCLQ- 002! LUCTrH ix

UL (/) 00 _JOO*JZ>COC COt/1 OOS XUJ ClX<^ —.»-»-•«•-. Q.>-i—1_^(| qc

CO —a t/^Q.— <r I z ao. •«• > *-x .—<a —x'-' ato: c*-*u.a o
'-' -»"54.0 Q.^-.r-i»-wC< •«-<^ If- ctH- l~<a[:OI— t- u.'2<a. -2 t—

w o—•< Luzz5>o-»-i— • t • -*a to KiiJ • -.I— 30*--' uaa:3- c-* •

^—fMrj-5»- «++o-~ t^C en* o—— XO auj XX—i-'—» il lu^uj
^oz^^—uj —I/-)—.—* —cm zz XX o<rcL •»—z oX-~—'<<.o4>^~oyi-' —zo
t-cj^ I cMX rvi-*j —.OO << >—' :*J •-iCw< ^-^-^_^^-.^-2• ozocxocj •

<l^rr><lXI— —O—'—— "^ • • • •^'>^ aCQt.Z+ '"^ ^ * UJUJ "CLZ* 'Z •LU—

>

4. »2:X^ I a.cC'-^-i'^-^-^Q O** < l-<— 0.00 • •XXo»-«3Z—•0--<^Q-
<c--Q.^— »••—-'i-Q.o OO +'-» II •— •.-«o»-'or(xooi— I— <i'^u_o lu z*-.

Xct ;t/--» •O-'Q.— 13 • • • • X</^ —f-X I •OC'-'—uuuj ctQ. _J •- •»-a:

Q ^S'<c«-' t-<\JZ3-J—OU' OO -^C-<Q.O<OQ-Ol-Xon • tcoZ^ I - t>o»-- *»-</)H-

jx;X I bQ-ooz<--z -I -J- xo+« .»- —^ "^03 o»- x*-2:0.0XO^w
«*.ujt/ifNj2x • •-t-Z—'< • • f4 • • -»acQ.a. ojoo: «—«»->-o::tX(_>«^LUOLi-<LU 'O '"^X

I oci:>-'< I ^ zo<'— f—o " . ^

xO OO

Lr»

00

149





cooococoooooooocooooooocoooooooooocooooocooooooc
«4" u^ >i3 r^ 00 o •-' f^i ro -r ir\ >o ^- CO cr o .-I <N n "1 >t u^ >o r^ 00 o^o t-- (\j ro Nt >^ ^o 1^ CO (7^o «--* (Nj f* > »t in >o
^ >f >f »4- >t »4" in tn u" ir\ u^ u> in u^ in u^ .£• vO '£• >o <! >o >o >c »oo ^- r- r- r^ r»- ^- ^- h- ^- ^~- Qo a: CO 00 00 00 00 <r CO 0^
f^| (x fvi <^J f\i CvjCM Pvi fvi fV ; f\i f\ 1 (\i c\j rvi c\i o\i (Nj f^ r\j ro CM fvi Osi rv (\j (\i (vj (\j (N c\j CN (\j <^oooccccoooooooooooooocoooooocooocooooooooooooooo

+

Osl fVJ

+ I a.
O -. rv!

• Zi *->

0,0. c '^ — h- r\i "^
O-Q-r-f— +— < LU •«• —
X>-CC .-'3 UJ w —. Q
II II H-O >--^ "^-^ '^ — Z5
o.a. —— —CM C -^

X>OQ. -~— <*
Ql «— -^ I——

'

———

^

<_ ^(.Q.

Q.ClQ.> t——' Q.«-<

o«K< j-j:^ --<>r*
<»—Hf- • i^^K X I

h- ujujujO '-'- -fau

»— • • • I—*o>o
I (— H H-a O—1-4-—

o

»»trcoi-' o-jujo.*

^^ -rt-
•—!——<* o

a:<<f< • -.x2:>*o c— oooo— Or-to oo

^_^_v_^o ^
I
< ,

—^ H-z -x-**-! K>> — :^ x
-^UJUJUjZ 3-«»—-^fXO •-< -—>-•<«* Q "-^O C
< • O—XO O' Z—--X 0-5— HHJ 9
t— • • • _j.-<*— I O ^—v,^^

I ^-5 ^O ^
UJt-lCCQ. ^>~<Q. • —j_C'r-4t— •— -"CC—i-H-- U_ —

'

Xz^rzQ. -^ + —^-io Oct:* 2:--'— "5O0X.-4 > —
>— <r<<.-^ •—— ZMUr-* to-s- -»2r2r*-z ••»-< <z i<i

a. z< UJ z:i-KX_je *-• 7*

—000 • <1 in— -) •2Z)'- I
O—oCUJO-5 Q^H- >

CO o< I—ajw<rt- • uji-i I </)—<_;—.-f •O'^ CO ^-
Q. • • •UJ^- ui^r- ^-a: _jui«i(X 11 11 --! cMa u.uj •*•

I luojUU •UJQ.Q.^_'—«—C 00:0.0. — •cXh-<—*~Qc:U-UJ ».-l (/> —
i-i_j_,_) pvi^^wz^oi/ic xx>o ao. xx-5 <uj 11 -j-joqcq-^ci-. lu — cq

Q. • • .Q. it x>'-*i2'— II a:^'-< uji-ti-i ixi^<-'—UJ^ II '^——'~'*^D<—'
• <->"^ i<^*^

II ,-<Q. II H II t-< II Qia:X>C:DXX^Z)X>Q.i:'->—'-JZH- II OOIUJ—OJCM <tO LLI UJ—' t

<ici;cocnx<'Q.Q.o.*i-a.Ouj ,1 II t-z II ii z 11 11 dz-'-5Z*'Xxqc: 11 </i»--50-t oto 3 2'^llr

O H^»-<»-' I z
c^-'OC-<r-4Ujau_ -JZ) z ciD z"^zii<
;_;X>-OOX>-rvlCJi— UICO CO C7 O 'I OCQI—

,-t ^ ZQ-
l»-. yu O^ O UJO *-< *^

uooo

<ci;coajx<'Q.o.o.* I—Q-OLU ii n »— <i n ii ^ 11 " —^^—•-j^c—'^^ti. " vij— -7_/-
>_w,^,^—j_Q.QLXQ-OXaC— J-J- — —.—.c»-"—— II

'-'»-•—'•-•O.QQO—J—•-•'-'Z

UJ U- U. U- U. LU^ .-4 »-« •-^O «-< Qi U- '-' •-<CK "5~5 H- >— -> "5< I— > -* t/1 •-'> >-Z U- a. Qi Q. I—

(

MH-^«»-,rvlX>>X--XUJ»-.X>OZ Z H-Zw^— -.^OOHHOCH-iSDI-t

150





coocoocoooooocoooooooooooooooooooooooooc'oooooooo
^0 r ^ >r u^ vO r^ a; c'"C rH c>j n^ »r iTN vC f^ CD crc i-H (Nj ro vf (X^nOP-- CO avOf-trvjni >^ in<»r^ CD cr 0'-'<^m»l'ir\^'*-oocr^
a-O'O^O" C^cr<7(7^000oOOOOOO»-<<^»Mr-4,-<r-<t-*,-^tM^4(\jrocjrMCjfMrsicMfMCVJrof<^r^fo(^ro(^f<^. c^<^

ooccooooooccoooooooooooooooooooocoocoooooooooooo
t/> (• / 1/^ (/> V" Ul V/' CO UO l^ CO 1/) 1/1 </> CO t/' , t/1V J t/1 O^ CO I/O c/', <A t/TV > v^ 1/1CO u" </7tr V7 1/1o^ i^

o

^ rg II— X
(\1 •• Q.
•K- — <
* ~3 LL

C 2l <
• ox

(M H- c ex:

*^ ^ > o
C O Q U-

_i a: q: »
a uj Q. — o
CC i»vl - —i Hi

D I a I- ^ H-
(jO I ^ t— ^ <.
h- ~- 2 > LU
• — M- o •• a.

_J ex U_ OCOCX — LU

u. — u- • • •Qu -5 a.
QC (M UJ ceo •• "—

r) z CD ooouj —

<

LU
(/I -f —lrH<-l>— X CD
- I < •«• «• # 2:

a. I — —-«—.o i/-) _j

c < —a: (\jfM«-'Q. :2 >-•

• K r-jo XXX • Q. 3:

< < * CO c\jrsi<MCQ Z
Z d II zZTZs: •-' >in

—
' < 2 ;X^ —.——— t/) LU iX

< >- O LUX—^-^^^O uu c
—.Z CO >— ^jCVJiif\IC\lF-^CJ • CO UJt—
-.•j: » t— aiZ'-'Xxxxu- '-^ o
^«i < o —'X(M(Mc\!rviu. <ic;
^o s" < —u_cr\.'22zirLu > a:o
t—— -J^ CX 0;LL "2 » I I I tLU < t—
x2u-< LL ^-uo -0:^:^:^ -Q. Qc — ^
>^5 cc o* .<oxxx-x LU -. o o S '^.'^:::^^^^^ ^ h^

+0 LL 11- l^w2Z20 < O a. OO-t • +cX-'C3qj>-wC) — -i

Z—Q.O O i^t- •XX"-'—-r-co ex cou; < • •IIO -» coo2 '-'«-'>Mt- i-« •

<:^2m (xa: luuj— ^ --Z - — .o ll oO- 'Ov ^<'^«^> " <>:„.,,>*
K-*o . X —ocQQO I i I -UJ .in»juj iiiic^o.<tuj no>-'a:<OUJ -

ll>-l-t C cDii>^«iu«-C— X ctcxil 112 ii<JO>h-il02>^a3-ctou, ZO --

Xlla^- ;^ LLt\ia_l«jZ22l--l '- >><-<!- 2>MO^>co»-ctluoaLU t=^^^
3-Q.3H- llX^_j_jOOO»-0 a: "-'U- LL2^D>>-2<<'-'2^0K an*-' ZXii*^
<Zvocx on ujr\JLK.<cr.£XCXtx *-) ij_Li._iC-JO u u<x<xf-3:2:u.cu- fonu.
(jjU>-3 Z a3Z«-iOUQ-Q.aiO O ->^<ICJ3<<-'OC!QC.£XZXX«-0»-« 0(XZ»-«

liJ fi < ^Ju^ o ouj

a: LU

o >
•• LU
a •—

'

< Qd
u. o K
^ •» fl LU

< (\J O CX

o * m a <NJ

•» rO »• H- • •» m
o «-• o «•

o O—C9 1- C o c
vj- l-Q.'^ o «_

•

H-
•> <rsj c Q p%l

vO CUL> o ^1 I > C
«.,• O-j< ^cx < c
UJ <cx *» Q.O QC
1- ,1. -^^ 1

»-< 3 + —

•

•—

«

_ 2fVi 1- H-— t— »^
cc ji—* c 'O o o
3 ^, oo-x- CC(MM •— >*

r-i<, — CQLUrNi - r*j

«> > ~:^,-, .,QCO> CO >
f-t —.^CGUJC •< 3 <

• :*i'HrX-ilh- cr: -3 iX

JO^J u»->ooo

151





oooocoooooooooooooooooooooocoooooooooooooooooocro
o 1-^ <vi ro vt" iTio r^ 00 c^o --< r> 1 rn >4- ir\ >o r^ ao o^o ^H (Nj (^1 sj* u^ ^o r>- cc^o "-^ <^i <^ *^ ir\ <! f^ 00 O" O •--'f^ n> «i- 1^^

sj- >i" >?^ -^^ s^ ** >*• sf in o^ in u^ u^ u^ IP u^. IT* u^ «c >o vO <3 «£•^^ >o <) >o r-f^ r~ r^ r^ ^~ f^ r~ r- ^- CO <x) 00 00 CO CO c^
CO rn rn (<> r<". (^ (<, (^ (^ ro (^. r (^ r»^ {r> (T^ (Ti fci n^ (r> r^ (r\ rn rf^ (^ (<^ rn fn rnr ^

occooooooooocoocoooooocoooooooooooooooooocooooqo

* (/I

< QC

LU
(J)<

X
I a:— o
a. QC

c o

fo >o o or- too
rn m "* Oro ZsO

Q m > ^ 00 uu 0^

H- c o ro > C m -lO m
I- K < OK >- _

c O CC (- C U. o
3 3 ^ OO Q. o-..r «^0 +0 <CUJ o

iTi -. m — n^ OQ (\j -» 'X o" o— o
^ ^ -. « * — vO-J— -< OH-
, o C 'O O ' —ct a * (/I.-* m<CL —at LUC! Q —

_4 ,^ ^ .^ >_ OO •-* -^ 3'-' >—'<! OO ffi HI Q.

^j 1^ • + at CJ '—.-^ UJ2U_ • I X ct a
, > C > C O— '-5 ^ C^> I-— _J O— O • C H-

I— <tO <0 O I fS4<» «/^< O H-H +
,j 5 "-^ a ,-. -. >— QC>- c^t.— •— I- -J ~ •

, ^ -» H-> o <ifM o o-»(/> ujxno • o —
, O to -J> ^ CC* • • <^CD 0>QCCO w O Q

^ ^ j_ ^pn .< > w^^^- '~<o .-au —cj >-aj . •-

o o • o •fn o It > I ooo o + *o a:)-cx:o<^J >-a: u:

>^ ujro LUQ oo—<\j oc 3a. -* m •.-<r-»oo—2:u->a co^'^r^ i

> I !jj— • uj ai— •»—ujii^o LU It oujoo<—.q uj »—«-'«-' ii —olu >»-ujii+—' am
<::^r)2:^ CZ5 liZ'-H 3-.>wCI3-~rJZ3 II u.Z<'-<aZ3 0^r-H-.>-'Ol;^< 3—Z>CZ)---
SllZ^IZV^Z 2w

I Zo2^?->l-ZO 2«^_Jwa: I H-2 •X>0>> il OOC020UJ»-ZO

u_ i->7iu„a»- h->*5i LL h.'Nj£r<a>->t-H-*—'>u. II "-J*- I 2 II cD^sla:<laxuL h-> ii aLai->-

,=
;]r a li au, o^u- c<tca'C<tu. a ii u.ujo<tu. r_j<cu- o«c

3i-i 020»-i o<X« OQ^COOtl-'— OZ'-'OI-o:*-! OQCf— »-H UQt
1-4,-.c\jrn'Tir<» 1^ ®o>

152





ooooooooooooooooooocooooooooooooooooooooocoooooo
ocooc^c^o^c^o^o o^o^ o^croooooooooo^Hf-<«-H,_«»-^,_(,^,^,-^f-<p^cvi(\i(Njr^j<Noi<v)<NicMr''rofOfrirnfn

oooooooocooooooooooooooooooooocoooooooooococoooo

ooooooooooooooooooooooooooooooooooooooooooocoooo

CM
a
•J

Q.

m
cxr -i
«j- <r

Q. 2:
I a.
rg O

*— UJ

ct <
< U-
Q. tX
^ 13

O-Oi -J

Ul <<— UJ •<

O Q.Q.Q. Q — 5:

< «^ v.—.<l .-< -» Q. Ot

u^ — -f m^-'U. </i cj '-^ O
<X <McDaiH-_jh--»-2r 2
(/» * * Q-o— o ~ a u'.i

O C I </)Z — > <->
—

OC £E 02 CM* «l LL a CJ <—

>- * c * .-«. ^ — ^^ < oc*
3 03 < —CM— 1/1 X — >! Ct J*
C — <I*(N|CQLU I Q- O '^it

— I O cCCt<f- 2 C ^ Ot— -J Q-

2 Q. O • <X+ "-• X— 2: H- < UJZ
C —

'

C<mG.i!Owi -^rsj X C 2". Q +
•«•

I 'vox a +»• o CO cc *—c^

X — CO^"—<x— o UJ OO-M"

* LJ

ou;
rg

h-<i X -* ^ci-xu- o ^c 2: u^rroc c CfM
Q.a. —» I —a* c^ '-J UJ——.i-H^ X O mrvirsjrvj *
uj_j V. a(Ma3oa'>-< ctci-o-x^ q cd rvico-"— ^ ^* ^
a:—' — » > I + 'c/^ C2—<^«/i-«- Ci -^ **< 2 2:a.>-<»—

—

Luco a. 00030——c x>r:x ^0.0— • "t-h- •- r-'T^^^'^

ZvI^Q.^ + I t-^'tXa.^ -J- "»- i-jxo>-o-i rn ou-<ot—-^o

->u_ I 33* CO Q-Q."-y—. '—-—a:ujoo»->- "O O*-- '^—
'

'^^'^ •

.ijO_i— * ^t -* a 'W'-'O'J-''-"^"—'Q*v<OOk40CO<-0O Z_X2i/5-J-J>—
;i^<Z aSo*'-^^>«-(-x5—wQ.a:^ujw>>.|| iii-uj muj ouJC<—C—»«•* -)

ror-irs4^,^,^a:LJH-h-co«/i»-'X II >au.LL t— II II H-t— II II »—UJO t 'JJZ—w>-
^^^ ,1 ^ II II _i J - II II t-r-iH-i— ivli-4— Z-5ii ^-i^-ZoL II II Qi II II II

—
2 _)>Z'-i—'-'—' o<<o-ix>cta: II a. • ai^f^a.aoz • • z .,-«2h-«>o«-•»--'0.0.

_;^^3^<>^^ ,1
"^ - -—"^ ^—'^ ' "-• ^'^•^' ^'^ "^

»— I— *.0*»— "-'>J>'-'-- - '-— • — -_ _,
2'Z_j II II II II II QC(X£^>- II -^ II II —I -J -J II II »—Qi—>—'ivl>—II—I Z~5ii ^—i'ii.ZZJL -_

CO II <LJCCaO<i <<<lCU-OC<UJUjQ-l-<l>'Q.U. CQ-Q.Ct-'CLQ.C»^'it_J»-'id-J^
'Ooau'^scucujQ.Q.Q.axi-'^'sjuoot/ot/'ixQz:'-' ozzoozz^-'Q^-'OQ—

1

153





OOOOOCOOOOOcOooOoOOOOOOOOOOoOOOOOOOOOOOOOOOQOOoO
^cl^aJa^o^c\Jrrl^u^^Of^a^c^o^r;^1>ru^>c^-a)C^o.-c^J(r^.l-l^^o^-cDO^Or-.c^J(^«Jru^^O^•coao»^
(^. ,ri rn rn »i- vj- >4-^ >a- >4- >r .d- >f n1- u^ U-. Lo in ir» ir\ u^ u^ u^ iTi >c nC ^c vo <) ^ >o^ <3 »o r- pw r^ t^ r^r^ r-. r«- r^ ^^

oooocococooocoooooooooooocooocooooooccooooooocco

UJ

<a

u. >-
UJ a. <O 3 (X

QC IXi LU UJ
z> a ^ i^ —
l/l i-< O Ci "»

I/) < LU -»f\J
UU H QC »— —•* —Q 13 U- Z (M* —
i-N O UJ -< ^ —Oj

H ^- UJ —X* o3 < -J O <Q.— <a <l < X—K U-

z — f- a. QL Q. _)*-'a. 3
c (\i •- LU 3 — a: <z-j I/;^ i>0 I— ul CM O ^<K
»- * Z —Z * •» zi UJ (\j

O O UJ '-"-' UJ M <'-'Z Q 3:
< rvi —.— — X d I'M O O !—«< »-' 3
a. +• —z UJ O-LU I— o q; • —.—.»— u? z
U. CM •-•-I O —C t/) a. + -< *(Ni«— Z "«vUJ*I<ui Z ZQ-I c->> •«• -iO—
oc - a-Q u. ot/) •-< + -J II—.x*— ^-t— C —UJ rat.JUJ M O ZO*CL(M X Z

-JO > ZH- oi^*Z Q * * a.-iQ.i^* I-03
_jZ • H^« i: —.-.^-j 2 * > _jui:^u-«- fOH-t—

z

*< CM OOS -CO«/l_j«J < > O tOQ.O«-'CZ:2 w
_J * oo Zi—(MO*-* 0.0.0.0 (X Q.-^ I I XZ) OH-
OU,' •* —Z X 2:^:2:2. X -JSIi^O. + UJZCrMwZ>-OOC
+•0 -»—'C:>< "CDV. 33 - 0<-'t->Z ti. t-ifvj* I *Q. o
j(iZ irCfMc:; OO-hZSTZ: CO •»•»•«•+ :«J —</:•*•« rgcviUJ—t/^CCO
—.U- S"OlZl— fvj ZC I I Zq: >jX>OJ O (M-M-rLC-)*. SoO I X>rvJ
•«-c >-z^ z—^^i»i-J uj^ ooC'fl- »• -•0:^3: •* do; •(%] + + +
i^— t/1 ^UL m I H-00 —I— aixot:-* X a.a:uoCjZujOSo.o.o.
v^O ooze -« —O** CO I I I XOOOO * + -«-M|l- 3^-J3:
^Z<"*'GC— X •Q.LU—'-» >2: Q.Q.CLOU.Q.a.Ct •<iJOf^J + C\Jii •Z<w><w"«-'
<-0^K-O—wz Q.0--*a:002: O Si^—IQlZZZ^ UJ<\j>-<<-<Xi-5i-HMH-«v-* •««•

in c ujxxzo —ujXi—<Mrj_j (xi/1 ov-'oz"N."^>s.t/ioc3Z* * * * _ji-wc\jc\jrg
«^ OU-X—OJ^HM I- •Q.3ZZ* 000-»H<- •M-^X>Nja • ••Jt-Q.O.-Jf^CJC •SZOQ'-J

UJ uuQtc^—^cvih- •- — N»*xsao.a_j*cca:>-»^Xh-oooo'-< Z—i—iczc 311 11 ••

C3 3< I f-Za:< a:ujoo_j^-^3:^-<s:<C'^*>^ooCQ:Q.Q.a.a: II oooo>-3u->f5:xxx
- — — ,. ,^^^-.— ^^^^—:a:oz22<z>-H-j*^«-wZ s: I k-i»-<i-.

II 00 II II II II 0«^«/1 II II II il i*i3 II X>^sl
fNilj X>'fNlOJQ.Q.l-t<^lfn^rOZC\4

^*. II II ^LAj^j— II _(•— _jv_/_-—^N— U.U.U.JC.—*.^r-/--^"J00C0000>-«*^"~'l-U5rSIS^UJ'-»Q
a-JiLJXZXO«ix<<i.<u._)Zii_i2::xc«j2:zuoca.u.Q.c3.Q.Q.Q.(/7Q.u. 11 3-J33Xu_
(-;-j_jo»— «iQ.a:(-jQ.uxo»-iZ>—0(joooo»-'Qt(XQc:zzzzzzzQ.uji-iuuzzz«io»-'

>r IT*

o o o <-> o

154





ooooocooocooooooooooooooooooooooooooocoooocooooc
CO GOOD 00 CO CO OCT" cro" c^ (7>c^ c o^o^ oooooooooOi--'i-H.-<i--«r-<t-^t--<t-H»-^t--i<\i(\irjfNJ<^J(Nj<^c^icvjc^'rorn
»t>r>3'>4->j-Nf^j--TNtv^>rvr>t-^>t>i"^u^u" Lr\u^u^u^u^uiir\ir>iriifyif\u->ir\ir Lr^f^l;^.lr,u^lf^^^l^\l^,lf^^^l^llr^lnu^

ooooooooocoooooooooooocooooooooooooooooooooooooo
CO */ )U^ 1/1 *<'

' l/l U"; «/ ) to 1/
. to t/) Ul CO CO V/) CO <^ ' «/"' </^ l^) (/) V" V 1 OOV ) t/1 ui en to l/*V) </iV J c/: l/l l/^> I/) t/1

Q.

00
a.

in I

in •-•

a. II

<( U Ol Q.

UJ to CO
X O a a.
h- O — I

I — f\J •—

II rj CO t-i a.
a . s; Q. II —
< O"-" >• a. f^

H- Luir> CO • •-• *
UJ • O K CO *
X oco I O C3. •-I

«» ^- — uj(— —. • — t-ifvira— di-Q- Q. ir.+

« INJ -» — Uu_jC iei —. < CVJ

* X O a: t-^o ^ — I— O*
X Q. • UJ _ju_ o Q. X I—

*

i-«COt-^»— * .-<(— *-•

M « -J U-Q»H o Qt «/) C>
+ rv'«^»2: «f ZQ.* + -I

incsi o »- u_ Ol<i • I--— c I H- —

<

iTi* (X O «- <r .O '^IXIQ-Q. LU CO 1"*-

T* ^ • iS J—OUJ CC0_JS -. i_i • -»•«• (X

X > oo a. • • »— + -jr: co co i-fft-u

0»-« X C o»-'«-' I—o i/:— o'-' i^ a 1— ^-"-^
>-> a. H- •toV'Z •• #0: ao-j*-* tr —q.m- c\j<r la

Qra -Jc '—It t—>-.<—»—o—to'*^<< "O fCcoo Q.OD
OC« > X II II Otocx •jinOC-'H-h- ^ • <Q.I— •_J»-h2

IT « O 20c I •(I:*— .— OCDUJUJ «^t-< >- I "^ I— <.t/)*^

-*—.1 a. • O'-'ct II Q-S"u_Ovn-»- ScocD —• ul' 11 n • o. cO^^Z—
c— Xa. + c —CO -zo I—a.o>-*-+ t-— h-a. o.c; s •2:»— cm

ox> X < c>-ujOQCOZi—coo x<q:o 2:oo< • »-.— u.*
O • + t/1 Q. • —.—<C0X .OOt-iUJ + QCiX 00^30.' <^ • Q. X«i^C-»
oocDc CO- oocx I— c: • (•jcco^v^-.f"^- • -j -a- <

I z>v ^1—O • • •— •Z — *^ • XCOcg rg—.— —>00 '-' •—</>X
-.H-.>— XLJ2 • aoQ.o^<i<Nrn—.—wx*j2—.^lioo—00 •< •• QioiLUQ.

OQ.I/1X J-XO* ^O <I •<-y • c. Q-—'——' "O* • "O: • •0(X Q. CD-«-Z_J
,«*(_)^Q.C3.(XXX • •>— 0*-"<M • •<<».*•** 0Cr*ir-tt-4^00 "^ it •* i-i<

o ^xx3:—Q. I • >-»-Lu co>-.ooi-H-ooc<^c a •-* <-> —i/Ow
t'— + >>o-55:a3t— _i_JX •—'Q.Li.'UjXX<<<ia:—'-J • 'uj • 'H-cq —' c-xc^

•uj»-a3«^*^C>5"—I • •H->-uj • • •»— h-LLLLU.— Xvot— I— -«-'(— I—OS H- •— o<riri

l-OcXS"C:C!Ji/^> • w_n-l- «J_)-jX0Ql002-J-J •> O 0«-' H-Z
-J •c?>'w.a:u«/') oa.a.u_ •<n^a.(x.z\/)<i<.<tujt—iij • •<-> • • coqqu-'>c i— Z'-'-j

• uocoxx<-^ccc Ki-ict ex. tujuj^o—'——'C*-*^ «" CLU<i<ta,ir* •otu*^
oiiCi-"-iiO I Sr-it-(-3oi-o>-K-coo-«-* * 23^u.3ia:oo< + a:ct»->t '~*^!~'r!"^

X«X'«^>r«Q,X II >4'ajUJC0O»-'»-'_j_J II It OQCJ^-itOlUZZ <'-'•-' I--•**»^tJ _jtOH-X>-'

—OOCL II II il< II Oco II XX < C0<—00<<< 11 CO tlcOcoXX*-.^ O
..

, •'iM .'. ^
fvjarx>'vi»-i-Ka2rv-i ic^_Jc.u.u.«ctQc:£r-J-iQCUJUJCLCLQ.K'^>»»o-J»--uj uj inuj u 11

>XXXU-ZZ.^O _JwJ wl-UL II II H -J_JZ^ ^^—-11 II II _J X> I3h-iSciCQ.CL

u-a-coaQ-Q-X— H-u..—a.u-<u-<ii.u-u_uj_jt— •— '--•<<iau.LLv;iJ-u_iJLr-i.-<«-«<iozxxxzx3»->i^-j
^•—COcot—XX «oOi-*.-1 0»—0»->-'>—(C<X>^vlOOUJ>-'"—a. -•-<•--•< CDOUC>^»-*t~?«-'»-'--'ZQ_J -Jh—X >*fvjh~U„

Z II II It Z'-'
cr>—" " 'C3
UX>.MO

in in
•r -4-

155





oooooooooooooooooooooooc^oooooocooooooooooooooooo
(vj n^ >*• in •c ^- CO c^O <-^ f^ ro vj- u^ >o r*-« cro .-< c\j (^ vj- u^ vO r^ CD a o »^ <N <^ >i' tr\ <3 h- CO 0^ o f-H (Nj o"
ro ro rn (r> rr

'
ro r<^ (^^^ >r^ %^ >^ >^ >r >! «^ u^ ir> ir\ u^ in u"> u", iTi if\ u^o <3 vo^ <> >c^ sO^ <) r~-^ f* ^~ ^" r^ r^

IT ininu^Lninini^u^u^ir'U^inu>u^u^u>u^iX'.if>inu>inu^iriir>iru^u^inu^u^u"inininu^tninu^.ir, u^coooooooooooooooooooooooooooooccoooooooooooooooo

»-4

•>

XC3
Ui

c»-
< >a.
u. <:
QC > o»-<
z> < XQ
%/\ (X •>

z • ^m, ••

LU UJ d—
Hi* LU 1 wO
H *-» 1- rsjw

v> 1 >t-
LU Z <l »- <Q.

..« ^ i-« Qi «:<
^>. LL U. • •>-«

Q. UJ 1- LL> > —

Q

£ OL < QL < o. -* OX
_J (X OL ^^ •»

» —J > —1 s: .«« >-—
l <l t- <I Q z >-o

I^X z • • ^^ z LU ^^ •• CD»-< <-.
ino a: z 00 —Ct K (M UJ • <> Gt:>
v*-~ LU c Z >—LU •»( z + -I- •H-
+ K LU >—f- < * < z Q.Q. 00

CD— z. t— —.^- — XX CL >-^ _j <r ao. -»z
KQ- (J —z LU a.Lu LL <.r- Q.i-it-1 • -^^ o«-

O. .i LU t—t—

«

-* LU acs: >.M <wl<-) oz
ZC^C-' ^ -i >•* < <yOLU QC D u;++.-t ** in ••

_I .CLO* < LL xc U- CO —H-Z OCLQ.O .-.-» •m^

on a. t— UJ<^JQ.UJ u«<OlCLQ 1 :xiZ 1 t. <Q.Q,0 QlQ. nOO
Q. II .-i—J arm— K- Q- *</)i^_j2:< uLuoxro3:_j5:o Q-Q- ^r^ar

2:»-<o<-> K Zl- — —z.-J-J-jZ — »• o>i—o»—UOO SS uus:
o<i- •*-' JO»-*- zclo m>—. * * cr _ia>-wO* 4«-*o 00 K«-«
>t— LUf- <(— OTS t-o— Z 1XOOCDLU o>o + Zrouj—.o "s^^ h-if»J

a-LuX — z.. 2 •«-l>1 3:2V S.LLS2:?-!- » +zrNiLuzXQ-a.o ^.—

«

C3C ••

-jXH- 'C <L1J Qcn—

z

xi— 1— 0(njc:i;3=3X C—•«* _i + t-QLCLO 00 3—
_JH--~UJ^ U-'Jrn<i 2:0 •z ZZZUJ >-_l *XlNJ itiiiO »^^"

*—OO—

1

UJ< h- Za. (MXZ.-4'-»tO 1 1 1 4. OUJ—*—QXOOC ss: —«.»

a-o • ** ou_ Z'— >^>- <!«• K-» 1 LUCLOlO-UJ ^ 1 CJ-0<*l-'v»vO —<»-i • • '-*'s:

_j ••-< a.
UJ3

«»kM'<(M «ozo—Zii!:_j5:oQ.O'-»--isa.(M»-i—— • t>jivj CJ>(^ l-H

O^ 1 —it CM XZLiu ^<i: + — Q.>-><OOO'-'O.* * ^-J Z3»-"«— 1 1 OCT • >•

* —o Ot/1 5:_(i-.^c 1—1—»-^»—t/:* « -if (/)it-->—— Z-J + XX **«^ crcr •
UL. • tS.^ »-« l-«'v<H-~ XXLUI-'-'tJ'——..2u.'CDca_; 1 «a.-<2 1 1 • II II VO' UJ—

'

^uiujZ— OLU^K^t— zz Q.X>UjXurr,(r>ro»-.v.<<rcr)OQaLi_LLI— 4^.^^ oc •0
—iOJ—-i>^ :2qi—2n •^c wilOQ. zzz -

.i^4> x*—*—'(CcQ-jNOOor^ II II ^*
in* • .-JC -.— Lb"— 1—

i

LU«/)I— >——SK-'Z^^'^Xh-.cOLL—H-'-^H--"— .vj-^^>T o.^ >-JO
XQ. ^O ooX Z ^-Dc^l- >—OXSc>0O<NJfMfMOXXXC—CLZO—-^ 1— H- 00 <a 1'

0:^2:2: id <x LLZh-^QC •<< Z-' II XC!»-zzz I «— h-a 11 LU II II aoo-Q-o »'"-» adO—
i:uai.z^<tuju>-' 1 o^a II -J(MX>-»— II <^l— .^^->-.jlu-«—— xac —.00—-«Q,i— <:<i»— 1— t— 3 »o
"^

i( -J_CO It
'^ -.'CE.L1. —Q.X ' 1 l_LiJLL) 11 II 11 IIH-CCill II K-O-JOQCOOZ i-^>—

t

Q.CL 3»—

—

— ac_i_iCUi-.;2oouja.< '•-'•-'OU- -JO>> COUJO. 0. Q- C3'-or-ooo<wuj*«'"—ocooo << lOlViCJJ

iv(X:^:^<<>—u-X II II >^ Xi-._ji_3-*z<<isa:a.Q-Q.z 11 ssrz n (--jv-ss—ox>o <—<»-H w —T
II -J:^^'-'t-i— _JI—

^

'<oQ.x<<<rt-S3:3t— :^ _j S" LU ro Z3 X) U-" -^ D.Z »-«'-'LL UJClQUJLl.»-«_J

Q._j^*-—'U-;ZO -HIQCUJ'-'Q.L;ii.OZXXZCoOO-JCZZ_<Q»-CHi>-tvji-i xx>r>i-.>.u.
XitU.ULLLXCi;ZH-X;«xu- z ~̂
^ it t-i •—•-•»-o<< C- 1—<«;'-^

2 Z
LJ i-J

i-« i-i

1

1

4-

uo O O <-)

156





oooococooooooooooooooooooooooocooooocooooooooooo
o •--• fNjn ". »r iTi ^o r^ oo u~ o »-( (\j CO >j- u^ >o r^ 00 cr o »-< csi (^ >j" in <> r^ x« cro "-^<N r<"i >r in vO r- oc <?^o r-^oj (^
0000aC(raDaD0D'33CO00O^CO^(J^<rC7^Cra*<7^a OOOOOOOOOOf-t«-<»-«r-ii-<t-t,-H-«^i--<CVCJ<MC\jCMCMrvlCM

ocooooooooooooocococooooooooooocoooooooooooooooo

o O O -'

is» rvj ivi >
> > > <
< < < Qt
oc a: q: ••

» » » ••i>

o o o —
> > > >-

> >- > <
< < < oc

ot CC tt • l/l

^i* » • •• O 3
4. o o o o
2 O O O Ovi _J

3 O O O O C
O O f^ CO oc a O
u N^

II ^ sO vO ^ o

^
3

fO
'O

II

K c
"Z. 1-

»H Z3
4- c
1/) Ooot/'
II

^~»
uor^ —

•

~H-I-

00

2 LU UJ UU uj >-« —

'

3 K t- I- t- X Ui

Q •— .-4»-<'-«0*— O —«Q.Q.
CO oc QC (X OC I- •-' —O -* << "^

„ 3 3 3 3 < QC Of-— •— v^/ ••-— (/I

2. 3 • t/JO'^-^'-L'CJGVT**

^ Mi. M — OC'-'LU*-rvjOX>^3:
UU ,- -4 r-i ^ > — 00 •>> til us:'-'

xxo «< • • • . (X • 3—-J— <ia:—oo>-

I

,>rsl •!— .UJ •ILi •LU "LU UJ LU ,ll>-.|| II ^t—I———

„5«t— > II II II II < -|-0<00<<J.<1
^aa:X < -.-^> —cvj> —.fn> -.^> 2: > «/?o-^j «-—_;-*>-•SZ

UJ o II II -—OtXU-O II <«7'UJO II <<J»UJO II <r<TujO II <C^ '-' UJ< uj-«» •OUL>rNlU_OCl»-»-<
3 Oro r;^ oCvrD ac<MD cx-j-D^— ci:<r :3a: 3m <,->>^x>->'>>i
Z >00< U.Z>OZ> Z>OrJ Z>03 2>OZ5 a Z3 Z>-cOJU.«Ll-
_ ,-.H-—>—_icc—-—^^-^-«-oc>-i—^arc»-i—00 o i-o-HO*— <'-'U.>-ia:<XH^

I— 4.o>iv*U.h- t— 00</)t-H-00</1>-f—OO00>-»-^_JO(>1>- CC 1-00 I I h-(XU.

2ox2r>>*- cz2<^ Z2:<-- Z2:<— 2:2:<w qc 2>i-ocDZ-.»-
Q „ I, h-<i<tu-azi-'»— -iu_uo^--Ju-coi——IU-CC1—-JLLLJ »- cu- II 11 cju-

ijXOZ«.a.'-'OLU*-»2U_i—OOZLL'-»OOZlJLi->OOZU->—O S O'-'OVIOi-H

yf Q »-H OJ f> U »-•

157





oocoococoooooooocooooooooooooooooocooooooooooooo
X crc .-• cvj it^ «4- u^ vo r^ CD c^o^ cNj ro >r u^ »o f^ 00 (>o •-* <^' (^' •^u^ vC f^ 03 c^o -H eg (T^ st u^ vO 1^ 03 o^o r-^<N f^
rg (\j rn (r> c^ rn 0*^ rn (<^ o^ rn c<> sj- xt >^ «T >4- vt- >^ vj- >i- >4-u> ir» u ,u^ ir> u> iTN If . u^ iTi vc >o ^^

oooocooooooooooocooocoooooooooccoocooooooooooooo

-1 #
a ^ —
o — o
» QC or
-. CD O
o 2:0
'- DO
> - — ^ ^
ot ^ ^ — > :3
» rsJ loJ O -» '- Z
-. > >- — O w ^
O <<rvi— K h->-
> •••<J'>3 CJLU

at ^^-.. -Qi

o QCcc>>Qc _j«-a
o •••.•.££. i/i::j ^2c—'

in oot/'* >^ 1—3 —

^< o
CQLL O

H-o • » o m o </) o <-j
_ - - - +<

(/> -J c»- OH- C— >*2 —' —i ^ CQ cDO
_ LU uj oj 5: ZO

>^f- (X CC I- UJ H- I- ^ -'* I- ^"^
H- LU H- Z 2-^ t-i +<-3

_ ___- Q:z:2i — *-rg—a: M •

—
<o 1^ f—

I

•—
•k » m

>TO ir\NO r-co c0— 0^ >o •• OD

UJ LU >o »

c»- OH- c-^ ><D

K<— »-<-« »-UJ •«»

QC QC H- UJ

03 03 C^ 1-
OQl >—

«

«i> •• jC iX— »-• •~t-^ — :£

(N rn <r — <>

• • 1—* r-*

•or •0 •

LUliJ LULU • •

• • UjO
• • •UJ LU

> > • •

-~<rg -.<CM •^

ooct;-o tocto co> >

-. Q. -»
I
w—"C— LuQ o

II II —O^ II QC O
I— -~ —00 '~ —o o
O • Q Qa: •" •Q 00 •

O UJ o (X. OLOO^ddCt^cCi^i CU

^ (I r
i^ ^^ ^> ^^

aO<^sl LUUJ LULU O • • •

II wfx » CJ • O • UJO O O _ - „ ^-.>.3^ • • "UJ LU <:juj -? LU o c:as.Luu + C' •• ^

Q.H-u-'—Lu ^uj—D uj^D LUw«if^uj<rguj»-^<< Lu o. uj djixicDX'^Q.iiJCcnz: ujf>i

cz«>r5 v03oocDooci:ou^»cDci>03 1 oca: i- •——« D.-H5:r)5:3—'-«s:<-;x"-'OrD—

<

Z Z<t:^h:z«yiJ-Z<Z3 ZZ5 20110 <t _jil-«Zll32:r52lU-i2ll3iviKZUJ
_—^C——I— -«-J«-' •—.JOO'-'OC'-^ II ''^O ct jQC (I •-<Cl2»-'Z^ II —l^C2—)

>-• H

(_+ ^h-»-U-U-CH-U.LLa»-U.(/1H-H-00|— t— <>0>(y) LU UJODCQI— (X~'H-'-'<V|f^UJ"—CC—UJ 0»— "^

L-IIMIOC.U. ULL CU-LLQl-JLL.CC-<-CX:Li. LU U. _JDUU-JC -JLU --U IO_lU. O -J

oviooo"— 0-. u—"-'Oo»-ooa:o»-« o —z^ooluouj— uj»-iujouj»-i uuj

158





oooooooooocoooooooooooooooooooooooooooocoocooooo
>o t^ <» <^o 1-H (Nrn >f in >o ^- oc (^o •-< <Niro >r u^ >o r^ <x> cro i-H (\i rn >i- u> vo r-- CO o^o i-< c\i c^ >;r u^ >c r- 03 (^
f*-^-f*-f>*oooccDaDcocococoQocco-a^cro^o^o*CT a^a*o^oooooooooo-<.-^.-<i~<rHf-<r-<r-i'-<.-t<vjcMt\jf^J
>o >o <) >o >c >c >o <) vo >o >c >c <) <5 >o >o vO >c vO no >o vo vo^ r*- r>- r^ r^ r^ r- r^ r-- 1^ 1^ r- r- r~ f^ r- f*- r^ r-- r^ f»- f^ ^- r^ r^ooooocooooooooooooooooooooocooooooooooooooocooco

ooooooocooooooooooooooooooooooooooooooooooocjooco

1

CM
*
« •>

«K ^>.

—

>

O
(X a
03 o
s: o
3 o
^ »
«^ cc
1-4 r:
> D
** Z
«^ ^
»— >
cc -J

inc? U-i

1 Cc— a.
l-Q. C
< c

Ca o
0_) ••

< Qi
<->«» CO
-^2 s:
Q.*- 3
OJU)— z
2:#a.
o—

<

o
ZcCu. o
^<-J f—

1

^-».< .—4

> •»

1 QCOO ^ vO
_i CQO o^ a: r-
_J tSO ll; 3
UbU-.3* >— z c

1 -2— Ml -J H-M s^— CM —a: -1
rvl .-••}»

:^ 3 u- o
-J— X.* QL ^ O
LUC——

<

C"* ^
II QC II —<C — Q f-4 *»^C—3(u ->cc 1 ^
CCOQC - 'C^C :^
xuaiCccocxO'-^ -a^ •

c "cuiLui-Jc; "t- + 1—

C33COZ) 'C II C tc^o
U3Eo *-*c u— at CD 4- •

».3 •CD-— 00 <flCO SCO
UJCC2fflSiNsi Q. CD X- a >i- Lu~ s: Qc: -^

CO

o

t—

I

UJ^ '-J
t<0 > o
UJ <J z
z s: <
u ^_ w
I— on Q
X + *<

t/» lit :^t/:
1-1 UJ ro o t_;s

> LU D X X •
-J

'
-J to J- (-—

< O + * -it
2 Z (>4 UJ LUO
<t < « -J _ju-

« o ox
-J H- -^ Z -LK
<t Z —

.

< < »
O UJ {J) I—, »-<UJ
l-l C w — —J
H- »-i 5" M QiO

-* CO O t— -» f-l— < h-Z
O •-< Z Z > Z2 Z Z<Ol— t^i-. 13 00I33O UJ.-.

CM < r- o r^ — CO —• u—
.I/) O I— >v Q O "^^UJ— •<

vO h— ^ (_ N-. ovjrnf^H- QiS
>- s z 2: X 2:2:»-.u: -o
LU < O O D O I- 3XX-00 O.^-.

I— oc o c-i ^ cs • or*/^ 00 <oo
I— CD K II CNIUJ !l II t— II U_ •
(X < -^^ < — •• —2:_j -~— <-j—. -J—
3 i-" OZ ct itv) o3<-y iCiCO-i^ <::<;

O 3 UJ <—iZ ^'Z (-'Iw'OlO "O
—

»

•</> 1—^^ ..«—o • + •< M««-« H>i !!D»-H

,-4 (— K- 4- ^+ I— Xc-. HfM»— XXUJX 'X
O O— OOCI-t- 0-M-—' ^-V-cCr- \-\~

• Q. «/) •O Xi-hOcI. *< (/) •*CiC • ••< * ••

O </) > —' U* '-^*^"-"-' > —I— ULILUOUJ —UJ
UJ.-I <—»«. <Q.* -a:> <—-oz -J—;a-j o_j
• I Uj cCO"—' uj<-»U.Ouj ctw"— UJ ooooo oo
CO Z ••^> U-ocaZQ «—SLU ZZ Z r^Z

ooZ < -hO II UJ—i^ < '-<0.-i> <<Z< —•<
JQ.O _J O II <—<UJO*I»—Q«-iQOO II <rsj'-'UJi—•-"<•-. t.*--!

osw5:x—i'-'2:xor-ozz>aQr-w»-'Z a •o-jzX)^;: ii —-— oi • .o—i ii ii :3——ui'^—'-o--
ZX'^XiZUJ-j^Z II Z II ZZ Z-J II O U_3ZUJUJ II OQC<00 U.c^J^OZ^sJ>2:o-.w>
-'Z-iz^ II -jz—QC'-'q: II r>ot-._ji- UJ i( r-«-'</iH-ict_jis:a:h-Q II II a3-'S5:'-«<<i <i^uj<i;
f—»-UJ>-'fvirviUJ'-(XQL»— t— CCCCZ*— t-UJCD O —tr-U. I—UJOOh-ZZr\jrnr-U-3Xt— 2:3L>— ctu»—

z

Zrvjw>_jrv4—rvjoO ZSZ'-' Z'-Z < 31 •-> ZU.Z'-<ZUJ<SZ i-tcoooZOOaoo*-'*-^^)
c_;u-_)U-;—iu__,ci_;coz)z;u.ocu-:3 2. isc; ouj<ixuioi— :33o o^-^'-'OSXa:*-'
OUJI-.UJ"—UJ«->UJO<-'0<-)Z2>->00»-'Z •-« V1Q C>Ct>—KO>-oOCOV)Q O </)</1 CX ct h-3 </>

159





ooooooooooocoooooooooooooooooocoooocoooooooooooo
>r in «t r^ 03 o^o •-< c\j (^ >t u^ >c h- CO o^ o t-^ <Ni (Ti »^ u> vo 1^ <» cro 1-^c^ (^ >t^^ ^- <D c^o "-^ <\jm >j- u^ vo

coococoocoocooooooooooooococoocooooocooooocooooo

«a.i- rH
a.2 •V
•CJ h-

«» <icx: •

(M za. r-\

* s: * i-t

« <UJ U.
«« 01- <f
O -2 •>

•• <U >!•

H-Q.
o r>l < * ••

ec •^ h-O •
1- (V O0|-
Z «& •2 •
UJ « ^ 00 >v

u
^^

^4
0:0. •

z O sr 0^

o ^ z 1- r: -\x. u.

ce 2 3 CLU- •>

a. I/) <UJ
U-OD

in
•

t/> 1
w* _J •- cr

D II
•^ IL <-J u. •— ^

»^ ^ \r\ <J •-4 »u_ -:>

O u ^> mo: r^ •—

•

<^

< ^>4 U? • •M h- 23 • (^j

ac X
^^

04 U.
CV'H- u.

>
•>

<

• 2: z • • LU 2 * r<^ '^ u.

(/I UJ Z5 K t— a ^ •CO •» -> - 00

> a_j ^vo (M _j UJ !-• "Hz: • «— — CD

r-o X < CO • • u. 2> CVJ

> ^ «« QL •</) • X W-.C
1- c< c— 'O. a Q. (/7 Q H-O "V •> oji-tH-

"^ 1— •-• ^-o •• H- < UJ K * ». 1^ ^» >-
cr OT- LL 2 2 CC^ • -5 <r *<D

Z o^ 0— >o ^ i^ »-« -o f> '-» CXXO
UJ Ot- 0^ <o < X HH«-« u. i-« -C^i

Q —

^

Qi'-' •^ 1— »- *x >1- >--. »" •«*»

^LU ~Q^ ^0 -» • 31- •k •.r- or-o
>- c<-; —0 in Q • «J » w <r •~ • «^ •

O > • OQC • • 2 Q 0. <UJ •—

'

-30 ^0 •

c^ •UJ * <I Z X-J •• •mm—* >.-H»-

LU H-*^ 1— «J -^0 + • < cx: ao r^ r-*U- <U.O
z o»- • <ro mm. • • _J2 • X<f (TCNJ •

UJ 00 .c^ oo • 2: X K p-< u. << a — • U?— •
> o ir\ > — 3— X —in— •H-i li. <f» >^0- —

z <l— oo 00 <-*(J t/lO • • aO t— u. •• n> 00 O.0LI

< QCO II • 0.0— II • CJOOO 1- 3 —I- •• in — Qi »• ^
Qt •0 •~^CJ -.^r ao— UJirv 3 Q. rOO « »» l«»« ».*-«-—iO
o -HOO II .-<o<i 0^ a; tio • 1-4 ••—

•

Q. H- OCOCD ^wt- ,-*wt-<
<t II <«-'UJ II ^ UJ II <qiujO • II <~.COUJ.p-t H- • h- 3 •• • »• II OKUJ It UJ<1^
^^ C_J03 —0 ~cJ5_)a:3—sO r-4—

1

O'-'ODO 1 >->o-j<; 3 ^ii< -3»-2:30i-2;u_
Q U_<Z OOZ U.0022-' *oou ZOOi-mm fm^ •^ » •1— p- *-«a:2 •—OC'—

(J>^-»qCi-i COw»—•t-4«*'—'1-•»—UJC30(J).wOC)•—'(L3<ruj UJ UJ UJH-U-K • inctoii-xnoicu.
h- r-a.a»— -<—"Ti— a3ij_u-h-<-it—oow sTOth-H- II >f->— t- h- 1- 1— Z>:E 1-103 30. »— 00:5 u-~«

o 1—icoz II 02:2 «^,2<>-« II II OS'- 21 *m» »-i3<cx:^ 2
a. C CtJCOLJO 3 a: "• X00 ZJ a.uc 1^3 u. ai u. ix -J OC ctca-CJ-a cu
V) Q UOCtj/lOQ 1

uu-3XO(xi/i»-«ooo»-':31-3 a. -3. 3oxu-LriQ OQ
r-H-< <-<

CD 10
CNi

00

<rtn vo

oOQb 00

o<-i OOCJOOOO

160





ocQocooocooooooooooooooooooooooooooooooooooooooo
fNi fT, >ru^ ^o ^^ CO o^o •--' <\' c^ »t <ri vO ^- 00 o^o 1-H fvj fTi >4- u^ «c f^ CO ONo f-^ (N f'^ Nt u^ <) r~ CO cr o •"' t^i f^ '^ i^ "^

r-r-r~^-r-r^r-.f~-aDoocooocoaooDcoocoocr(ra*a o^cro^a>a^(y ooooo coooOf-4'-*'-*r-4»"—••-"-••-••^
r^ f*- f^ f>^ r^ f^ r^ r^ r^ r-- r- r~ r*- r* r*- f^ f*- r^ f^ r*- r^ ^- ^- ^- r>^ r^ r*- f*~ QC CD oc GC CO CO CO CD 00X oc 00 oc 00 CO Gc 00 00 oc '30

coccooooococooccoooooocooooooooooooooooooooooooo
(/1 4/ ' t/: c'^ v^ uo cp o^- CO vn u ) ui u ; (/I i/i u". 00V ) t/^ 00 1/

> (yi t/^. u:a/> */i 1/1 «•> ui i/> oiu^ v>V ) toi^ <^ v^

ccooooooooooooocjoooooooooooooooooooooooooooococo
- Q. - C—
• C\l XX - >».

•-• C\it— >. ••^

• » tUJ (NiOC-^l—

cc ••on •• » u_ r~ ^<
UJa> H- • X •'•^ • • •—

'

»—to •• CM II » O U^ *-*l-^

2h-- II •• Q. < LL >»j>
-iC<>o r* o Lu II u. >

* acLOt (M-JO- V. oxz) a: v.
-• <l ..OU- • '^^ Z>— OO II

"

^ LUttOt: r-z •> X - <c cl •• uj

o IujvD •<!- <^ »— :z^ <J'x <_:

KM KH- O ••X LLUJZ U_fM <
1—^ C QL>—'ID "ZT - • > <t -J <v»i-<Q- Ci.

•CD a. Co-i— • Ui«/) f^ o XUJ • >K><1 13
UJS C Q-H- O^ I' U- f^-l '-^—^ •« 1-H to

j;::) O QC u 11 •-*Lu •• > ijL'<r<r x • c—
02, o aj(x-J ozri^* oou_i— i^ix. x^ci
2: • • HOCL <fz:i^z. Goi-O »v> mz:
«I^ CD H-U- X'-'t-J- H ZrOh- ^O •<^J

_^ -^ Q- cc Q-" •—' •• r-< » tO» V.CD ro

^O ID —I -^ -J "XXO '-' •• • - < •-*T.

>^ 2 Q.XU. <XH-iriQ: XUJX •• LUH-

<X >^ a3» - in "*<«UJ (NJ^cvj oot/it-< c\j>-t

SI— IVI U' •• •• ••V^UJ>..fvJ ^O"^ CtoiX ••3
<jj _j X" X x'*^'<Jir> fM '^<ir ujLu >-r-

»-.iij uj I— oc inir^Ci "2 X - o. • H-t— k •^—

,/5_j » - * V. •u.ir-o "Cr- u,Juj oocL
—

.

»<_5 -»—

.

Z-^K- *V^-- U.>-< —<• U- 3:3: ^rHLU
(J —ZI QQD O- V.a. * ••H" Q.V.I— » • <l< H-LLO
O :^< ct • ct - - "X- < f-<r-<x- oCa: zma;

««. ^^ o»-« C—

<

u-"'*v ... ir. 1— »— •Qf^i It << •UJ

O 2»^ ^'— C^ c- —

.

00 ^ II 00 o "^v o-ol cri-

»-» »— • XQ ou_ <-o:zs - Qt It "v. .-hczitiX o •z:

Z 00 i-< • * »-<ct: r LU ir.-ts: u-c •»- lui/)> mi-
tm <,-< -o: (33X oxuj— < f-oo>-.zo -^ >t»—c^o 02: >-*

M Qiu- uui/1 — 5:ro -JSh-- at u-iO a: > "H-U-Z <uj Slu-Q

^j^ »x Oct s -zco vJ'-q: a <.a. :z ^ oiu- -j k- '^5<

(J5 • -.<M 2: — D cn— • Z alUJ oc QC< II CX>^ (MOO UJ co-

2.^ 'jr- -':^— — —c—"-* <-^ 1- "3-- v/"Ke;iri dp-uj o <</i f^r-

«u_ '- • '-'«_; ••— ct cDvjuju- -•-'«/)i_j u. •^oii • • •o^<^< oi- • •

>fM 00 or— r-cco-*? "^ - cQ3H--i O «/)XO-tfUJr- oc u- -O 00
r-- t^ul 2h=o^b'-'2: ii(? - -J<r Q LU M-io. '-^inu-- C=3 uj«m u_a.

00
I

* LU -.Z— »—c — * o-iXtn z _j^-<rai-i- xoof*- »-«/> i^ • ^^^— oo^- ouju. *CM- 0:0:'— ^ l-aot- LU •o'.a-< '^ r^t:^ '^'^ ^rr
^H_ « — ^o »ii — ocLu<Lu — — » <— • •u.H-u.o - ^'^h-ZT'^ -cr >—.-<

uj5 »-4.-.w rHZ- cD'-«^<-Jo^-s:3 r^- 00- ujctxo^- - -*^cu.ci. jn ••- oouj^- x * *

1-3: II ^K- a^< s:—-It —CC2 (^ <7^ xujocr ^- - -o ^>*i°* 5^*^ *
, ^^— CrLUOUJ<Uj -w OUJ<l»-ir\0:C«-UJ ••- *- H-«— S •- • "</5 -D -•- "--t^v- - t^l r-<.-4

(V 3r)c<5i—x:3—~—'Zh-SciicrsxH-O'-'—'^^ z vOw —'iiXLUx -^ w-xam^ > —•-'

3ii.2 _a:zwt«at- H-cro ZZ— 1 »-luujqc:^i- >- cmcj(m< n-i-rvioo •»- 11 < i-f-

i->ocxr:»-uj<i<>D!iOOC a»—uj<uj<xi- ujuj<r <r< ••- H- «!< •zt^^Qo: <<
3». 3'—if<ic£ ZH-at—.QCoo^cZ'-'ctCixiiJ "Z 'ULi • clo: *qc '-clol olccc cac^LJO OCCLJa:C'-«<^"JctaH-accc^i-l^cx oof^*-- OtD -JCC
2q tJ-tOOXQ 03X3X- I-- ^XOOX- X- X- -» XXU.- IIX- XXLl.

p^ou 'JNO t-^ (M Nj-iri><J r«- CO tr u
XQU Dcr o^ cr crcrcr CT' u^ CT C-»

00 CJO
00 00
<Mro Nf tf^^O

161





0--^^^^n>J-l^,^ol^ccc^o^<^J^1s^lf^^cr-ooc^O-^r^J(T^>i-u^^fi^-coao-H(^(r^.ruS^o^-So^o^
rj <N (N (N

I

c^ CNJ cvj rvj (\j cvj ro fo r^ (t^ ro ro (T", (T, ro ro sf >t >t 'J- >f >t >d- vf <f s^ u^ u^. in ir^ u^^
ocoocooooooooooooooocooooooooooooooooooooooooooo

oooooooooooocoooooooeooooooeeooooooooooooeoooo*~^ **•*— u. uj3 <2 QC (•)••> - ^cjUU uuuj *ro*^- O^O Ct OZ Ct-jH- </io< .. ^x uo — * **
".^ - £ ^ < Oi- < LU.-S Q H-crK «r QC -*-
UJO •+" t^ oc-J z: •Hjjujx 200 -t-> ZU.1 v.LHi. —

'

-a-t-*
*-'^< xz H.<r ujxax-x idcxt-- o aih-z- era f^j *B*<U- (\j Q K OOKH-'v u^-^/^ (X t-SZO^D;? 2 *Q^^
^cc ^ zr coc - ^i N. H^z lit- £-,uj (_v^oo -x-i-^tct^ • <^ >*- •>- (/lu-r^ XO) 2: <:v_;«/^2 2 *^4
13*^ uj <- XO a»-H J— O'^Qlu a: >— ujujuj •-• •*(:_;»

Q2 ss - u-m ^cujh- •xxa^S xi— x«/>«/i -< *<«•
(\j -M 00c — >r • i. II >-^'*^>-(Xa: oxuo*-*^ < *o*
U-< X U.C - -WLLI * Zl— _J_J(/1 _IV,I*-'-'" ^ .-.»-iUJX -• *<«C -^ (xH ,<r . - 20- LU-50- u! a- •>a:oo V sXlux • cc ^•h--*^-

2: ^ 133 CZ2Z -; - ••oo S-'U^UJMrD *v UJ- h-Q>^X * *>a -v </^cj '-ucu II ».- XQ. co^llq*-"- ^ X • zv.vf c ii-^j-*
Q^"-" "^ cc t—•—-Z SZxrr>i-i ot-< » t/io • I— xi/)»-iir>,v. H- * </:i-«-

<^»~ - o (_)(—»— t/i •--i_n^«^_j i/^« o < • - fMLu •tn *»—}*•Oo 3s 2u- i-uoo-J>- acv.- _i oo>iiai— ex lu ••n^.-hooo • < *o-»-
2UJ Ci— fMO _JUJLL'<I<— I 2:- LL U-l—l <0 I— X- _J2'-<0 *•}{
D-J -J> u__j_jj— QC^vroQujuj h- <a:CQ. • lu <m—-q-uju.^ ct -r- •*
cu_ _j Xlu ujllu-C >» a>xu. <z 2"<>oui _j "v<^J2:_J -\x. LU •M-x-W'
(Elu c t-o Qcujujj-uj^un/iah-o 2:< < > o. - *t-i - •. o. *m-«-

c£ u. —>*-^ u.a:» 0«3"CiucQ •-« - \-.un 5; <^ uj"- U *C4-J<-
uj 200 —• ..<H-i a:<iuj(x Qz *v?2> a h-a:^iz .. tx -r-

—jj-

C-j (/I I- <_)_jxs: •zci Zuj a:<t^. art- i_; <r-«-:Df-uj o. >(• - «-< > —'-D Z<<fn^- COUJ'-'CD (Dec • -m <— Q—Z Ot— s: -* * *
^ZZ < ^O-C- LLZZ>v -OXLLS OOC^x •*/) 00 » H-.u.Q^ 1-t •}•-•«•
K-QC ex: ^-UJ UlkxcC^^CC » ^ h-LUO 0<U.^X2— 2 2: •ZCUJi-i * ••R-

—

3LL. _j .or— I— LULU- o OUj qz h ••v.i-'LLi""'* O Or«"i—. o—'tJ •»-x*>vUK ^Q. octa ZH-i— •cx.Luujxz LUC- v.^c.v. •-' •— •- LL'UCL>vi— ^^. _4-w >v
Z ujC ^Liiai — xxuja.z-?h-«—oou' 00 11 r*^ . k t-vo •ot— "^ •jt-v.-M-v.

(— •-• i^ U-f—O LULUO^^H-l LUX— Q^h- •^->Z <•—OU-XZ I— *s,UJ *-•»••
O- ^' rr\-2LcC _J <Z—IQ^ OC-^^-^ -.OD.O .CJC _J'^< •rg<a:oo«>vr5 •«• iV «• *
LU-J •..-iLU <r_J_J(X Q-Ct— LUCL- "^ _i CL «. r-(O oT hi Z>"^a.- "VXUJLL'LHQ *- )<•«.

0< LU O" H- K<<r»— LL >— •— •- -Jl/1LLLL»-<UJ>— 0*^LL--'r<^OI— ii • -Jf •••«••«

at— O •CZ Cf— t— CLLl—iCrJJXM IJJ _J *LLZO _i'»<LU+ • ZoOOO ^ X-)}' -jf

LUC < r-iZf-H t—CO C!<ujQ._jrn-j.-. llK- •«uj< <. (X—J^t—i-Li »-'•-'3 •«• co- •*

^-^- 2: -< t—t-<iac<zo2:uJv.Lur^LLZ - oc os. - llzoxij-»— ^o •*
2- ^ u. - - - - - acLuSCZC - •U< II SLL <LL •• »a; I— Q -W- -x*
I—'• »Vl »•.» ••*». CQ"—•— LU(_)UJ • O —<" II < STOiOCsl" O-C - < •«• - r-H*
X ac> r-r-f^ i^xr^sz: onac Qoo r^zo. •<x ct <o • oiui— ..cx s*--*^*

- f\j c** • • • t(M •uJ3 0Zujt/<»— »— llO r*-t— jvjO o:

c

X^ t— u-i a:< *- - •*
- • OCX 000 O ••O^ZZLUU_<lOO(X (NJt-iuj •2:<< OQcmu.<Q.u. LU> •« •* *

r^r^ cr ^'*-* ^r~^ty ->^lu k<: •«— ocrujs:'-**/^ <q.c::: - ixicro. *x- *
• • M U-U-O. LL •U- _J :^ I—

1 Qt LU^ a. -r<t<U_Oe)CJ_J »— 2:- C ••UJOQ< *—*•.*
00 S: rgCNCM fMO<Viu_<'—O ZC >»-—15: >»-< k-—Qll*-'—UJXO<rUJZ -if^X*-^^ - » • .. .H-i »cKa: uj<"vLU_j •Ct— - i/>H-ci^ O ^(— (v<tLL >-" « - X-*^ >r>t>r >*-U>-l- C>— CCC—JU- 3LUXl_)- II - C< •\~ O0|— <r\LJ_QiC_;0 •* -« vO*

X. •—-1-1 »^(v.-iQt—«/^3<rQ.Qo n_j^ •• "•aocr-ioQZQio- QiDh-<— •* -M- •>{
'N.> » •> •• •• » "-Z- f- "—< •-^>s.30X(/l f-«Q.ZLUOO '^t/l 2- *«.- *

>r>r *»•>. XXX xntxlu •<•)- (/iz(/)q. vTo'n, «<nj- u.i/>lu_jlo_,—>w) qc»-'>* * * *
I—!»-' "^<t —,—(—

I _itMr-4- X> "Uj^^tZa •-•• ^ O • - CM— « - LU LULU- <l- -«• - *•» -Qt -• »«- -<>n<i. cr^-ii—i"vQ ••^- • r»x ^v.'v -11 >cJLuCi*~" •C3C •* -^j.

XX ^ 4--r-*' >rx>rx>^a.-<a.Q 1— a:xx.-t -n .,-io-J-xxx a:>-«Q«—zx x*x-«-
• 20^^'-'" r^ O^O*-''-"-*'-'—^-(/^»-'OOLU«-tco.-^-«' .-t-M-

:z; H-XH*- *
-o2:<H-<-* »*

- 05: s*-*
:cit:ct» o 0<-<QC(X(Xcx (/>z ••CQCcxKac:* —«• Q

»OCCO" •— xt—LUC'-'c-* X* Z
»U.Ll-a.Ll_LOU_ >r LuU-LL* -r* LU

o ooo 0000 o o
O QOO 0000 O O

CNiCM

162





ooocoooooooooocoooocooooooooooooooooooooocoocooo
00 <T^O i-HoJ ro ,^ u> >o f^ a> <^o <-* (vjm •4" u^^ r»-® <7^O-< <^ (^^ u> <; r* cc o^O »-< <^' <^ -^^ u" >£ r-- 03 cro 1-^

ffiaDQO(^'X(icD'^craoaicccoa!a:aoocoocO(X)Coaa^<x^cccoaxooccoococc^oo^a>a»cc;^a'<7y~OCJaao^cooocooococoocooooococooooocooccooococoooooocooo

ooooooooooooooooooooooooooooooooooooooocoooooooo

o
f-UJ

I-

o

<<
at:>
u.
UJUJ
ax

>
XC£.

CJLU I

X zr
t— a.>—
a

UJQCUJ

<H-3

SO.

a.—J<N

_j <r •> •. KD
<uj xc^cx
ox CO — aiOL'jj

H- XLLiLDtvJ
X C 'XJrvjPvJo^

00< 21 • ••<:£

-«U.< •• "St-

Z:Z!H- —z<<
-^^2 t- » >-
H-C< OoC^t-Z
a<)- C Coco:

CEU_CJ -JUjO II i^z
I300 V^CCOZOLLU

U.U.I

ux
I—

>
•-2
ui>—

•

U_0
I—

»—-uj

a<
lULL

k3
2:

00 UJ
2Q
<»^

H2
LU
XQ
t-2
<

t/)

OJUJ
KC
<•-
_IO0

u:d

<
uuu
X

t— H- •

(—1 00
iX2
u^i—

a

2C«-'
<cQt-
oc: <i

<Gf
LU UJ
z>
>—<_J
t-QCUJ
•D 2
ax</i
QCOUJ
QD<icr.
Z)LL>U.

</)

O— <-)

LU »

<a:
0.0

X2

CL2
^«> *•

—s :^xx
X •>UJl-4

2 -U.2:
•—•-I X
»-XQi^
3Q.UJZ
o oo
CC^LUZ
CD<»-Z
3LU2U
COQCHhO

+

to
a
u
*

*

o z*
<Mfvj -^o:
2-W-O ->««..<

m— oooq:
2i-hO +(/)-f
II XO Q, f n
"-•(X oocl*
f— «—

—

(_)*/>*

220 OOot
H-i • «-<_;uJ—.oio ^-a-Q.

(M"^ ^ — —>at:

I •LU—;_Jojw
• f^it— -Ji—'OO-* »

Qf-K -J-JX I -«-in
UJ-»- •<Q.Q.»-» •

,^ ••—• !>«-»OOt—

O

2 I— LU—oraiT I LU
>vUJ23^-CU«-0 3
(\|U II -JQCO-'^ '22002
2<UJ<C? II II ll^ct>—llu.
II u-3>vjaLa:Qc: ii -)»-ujz3
—.— _!— II 00LU<'Ht-2O»—

O

I—U.<U. OCQ-a3E:uJO<lUJ2
2: ,^> i-i <• ) (J Qt exX Qio"- <x tu

oc <-<

Ul oo
1— a.
z <
LU ••

o z
ai 00
X •>

t-
c

£ o
O •>

CC K
a cc

or
2 • (/)

O UJ ••

— •^- o
0OQ<[ cc
2Ujoc: «»

LL.«-«t— —z
su-t-t CXJ-
t—ii—

<

LUO
OOQC (-<

LUCO -lo:
JCun •-•LL
<(/H/) LL »
-4 2
oujct c;> -*•-»

<—JLJ Xo^ <N4«-

a:OLL KO }S-<1

2 Qa *(X
UJ<— CL<. -30^
X < Q ». -q:-.
l-UJH- -2 (\ilU"°
XUJ a::c H-M 1

OOJ-X -—I QLQCrvJ
LU H- LUV/) -•v.*
Kl —lO. 2—«•

<<Q (J?UJ Orj—
J >«. 2 _j*o
3>— <CD oo-jtct.

0<ac •» ^ Q.UJ>s
-ICC'-' u< LU-^LU
< Q CC. - ••*'-'

(JLU '—»— (_)CC*
XoO U)<t Qi*0

(/)H-0 Z5qc:oluj • •

3 2 > "LUlVlvJ-fM

>Oh- Quji— a: +"--

OI-LL < «._J •(Ni'-'

<l QtQC*-«m* ^
Q:>-a »U_ —«(•-•

Ot.</1 LULU •.CQ<00
UJ>-_J 2-1-5 •—a.
2U-K »-<o <>-<
--s: ^-2^x a. II

l-ZVi :D<:uj2a2
3>3 n ILJ50</1>-
CLO> (X-iUja: 1! o-j

QC O cd<i-2:h-u
CDU_< _;uu2a<i-cc
3Ca: v)q:i•-«LJQ1<
LO

OOt^'OO uooooo uooooo

163





oooooocooooooooooooooooooooooooooooooooooooooooo
^Cf^oCJ^C•-«f^l^o^ru^^O^<co^Ol--4(^J^n^4-ln^or*-oco^O'-Hr^<^lx^tf^>^'pN.a^oso»-H(^J^o^u^<^-coa Or-rsjrn
r-^ ,«<,--; i-H ro rg c\( p^j rv CNJ {\j f^i rsj r^ 1

r<i (T^ rn rf
1 r<^ f^r ro (^' r^i (T^ vr >4- vt vj- vf <f >i- 4" »4- vt i^ u^ i^

ooocoooocooooocoooocooocoooocooooooooocooooocooo

>

u

UJ

z
<
*
z.
o
—I

a.
UJ
ft-

o
•

(M

I

•~ <J-%>
t/-,—oz C --'

ao "w^ * ex

(niq: Lt. (M 11—1

Q. + Ot— •— * LUU.
UJ < UJ I—

CM_J—QCC* -J—

>

II OO"*' C^O '-'O
22! •< • l^ •

vi« ^-—.—' -^

oo •(xcr^ j> •

ct •u.'Ooo— oo>—
<(^J_o^C^^f> 0" -J
* t^ •«• • •

—.kC — '0-* o
OO—'UJ I QC I

—

'

.-IZ^ •«• -'Z
Oooi— uo Z t—

•UJ<<Uj_J uj<
^-

I (X* —(/) -JCt

•Z*0 UJ »
«h- •Z-' Zl-

UJLO<rgH-'—UJO^-<
-J II o.o'O II 3 II Oct:
oz-^H-<'OZQt:< + z
Z H- <<X Q£X "-"UJCC< C£
< O'-'O LL J— »- H- U. >-

3

>-.<—v/1wcZ _J-"^ t—

Q

LLOCLL II a.QCO>— U_U_UL"Z
I—I u. •—i QC >—

IO 1^ -*^1QC UJ

Qz
Csi

ao

UJUJUO

l-UJ
>Z3X
<ta(-

z
IL.Z'-

l-<C
ZUJ

Z h-
auj<
X=)

^---J
z <
LJUJUJ
CL-I

03 LU

xz
H-LUQ

-J

Oil—a
1-XX
<>— I/O

_1

<iuja.

Xt/^U-
o^-x

00 1-

3

UJ
UUXUJ •

Zl-Z»-
»—<•>.»•—>z

O—U-iQ

iriwLui^
-»OQO

<

<

<t(M
K I

'-'

QC — Q.
Of rvj-K-

to -frO
•• * •

O —C<M
(X fMQt: -f

(NJ -JKNH-)

a -a^i-
^CsiUJiuX

£XfMQ.QC.* II

< •z— •*->

(— ZCC\J(N4<
XC_J*^t-
H-_JuO-»—'X
•.«/lQ.UJZH-

(_)Ci.UJ—"—

•

QCUJ »*oO'~—
' •C2CDQCO
XLua^*< •

O .UJ • I o
—•<ia:+—>

•

3:0: ••COQ.H-
U) kUJ St- ^^ '-i

a: •** •

UJt^£C<m
Z< -^ •ct
«»—<>- 00
H-X Oi II <
rsv-zoocH-z
c ouooxcr

co<SKH— »—

a

_jujCJ<xa.uj^

UJ

X
I h-

UJZ
X*-!—

>

ujst-i
ox CL
|_|_00-«t

3S
DZao:
»-i«si<Q.

Q QC
<U-i Q
atZujuJ<xz
UJ~iH-0
XQ- »-'

V- U_IA
>CLU

x«a o
O >U)UJ
CQUJ»-«»— I—

XI- <s
OTI—<XQi
UJ >a:i—

_j UJ UJ

3KQ 'Z

_juja'»— I—

<iuxuj:3
OQi»-xo

UJ i-q:
U,^_Q CD
QiZZUJX!
3»-l<I_Jt/)
</) <-y

ujujzx
UJXO<»-
zt-<: -
•-• U.UJ2
H-Xq;X
30Z5H-UJ
O i>0 </)

QC<yO Z3
acoujuj

(/)Q«-ii-hC
^COOUL

<
X
Q.

o
CO

a:
<

z <M
•• 00 *

Q. •• «•

Si z •-*

2; < <
h- X

•. a a
Ol U ^
_l " <

1 z <a«

ecu < z
UJ "-G-l— <
1— Q.>—

< • 'iK 1-
_jv^t/0OO <i^

HH:t:ac 1—^ ft-

ULLJ -KJ CO ^CQ
- ••IVJ » Q. <VJZ
zooz 0^ «•>
OCtOLt-i Z «-(/l
i-i *z^ < —
uOq •. » H- a. <*
*(VI>-(V! C :^ x<

1- *oo :^ Q.->>

COQ-Q. •* _JO
o>zz -» «• < •

Qi • - <-•< w(\J
CI3X> KOI- z +
QCSOO UJ^-iUJ <x
»>Q.a. Xoocoa-Q-H-O
<<-ozz I-CL + -JS— Q.
l-O - - '«>••«• O-iiL-it- z
UJ (x-^X Z^Qi<-^0—*
XUt-)*-* »-»-«»»<»- -frlNKl

l-X -Q. «/100—*I<-* +

U. OCD •
OL*-* "CCiOL
3uO«-h5:uj
00Q.<1>»—

ujctcxc'-'
ZX)*-" "X

I— "'v^oja:
XlZZZVU
000 o
ctXZ-JUJ

3i-JC;uJZ
tOOOOti—

I
>*i£l-)--»i-M

->-«2rujuj<o
<OcDcD«-a,
(—»— OO-t- ^ I Z
U-iUUOOO'M-*
xx + <xcx-«-o
»—I—O^'^* +
—-.XOOo>-
ooZ-'Vi^'^ O
O00'<<<-* z
II II XU_X^-«-
<<x^-j.iUcDm
a.h-<<< II II

JU! II II II fV40J

<lCQ<aJO<I33

oooouow OOOOOOUU

164





ooooooocoooooooooooooooooooooooooooooooooooooooo
>r u^ vc ^" <x: <3^o •--» (Nj rn >4- ir\^ r-- 00 o^ o ^-< <N f*^ «^ u^ nO r»- 00 o^O "^ f^ (^^u^^ f^ OD cro '-< <^| ro 'J' lo vO r~- CO c^
-jO >o vo ^ »4< »c f^ r^ r^ ^- r^ r»- N. r- r- fs. oc cc CO 00 CO oc CO 00 oc cc cr (T" CT> O" cr o^ CT^ 0" cr cr>oo oooooooo r-4,-1

(^ac7^^c^crtro-<T'(7>co^O'crcro'Crcro^o^cro'o>ocroatJ'<7'<^'>o<^o-o^a^occooooooooo
OCCOOOCoOOCOoOOoOOCCOOOCOOCOOOOOOOOOl-l.-i^.-l•-^r~^,-^l-^,-<.-1.-^,-l

ooooooooooocoooooooooooooooooooooooooooooooooooo

o
»

O
Q.Z
+
o>
>
o
a.
z
+
c
X
*
X
o
a.
z

*

— I

*

to
Q.

<
X
a.

<*
XCD

_l>

*

<

<
Q
•»•

—

<

PsJO
< •

••CM

^ QC t- *« .(NJ— CO
X < a a ccM*oj^
arsifo D o ^ »•><

I

_j< II O -»» i^ <XC\i>^c\J
<fv(X oo —. ^_; *0<r\jcC
—fMLU >-.<!* OQ-^-<I3Q
2o>-zi— I uj •zr^'-'*
<+,_j(Xa: Lucoa (vj* — •» cm

x:-* Lu« —Q.O—iSO *• c; •o

O0< •—.i—UjO *——»•* 0.03 »—*
Cvcr^.i/iX I uTDujujOZ! I ar:

—
•— (M 4. — —. "^ 2: 03 cc •-* rjOrg
+ 23 • •—.Q<-.>QQr';e;a3*/>*

—

X—t-Of^J'v>-<oo-f + CC*-*(Mrn
0*_jlu<cc.llji— i-jCJoaj-».*0(NJ*o
a..n • •-» Cxuj + 3:txQ>CM •<•*»
4::fM O h-XU^v»* 0<(M'—(\im
* ,uja: •LU'—K-xOC'iio.—'-^—'<<i;
aDO(XLU<Ni»— Z—'«-'>'»J* 2*^^ +
Z II <i—^<i>-<y)«* o-«- i^Zin^i^c^
>ajo_j"^_j<^C-J-J-J "ca •o<N<M<Z
00C£O'-ifM3 I 0<<<<NjOC»-t •** II oC
0<wiU.a30 II II QQQ II "I I i/10Cit-3
II Z3-»w I -J_JUJ II II II (V|<N II II II * O-d
cmOu-ix. II «a<c3<icQi_)<icDmromt\iaujz
;jiA)«i-tQc;oc:QoacJOo<iccu^jQCQcuj

•

uu

c<.
u.

toot

t—

*

COLU
CO

zz

OX
cr
•-•X
CJh-

o
hh-

LULU
>o
LUUJ

I/O

UJu_

<
-Jl—
3Z
-IQ
<TQ.

LU
l-X
OH*
LU
CtH-

Q
UJ<
zq:

1-3
Z)UJ
Ci*:
a: 00
CE

00

a.o
I/O

oo
a

QCO
-» •
coo.

•o
r«j •
U-OC

ZCO

Q.

<

a
au
*
o.
a
<
I

VrOC
a.cc

Oq.'v
•CO'i^

* I )-^

Ov4Ct:*lyOX

•v^-iioc:
—XarO I

(XtX'^oO'X

«S,—CCCLOO
X(X>-iQ.Ol

U.0OQ,V.U7

Z*-" ••
I OZZQlO—Q-—Q-o

i~iQXUU •«-.'—*- •4'»-.</lCLOZ'JJ •Oh-.Z'J-''
t~>vct. o.-<to«/7t/ioo*-'iCcQ—'Qi 30o</ia: 300CO
azac • + cQa3cQ II •0011 II Z)Z II II II DZCDCO
00 »-t H <<<Q. r-io^-ci. a. V—«-<Q.QlQ. »—•-<<<
ctz J II -i^^—'-'S: 'I II II ic-iUJH-zi^-jLui-—-'
a:: 2:< </io^—>—o a. a. Q-oo oczo <->o a:z—

—

—.Q.UL
CLZQ.
2: -z
ux
•a >
Q-CLLL
-Jza

•ivi -

a^otx

—'>-*i

UJ *-C£.

QCXOC
.-(X •
OOL^

LUoiQlO

CO
ir\mm

C\4

oc
I- 1—0

1-
co

o
(yooo—
Q-Q-OO
'.tlLUQ-

UJ
• •

t—t— •

• •—

I

•

x>-.

O-QlOC

CM
*

Q.

o
Ixo

(X •

a*
OooO

o

O
1-0

O
00
o

UJQ.
UJ

•

pvl-»

LI.M
Q-o:
zee

CM
o

00000

165



I

I



oocoooooocoooooooooooooooooooooooooooocooooocooo
(Nj (^ >T in >o r^ on a^ o i-i ^^i ro^ u> >c r^ CD cro t-< <N (^^ u^ vC ^- oc c^o »hom (^ »i- u^ >c ^- oj c^o 1--* Cvj CO »*• i^
,-<,_, ^H ,_H ,-H .-J ,-H •--• (Ncj c^J cj cvj fvj <\i (Nj c\j fvj rn (Ti rn (t^ rr 1 (^ fT^ r<^. (^ (^ >i- >i-st >l- >4- >^ <^ >t^oocoocooooooooocooooooooooooqooooooooocooooooooo
^ .-4 r-4^ ..H f-^ .-4<- < •-< r~ »--' I-* t-H ,-4 ,-4 r-4 p-t^ ,-4^ ,-d r-« ,-4 f--4^ f-« f-4 ^i^ F-4 ..^r-) P-l^ I--I ,-4 r-4 f^

a.
a.
<
c
CNJ

-» * -^
—

>

Hi- —
<\l —

.

Q-

* (vj a.

>r — OCLM •«• X •

o u. ••-<»^ii: Q. (jc I
a.

O ^ II^O-UL O CL O —
O > ZOZO, • _J •-• Q.

a. — Q, H-i(/: + >>. I * u
•«^ ^ Q. w — .UL » rvj O COl
— M *- UL! ••• -.Or-^Q. * QC • 'CJl

^ o:«M O 0» + 2Q-CC O "-^t

Q. ir\a. • • •otvj I Q, -M- II

^ r«s( a. o — ••»• CC —' U. H o *•»•

Q,fsl C<J- ?" • "^ •H-— Cii »- Q. «J ^ *•«•

aa: >-a. u — i--jXw a: z • a-ci.

<cc: — S I
— r^i -J 'o:* <3 ^ O -JQ-

o I ^ rj o>v (N <— * • a—o«/^ > M h- oco

{NJ-H-*Q. « X •» Qt CL XCC—*-^Z Q. ,Q. O -''-•"

* I
*^ Q- —a. Q. ct. ^ oic^M* I O i2 '-*2: CD UOQi

itCNJQ-O ^ *^Z _J * O ca QiXCNi— I > — o* #0
-Nj^o.* (_) Q. I o f^

I •a:a:-»-(/) >- ii • ''i tc^i^ui

cr—^q: xo a:_JO o-x ._j tr^TMw— jcn OZata. lu +*cv-'^

—.XciCt I C^.-« »—'—*'-< ^O:—* • •C—O^CL* I </5 •**— •

Qia.^iy):£. -'t- •—u.f- u.->>-u. co^-'^-* li-cx OOu.u-'-O -^^^^ ,

't—c^olt/: —o ——zo z^az oou.a.a: .zu5 ooiiza. ulmq-o.

o*i»Q.^Q.c o</iO ctooQ-o a:'./^oa o-J-JX-J-^ao-O o_J-JQta:ocDv.^s4-«•u.cL

. + ^</iaC;zuj .c^2uj-^oz»-2:uj'-'C^Z2uj • • •ct:*oooLZU2u-i • • ••« * *—ou->Q.cc
oot/ica3>^a 3OOt/0(xi3v (^ 1 i/KXwooov) I 1X3-* acrooco I -'Qc:3<-^ xxxt^oau-^ i

II '00 II II 32 ' ^ZcC II II II 3203 II II II 32 I »- -O II II H 32 I
>>U.U_u.^ II 2^-11

UA O U"> t^ O
m <r ^ ««• ^

166





cooocoocooooooooooooooooooooocooooooooocoooocooo
o»-<c\.'r«^-j"tr. Mjr-ooc Oi-tcMOisi-iriNOr^ooo" o»-<<Mm>rinvor^xc^Oi-<c\;ro>4"iP>or-coo^o.-"<^ro^invor^

OCOOOOCCOOCOOCOOOOOOOOOCOOOOOOCOOOOOOOOO'^'-^'-*'-*'-"-''-^'"*

>—1»—I »—<>—«>-<>—I >-'t-< I I H-i »»-i t—« »—< I l> It—<>-<>—> II II—If—«l II II It—111 II 1 1 I I ^-< -< »~, )—I l-H I l> l| II l»-^l—1>—tl II II I HH ^-^ H-' »—

«

c
<
o

a
a.

*
a.
a.
<
o

I

*
*
Q.
Q.

X CD CD X
LL 03 w LL
Q. CC>v I— Q.

•Z. 3DO «ac z
— <« 00 —
Q. O <CL « CL

o rH * a. I a u
I * ^f\I •-« «

•^ Z • •U_CM-» •-»'_JU.
a. C'-^'-'Q- *£—<—<-; Q.
^ •—* ^ s:« CD I

a.* 2
Q. •*;{• rvlCCQ.* < CO Q.
_) —-«• Luiica* * ^_<

* •XX2:<OCD •<•»*•

Q. •szu.-a- <o>«.(nQ.
z I-^^ a. a.< 00.-^2:

II 3Z a.aoQ. .0.11 II 113
Q.t—»-CEZZ »<I(M CD 0,0.3. h-
iCUJh-CD~—'fM II 11 II -JX:^LU
OC^Z^ (I II II 0.0.0.LJOOQCQ

tJ U_ u. O. Q. <-»• Ou ". Z
0»-"*5<D0^CD0 ULJ

CLCJ X
<i-i 0.
l-Z -J
UlC <
XU) »
H- •

UJUJ CM
aca: z
Zhh^ •»

<ri/^a a.

zuj 2;
Cti-iO 2.

u «— <-)

caot: Qt: •»

zxa LL CL

•-I— K -J
u. ^ -J ^
cu t-H

cz»- LL 0. •
H<:»- ^ •-^Q.

< O. oOiii

Z>a: < 0.ii
C<Ii-i-i t— M-;
•-<cx>— UJ PsI

H- 1 - X 00
<3 1— ClO.
iXUJZ ^'->z -
LUiiiO cz. -c
l-l/^t/0 •><^l>^^l
.- X <l— •
ZQ. 1-Q.Q.C

oOi-i< UJ -zv
2:a:<x XZ • »-

re) 1 h-OXcC
z ».-iC2:

LLOJC Zt/^Q.>-
ctXf- 'JQ.Z00
UJK--S •—>(u ^O
Q. LU </) »«—

• ••a:
U.^ ^^1CJOOLU

ujO UJ,ex ><>-
1— U.! 1— UJ.-< -J
<;i-X <tNjCDO'-»
QCQ-H- oca: •t-iLU
H-LU 1— •.,-n/i •
«-<U)0 1—4 LU<3.QlQ.

ix:z ••*>s^c;
UJUUi-i ujoDccacG
Z>-*/1 Z «-OJ
—Z3 1—1<Q</^
h-«-l (- >x^(X
Z5 LU OZZZUJ
OUJO cocoo
a:x<t (X 3:2:5:01
CDI-U. CDZSXt-
Z> a: ^oLjoi:
COLL 13 ooovju*-"

Ol/)

a: Of
UJ

^
1-
a I-. (SI

Q </)

(X •.

• CO K
K m

c c? • O<ZZQZ rt

occccccccc ^33 -3 '^ «K
<ll—l-Xt— |--~r-»

1—UJLUQLU 030
LUCXOC.<CX ClUO
Zl-^'-'CL'^' «/1XZO
f_-H(M mxr\ H-U_XO

< 0^ 1 •

• ••— • ox<o
(XOOUJO QiU-t-

o

c

o

WUJLLXLU.L I -'CU •<*.

U) • •- •QO I X)~l—
3 -> <h-"^»--OLU
>cxa;u-oc<xOH-'- "X

jjcujujc::uj ) QUJi/1 H-
3<|—>-3f-OQiXa3LL II

o^ct:-j—ico_)0 II h-<u_a.o:
,1

i~i ,-,_ _i<|- II II i-.<Qa:i-HO 11 <0»—
O. H- _J U. U. -J LL. QLO3 Ll.a I-<3 ^- -J Q-K I— t—

CZ-J'^'^-J—' II 3U-UL—UJQCH-Z—'LJIJLJ Z
a'-'<LLLL<U-XXZ'-'U.X II UJCLLLJXtJC
_H_;O "^ *-•O •-' LU U-XQ '-' H- (X <*•o •-•J I— <-3o

+ 3
• D.UJ

uu CZOUJ
30.0X^3
:zDJii z

>0
CM

ooooo<->

167





ooooo
00«-<»-<»-'

ooooo

3
o
a.

m
II H-
Qt a
Hi z
I—
-I 2

— ID
O -J

cr a
•CJ-

CUJ<QC

•-•^LLOLUJ

168





APPENDIX C

SAMPLE TABULAR OUTPUT FROM PROGRAM GISL
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APPENDIX D

HIN LENS PERFORMANCE PLOTS

ooooo
O CD

. CM
CD m CD

II
II

Q- in
o: IT) >_
U. >- (X
-J cc cc
cr cc

o
LU

1* ^ -(- ^ 3Kj

—

)

'
' ' '

3
o

I

LO

I

d

^

m
LD CO

G

Radia

re

11

O ;3

O CJ1^

LxJ
II C

'J^

CE

•H

3 co _J 5
a_ ^

(d x:
o CO

1

—

o
o

1

(_j
C G
tT3 (T>

LU rH -H
"1 CU CO

0)

LD QD +J Q
• O o

CJ
1

0) w

r-)

.'^vj

o ^

1

•

1

Q

-iT
S-i

1

en
•H

Nu^c ij3rao-

182





SPOT DIRGRflM

Q.Q

0.0

J.O

0.0

RLFflP = 0.000000

SPOT SIZE =0.00Gl-;5

T CENTROIO = -0.QC0G0O4

5IGMfl Y = G.OOQOOGG

SIGMfl Z = Q. 0000000

=iflr COONT =328

-0.0
•:.o -0.0 0.0 0.0

i I

0.0

Z-IMflGE =^NE

Figure D-2 Spot Diagram Corresponding to Object
Plane of Figure D-1

183





o
oo
oo
"• OJ

o m o
II

II

n

(X
Ll_ >—

en
>—

(T

cr
cr
az

tr

~ -( l;^

CO

if)

LU

CL
_l
Q_

(-J

LU—

)

CQ
O

_ O

LO

O cr
]

c^

o
1

—

o C_J

U.J
—

^

CQ
LO O

rvj

i
''''''''''»' I

'

I

LP

u

<«

to

c
<0

•H
HD
ra rH
« rH

rH (U
• M
o 3

Cn
II •H

Cm
a
3 C

•H
4J

03 C
5

Q)

c ii:

(T3 C/3

r-(

o. en

c
4J (U

U *-?

<L)

•r-i z
XI H
O

•

m
1

Q)

U
3
0^
•H
&4

lD

o
o

I

LO

O
I

3Nuid iDdrgo-i

184





SPOT DIflGRflM

0.0

-0.5

-i.O

1.5

)K
V^

Mm

1 . ^ -0.5

flLFflP = Q. 100000

SPOT SIZE =0. 1896626

T CENTROID = -3.3615! m
SlGMfl T = Q.02S9645

SIGMfl Z = 0.0100075

RflT COUNT =322

_ , 'D 1.0 1 .5

Z- IMfi _ "^ N E

Figure D-4 . Spot Diagram Corresponding to Figure D-3

185





SPOT DIflGRflM ENERGY DENSITY
1.0

0.8

— 0.6

0.4

0.2

0.0 ^
0.0

"WYi

'
i

'
ifi^Yl

fHf^fm «**»**»******

flLFflP = Q. lOOOQO

PVEBflGE RflY INTENSITY = 0.379552

; , I
'

' ' ^

I ' ' '

0. 1 0.2 Q .

3

0.4 0.5

RRDIUS FROM IM^GE CENTROID

Figure D-5. Encircled Energy Plot for the Spot
Diagram of Figure D-4

186





o
oo
o
o
pn —

'

O on

M

II

Q_
OC en

cc

a

» a^ 4. H. hm^

^ LU

> a:

^ LU

on 2

L^ ' ! I

i I I I

in

o

CO

c
to

•H

«

tn UJ 11

o
CE 3

4J

o
1

—

0)

o C_)

UJ rH

LD

CD
O

o
1

1 •r-i •

O
11

ZM CN

o

1

1

Q

'J~)

0)

01

fe

LD un

o
o

I

LO

o
I

o

3Nb1d i33r90-l

187





0. r

SPOT DIRGRflM

-1

LU

%)^

-2. -

o
jK id.

* *

hLF^° = 0.30Q000

5PGI SIZE =0.44171 13

Y CENTROIO = -1. 1267220

5IGMP f = 0. 1364339

SIGMfl Z = 0.0585754

flflr COUNT =305

-4

d. . 0.

I I I I ! I

Z-IMfiGE PLhNE

Figure D-7. Spot Diagram of HIN Lens at a^ - 0.2

Radians / N2 = 1*5

188





l.Q

0.8

O.S

a

o
01

0.4

0.2

SPOT DIflGRflM ENERGY DENSITY

Q. Q L.Hdd

flLFRP = 0.300000

nvERRGE Rflf INTENSITY = 0.849016

_J \ I \ ! ! \ I ! I I I I

a.

2

3.3 G.4 0.5

RRDIUS FROM IMAGE CENTROID

Figure D-8. Encircled Energy Plot of HIN Lens at

ct
= 0.2 Radians, N^ = 1-5

189



i

i



ooo
oo
OJ

a
II

CL.

CE

o
m

(X
cc

a:
(T.

A A -r -h«->t>

Li-1 uj

</^ CD

*» )^ -ly 4- ;t«

'

' ' '
; L

_, in

(X _

-1

H

in

o
1_U

'Zi

(X
_J
a_

o
1

—

o C_J

LlJ
~^

GQ
LO O
o

1

1

]-r

1
~\ in

CO

(d

•H

o
11

cu

-p

0)

«d

+J

o
(U in
-r-1 •

12 ^
O

11

H CNJ

K 2

I

Q
(U

U

•H
(X4

'J^

o O
I

lo

o
I

dNU1d i33r9C-jt.

19





0.0

-0

1 .0

SPOT DIRGRflM

* 5F *f^

^

-i .5

*
)((

flLF.qP = 0.200000

SPOT SIZE =a.2H73290

Y CENTROID = -0.7174093

SIGMfl r = 0.0459779

5IGMfl Z = 0.0151938

^fiT COUNT =318

* ^
*

-2.\j
-0 -LI. 4 -0.2 -Q.Q 0, Q.b

Z-IMflGE f^L^NE

Figure D-10 . Spot Diagram of HIN Lens at a = 0.3
Radians, N^ = 1.5

191



I

i



>—
I

—

CO
:z.

LjJ

a

1.0

0.8

0.6

0.4

. 2

0.0

SPOT DIflGRRM ENERGY DENSITY

flLFflP = 0.200000

flVERRGE HPIY INTENSITY =0.868110

0.0 0. 1 0.2 0.3 0.4 0.5

RADIUS FROM IMAGE CENTROID

Figure D-11. HIN Lens Encircled Energy at a^ - 0.3

Radians, N^ = 1.5

192



*

I



»+-*'+ + *+w •

o
oo
oo
J t\j

. o on
o on <—

'

II

II

II

Q_ in
cc 0) >-
u_ >— IT
_j IX T
cr uc

_, in

^ V -^ --r K '=^*

J L

in

o
:2
a:
_j
Q_

o
a CJ

UJ
1
CQ
O

m 1

rvj

o
1

CQ

•H

un

a

4J
to

0)

c
to

-U
o

•1—1 •

XI -H
o

II

X 2

CM
rH

I

Q
Q)

U
3
01
•H
Em

LO

o

o
o

ui

o
I

3NU1d i3ir9Q-i

19 3



I



Ll.

o
-2

-3

-a

SPOT DIflGRflM

*

* *
*

* *
* * ;*^ * *

¥

^K .^N ^K j^ "^ ^K .^ ^K^
* *

^

* ^

M

^

*

RLFhP = o.ucoooo

SPOT SIZE =0.4655773

r CENTROID = -1.5407310

0. 1517901

0.0549725

RRY COUNT =289

SlGMfl r

SIuMP Z

^

I .

X

! : I

-l.QC-0. 75-0.50-0.250.00 0.25 0.50 0.75 1.00

Z-IMRGE PLANE

Figure D-13. Spot Diagram of HIN lens at a = 0.4

Radians, N^ = 1.5

194





o")

Q

1.0

0.8

0.4

0.2

CO

SPOT DIRGRflM ENERGY DENSITY

JMC^

flLFflP = C. 400000

flVERflGE ROT INTENSITY = 0.820459

0. 1 0.2 0. 3 0.4 0.5

RADIUS FROM IMPGE CENTRGID

Figure D-14. Encircled Energy Plot at a^ - 0.4

Radians, N^ = 1-5

195



I



LU

a.

o
cc

CO

LU—

)

CQ

'W * -t^ -(- af«-

I I I 1 ! I '
I I I I X-L

_i in

en
r"

5o -H

in

o

LO II

•

o UJ a^ 3
en 4J

_J (T3

Q-
(U

o G
h- (13

o
1

C_J

UJ
-^

CD <u

1

LO 1 o
• rvjo

1

f—

s

HIN

Lens

LO

IT)

rH
I

Q
0)

P
0^
•H

O
CM

lD
o LO

LD • .

• o o
O I

1

3NU1d i33r90-i

19 6





SPOT DIflGRflM

-1

LU

LU
O

— -q

-4

ji^

^ * , * .*

^

HL^RP = 0.5QG000

SPOT SIZE =0.63721^0

T CENTROIQ = -2.0534016

5IGMR r = 0.2721845

^ SIGMA Z = 0. 1338550

RflY COUNT =269

-U^

3 .
-P -I . 0.

Z-IMRGE PLHNE

Figure D-16. Spot Diagram of HIN Lens at a = 0.5

Radians, N2 = 1.5

197



4

i



1.0

0.8

— 0.6

o
0.4

0.2

0.0

SPOT DIflGRflM ENERGY DENSITY

flLFflP = 0.50QOOO

flVERRGE RfiY INTENSITY = 0.802725

C.3 0.5

RADIUS FROM IMRGE CENTROID

Figure D-17. Encircled Energy Plot at a = 0.5
Radians, N„ = 1.5

198



<

\



ooooo
CO OD

. r- ODo (\j r\j

II

II

II

a. lO
CE i/l >-
u_ >- (T
—1 a. nr
tx tr

-fl.ji + ^n

^ LjJ

CO
(_J

"- UJ

-H LD

'JOrf- -^ -t-a

lO

in

CM
z

CO

- OJ

Cfl OJ

o c a
• nj -H

.6

Radi

ner

Ell

LO ,o C
UJ H

o ^ II

ex CO
^ 3

en

Q_
(0o •H •

1

Qj 4J eno O C i-i <u
1

LU (d G
-H (l4 -H~)
CU rH

QQ D^

O 4J C C
-H (U

LO 1 Q) a'TS

rvj
•1-1 cwa

o X5 (0 -H
1 O -H j::

M
2 QJ a;

M > M
S O 03

00
.H

I

Q
0)

cr>

•H
Pt4

a LO ID

o
o

1

LP

O
I

3Nuid i33rgD-i

199



1



SPOT DIflGRflM

-

1

-d.

Cl

-3

-4

^*.

^

9K m ^

^ * M

^

* *

*

* M M

flLFRP = 0.500000

SPOT SIZE =G.652H347

^ CENTROID = -^. 5831520

SIGHfl Y = 0.2707501

SIGMfl Z = 0. 1292236

RflT C_gUNT =250

m

- i . D -u . o -0.0 ij
. D I . 1.5

2-IMRGE PlRNF

Figure D-19. Spot Diagram of HIN Lens at a^ = 0.6

Radians, U^ = l*^

200





1.0

0.8

— 0.6

Q

az
o.y

0.2

0.0

SPOT DIRGRflM ENERGY DENSITY

flLFRP = Q.SOOOQO

PiVERPGE RflY INTENSITY = 0,774088

0.2 0.4 0.5

RADIUS FROM IMAGE CENTROID

Figure D-20. Encircled Energy Plot at a =0.6
Radians, N^ = 1.5 ^

201





stK-^ + ^W-

O
CO

en

(X
_j
a.

I

—

(_)

LU—

)

03

t«- t -^

en
OJ
en
ai
CT)

ID cn
t LD r-o ru m

II

II

II

a. <n
(X. LO >—
u_ >— CT
_i CX nr
CE cr

a
LU
-J

'X
Ll_

_, in

^-I. I 1 i I i I I I I I

o
rvj

LO

_ o

J L

_ in

- o

o
o

LO

o

o

•lD

a LO
LD . •

. o O
O 1 1

LU

CE
_J
a_

LJ
LU
~1

CD
O

I

in

CN
2

Cfl

^ 0)

01 0)

C a
fd •H
•H rH
73 r-l

(TJ w
05

M
r^ (U

• c:

o G
H

11 m
QO

3
cn

4J G
<d

•H •

<u -P cn

c M Q)

fC G
rH Oi •H
CM

cn
1—

1

4J G G
•H OJ

0) OiT!
•I—I a,T3
ja (T3 H
o ^ a:

S-l

2 QJ Q)

1—

(

> U
ffi o IT3

CN
I

Q
(U

M
3
D^
•H

dNdid i33rgo-i

202





-2. r

-3

CL.

-4

SPOT DIflGRRM

*

1^ ^ ^ J

,«

^

M

AlFhP = G. 699999

* SPOT SIZE'^Q. 6665131

f CENTRGID = -3.3235521

5IGMH Y - 0,2865505

SIGMA i = Q. 157590^

RfiY C'^NT --822

-o .

-1 u. u . 1.5

Z-IMflGE PLHNE

Figure D-22. Spot Diagram of HIN Lens at a = 0.7
Radians, N = 1.5

20 3





1.0

0.8

— G.S

uU

o
CO
LU 0.4

0.2

0.0

SPOT DlflGRflM ENERGY DENSITY

^:•HLFflP = 0. 599999

rtVEflPGc Rh' intensity = 0.760258

iWliiri>rVcltt^'T"^ I I ' I I < I I

C.G G. I 0.3 3.4 0.5

RADIUS FROM IMAGE CfNTRCID

Figxire D-23. Encircled Energy Plot at a - 0.7

Radians, ^2 ~ -'-
*
^

204





LENS 5HRPE

LU
:z.

a:
_j
Q_

d
Q
01
LU

I

-1

F/» = F/2

F = 4.000

05TMB = l.QOO

R = 1.000

flLPHfl = 0.7853975

T = 0.050

U f 0.00000

I = 1008

Nl = 1.0000

N3 = 1.0000

fl = 9.000000

B = 0.000000

BEFF =0.0000000

•/. INDEX = 0.000

•/. INSIDE = 0.0000

y. OUTSIDE = 0.0000

7. ACROSS =0.0000

STRTION fl
= -0. 1727498

GflMMR = 0.7853975

TSURFL = 1.5313670

-1.0 -0 -0.0 0.5

X-LENS AXIS

Figure D-24 . HIN Lens Design for N- = 3.0

205





oo
o
CD
om r~

a no rrt

II

II

II

Q- (O
(X <S) >—
u_ >- (T
_J (X nr
a: (n _ LP

^ a:

IJ- LU

LU

_ O

.^.-L

O

o

in

o

o

LU

a_

CJ

I

CN
I

Q
0)

5-4

CP
•H

c
•H

W
G
O

z en

M c

•H

O fl

05
OJ

C <^

nJ •

rH O
Oi

11

4J

U CU
(U 3
•m

O to

CN

LP

0)

•H

IT) O LP

O
o

I

O
I

o

3NU1d i33r80-i

206





-0.5

-1.0

LU

_l
Cl_

-1.5

-2.0

-7>
<L . O

SPOT DIflGRflM

)K
mi

¥

J-1
- i . o -1

qiFflP = 0.3OG0OO

SPai 5IZE =0.2721510

T CENTROID = -1.0524710

SIGMfl Y = 0.051 1260

5IGMfl Z = Q. 0229404

RflT CJUNT =314

I
' ' k '

I

•0.5 -0.0 0.5 I . 1.5

Z-IMflGE PLRNE

Figure D-26. Spot Diagram Corresponding to Figure D-25

207



i

i

1



SPOT DIflGRflM ENERGY DENSITY
1.0

0.8

>—
h—

CO
:z.

LU
Q

O.S

0.4

0.2

0.0
0.0

RLFRP = 0. 300000

PVERflGE RflT INTENSITY = 0.545279

0.5

RADIUS FROM IMAGE CENTROID

Figure D-2 7. Encircled Energy Plot for Spot Diagram
of Figure D-26

208



i

I



APPENDIX E

GRIN LENS PERFORMANCE PLOTS IN THE LOW RANGE OF
INDICES OF REFRACTION (a = 2.25)
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APPENDIX F

GRIN L2NS PERFORMANCE PLOTS IN THE HIGH
RANGE OF INDICES OF REFRACTION (a = 9.00)
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a = 9.00
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Figure F-15. Spot Diagram for Grid of Figure F-14
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APPENDIX G

"BEST" GRIN LENS PERFORMANCE PLOTS IN THE F/2 CONFIGURATION
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OB = 0.0 5 and a = 9.0 in the F/2
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APPENDIX H
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