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Chapter 1

INTRODUCTION

A useful tool for the designer of an optical system is a
technique to determine the effect of deviations from the design
positions of both the input beam and the system's optical surfaces.
This report develops a technique for tracing a light beam through
an optical system for application on a digital computer. The
optical system iz comprised of a large class of reflecting and
refracting surfaces that include cylindrical optics. The ray
tracing technique is restricted to geometrical optics and. does not
require rotational symmetry to specify a quadric surface.

RYTRACE is the name of the computer program that traces the
light beam through the optical system. As a light beam is traced
through an optical surface, the number of rays that have failed
to pass the surface is given. The rays that are outside a given
minimum and maximum radius at the output distance from the
surface are considered to be ray failures. After the beam ha3
been traced through the optical system, the beam can be retraced
through the system with new input data by entering the data
through the console typewriter. The output options include a
listing of the output beam parameters and graphics at the output
of any particular optical surface. The graphics consist of a
cross sectional view and/or knife edge scan of the output beam at
th- output distance from the optical surface.

A 4Clane surface with the optical property of refraction or
reflection is the basic component of an optical system. The
relationship between the ray incident to the plane surface and
the ray refracted or reflected from the plane surface is
developed for aplane surface system. This relationship is
referred to as tie input-output ray equations. Since most mirrors
and lenses that comprise an optical system are quadric surfaces
rather than planar, the relationship between a quadric surface
and a plane surface must also be established. Definitions of the
parameters and symbols used throughout the text are listed in the
rllo sary, Appendix A.

3 -
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MATHEMATICAL BACKGROUND

The coordinate systems defined in this report are right
handed orthogonal coordinate systems whose axes are Xj, Yju and

Z j The subscript j designates a particular coordinate system
where j - 1, 2, ... no An alphabetic subscript in conjunction
with a numerical subscript designates a particular point in a
particular coordinite system. For example, point A in the 1
coordinate- system is expressed as XW, YlA' and ZIA. Unit
vectors, which are parallel to the Xj, Yj, and Zj axes, are

expressed by Xj, Y.' and Z Transformations between the various

coordinate systems a-e determined by symbolic rep_:esentations or
Piograms (ref. (a)).

The direction of a vector
A A A

V - AX + BY + CZ (1

is defined by the three angles a, 0, and y measured from the
positive X, Y, and Z axes, respectively, to the vector V. The
cosines of a, 0, and y are known as the direction cosines of the
vector V. The unit vector along the line of action of V is
given by

AA A

V = cos a X + cos a Y + cos y Z. (2)

Since the magnitude of the unit vector is equal to one,
obviously

cos Z a + cos 2 a + cos 2 y=. (3)

The direction of a vector can be determined by the
coordinates of two points (XA, YA' ZA) and (XB, YB' ZB)" The

relationship of the distance between the two points and the
direction cosines can be expressed by

- xA YB- YA zB -A (4)
cos a cos 8 cos y

where cos a, cos O, and cos y are not equal to zero. If a
denominator is zero then the corresponding numerator is
considered to be zero.

OPTICAL BACKGROUND

Since an optical surface can be either refracting or
reflecting, one relationship between the input ray and the out-
put ray is developed to handle both cases. Straight line
propagation is assumed. Taking the refraction case first, as

1-2
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shown in Figure ithe refracting plane surface is designated
by the 2 - 0 plane, and the incident ray has direction

A A AA

V1 Cosa X + Cos aY + Cosy 1  (5)

where the subscript I denotes the incoming or incident ray. The
refracted ray has direct~ion

A ~AAA
Cos coaR+ CosRY + Cos YRz (6)

where the outgoing or refracted ray is denoted by the subscript R.

From Figure 1 and the dot product, the cosine of the incident
angle is given by

COS T Z V =-COS Y (7)

and

sin T cr7 os2 T 1 ) Co ~ 2 Y1 (8)

Irom Snell's Law

Si T -1sin T(9

where niis the index of refraction of the medium of the incident

ray and n R is the index of refraction of the medium of the

refracted ray. The ratio of n I to n R is defined by the symnbol N.

From equations (8) and (9)

Cos TRa T sin 2 tR =fl- N 2(1- Cos 2Y 1). (10)

Since the direction cosine is measured from the positive axis

cos T R = cos (180* - T R) --Cos TR (11)

where cos Y.is the direction cosine of the refracted ray.

Therefore,

Cos Y R 1- N (1-cos2 y) (12)

- 1-3
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xI

Figure I Refracting Surface
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Since the component of the ray parallel to the refracting
surface does not change direction, it must be true that

cos a R cos (1I)
Cos cos

From equation (3)

2 2 2Cos aR + Cos 0R + Cos  YR (14)

Using equations (12) and (14)

cos 2 aR + Cos2  R  -cos 2 YR N 2 (1.coo 2 Y1)*

Utilizing equation (13)
co2 /cos2:: aI

Cos 2 0 4 1 os2 C 0 N2 (1-cos2 yI)

cos2 OR cos2 a I+2Cos = N2 (l-cos2 yl)
cos2  

I

Cos 8 COS------ ) = N 2 (1-cos 2 yi).

Therefore,

Cos 2 OR = N2 Cos 2 aI

or

COS R = N cos 0I. (15)

By the same method

cos aR - N cos a,. (16)

Therefore, the direction of the refracting ray is
A% A P. A%

VR C03 aR X + Cos OR Y + Cos YR Z

1-5
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where

cos aR = N cos aI  (17a)

Cos 8R = N cos I (17b)

cos - I - N 2 (1-cos 2 Y7). (17c)

For a reflective surface, the angle of the incident ray is
equal to the angle of the reflected ray as shown in Figure 2. To
obtain the reflected ray direction, the sign of the normal
component of the incident ray in equation (5) is reversed.
Therefore, the relationship of an incident ray with direction

V Cos a I X + cos8 1 Y + cos YI Z
and a refracted or reflected ray with direction

VR = Cos aR X + cos 0R Y + cos YR Z
is obtained by rewriting equations (17)

cos a = N cos aR (18a)

Cos R =N cos R (18b)

cos YR R 1- (l--os2 i (18c)

where

1 refraction
RP

(-1 reflection

n A nrefraction

N
1 1 reflection

In developing the equations establishing the relationship
between the input rays and the output rays, the complement to
the angle of incidence and the complement to the angle of
refraction or reflection is used. If I is the complement of

the angle of incidence, then 6R' the complement of the angle of

refraction, can be determined from Snell's Law.

sir. ( / 2 =0  N sin (i/2-e

1-6
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z

Figure 2 Reflecting .ourface
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Cos 9 N cos GO %9

Therefore, 0 R for the output ray can be determined by rewriting
equatim (1,9) as foll.ows

4)- RP cos-1 (1'4 Cos 0 1) (20)

where

INCos 0GI I

for the refracted ray to exist.

1-8
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Chapter 2

PLANE SURFACE SYSTEM

REFERENCE COORDINATE SYSTEMS

The plars surface, whether it be reflecting or refracting,
is used as tie basic element of an optical system in this report.
This plane surface along with the associated references comprise
the plane surface system. This system consists of a reference
input ray, a reference plane, and a refereince output ray. The
output ray is either a refracted ray or a reflected ray.

Coordinate system 1 is the coordinate system of the plane
surface reference. As shown in Figure 3, the piane Z1 = 0 is

the refracting or reflecting surface of the reference plane with
the origin as the reference point of incidence. The plane of
incidence for the reference input ray is the X = 0 plane.

Orignally, the coordinate system attached to the plane
surface is coincident with coordinate system 1. However, the
plane surface can move both in translation and rotation with
respect to the plane surface reference system. The rotation
angles, c and n, are measured with respect to the coordinate
system attached to the plane surface. The coordinate system
attached to the plane surface is designated coordinate system 3.
The rotation angles, e and n, are defined by the Piogram
(ref. (b) and (c)) of Figure 4. The coordinate (XlD, YlD' ZID)

describes the translation of the origin of the plane surface from
its reference position, the origin of coordinate system 1. The
z 0 ?lane is the refracting or ref.ectinj surface after the
tanslation and rotation of the plane surface.

The coordinate system of .-he reference input ray as shown in
Figure 3 is coordinate systex 2. The origin of this coordinate
system is located at a distance R_ from the origin of system 1

along the reference input ray with direction Z. The X1 = 0

plane is coincident with the X2 = 0 plane.

Coordinate system 4 is the coordinate system of the reference
output ray. The origin of coordinate system 1 And Ihe origin of
coordinate system 4 are separated by the distance RR alcng the

output reference ray with direction Z4' The X1 =0 plane is

coincident with the X4  0 plane.

2-1
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Figure 4 Piogram Relating System 1 to System 3
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Input Ray Deviation

The input ray deviation from the input rft3 cence ray with
direction Z2 an be uniquely described by two Uniear positions
and two anglar positions. The linear position is simply the
distance from the origin in the Z2 - 0 plane. Zhe coordinates

of the input ray deviation from the input reference ray are
(X2D, .2D)  The angular deviation from the inpi.t reference
direction is the deviation from the Z2 direct. ... These two
angular deviations from the input reference di,,.-ction are 02

and *2. As shown in Figure 5 02 is the angle 1that the projection
of the input ray on Y2 = 0 plane makes with the Z2 direction.

*2 is the angle that the projection of the ii~qtit ray on the X2
- 0 plane makes with the Z2 direction.

The direction cor nes of the input ray cati be determined
frm the input ray's deviation angles and equation (3). From
Figure 5

X = V cos a2  (21)

Y = V cos a2

Z = V cos y2

and

tan 02 = X/Z (22)

tan *2 = Y/Z.

Therefore, by substitution of equation (21) in equation (22)

tan 02 = Cos 2/cos Y,2

tan *2 = cos 82/cos -y2  (23)

Equation (3) can be written as

cos2 a 2 + Cos2 2 =sin2 Y2

or

cos2 2 + cos2 82 = s 2 (24)

Cos cos2 2 cos 2 24

2-4
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Figure 5 Angles Defining Input Ray
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Using squat.on (3) in equation (24)

tan2 2 + tan2  = tan2 y2 " (25)

Hence, equations (23) and (25) can be used to determine the
direction cosines of the input ray. The same considerations
apply to the output ray.

Input-Output Ray Equations

The linear deviations of the input ray from the input reference
ray are X2D and Y2D* The input ray direction is

VI = cos a2 X2 + cos 2 Y2 + cos Y2 Z2  (26)

with angular deviations of 02 and *,. The plane surface translations

are XlD, YlD' and ZlD with angular rotations of c and n.

The Piogram of Pigure 6 relates the input reference system
(coordinate system Z) to the coordinate system attached to the
plane surface (coordinate system 3). Since unit vectors in
rectangular coordInate systems are independent of position, the
Piogram of Figure 5 is used to determine the relationships etong
the unit vectors by setting RI = XID = Y1D = ZID = 0. Then the
input ray direction with respect to coordinate system 3 is
determined from these relationships.

The transformation of vectors from system 2 to system 3 is
given by

cos Cos (0i+0 sin r sin (0i+F) sin n

T 0 -sin (ei+C) cos (Qi+) 1(27)

Is'hi -cos (ei+) cos r -sin (0 +) cos n

Using equation (27), the direction of the input ray with re,.%pect
to system 3 is

VI =cos a3 X 3 
+ cos 3 Y 3 

+ cos y 3 Z 3  (28)

where

.cosa 3  cos 2

-O6 Cos Y(

2-6
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The cotr:dinate of the point where rhe input ray intersects
the input refersnce plane in terms of syntesn .> coo:dinates is
denoted by the subscript Q. The coordinate relationship can
also be determined from the Piogram in Figure 6 with the equation
given as follows:F3l F[1o 1 ol

lx x2D Cos 71 sin c sin n -cos c sin t 1X1DY30 1 " = /D - 0 Cos sini I (30)

z3J I-R I sin n -sin cos n cos c cos LzDJ

Using equation (4) the equations for the point of incidence
on the plane surface in system 3 can be determined. The point of
incidence is denoted by the subscript P and the plane of incidence
is given by the plane Z, = 0. Therefore, the point of incidence
on the plane surface is'

= X - z cos 3 (31a)3P =X3Q -3Q cos Y3

COS 83 (31b)

3P 3Q 3Q cos Y3

Z3P = 0

In order to determine the direction of the output ray
equation (18) is used. In addition, equation (20) is used to
determine the complement of the angle of refraction or reflection.
The subscript R denotes the output ray and the prime (') refers
to the output ray direction. The direction of the output ray
with respect to system 3 is

V= cos a'3 X3 + cos 83 Y3 + cos Y'3 Z3  (32)

where

cos a, 3 = U cos M3

cos a'3 = 1 cos a3

cos Y'3 = -R - 1;,2 (1-cos 2 Y3 )

and

9R =RP cos- 1 (N cos 01)

2-C
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In Figure 7 the Piogram gho-s the relationship between the
coordinate syster, attached to the plane surface 'system 3) and
the output reference plane (system 4). The transformation of
vectors from aystem 3 to system 4 is

[Cos 1 0 sin~ 1
TR = sin n Cos (seR+e) -sin (GR+e) -cos n cos (OR+c) . (33)

.sin il sin (8R+e) cos (GR+e) -cos n sin (R+c) J
The direction of the output ray with respect to system 4 is

A A

VR = cos a4 X4 + cos a4 Y4 
+ cos y4 Z4  (34)

where

cos a 4 [cos a 3'

Cos 4 ICos V 

The coordinates of the point where the output ray intersects
the plane surface in terms of system 4 coordinates are given by

[4- o 0 x 1Do0

Y4Q =TR Y 3P 0 sine 0R Cos R][Y1Dl- 35

J z4 13 -Cos aR  sin eR. LDz ji RJ

The point of incidence of the output ray on the output
reference plane can be determined by using equation (4) and using
the fact that the plane of incidence is given by the plane Z4 = 0.
Therefore, the point of incidence of the output ray on the output
reference plane is

cos a4

X4D =X 4Q - 4Q cos 4 (36a)

Y - z Cos a 4 (36b)4D 4Q 4Q 
(6b)

Z4D = 0 (36c)

The output ray can then be uniquely described by two linear
positions and two angular positions with respect to the output
reference plane using equations (23) and (36). The linear and
angular positions are

2-9
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X4D = X4Q - Z4Q a 4  (37&)cos Y4

Y =Y z Cos 0 4 (37b)
4D 4Q 4Q cos Y4

04 = tan-I (cos a 4/cos Y4 ) (37c)

44 = tan-1 (cos 84/cos y4). (37d)

These output ray parameters, X4D, 4D' 04, and *4 are used as input

parameters for the optical surface that follows.

INTERFACE BETWEEN TWO PLAE SURFACES

When two plane surfaces are in series, the output coordinate
system of the first surface may not be coincident with the input
coordinate system of the second surface as shown in Figure 8. If
the two coordinate systems are not coincident an interface between
the two systems is required. This interface from the output
coordinate system of the first surface to the input coordinate
system of the second surface can be accomplished by a rotation
about the reference ray or the Z4 axis as shown in Figure 8. A

ositive rotation is determined by the righthand rule about the
reference ray direction. The magnitude of the rotation is the
angle, At, between the positive X axis of the output plane of the
first surface and the positive X axis of the input of the second
surface. The Piogram in Figure 8 shows the relationship between
the output ray parameters of the first surface with the input
reference plane of the second surface.

I 2-11
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Chapter 3

QUADRIC SURFACES

The elements that comprise an optical system may have quadric
surfaces rather than plane surfaces. Therefore, if a plan.e surface
is considered to be the basc subsystem of an optical system, then
the relationship between a quadric surface and the plane surface
system must be developed. The basic equation of a quadric surface
can be written as

AX2 + BY2 + CZ2 + DZ = E (38)

where the Z-axis is the axis of symmetry. The center of symmetry
may translate in any direction with respect to i reference.
However, here misalignment of the axes is not allowed. The
translation of the center of symmetry in the XY plane is .n. - as
decentration. Focusing is the translaticn of the center of symmetry
along the Z-axis. Therefore, equation (38) becomes

A(X-C x) 2 + E(Y-C y) 2 + C(Z - (Cz+F)) 2 + D(Z - (Cz+F)) - E (39)

where C and Cy are the decentration coordinates, Cz is the Z

coordinate for the centfkr of symmetry, and F is the focusing parameter.

The types of quadr Lc surfaces generally considered for an optical
system are an ellipsoi., a hyperboloid of two sheets, and an
elliptic paraboloid as shown in Figure 9. 1he equations for these
surfaces are

X 2 y2 z2
+ -

- + = 1 (ellipsoid) (40a)

a b c

X Y - = (hyperboloid of twio sheets) (40b)
2  2 2a b c

X + z= 0 (elliptic paraboloid) (40c)
7 -1.-

*a b

with the Z-axis as the axis of symmetry. Spheres and cylinders
are simply special cases of these quadric surfaces. The constants
a, b, and c are the seni-axes lengths for an ellipsoid. If a = b c,

3-1



a) Ellipsoid

b) Hyperboloid of ':wo Sheets

c) Ellipt4 .c Paraboloid

Figure 9 Quadric Surfaces
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a sphere is the result. If a = -, the result is an elliptic
cylinder with elements parallel to the X-axis. For a hyparboloid
of two sheets, the constant c is the vertex of the surface on the
Z-axis. If f is the focus of the hyperbola in the Y = 0 plane
and fy is the focus in the X = 0 plane then

a2  f2  C c 2

x
and

b2  f2 _ 2
y

In the case of an elliptic paraboloid the constant c is the
location of an ellipse along the Z axis with the semi-aAes lengths
of a and b. Table I lists the constants that are substituted into
equation (39) to obtain the Oesired quadric surface.

A relationship between a quadric surface and a plane surface
system can be developed by solving for the linear translation and
angular rotation of the plane surface from the reference position
to a point tangent to the input ray incident on the quadric surface.
The translation and rotation parameters are equivalent to the
coordinate (XID, YlD' ZlD) and the angles, £ and n, as outlined in
Chapter 2. Figure 10 shows a quadric surface with the reference
coordinate system (system 1) at the vertex of the surface and an
input reference system (system 2). These two reference systems
are separated by the distance R. The centor of symmetry for the
quadric surface is the Z = C plane.

Referring to Figure 10, the direction of the input ray is

A A A

V = cos cX + Cos a2Y 2 + cos Y2 Z2  (41)

with a deviation coordinate of (X2D, Y2D ;' From equation (29) and

setting c = n = 0 and 61 = w/2, the direction cosines and the

deviation coordinate with respect to system 1 are

cos a 1 = cos a 2  (42)

cos a = -Cos a2

cos Y1 = -cos 72

and

XIQ =X 2 D (43)

Y = -Y2W

3-3
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The point of incidence is determined from equation (4) and is

X - X + (Z-R) Cos a1 /Cos yI  (44)
Y = Y 1 + (Z-R) cos 1/cos Yl

where (X, Y, Z) is the incident coordinate of the input ray on
the quadric surface. By substituting equation (44) into
equation (39), the result is

A (Gx+Z tan 0-R tan 0)2 + B (G y+Z tan *-R tan ) (45)

+ C (Z-Gz)2 + D (Z-G)= E

where

Gx XlQ - x

G y YI( -c y

G =C + P
z  z

tan 0 = cos a1 /CCS Y1

tan * = cos 81/cos Y1 .

By combining terms, equation (4%) is rewritten as

A z 2 + OZ + =0 (46)

where

= A tan 2  + B2 tan2 * + C

= 2A (Gx-R ta:n 0) tan 0 + 2B (G y-R tan 4) tan 4 - 2 CGZ + D

* A (Gj-R tan 0)2 + B (Gy-R tan )2 + CG2 _ DG -E

with two conditions that

2 _ 4A >0 (47a)

IA + 18. 0 (47b)

If either of these conditions are not met, then the input ray
does not intersect the quadric surface.
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From equation (46), the z-coordinate of incidence is

- + S VIB 2 _ 4AO'. A- n 4,,A. 2_ 0Z = 2.4' ,0n

s 2 A (48)

- /'B 4! A= 0 and 8 0

where S equals ±1. S is the parameter that determines whether the
quadric surface is concave or -convex. In order to solve for the
correct sign of S, let 0 = * = F = C = Cy = XlQ = ZIQ - 0.
Substituting into equation (48) the result is

2CGZ 2C -
2CG2C DP (2+4E + 4EC !0 and C #0 (49)I + C = 0 and D 0

Using Table 1 and equation (49) the result for an ellipsoid is

Z = Gz + Sc.

Setting the center of symmetry to zero, Z must be positive for a
convex surface and negative for a concave surface. Therefore,
S - +1 for a convex surface and S = -1 for a concave surface.
For a hyperboloid of two sheets the equation is

Z = Gz + Sc

By setting the center of symmetry to zero the surface is
concave for S = +1 and convex for S = -1. The resulting equation
for the Z-coordinate of the incident ray on the surface of an
elliptic paraboloid is

Z=G
z

This equation provides no information on the concavity or
convexity of the surface. This information can come directly
from equation (40c). If c < 0, the surface is concave to the
input ray and if c N 0 the surface is convex to the input ray.
A summation of the preceding results on the concavity or
convexity of a quadric surface is given in Table 2.

Substituting the result of equation (48) into equation (44)
yields the X and Y coordinate of the point of incidence of the
input ray on the quadric surface. Now, the normal to the surface
is

N [A(X-C 2 + B(Y-C 2 + C(Z-G 2 + D(Z-G ) - E] (50)X y z z
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and the equation for the unit normal is

1A A(Ax-
N 'N 1- {2A(X-C)} X + {2B(Y-Cy} Y + {2C(Z-G ) + D) Z) (51)

N x + zI (1
where

N 4A' (X-Cx)2 + 4B (Y-C + [2C (Z-G ) + D]2. (52)
x y

From the Piogram of Figure 4, the normal to the plane
surface is

.3 =sin i X -sin c cos n Y1 + cos cos n Zl. (53)
A

Since N and Z3 are both normal vectors to the plane surface, the
respective components of the unit vectors are equivalent.
Therefore,

sin n = 2A (X-C x)/V

or

= sin -  (2A (X-C x)/1. (54)

Also,

sin c cos n = -2B (Y-C7)

cos e cos n = 2C (Z-GZ' + D

and the above two equations yield

-2B (Y-CY)
tan = (Z-Gz) + D

or

= tan- -2B (Y-Cy) (55)

By translating and rotating the plane surface from the
reference plane to the incident point of an input ray on a
quadric surface, the plane surface system can be used to trace
a ray from its input plane to the output plane for avariety of
optical element shapes. The relationsbip between '-he plane
surface system and a quadric surface is summarize:3 as follows:

X1D = XIQ + (ZID-RI) cos a 1/Cos y1  (56a)

Y1D = YIQ + (ZlD-RI) cos 81/cos y1  (56b)
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-B + s # 1 n 82 4 g
ZID / 2 c db0and 10 10 0 (56c)

-gli , c.,o and p'o

n " sin "1 (2A (X-Cx)/N) (56d)

c" tan-1 - 2 B ( c y )  (56e)
2C (Z-G + D
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Chapter 4

RAYTRACE PROGRAM

DATA VARIABLES

The ray tracing program, RAYTRACE, has been prepared for
running on the CDC 3200 computer using a Gould electro-static
printer for the graphics output. Appendix B describes and
lists each routine in the RAYTRACE program along with a flow
chart of the program. The input data necessary for tracing a
beam through an optical surface are stored in the DV array.
Each time a beam is to be traced through an optical surface,
the DV array is initialized to zero except for the run number,
the magnitude of the DV array, and the number of elements in the
optical system. A list of the DV array variables is shown in
Table 3.

Most of the variables in the DV array are self explanatory.
The variables from DV(l) to DV(21) are the parameters required
to describe the optical surface for the simulation of a beam
passing through that surface. These parameters have been
described in the previous chapters. DV(22) describes the optical
shape of the surface. If the variable is equal to one the shape
is convex. For a concave surface the variable is set to minus-
one. It is important to note that all angular input data must be
radians. In addition, the units for the linear data must agree.

Only one input parameter DV(23) is needed for the graphics
output of a cross sectional view and a knife edge scan at the
output reference plane of an optical surface. This parameter is
the radius of the cross section one wishes to observe at the
output distance from the surface and must be greater than the
beam radius in order to plot the data. For reasonable scales
of the axes, this radius should be some even multiple of four.
DV(24) and DV(25) provide boundary conditions for the beam at the
output reference plane. These parameters are the maximum and
minimum radius, respectively.

PROGRAM CONTROLS

The user has continuing control over the program through the
use of the console typewriter and sense switches. After a beam
has passed through an optical surface, the run number, the surface
number, and the number of ray failures are printed on the typewriter

4-1
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Tabl 3

DV ARRAY VARIABLES

DV(l) 01 DV(16) D

DV(2) R, DV(17) E

D(3) DV(l8) C

DV(4) Dv (19) cy

i V(5) £ DV(20) cz

DV(6) n DV(21) F

DV(7) XID DV (22) Optical Shape

DV(8) Y DV(23) Radius of Cross SectionalYID Area

DV(9) Z DV(24) R
1D max

DV(10) PP DV(25) R
min

DV(ll) N DV(26) Number of Present Optical
Element

DV(12) S DV(27) Run Number

DV(13) A DV(28) Magnitude of DV Array

DV(14) B DV(29) Number of Elements in Optical
System

DV(15) C DV(30)-DV(50) Blank
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in order to help the user decide on what course of action to take.
If any graphics output is desired, sense switch (2) is set. If
any graphs are plotted, the graph can be replotted immediately
with a different dimension or scale by an appropriate input
through the typewriter. Setting sense switch (3) will list the
output linear and angular positions of each ray in the beam.

The beam can be retraced through the same optical system by
* setting sense switch (4) and inputting the new parameters through

the typewriter for the appropriate optical surface. Initially,
the input beam to the optical system has been generated and stored
in a data file on disc. After the beam has been traced through
the system it may be desirable to transfer this beam to the input
beam data file. This can be accomplished by setting sense switch
(5). As one becomes familiar with the program, some of the
messages can be deleted by setting sense switch (6).

DATA STRUCTURE

a. Input

The data for each optical system are read from the card
reader and stored in a data file. The data for each optical
system consist of heading information and data for each successive
surface in the system. As the beam is trazed through a surface
the data for that surface is transferred from the data file to
the DV array. Figure 11 shows a typical setup for an input data
deck. If the same input beam is used or if sense switch (5) is
used to transfer a resultant output beam to the input beam data
file, the input data deck can consist of more than one optical
system.

The heading cards for an optical system are placed in
front of the system's surface data. This information is read
and stored in memory as Hollerith constants from column one
through column seventy-one. As each card is read, column seventy-
two is tested for a zero, a one, or a two. A zero means that
more heading information will follow. A one indicates that all
heading information has been read into memory. The data card with
a one in column seventy-two must separate the heading cardro of
the system from its surface data. A two in column seventy--two
signifies the end of the computer run and this card must be the
last card of the input data deck.

After the heading information has been read as indicated
by the one card, the data of the first optical surface of the
system are read and stored in the DV array. The format of this
data is 4(14, E14.7) for each card. The location of each variable
in the DV array is denoted by the 14 format and the value of that
variable by the E14.7 format. The magnitude of the DV array is

* fifty. As each data card is read, the location of each variable
is compared with fifty. When a comparison matches, all of the
input data for that particular surface have been read and storedin memory. Therefore, the last data card cf the input data for

an optical surface should be an integer fifty in 14 format. The
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data for each surface of an optical system are stacked in the same
order as they occur in the system. If a beam is to be traced
through another optical system, the data deck is set up as outlined
and stacked behind the previous system a3 shown in Figure 11.

b. Output

The first pince of information written on the line printer
is the heading information for an optical system. Then a listing
of the data stored in the DV array for the current surface is
printed. After the listing of the DV array, two rows of integer
numbers are printed. These numbers represent the number of rays
stored in each data block on the disc before and after the rays
have passed through the optical surface. Then the total number
of rays that have failed to pass through the current optical
surface is listed. if sense switch (3) is set the output beam
data for the current optical surface are listed for each ray.
The format is (15, 1H), 4E20.7) for each ray. This informationis the coordinate of the ray in the output plane (X 4D' Y4D } and

the angular deviation (0V 41 4) of the ray from the output reference
ray.

SAMPLE PROBLEMS

a. Ellipsoidal Mirror

Several problems with known results are presented to test
the RAYTRACE program and to show its uses. A concave ellipsoidal
mirror, as shown in Figure 12, is chosen as the first sample
problem because of one of its properties. If a ray originates at
one focus point of an ellipsoidal mirror the ray will reflect
from the mirror and pass through the other focus point. The
parameters of the quadric surface are a = 6, b = 6, and c = 10.
If the reference system of the quadric surface is placed at the
vertex, the center of symmetry is at Z = 10. The input and output
reference planes are at the focus points Z = 2 and Z = 18,
respectively. The input reference ray is coincident with the Z-axis.
With this sample problem in mind, a beam from a point source was
generated and stored in the input beam data file. With the point
source at the focus point Z = 2, the beam should be focused at
the other focus point after tracing the beam through the mirror.
Figure 13 lists the input data deck used for this sample problem.
The two runs have the output reference planes at two different
distances from the surface. Figure 14 shows the cross sectional
view of the beam focused at the focus point of Z = 18. When the
output reference plane is moved to Z = 2, Figure 15 shows the
beam pattern at this distance from the mirror. A knife edge scan
of the beam at the distance Z 2 is shown in 'igure 16.

4-I I
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2
a

RUN NO. 0000i SURFACES = I THRU i DATE = 8 NOV 1973 0
TEST RRYTRACE PROORAM 0

CONCAVE ELLIPSOIDAL MIRROR 0
.A=6 , 8=6 , C=10 , CZ=±8 , RI=2 RR=18

i ±578?963+00 2 2000008+00 3 18808800+01 4 000000+00
5 0808808+00 6 800008 +60 7 00000060 00 8 00000000+00
9 0900800e+00 ±8 -1000000+00 11 ±0000000 00 12 -00000000+00

13 27777778-02 14 27777778-02 15 1000000-02 ±6 00000+00

1? 10000000+00 18 Is e0ee0 +0e ±9 0000000+00 20 10o000000+0
21 00800000400 22 -10000000+00 23 2000000+00 24 1?500000.00
25 o00 +08000 O 26 ±0000806+00 27 10000000+00 28 30000084-01
29 t000008+00
50

RUN NO. 00002 SURFACES = I THRU I DWE 8 NOV ±973 0
PLOT BEAM PATTERN WD KNIFE EDGE SCAN 0
CONCRVE tLLIPSOI L MIRROR 0

R%6 a B=6 * C=10 , CZ=iO , 'I=2 , RR=18
±

1 ±5707963*00 2 20000000+00 2 2000000+00 4 00000000O00
5 0009000+00 6 00000000+00 7 06000000+00 8 00000000+00

9 "00H0000 00 ±0 -10000000+00 1l 10000000+00 12 -±0000300+00
13 27777773-02 14 2?777778-02 15 10000000-02 16 0000300+00

17 10008300+88 8 0000000+00 19 00000000+00 20 10000 00+01
21 00000+00 22 -10000800+30 2' 20000000+00 24 17500000+00
25 80000+00 26 20000+03 27 200000+00 28 30000000 0

29 100000080+00
50

2

Figure 13 Inpiit Data for Ellipsoidal Mirror
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CROSS SECTIONAL VIEW
RUN NO.1. SURFACE NO. 1.
DATE iit?'8/73 DISTANCE MOO.e

V)

-2.60 -L..WA -1.08 -0.50 a! 0 0.53 ..00 L.5so 2.00

X AXIS

Figure 14 cross section of Beam at FOCUS Point
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KNIFE EDGE SCAN
RUN NO.2 SURFACE NO. i
DATE i1?08/73 DISTANCE = 2.00

u,

.a-

4w

* 2-

-2.00 1,5 -1.00 -0.50 8 0 0 ,50 1.00 @ 1.,50 2.00

x Axis
Figure 16 Knife Edge Scan of Beam atZ-2
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b. Elliptic Cylinder

Since the RAYTRACE program is not limited to just quadric
surfaces, an elliptic cylinder can be formed from the previous
example by setting either a = 0 or b = 0. By setting a - 0 the
axis of the cylinder is parallel to the X-axis. If b = 0, then
the axis of the cylinder is parallel to the Y-axis. Using the
same parameters of the previous problem the focus points are
Z = 2 and Z = 18. By placing a point source at the focus point
Z - 2 the reflected beam should be focused along a line parallel
to the axis of the cylinder at Z = 18 as shown in Figure 17. The
input data are listed in Figure 18 for two cylindrical mirrors of
different cylindrical axes. Figures 19 and 20 show that the cross
section of the reflected beam in the plane of the focus point
Z = 18 is a line parallel to the axis of the cylindrical mirror.

c. Telescope

This sample problem will show the use of the focusing
parameter or DV(21). This problem is depicted by a telescope
which consists of a convex spherical mirror and a concave
ellipsoidal mirror as shown in Figure 21. The reference coordinate
systems of the two surfaces are placed at the vertices and
separated by a distance of 124.2. The spherical mirror is surface
one with the center of symmetry at Z = -73.6. Surface two is the
ellipsoidal mirror with the quadric constants a = b = 675.13995
and c = 1415.5712. The center of symmetry is at Z = 1415.5712.
It should be noted that the dimensions for a particular surface
are measured from its respective reference coordinate system.
A source of parallel rays is considered to be somewhere between
the two mirrors. With the separation distance of 124.2 the beam
will focus at infinity after reflecting off the two surfaces.
By increasing the distance between the mirrors, the beam will
converge at some distance less than infinity. To focus the beam
at the far field distances of 70,000 and 100,000 the center of
symmetry is moved by -.396 and -.263, respectively. This in
effect increases the distance between the mirrors. The input data
for focusing the telescope at these two distances are listed in
Figure 22. Figures 23 and 24 show that the telescope can focus
the beam at the far field distances by the use of the focusing
parameter.

d. Telescope with Plane Mirror

Figure 25 shows a telescope of the previous problem with
the addition of a plane mirror. The orientation of the various
coordinate systems needed to trace a beam through the system is
shown for each surface. A dot represents the X-axis out of the
page and a cross represents the X-axis into the page. It should
be pointed out that the output of surface one is not oriented
with the input of surface two even though the planes of incidence
are coincident. Therefore, a rotation of 7 radians is necessary
to orient the two coordinate systems.

4-11
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RUN NO. 88803 SURFACES = i THRU i DATE = 7 DEC 1973 e
CONCAVE ELLIPTICAL CYLINDER 0
R=8 , B=6 , C=10, CZ=iB , RI=2 , RR=i8 0

1
L 15787963+00 2 20000000+80 3 ±8000080+01 4 8008000+80
5 88888888+88 6 888g8888+88 7 eee00ee+Pe 8 eegee088+ee

9 8886888+88 Is -18000088+80 11 10em000+o0 12 -080808+00

13 0000+00 14 27777778-82 ±5 i008800-02 16 8080880+00
17 10000800+00 18 088000+08 19 00000000+00 20 ±8888800+6i
21 8880880+08 22 -10000800+e0 23 20000000+01 24 20880888+8±
25 e8ees88+8 26 80000000+00 27 30000000+08 28 3000880+8±
29 ieeeeeee+ee
50

RUN NO. 6884 SURFACES - 1 THRU ± DATE = 7 DEC 1973 0

CONCRVE ELLIPTICAL CYLINDER 8
R=6 , B=0 , C=±8, CZ=±e . RI=2 , Rk=18 0

i
1 15707963+00 2 2808800+08 3 18000000+01 4 00008088+90

5 8888088+08 6 0080000+00 7 00B00800+00 8 00800080+80
9 000800008+80 -18800000+00 11 10800000+00 12 -±0000808+8

13 27777778-02 14 000800+00 15 ±800080-02 16 00000000+0

17 10800000+88 18 00000000+00 19 00000000+00 20 10000000+1I

21 00000000+00 22 -10000000+00 23 20000000+01 24 20000000+0±
25 080008+00 26 18080000+00 27 40080000+00 28 30000000+01

29 ±8800000+00

50

2

Figure 18 Input Data for Cylindrical Mirror
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RUN NO.3 SURFACE NO. i
DATE 12?'e?/73 DISTRNCE = 48,00
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Figure 19 Reflected Beam from Cylindrical Mirror Parallel to X-Axis
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CROSS SECTIONAL VIEW
RUN NO.4 SURFACE NO, .
DATE 1207?/73 DISTANCE =8.00

2-
,rl
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Figure 20 Reflected Beam from Cylindrical Mirror Parallel to Y-Axis
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RUN No. 68885 SURFACES - i THRU 2 DATE = £2 DEC 1973
INPUT BER : RIAX u 8.0 B

RMIN a 3.2
OUTPUT AT ?e,800 .
SURFACE i : F t -9.3?6 8

£ *
1 15707963+00 2 iie00000+02 3 129008fe0+02 4 0088e888+9
880e888+88 6 8880+88+8 7 000000a0+00 8 88808880+88

9 880ee+ee £8 -±8eee8+ee 1 800ee+80e 12 1ee88+88
13 ee0880+08 14 ±88080+80 15 ±100880+0 is eepeeee+eo
17 54169600+03 ±8 0000800+80 ± 00000e +00 29 -73600808+8±
21 -37608000-01 22 1000880000 23 40000000+01 24 40000000+01
25 888000+00 26 ±880008+0 8 27 5000808000 28 40000800+61
29 20880800+88
5e

I 15787963+00 2 4199880+08 3 7000000004 4 0000000+00
5 0e000000+ee 6 00000000+00 ? 880000+0 8 88808000+00
9 8008888+80 ±8 -±8888888+88 1t 1800080000 12 -±0000000+08

13 21938775-06 14 21938775-06 15 49904138-07 16 0000000008
±7 ±8888880+88 I8 00800800+00 19 0000000e+00 20 14±55712+03
21 680808+80 22 -1800808+00 23 ±888808+0± 24 40000080t0±
25 0808888+00 26 20008000+88
50RUN NO. 88006 SURFACES = £ THRU 2 DATE = 12 DEC 1973

INPUT BER : RMAX a 8.0 0
RMIN = 3.2 0

OUTPUT AT 108,e8 8
SURFACE i : F = -0.263 0

I ±5787963+08 2 10808+02 3 12f0tee0+02 4 98888808+88
5 88000088+8 6 0800000008e 7 00000000+00 8 000 00-080
9 ±5087963+6 t8 -4±05888+8 t 10000000+00 12 00000080+eo

13 1800030+00 14 210000000 0 15 4900438- 00 16 00000+08
17 54169600+03 18 080800+80 15 00000000+00 20 -73600000?i
21 -26308000-91 22 -100000+8 23 40000000+01 24 40000000+0125 00000000m0 26 100n000000 27 60000000+00 28 4000000+01
29 208000

1 15707963+00 2 41 99eeeeee 3 10000000+05 4 00000008+00

5 8808 8+08 26 20888.00 0 8 00000000+00 8 00000000+009 08000800 00 ie -10000000 00 iI 10000000 00 12 -1000 0000 00
13 21938775-06 14 21938775-06 15 49904138-07 16 e00000000

,7 i 0800e00+00 Is 00000e00+ 00 19 e00000000 20 14155-112+03
, 21 00000000+00 22 -10000000+00 23 10000000+01 24 40000000+91

2

Figure 22 Input Data for Telescope
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RUN NO.5 SURFACE NO. 2
DATE 12r'12/73 DISTANCE 70000.0

IT

bl

X AXIS

I

Figure 23 Beam at Z - 70,000
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CROSS SECTIONAL VIEW
RUN NOS SURFACE NO. 2
DATE 12?12/73 DISTANCE 1= 000.30

X XI

Figure 2 4 matZ10,0

4 1
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NI

;-2.8. e -7.58e -5.8ee -2.58 e 2.5 5e .8e 7.5 10.8,8e
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N
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~Figure 24 Beam at Z - 100,000
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The previous example has shown that Cho beam can be focused
at some distance in the far field. If the plane mirror has some
angular deviation from its reference coordUnate system, the focused
beam in the far field will move about the origin of the output
reference plane. Figure 26 showo a listing of input data where
S- - 6 milliradians for the plane mirror. Figure 27 shows how
far the focused beam has translated from the-origin.

e. Two Thick Lenses

So far the examples have been concerned with mirrors, the
RAYTRACE program can handle the refraction case also. Two thick
lenses are used to demonstrate this capability as shown in
Figure 28. A point source is placed at the focal point of the
first lens. After the beam passes the first lens the rays should
become parallel. On passing the second lens the rays should
focus into a point at the second focal point of the system. The
listing of the input data and parameters of the system are given
in Figure 29. Figure 30 shows the beam focused at the second
focal point of the system after it has been traced through the
two lenses.
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RUN NO. 00007 SURFACES = i THRU 3 DATE = ±? DEC 1973 8
TELESCOPE WITH PLANE MIRROR 0
INPUT BERM : RtAX a 8.0 0

RMIN = 3.2 0
OUTPUT AT 70A808 0
SURFACE I EPSILON = ETA = 6 IILLIRADIANS 0
SURFACE 2 F = -0.376 0

1
1 78539816-01 2 28000000+81 3 ±8088800+02 4 3±415927+88
5 68000888-83 6 680800008-03 7 00008008+00 8 8888808+00
9 08000000+00 to -±080000+8 1i i0± 0000+0 12 00000000+00

13 00000000+00 14 80000000+00 15 0000000+00 16 00000000+00
17 008800e+oe i8 0000000000 19 00080000+00 20 00000000+88
21 00000000+80 22 00000000+00 23 16000000+01 24 ±6000800 81
25 88888880+88 26 ±868888+00 2? 70000000+00 28 3080000 0
29 3000+00

50
1 1570796300 2 ±0168000 3 1200000+02 4 0800000+00
5 00008000+o0 6 00000000+00 7 00000eO OO 8 00000000+00
9 00000000+00 18 -±8088888+08 11 10000000+00 12 ±088008+8

13 10800000+00 14 i800.88o 15 1000000+00 ±6 00000000+00
17 5416S00+03 18 00000000+00 19 00000000+00 20 -7360000001
21 -7'600000-0: 22 10000800+00 23 40000000 01 24 40000000+01
25 60000000+00 26 20000000+00

50
1 15707963+00 2 41990080+00 3 70000000+04 4 0000000000
5 080000800+00 6 00000000+00 7 0000000+00 8 00000000+00

9 00000000+00 18 -1880888+80 1 ±0008600+80 12 -1000000000
13 21938?75-06 14 21938775-86 ±5 49904138-07 16 000800000
i? ±8808888+88 ±8 00000000+00 19 00000000+00 20 1'155712+03
21 00000000+00 22 -10000000+00 23 40000000+02 24 4000000+02

25 80008800+80 26 30000000+00

50

2

Figure 26 Input Data for Telescope with Plane Mirror
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CROSS SECTIONAL VIEW NOLTR 74-70

RUN NO.7 SURFACE NO. 3
DATE 12e18/73 DISTANCE =70000.00
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RUN NO. 80008 SURFACES = ± THRJ 4 DATE = 21 DEC 1973 0

TWO THICK LENSES 0

INPUT BERN IS POINT SOURCE AT FIRST FOCAL POINT OF SYSTEM 0

OUTPUT BERM IS AT SECOND FOCAL POINT OF SYSTEM 0

1 15707963+00 2 35454545+00 3 100800000+00 4 80000000+00

5 0000008+00 6 00000000+00 7 00000000+00 8 000000+00

9 00000000+00 ±8 10080000+0 11 66666667-01 12 1000000+80

13 100000800+00 14 080080+08 15 10000808+00 16 00000000+00

17 98000000+00 ±8 0000000+00 19 0008000+0e 20 -30000000+00

21 60000000+00 22 10000000*00 23 40000000+00 24 40000000+08

25 00000000+00 26 10000000+00 27 80000000+00 28 30000000+01

29 400080+00
50

1 15707963+00 2 1000008+80 3 31818182+00 4 0000000+080

5 08800808+00 6 80008080+00 7 00000000+08 8 00800000+00

9 0000000+00 i ±0000000+00 11 15090000+00 12 -10080000+00

13 ±00800+80 14 ±00080+00 15 10000000+00 16 00000000+00

17 25000000+81 ±8 08000000+00 19 00000000+00 20 50000008+00

21 00000000+00 22 -±0000800+00 23 40000000+00 24 40000000+00

25 0000000+00 26 20000000+00

50

± t5707963+08 2 35454545+00 3 10080000+00 4 00000000+00

5 0000000+800 6 00000000+00 7 0000000+Ou 8 00000000+00

9 00000000+00 10 10080800+00 1.1 66666667-01 12 10000000+00

13 10000000+00 14 10000008+00 15 ±000000+00 16 8000000+00

17 90000000+00 18 00000000+00 19 00000000+00 20 -3000880+00

21 80000000+00 22 000000+00 23 40000000+00 24 4000080e+00

25 00000000+0 26 30080000+00

50
1 15707963+00 2 ±0000000+00 3 3±8±8182+00 4 00000000+00

5 08000000+00 6 00000000+00 7 00000000+00 8 0000000+00

9 00000000+00 ±0 80000000+00 11 15000000+00 12 -10000000+00

13 10000000+00 14 10000000+00 15 10000000+00 16 00000000+00

17 25880008+01 I8 00000000+00 19 00000000+00 20 50000000+00

21 00800080+00 22 -10000000+00 23 40000000+00 24 40000008+80

25 00008+00 26 40000000+00

50
2

Figure 29 Input Data for Two Thick Lenses
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CROSS SECTIONAL VIEW
RUN NO.8 SURFACE NO. 4'
DATE 12?21?73 DISTANCE =3.18

X A X IS

0

Figure 30 Beanm at Second Focal Point
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Appendix A

GLOSSARY

A - Parameter in the basic equation of a quadric surface

a - Constant used in quadric equations

- Constant formed by the combination of terms and used in a
quadratic equation for Eolving the Z coordinate of the
incident ray on a quadric surface

B - Parameter in the basic equation of a quadric surface

b - Constant used in quadric equations

- Constant formed by the combination of terms and used in a
quadratic equation for solving the Z coordinate of the
incident ray on a quadric surface

C - Parameter in the basic equation of a quadric surface

C , Cy,,, Cz - Center of symmetry of a quadric surface

c - Constant used in quadric equations

- Constant formed by the combination of terms and used in a
quadratic equation for solving the Z coordinate of the
incident ray on a quadric surface

D - Parameter in the basic equation of a quadric surface

E - Parameter in the basic equation of a quadric surface

F - Parameter which focuses a quadric surface along the Z-axis
of symmetry

G , Gy, Gz - Parameters formed by combination of terms in the
basic equation of a quadric surface

N - Ratio of nI/nR for a refractive surface and equal to one

for a reflective surface
n Index of refraction of the medium of the incident ray

n - Index of refraction of the medium of the refracted ray

RP - A constant equal to one,whose sign determines the direction
of the output ray from an optical surface (+l refractive
surface, -1 reflect.ive surface)
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R- Distance from the origin of the input reference plane to the
origin of the plane surface reference

RR - Distance from the origin of the plane surface reference to
-* the origin of the output reference plane

S - A constant equal to one, whose sign determines the concavity
* or convexity of a quadric surface

T- Matrix representing the transformation of vectors from the
input reference plane to the plane surface

TR - Matrix representing the transformation of vectors from the

plane surface to the output reference plane

VI - Incident ray

VR - Refracted or reflected ray

Xi, YJ, z. - A right handed orthogonal coordinate system where
' j = , 2, .. n

X11 Yl' Z1 - Plane surface reference coordinate system

X20 Y2' Z2 - Input reference coordinate system

X3, Y3, Z3 " Coordinate system attached to the plane surface

X4' Y4  Z4 - Output reference coordinate system

X j , Y JD - Translation of a coordinate system from its
XD j J reference position

XjQ, YQQ ZjQ - Coordinate point in one coordinate system in terms
of another coordinate system

Xjp, Yjp, Zjp - Incident point of ray on Z = 0 plane

Oil Bit Yj - Angles that define the direction of a ray with
respect to the X, Y, and Z axes and their cosines
are known as the direction cosines of the ray

c - Angle of rotation of the plane surface about the X axis

n - Angle of rotation of the plane surface about the Y1 axis

0 - Angle of the input reference ray makes with the zegative Y1
axis in the plane of incidence

6R - Angle the output reference ray makes with the positive Y
axis in the plane of incidence

- Angle between the positive X4 axis of an output reference
plane and the positive X, axis of the following input reference
plane "\, A- 2
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T- Angle of incidence

T- Angle of refraction or reflection

02 - Angular deviation of the input ray from the positive Z2
axis in the Y2 - 0 plane

04 - Angular deviation of the output ray from the positive Z4
axis in the Y4 ' 0 plane

*2 - Angular deviation of the input ray from the positive Z2
axis in the X2 = 0 plane

*4 - Angular deviation of the output ray from the positive Z4
axis in the X = 0 plane
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Appendix B

RAYTRACE PROGRAM DESCRIPTION

A brief description of each routine in the RAYTRACE program is
given along with a listing. A flow diagram of the program is also
presented. The parameter R is a Hollerith constant containing
the date.

RAYTRACE - The main routine sets up the input beam data and
the surface parameters for each optical system. This routine
exercises overall control of the program options.

BCOND (RMAX2, RMIN2, NRY) - After the beam has passed through
the optical surface to the output reference place, each ray of the
beam is compared with a set of boundary conditions for a circular
beam at the output reference plane. RMAX2 is the square of the
maximum radius and RMIN2 is the square of the minimum radius. NRY
is the number of rays.

BEAMIN - Beam data that has been generated and stored on disc
in a -a-ta-ile is transferred to a scratch file. The number of
data blocks and the number of rays in each block are stored in the
NR array.

CROSSECT (R) - The data necessary for plotting a cross
sectional view of a beam at the output reference plane of an
optical surface is set up and stored.

DATE (R) - The date is retrieved from a system subroutine and

is stored in R as a Hollerith (,nstant in the form MM/DD/YY.

GRAPHS (R) - This subroutine receives the generated data from
CROSSECT or SCAN and plots the output on the electrostatic printer.

INCIDENT (NRY) - This subroutine calculates the incident
position of the input ray on a quadric surface and the angular
rotation of the plane surface system required to place the plane
tangent to the incident point. NRY represents the number of rays.

INTRFACE - The output ray parameters are interfaced with the
input ray parameters of the following surface when the output
reference system is out of phase with the following input reference
system.

MATVEC (A, B, C, N) - This subroutine combines six different
matrix-vector or matrix-matrix operations in one subroutine. A,
B, and C are 3 x 3 matrix arrays stored column wise or vectors
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depending on N where A, B, and N are inputs and C is the output.
If capital letters denote 3 x 3 matrices and lower case letters
denote vectors, MATVEC computes:

N 0, c =Ab

N 2, C =AB

N = 3, C = AT B

N= 4, C ABT

N =5, C = ATBT

where T represents the transpose of a matrix.

READ - Prior to tracing a beam through an optical system, the
surfaces are read and stored. An entry through LIST will print
the parame,.ers of the particular surface.

RETRACE - If it is desired to change certain pa.'ameters in an
optical system and retrace the beam through the systei. this
subroutine will accept input from the typewriter for changes to
each surface and will reload the input beam.

SCAN (R) - The data necessary for plotting a knife edge scan
of a Ream at the output reference plane of a surface is set up and
stored.

SINCOS 1 (A,B) - The sine and cosine functions of angle A in
radians are calculated with the output stored in the B array.
B(l) contains the sine of A with the cosine of A in B(2).

T.ACE (NRY, AZERO) - A number of rays, INRY, are traced from
the input reference plane through the plane surface systam to the
output reference plane. If GI = n/2, then AZERO equals 0. For all

other values of eI, AZERO equals 1.

TRANSFER - If it is desired to save the output beam data for
later use, this subroutine will transfer the beam data from a
scratch file to a saved data file.

WRITE - This subroutine will list the output beam parameters
on the-1ine printer.
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C RAYTRACE IS YHE MFAIN ROUaITINE FUR *IRACIN(i PAY'- lIIROUGH
C AN OPTICAL SY51EM.
c
C 9 JANUARY 1974 (REVISFO>
C
C DATA FILF5 ON DISC
C BEAM -- iI Is t i ciN rfiNS ft fENEtil- Fb Bhtiu! WHERE EHCH RAY I S
c DEFINED BY (14O 1 INIfIR P0511IlJS <X, Y) AND TWO ANGUL AR
C POSITIONS (PFI,1PSI. 11115 Ih HAli A MAXIMUM OF 8 D)ATA

C fBI OCKS WI1TH f1 MAXIMUM OIF P.sOt ROYS IN EACH BLOCK.
cNRYF - THIS FILE 1-111 11F NLJlI11-R OF DuaA I-LOCKS STORED IN THE

C Brtm ut:AND ill' NJMF0R O kfYS N EACH BLOCK.

c RHYF - SCRHa I Ch 1- 1IL F LJSI D F UR RAY Vill a0 A I H- BEAiM IS TR~ACED

C XGRO01, STOWEDtF

C IN 11115 FILEz.
C YR 1HaE Y POS11 ION I-OR A I'aiRTIi:JliP aIOaIPH IS STORED

C IN *IISFIL.
- ~C Srtii THE aM~ OFW (F tiCII OP1Ji CIt S(ITICE ARE STFORED

C IN THIlS FII+.

j tRRAYS IN THE RA~raadICE PRfOiitRAM

C RAY -- AS INPUT THIS CaRRAFY CONIAhINS illE a INhfiR AND ANGULAR
C PLIS)] IONSi Ol: F_"f;H Ra-IY FROM A ilith BLOCK AT. THE INPUT
C RI:FRhNCIj FL QNF. AS OU)I1PUI i[I'S fatd<AY CONTAINS THE RAY
C P051TIONS fi) TIlE- CU I PU RF+P1-NCF PLHNE.

C EV T HIS AiRRHY CuN I AINi'lilt: AN6'?II aa(-FS ILON, ETA) ANDI
C I.I NtR (X1D,Y VIi,/1 a)) DEV- iiM5 titrj u A Pt ANE SURF ACE F ROM

C THE SUaxa-i1CE RF a RENCEf F't.N- Iii Tiat- INCIDENT POINT OF AN

c I NPUJT RtIYe ON A OUADR [C SURF taa:t-
C IRF T *HIS FARRrAY laFNa [FF -S RAY 1-01~ aIRI-1, BY SETTING IRF i

C F:uR A FI I.EI, R~AY.
C DV -- THE tF'ARraaIE1 t.a<S tUF AI Paat< r ia..tHR iOR 01 I SURFACE
C AWE COINa AINtH) IN THIlS fRRAY.

*C NR - THlE NUaI1-R tit 0ItYS IN t-AiCH Diati a,, A !CK ARE STORED
C IN 1t1IS ARRatY.

C PROGRAM OPT1IONS
C SET sE:NSE swintC'a <2> - rRIF~~

CSET StNSF ' WdI TCII (3) - 1 I1iuu (UPf bl-iia al PaRfialE TERS
CSET SENSE SWITCH (4) -hIff RFtai EHtI 1 IaUt '--Y 1iEM WI1TH NEW INPUT 1

C SET SLNSE SWITC1h (5) -IRAN',Fl-k 8i-fallI tl11RaaatIE~T-R5 TO BEAM FIL.E

C SET SENSE SW1,IrCH (6) ('ELI fF. MOSI I1?WPI 0l-N MESSAGFS4
C

COMMON RfaV(4, 2bo), DFEV(b, 2bO), TRFG150), DV(50>, NRI K, NR(24)

2 FORMAT ( LI.
4I FORMAT ( $'ill
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6 FOPMAT ( ±H&, 4JIIDO NOT SET SENSE t-WIlC IF'- Utli L REQUESTED
8 FORMAT ( iO18 )

JO FORMAT ( ///5X25INU11BER OF RAY FRhLUtRS - 11//)
12 FORMAT ( iH@, 1.3HRZJN NUMBIER =,15?

125HOPTICHI. SURFACE NUMPER ,14?

225HNUMBER OF RAY? FAILURES =,14

.1.4 FORMAT ( lH@, .1(iRnPHICS I / AH.SFT 5I-NSF' SWITCH (2)
iti FORMAT C iH@,4PeHSET REMOTE SWIl*C ON FLFCiROjfrAlTic PRINTER/

132HTYPE 163 FOR CROSS S&CTIONAI. VIfiW/24fHlYPE (ji iOR KNIFE EDGE SCAN
2?23HTYPE ii FOR BOTH GRAPHS )

tiG FORMAT ( JH@,24HTYPE IN ORAPHICS CHOICF
J.? FORMAT ( 211 )
18 FORMAT < iH@,27111I iST our PU BF11M PARAMlJi lRS,tHE/~

± 20HSET SENSE SW I I (H ( 0 )
20 FORMAT C H@, 3?H'lTRfsN5FHR P-diOM PARiMEiERS TO f:EAM FIL.E ,iH[./

1. 20HSEs SENr.F SWITCH (')) )
P2 FORMAT iH8, 4i1REfRACF BNIlM THRIJ SYs I it-M Wfl II Nidi INPUT E

I 20HSET SEN'-,F 5141TCH (4))

C READ fiND WRI IE IhEADJNG
4 C

CALL DRIE CR)
2e PRINT 2

30 READ 4, 1
PR INT 4, 1

±IF ( I- ± ) "W, 22, 60

C READ IN LBfnM nND TFIF Ot'aICAL SURFFIUF P-ARtfilblERS.

32 CALL BEftMIN
CALL REnr,

33 1K =80

c READ) IN PRESENT opl ICA SUIkt-A(:L- PARAN)- [Eh<-s.

31l 1K = 1K +t i1

CALL FRI lID ( 41151OR, IK.DV, :188
99 IF ( IRSI'ATFC4II5'rOR) . 14. I ) riO 11) 99

C
PRINT PRFS-N f Of-1IlCtl. '-IiRfFll:E h(rM: R.

CAL.L L.SV
A?EP.0 = . 0
IF (DVY1t) l~i. 1. bj/8?9 6 3 ) AF.R0 I . (1

I I' SSW fCHI (6) . t-.. 2 ) 1,11( T t- 09, 6 )

PR'NJr e. ( u'R(K), k- 1, Nfs K >
NRF = 8

c TkftC-'- EACII El (CK OiF foAYS 1 IINOIthill I t l W, f I.fIL SUh<1-ACE
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DO 48 K ±, NBLtK
NRY =NR(K)

IF (NR(K> EQ. 8 > 80 TO 40
*DO 36 1 iNRY

36 IRF(I) 0

CALL FREAD ( 4FIRAYF, K;RAY, 8*NRY~
S IF ( IRSrATF(4HRAYF) NE. i ) 110 10 38

IF ( OV(22) .NF. 0. 0 >CALLI INC IDE~NT CNkY)
CALL TRACE! NRY, fVERO

C CHECK BOUNDHRlY COND11IONS.
C

RfiAX2 =DY(24)*DiVC24)
RrIIN2 =DVC25)'-DVG25)

CALL BCOND ( RMAX2,RMIN2, NRY >
C
C TOTAL RAY FAIL UIJRS.

* C

DO 44 I i, NRY
IF CIRF( I) . FAQ 8 ) 1G0 TO 410
NRF =NRF + i
GO TO 44

40 N = N + I
DO 42 J 1, 4

42 RAY(J,N) RHY(J,I)
44 CONTINUE

NR(K) =N

IF ( NR(K) .F0. 0 ) GO 1O 48,

C
C RESTORE RAY PAlRtiME-,hRS *IHA'I IMVE M1I I-iOUNLUARY CONDITIONS.
C

CALL FWRITE ( 4HkfiYF, K, RAY, 8*r4I
46 IF ( IWSItlTF(4Hf<AYI-) NF. J.) 00 TO 46

448 CONTINUE
PRINT 8, ( NR(K), K::±i,tlLK)
PRINT 10, NH!:
NRIJN =DV(27)
NPDV = DV<26)

WRITE (59, i;) NRIJN,tNPDV, NRf-
C
c PROORntm vi Oi o011.
C

IF ( SSIWICHF(6) .Q. 2 ) WII<I (b9;14)
PAUSE 2
IF ( SSITCHF(2) Fl.). 2 ) rifo TOJ 49
1IF ( SSW ICHI--(6) F',0. 2 ) WR IT- F.(p), ih)
WR I TE (b),16)
READ 038,i17) 11, 12

B-8



NOLTR 74-70

IF ( Il EQ. 1. ) CflLI. CROSSECT ( R )

IF ( 12 .EQ. 2. ) CALL SCAN ( R )

49 IF ( SSWICHF(6) .EQ. 2 ) WRITE (59,18)

PAUSE 3
IF ( SSWTCHF(3) .EQ. I ) CALL HRI"E

IF ( DV(4> .NE. 0.8 ) CALL. INIRFACE

IF ( DV(26) - DV(29) ) "34,50160
50 IF C SSWTCHF(G) .EQ. 2 ) WRITE (59,22)

PAUSE 4

IF ( SSWTCHF<4) .EQ. 2 ) 13O TO 52

CALL RETRACE

00 TO 33
52 IF ( SSWI'CHF(6) .EQ. 2 ) WRITE(59,20)

PAUSE 5

IF ( SSW',CHF(5) .EQ. 1 ) CflLL TRANSFEk
GO TO 28

60 CONTINUE

END

B-9
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SUBROUT I NE BCOrw ( RMH.4:2i RI N2, NRY

C
C 31 OCTOBER 19?3
C
C TIIlS SUBROUTINE WILL TEsT FHCH RAY HaAINSF A SET OF BOUNDARY
C COND1l IONS (RMAX, RMIN) FOR H CIRCUI AR REflM Ar TlE
C OUTPUT REFERVNCE PL(INF.
C

* ~COMMON RAY(4, 250), DEV(5, 250), WF(;?50), DV(5G), NBLK, NR(24)
DO 40 J = 1, NRY

IF (IRF(J) .EQ. ± ) 00 TO 40

X2 =RRY(it,J)*RfiY(i,J>

Y2 =RAY(2.J)*-RnY(P,J)

R2U X2 +Y2
IF (R2 GOT. RMnX2 .OR. R2 .LT. kMIN2 )IRF(J) i

48 CONTINUE
RETURN

END
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SUBROUTINE EhRMIN
C

C 29 OCTOBER 19?3
C
C THIS SUBROUTINE WILl. RE-D IN BEAM DATI- TIIAtT HAS ALREADY BEEN
C GENERATED AND STORED ON DISC IN THE BERM FILE. EACH RAY OF THE
C BEAM IS DESCRIBED BY TWO LINEAR POSIlIONS (X,Y) AND TWO ANGULAR
C POSIIONS (PtlI,PS1). THERE IS A MAXIMUM OF 250 RAYS PER BLOCK.
C
C IN ORDER TihAT THE OENERfirED BEAM IS Nur DE!:STROYED THE BERM DATA
C IS TRANSFERED FROM TlE BEAM FII.E TO THE RAYF FILE.

C
C THE NRYF FILE CONTAINS THE NUMB ER OF HLOCKS SrORED IN THE BEAM
C FILE rND THE NUMBER OF F.AYS IN EACH BLOCK.

C
COMMON RlY(4,250),DEV(5,250), IRF(250),DV(50),NBLK, NR(24)
CALL FRERD ( 4HNRYF, i. NBLK, ?5 )

30 IF ( IRSTRTF(4HNRYF) . NE. t ) GO TO 30
DO 40 K = i,NBLK

NRY = NR(K)
CALL FREAD ( 4HBEAM, K, RAY, 8*NRY ).

32 IF ( IRSTATF(4HBEAM) . NE. ± ) GO ro ..
CALL FWPITE ( 4HRAYF,K,RRY,8*tlNkY )

34 IF ( IWSfATF(4RRYF) . NE. 1 ) 10 10 34
48 CONTINUE

RETURN

END

B-1
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SUBROUTINE CRO55FCT C )
C

C----- 18 JANUARY 1974 (REVISED)
C
C---- THIS SUBROUTINE STORES ON DISC IN THE XORF FILE AND THE YORF I-ILE
C---- THE DATA NECESSARY TO PLOT A CPOSS SECTIONAL VIEW OF A BEAM
C----- AT THE OUTPUT REFERENCE PL.ANE OF ANY PARFICULRR SURFACE.
C

COMMON RAY(4,250),DEV(5,250), IRF(250),DV(50),NBLK, NR(24)
COMMON/PLTS//IBUF(6000), A(8), P(3), X(8), Y(8), I.NE(2), LINX, LABL(5, 8)

I , XP(2000), XHAX, XMIN, DX, YMAX, YMIN, DY
DIMENSION C(250,2)
EQUIVALENCE CDEV,C)

2 FORMAT (2OHCROSS SFCTIONAL VIEW)
4 FORMAT (20H Y AXIS)
6 FORMAT ( iH@, OITFYPE i FOR YES , TYPE 0 f-OR NO /

± 40HREPL.OT CROSS SECTION WITH NEW DIMEN.ION( )
8 FORMAT ( Ii )

10 FORMAT ( iH@,26HIF MISFAKE ON INPUT TYPE i /
1 42HNEW 1I rENSION N :XXXXXXXX:XX , MISIRKE N X , iX,iH@ )

12 FORMAT ( E12. 7, Ii )
.4 FORMAT ( iH@,261HINF'UT MISIAKE RElYPE INPUT )

C
C---- INITIALIZE TIlE GRAVH PEIRAMEIERS FOR TIlE CROSS SECTIONAL PLOT.
C

ENCODE ( 20,2,1RBL<i,I) )
ENCODE C 20,4, L.BCI( ,8. )
P(i) = 5. 00 $ P(2) = 8. 00
Y() 4.50 $ Y(8) = 6.25
LNE() =-2 $ [NEC2> = 3
XMAX = YMAX = DV(23)

XMIN = YMIN = -DV<23)

DX = DY = DV(23)/4. 0
C
C------ FROM EACH DATA BLOCK IN RAYF FtLE STORE 1I1E I INEAR POSITIONS
C----- OF EACH RAY IN XORF AND YORF FILE.

C
DO 30 J = i, NBL.K
NRY = NR(J)
IF ( NRY .EO. 0 ) O0 TO 20
CALL FRFAD ( 4HRAYF, J, RAY, S*NRY )

22 IF ( IRSIATF(4HRllYF) . NF. t ) (0 TO PP
DO 24 I - i,NRY
D0 24 K = 1,2

24 C(I,K) = RAY<K,I>
CALL FWRITE < 4HXORF ,J,C(.I,i),2rNRY )

26 IF C I.S IATFC4HXORF). N. I ) (00 10 26
CALL FWPITE C 4iYGPF ,J,C(I,2),2tNRY )

28 IF C IWSlATF<4HYI3RF) NE. . ) 00 10 ?

30 CONTINUF

B-12
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NOLTR 74-70

32 CALL GRAPHS ( R)
C

C--.--- OPTION TO REpL~oT GRAPH WITH NEW SCALE.
C

WRITE (59o6)
-EFD (ti% 8)1
IF ( I .EQ. 0 > 00 TO 38
WRITE (59,10.)

34 REnD (58,iL2.) DIM, MISTAKE
IF ( MISTAKE .EQ. 0 ) 00 TO 36

WRITE <59,i4)
GO TO 34

36 XMAX = SIMAX DIM
*XMIN =YMIN -DIM

DX = DY DIMi/4. 0

GO TO 32
38 RETURN

END

B- 13
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SUBROUTINE DfnTE(R)

C
C---- THIS SUBROUTINE CAt.S THE DATE FROM ACCOUNTS AND STORES IT IN R

C---- AS R HOLI ERITH CONSTANT OF THE FORM MM/DD/VY.
C

MACRO (A)

EXT ACCOUNTS
LDRQ ACCOUNTS

SHQ -6

SHAQ -6

SCH Xi-3
SHA -6

SHA 12

ADAQ X
UJP =

X BCD, C 8. 00/00ttr

ENDM
REAL A
R = 8

RETURN

END
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SUBROUTIINE GIRAiPHS C R
C

C--.--- 24 NOVEMBER 197? (REVISED) ..

C --THIS SUBROUTINE Wlt.L PLOT DATA OFNERAIED OR STORED BY CROSSECT

C ---- OR SCAN SUBROUTINES.

COMMON RRY(4o250),DEV(5o2!jO), IRF(250),DV(5B),NB$LKNR(24)
COMMON/PLTS//IBUF<6BGBO),A<8), P(3), X(8), V(8), I tE(2), LINX, LABL(5. 8)

a ,XP(20B,XtIAX,XMIH,DXYMAXoYMIN,DY

DIMENSION YP(2000)

EQUIVALEFNCE (RAiY,YV) , (I.APRL<26),RR)
DHTA/PL-TS/( (BII) 6,3S9 )=

14HRUN , 4HNO. ,411 4H ,4H

2.4H~lTE, 411 ,41t 4H ,4H I
±L4HSURF, 4IIACE , 4liN0. ,4H4 4H4

±L4HDIST,4HAqNCF,-H = 4H ,4H
14HB00/0,4H0?00,4li ,4H 4H
1.4H ,4H 4H ~4H X ,4HAXIS)
i < < X(I ), I =l,8 3 (. 5),2 (. 0),. 5, . 7J,4.?75
£ ( ( Y(I),I=i,6 )=9. , 2 (9.50, 9. 25),9. 25 ),
i ( ( A(I),I=1,8 7 ?0. O0)p90.O ) L INX - 411

2 FORMAT (4H2---O)

C--READ IN IHE L.INEAR FOSITIONS FOR At PAfrlfi'AIVR GRAPH
C---- AND STOR~E IN TflE XP AND YP ARRARYS.

CI
DO 26 J = i,NBLK
NRY NR(J)
IF (NRY .EQ. 0 ) 0O TO 26
CALL FREAD ( 4HXGRF, J, XP(tlP>, 2tNRY)

22 IF( IRSTVITF(4IIXGRF) .N~ t ) GO TO 22
CALL FREOlD ( 4tlYG3RF, J, YP(NP), 2tNRY )

24 IF CIR~rATF<4IVGRF) .NE. i ) 00 TO 24
NP NRY + NP
IF C ?l+250 GE. 1998 ) 00 TO 2?

26 CONTINUE-
27 NP NP -- i

IF CNP EQ. 0 00G TO 32
DO 28 1I i,NP
IF ( XP(I) .LT. XMTN ) XP(I) =XMIN
IF ( XP( I) .OT. XMrIX > XP(I) =XMAIX
IF ( YPCI) .IT. VIIIN ) YP(I) =YMIN
IF ( YP( I) . OT YfthX ) YP(1) = YMAX

28 CONTINUf-I

C--- - PLOT THF GRAPH.

C

B- 15
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CALL ORAPHINT CIBUFCit IBLJFCSGOO))
Ki - NP + $ K2 = NP +
XPCKl.) = XMIN $ XP(K2) = DX
VPCK) = YNIN $ YPCK2) = DY
CALL AXISE C 8.50,P(±),LINX,-4,8.e8,0.O,XPCKi.),XPCK2))
CALL AXISE (4. 50Pi.881BLINX, 4,JP(2) 90B. PYP(K±),YPCK2>)
XPCKi) = XP(K) - 8). 5*XPCK2)
YPCK±) = YPCK) - ±. 8O*YP(K2)
CALL LINEE ( XPYP,NP,±lLNE~iXLNEC2))
DO 38 J = ±, 8

30 CALL SYIBOLE C X(J), YCJ),.i4, LABLCLoJ)1 AHMJ) 1 20
CALL NUNBERE C i. 50, 9. 50P. t4o DVC27), 0. 0, --1 )
CALL NUMBERE C 6. 78, 9. 50,.±4, DVC2S), 0.8, -± )
CALL NUMBERE C 6. 58,9. 2S,.±4, DVC3) ,0.08, 2 )
WRITE CiiP2)
CALL ORAPHOUr C ii

32 RETURN
END

B- 16
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SUBROUTINE INCIDET C NRY )

C
C----- 24 NOVEMBER 1973 (REVISED)

C
C ------ GIVEN AN INPUT RAY DEFINED BY L.INEAR AND ANGULAR POSITION4

C--- - WITH RESPECT TO AN INPUT REFERENCE PLANE. THIS SUBROUTINE WILL

C ---- CALCULATE THE INCIDENT POSITION OF THE INPUT RAY ON A QUADRIC

C ---- SURFACE AND THE ANGULAR ROTATION OF THE SURFACE REFERENCE PLANE
C ---- REQUIRED TO PLACE THE PLANE TANGENT TO lHE INCIDENT POINT.

C
COMMON RAY(4,250). DEV 5,250), IRF(:.50),DV(5e),NBLK,NR(24)

DO 35 J = 1, NRY
TANPHI TARF ( RAY(3,J) )

TANPSI = TRNF < RA(4,J) )
T!*HI = -TRNPHI $ TP51 = TANPSI
DELX = RAY(I,J) $ DEL.Y = -RAl'(2, J)
XLAM = DELX-DV(18)
VLAM = DEL-DV(i9)

ZLAM =*DV(20)+DV(2i)

Ri = DV(I3)*TPHI $ R2 = DV(i4)*lP$I
R3 - Xt.R-DV(2)*TPHI $ R4 = VLAM-DV(2)tTP.I

R5 = DV(i5)*;I.AM
C
C----- SOLVE FOR Z INCIDENT POSIIION.
C

A = Ri*TPHI + R2,TPSI + DV(i5)

B = -( 2.0*( Ri.:tR3 + R2*R4 - R5 ) + DV(16) )

C = DV(I3)*R3*R3 DV(14)*R4*R4 + ZLRM*( R5 DV(.6) ) - DV(i7)

O = 8*8 - 4. 6'fRliC
IF ( . LT. 0.0 ) GO TO 30

IF ( .EQ. 0.0 .ftND. 8 . EQ. 0. 0 ) 00 TO 30
IF (A . EQ. 0.0 ) GO TO 20
DEV(5,J) = < B + DV(1.2)*SORTF < Q ) )/( 2. *A )
GO TO 25

20 DEV(5,J) = C/B

25 Ri = DEV(5,J) - DV(2)

C
C-----. CALCULATE X fiNlD Y' INCIDENT POSITIONS.

DEV(3,J) = XLAM + Ri*TPHI
DEV(4,J) = VLAI + R.VliTPSI

C----- SOLVE FOR ROTATION AlIGtES EPSILON AND Elf.
C

Ri = ?.0- DV(J1)*( DEV(3,J) - DV(08) )
R2 = 2.0.tDV0i4)-'C DEV(4,J) - DVC09) )
R3 = ?.0tDV( )>*( DFV(5,J) - ZItM ) DV(i6)
R4 = SORTF C RiuRi 1+ R2tR2 + R3'trk-l )
DEV(i,J) = IT~t4F ( -RP'/R3 )

DEV(2,J) = ASINF < DV(22)TRI/R4 )

B-17
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0%) TO 35

30 IRF(J) - i

35 CONTINUE
RETURN
END'
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SUr-ROUTINE INTRFlCE 
OT 74 0

C

C----- 24 NOVEMBER 1973 (REVISED)

C
C ---- WH1EN THE INCIDENT PLANES OF TWO OPTICAL SURFACES ARE NOT PARALLEL

C ---- iriiS SUBROUTINE IA1ERFACES THE OUTPUT RAY PARAMETERS WITH THE
C ---- INPUT RAY PARAMETERS OF THE FOLLOWING OPTICAL SURFACE.
C

COMMON RfW(4, 250), DEV(5250), IRF(250), DV(50), NBLKNRe24)

DIMENSION 8(4)oB(2>

CALL SINCOSi ( DV(4)>,B

DO 28 K =±,NBLKI
IF CN .EQ. 8 ) Lwi TO 28
CALL FREAD ( 41IRAYFp, K.RAYp.8*N

±8 IF C IRSTATF(4HRAYF) .NE. 1. ) 0O TO 18
DO 24 J=1,

DO 20 I = 1,3,2
A(I) = RAY(I,J)*B(?> + RAlY(I+i,J)*B(i)

20 A(I+i) ,-RAV(:,J)*B(I) + RAY(I+i,J)*C2)I
DO 22 I 1,.4

22 RAY(A',J) = A(I)
24 CONTINUE

CALL FWRITE ( qllRRYF, K..RAY, 8*N

26 IF ( IW~iATF(4HRAYeF) .NE. i GO TO 26

28 CONTINUE
RETURN
END
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DIMENSIO)N ll,) 9 ,C '),I( ) i. ) |.

IF (N) irc,1U
ju GU O ,.,{ ,) 1

6 DO 61 J- 1,9
{,.FCJ)-:c(J )

22 TO "et

SM2=.i

DO 36 , -1,3

IDO 36 J--K, K1,

e -(-CJ) p CJ)
D 0 7.t J I, -t

( TO 80

0 0 TO i('I, 74, ', Tll .5), N
e1 DO 76 1-1, 9
e6 Oc (Ji-H (.j)

GO 10 80
1' I12=i

DO 66 K 1,.3

DO 66 Jt K,K1, I
(i (M2>.-(J)

f. I'12=M2 1
M., 12=i

DO 120 HI 1,-1,1N

I)( 30 V 1,\
K1 =K: 6

If(M2)- 0
DO 20 J (,K, ,
ll(M2)-t I-I1 ) : .) t~ l

, , = >, M t:;

tJ M?=M2,:
II C 11 ) 9:5,

n: M13:fi(l 10j 911

,'A DO 91 J 1,1,11
I J C(J)-WIIJ)

II 1 IJkcil 4

I- liD

I

5,

B-20
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SLJBROU I HEi 141 lit)

- - J~HitihicY I'tM CRa*VISI~o)
C

C--THIS SIJF:ROhJ I I NF. ki! tl) I N iI 1-'liiii'h1 Tikic I 11k V fiCh OKI I CHi. hU~iE

COMMON 104,2!m), lit-c:,, 2-)W)o ki c-b ) (50), NEil K, NR(24>

2 FORMAT M41,-I.)
4 JZQRpFI, (l110, 'XciihICI Ol 1-.I 1l~tc-. P1.IJt't-V 1cI.?// (5(15, 14), E14. 7))M

6 i2ORjFMfl' C ILH--)

C - IllITlIM 1/t:it-' IDV liatcAY.
r c

IK = 0
30 IK = 1K i. ±

DO ?2 1 : i,Pt1
32 IVU) -0. 0

DO 3-t I -, 3k, ti !

S~DYCI) Z: 0. 0

1c mmd I Dfmii Ftit, I-:ii Lilk i i t 0l~~ 1dR- :.-1<1i111 CaicO) READER,

.0I R1 fil) 2, CKiBC),VBCI), 1 1
DOi 38 1 t, 4
KK =KHU) 0
IF: KK > .0., <8. <6.

3'6 DV(KIO - k VBI)

It. C KK Sn > <8:,til,ilti
%8 Gurt T Iri-

OnA TO 14

c - Sc1 (iRa- 01i a! 011 :.1iwi'Iiav t- a'iiati- fIi itt. MN v.

'12 11 C Il thu II (111lt 1 ait,*) . NZ I ) ii0' i0 el'

I-WIRY I -f
rlI>DV ' 0(2",)
M10V I- VC2'<)
PRINY '1, NI'DV, - i IVt I II l,MhV)

fdRIN(WI

I NID

B- 21
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SUBROUTINE RETiRACE
C
C ?' JANUARY 1974

C

C THIS SUBROUTINE WILL ACCEPT INPUT FROM IIE TYPEWRITER FOR
C RETRACING A BEAM THROUGH THE PRESENT OPTICAL SYSTEM. IN
C ADDITION THE INPUT BEAM WILL BE RELOADED.C I r

COMMON RAY(4,250),DEV(5,250), IRF(250),DfV(50),NBLK, NR(24)

2 FORMAT ( iH@,32HCHANGES FOR OPTICAL SURFACE NO. ,I2/
I15HXX :XXXXXXXX :XXX, t2X, IH@ )

4 FORMAT C IN@,i4HINPIJT FORMAT /

133HXX (VARIABI.E LOCAtiON) /
230H:XXXXXXXX:XX (VARIABLE VALUE) /

325HX (i-MISTAK) )
8 FORMAT ( 12, F.2. 7, I. )

10 FORMAl ( IH@,2611INPUT MISIAKE RElYPE INPUT '

I15HXX :XXXXXXXX: XXX, i2X, iH@ )

C
C RELOAD INPUT BEAM.

C

CALL BEAMIN
IK = 0

RUN = 0.

IF C SSWTCHF(6) .EQ. 2 ) WRIIE (59,4
* C

C INPUT CIIiNGES 1lIRU TYP.HWRI'IER PER SURF-A'2...
C

i8 IK = IK + I

CALL FREAD ( 4HSIOR, IK, DV, 100 )
20 IF ( IRSFATF(4FISTOR) .UE. i ) 00 10 20

IF ( IK . GE. i . AND. RUN . OT. 0. (1 ) DV(,'?) = RUN

NS = DV(26)

WRITE (59,2 ) NS
22 READ (58,S ) J,A,MHISIAKE

IF ( MISIARKE . NE i ) GO TO 24
WRITE (59, 10)
00 TO 22

24 IF ( J .EQ. 50 ) 00 TO 26
IF ( J EQ. 2? ) RUN = A
DV(J) = A
GO TO 22

C

C RESTORE UPDA I ED . UIc:ACE P1R.I l - IRVSc

26 CALL FWkI E ( 411bfR, I <, DV, 100 2
20 IF II,1-,IRATF (4H-':, IO(R) . Nl- i 6 0O 10 2:!

IF CDV(?6) Ll DV(9>9) ) GO lu IS
RE TURN
END

* :4B- 22
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SUBRUTIN SUT C KNOLTR 74-70

C 10 ± JANUARY 19i4 CREVIStiD)

C--- IS SULbHOU1 iN! DF.I.Oi ' IE DRATA NE(.i-S~frRY tO PLOT A KNIFE EDGEfr
C--SCAN OF A BEum nf THE OUTPUT RI-FI-RENCIE PLANE OF A

4C--.-- PARTICUI.AR OPTICALt SIJRutiC-..
C

COMMON RAYi(C4,250), DlEYC (, 2-0), 1 RFC?50),I)YC<S5), NBLK, NRC(24)A
COMMON4/PLTS//IfU-C6SO00)AC),P3),xc)ycsm NEC2>,LINX,LRBLCS,8)
I XPC20(0),XMfIX,XII,DX,YMO)X,YMIN,DY

DIMENSION C050,~2)

E-QUIVALENCE CDEFV,C)
2 FORMAT COHKN141IFE EDOI: SCAN)
4 FORMAT C20HPFR CE NT ENI-RGY)
6 FORMAT C IHO FOIIY'E1P Y ES,% iYPE i3 Ili-R Ho0

A ~~i 4ZHHEIOT KNIIE 1-00OE S-CuM WIlli NEW l'1MINSIoNE)
8 FORMAl C. Ii )
JO FORMAT C IH@1?.6111F MISI'AKE ON INPUT lYPE i/

± 42HNEW- DIMI Ns-ItN \:XXXXXXXX:XX ,MiS'itiKE \ X I.X,±H@)
1.2 FORMAT C El? ?, It)
14 FORMAT C ±H@, 2'oINrUT MIS I rIKE 1<1- i YE I tipli )

C
C-----INITIIL I/F.liilt (ili'II PiRIl- IFExS 1 'iR 11lI- KNIH- ED6E SCAN PLOT.

ENCODE C 20,;e. 1 111 Ct, I))
ENCODE C 20, 1, t AW C1,8 )y
PUi) 1.V1$ p) 5.0$
Y(7C) =0.5 t; YCA) 3. o$
tI. E() 0 $IJC) 0
YMIN 0.

DY =21.0.
XMAX = O)VC()
XM IN -.rVC? )

C- CALCUI A tl. W I A il H1NLiWI f< OFRA,.

tNY = 0

DO 22 J .'i, tilt! KI

Y'lOT111. "* NRY
C

C ~- - ROM TFil- SCAN 1 MilId MFI-Ni Ciii (*UI 11171- 1 Hr. NI Ii1tilW OF PO INTS FOR THEEt
C-. - Pt OT fiND I N I ItIill T ?h I Hi- X 111 l) Y Pus II I' At'-,

* C 21 OSCAN m 0~li/%I

DO 24 J tN

1P-23



NOLTR 74-70
AMULT J J.I

CCJ, i) XMIN 011111l.1 'bs:CtiN
24 CC(J, 2) =0. 0

C

C- SCAN I1HROLJOI FACH BI.OCK OF RAYS AiND lufiL. TfIll NUMBER OF RAYS
C--- FOR EACH X PIISI1TIOII.

DO 283 J ,, N01 K

WRY = NRCJ)

IF ( WRY .EQ. A ) 00 TO 28
CALL FRI-flD C 4IIRAiYF,3, RAiY,S8*NRY >

26 IF C 1R~fATI:C4HRAfI4) .fNE. i )0 G 10 26
DO 28 1 1,
DO 28 K I1, NW?
I F C RAY(i, K) H: . ' 1,LI ) CCL() , CC11 2) 1.0

28 CONT INUE
C

C-- - COLCUL.Alh Till. 1'UR CENT OF -NEROY AS ifik I IGili BEAN I_; SCANNED.
C

DO 30 J :. i
310 CC(J,2) 1: 00. t-:CJ, 2) /Y10i11I

CALL FWRITE C 41X01W~f,,CCl,tt2*wN)

3?IF C I W- I HTI- C 4IIXlWt )H t: I 10i 10 32

CAL.L FWR1 iE C >'~lciCC,) *
34 IF C 1W-a fITI:C 4;I'etiI.) .1NF. J 1 0 TO 3'1I

ZELK = NPK

INRY NRC±)
NBI-K=
NRC±l)=N
CALL CiRttt'HiS C R)
WALK = IPLK
NfRC) =INRY

C
C - -OPT ION Tu RII. 1 'J r okiiI' 111111 NI-1H-1 :L

WRITE (~)9, 6)
READ Cbf,8) I

IF C I .UE-Q. 0 )r10 10 4w1

WR I TE 1.90)

.36 R[AD C$.1, 1?1) DI11, 1-11Sl IKE
IF CMISiAKF .Ff. i i) 00 :0 3

WRITE C j9,i14)

00 TO 36j
: 3 XMlAX DIM

XMIW DIM

DX D IM/,!.w

403 RETIURN
I- N D

B- 24A
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SUBROUTINE S)NCOSi( A,B )

C-- THIS SUBROUTINE CALCULI'IES ".'H[ SINE AND CIOSINE FUNCTION OFC-.-. ANGLE A ( IN RADIANS ). TIh OUIPUI IS IN THE B ARRAY.
C

DIMENSION B(2)
T= n
B(U) = SIN(1)
8(2) = COS(T)

RETURN

END

B-25
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SUBROUJTINE 1 tcluE tNRY..fZLRO)

C

C----- THIS SIJHROUF'INF. iRACES A RAY I-ROM AN INPUT I4ENENCE PLANE THROUGH
*C-- -- A REFLECTING OR REFRACtIWOG P'AI1NE SURF flE TO FIN OUTPUT REFERENCE

*C~----- THE C ARiciw IS IJsD FOR INIERMFDIOE cot Cutsit ION~S.

C
C-,-- - AL L ANGIEV DfiA MUStI BE I N RAD IANS.
C

COMMON RiY (4, 250 5,D[[YV i, 250), IRFa';bO), DV i0), NIK, NkC24)
DIMENSION C(40)
DO 660 J -~ 1, NK Y
IF ( IRFCJ) .EQ). 1. ) Gu iu 60
IF ( DV(22) - Q 0. 0 ) GO TO 315
DO 30 I = 1,5

.1O DV(I+4) =DL-VCI,J)

25 CONTINUE
DO 40 I : 1,40

40 C(I) = 0.0

C
C-- --- CALCUL Al E DIKt-v II UH COS;W- 01:: O INUPUT IdlY.
C

Ti = TAWF C RrtY(%,J) ) $ T2 :FANI- c. RAY(4, J))
c(30) = 0os C mmtA C buNfT CTI-tTl + T.rl ) ) )

C(28) ='VtCC.t0) $ C<:;9) T2'-C(30)
C(31) = NY(1,J) $ C(32) RIIY?;.J) -* C( <3) = -DVC2)'

C(5) =DYCI)
DO 42 I - 1,P

42 CALL SINCOS. C DVCIF4),CC;;fI1-i))

C

C- - I = i , CALCIti 1,01FOH) Of REF-I FL)ION uN NEt tdCIttION.
C- - - I = 2 , CALC.t11 fil: 0111 NOf0- RAY Oil out t' PLWIE HND ITS DIRtCT ION.

C
DO 50 1=-t2

CALL SIN~C3S1 ( C(tl)+DY(b),CC6))

IF ( DV(isY .' -O. 0 V3 ) CC?) = A1/FVOtC((1)

0(10) =C(4) $C0.3) = C(3)tCr8') t C06) G(3)*tC(6)

C(11) =0.0 $ 0(14) =--C(6) I CCI?) C(7)

C(12) =0(l) t (15) =-C(4)-tOQ') $ CC1,0) --C(4),rC(6)

I F C 1. tC 2 ) tin, TO 5?

C(19) = 0(4) t CG'?) - 0(0*C(i) $ C/)) - -CC3)tCC )I
C(20)= 0 0 1 C(3 tG? C C(21f - CUi)
,;C21) 0 (3) i C(24) C(A)i-CCI) i C0'< - C( 4 )iCC<?)

GO TO 54
t3;7 CALL bIN'WOSi( C( CelC8 )

C(9) =ft/EROfC() I
C(19) j C? 0 0 t C(-,) - 0

B- 26
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C(20) = 0. 0 $ C(23) = C(S) $ C(26) = C(9)

CC(21) = 0.0 $t 0(24) = -CC9) $ 0(27) = (8)

54 CALL. MATVEC < C(iO),C(28),0C(28),U--:)

CALL MATVEC < C(iO),CCVL),CC31), I--i

C- CALL MATVEC C C(i9),DV(?) iC(34)0 )

DO 56 L =31i33

56 C(L) =C~lCL3

IF I . (.Q. 2 ) C(3) Cc ovo
* Ti.1 CC28)/C(30)

T2 C (29), ;(390)
6C(3i) = (31) - 1*0(33)
I. C(32) = C0132) -. T2*C(3s)

(7 C(33) = 0. 0
IF ( I.EQI.2 ) 00 TO 50

C(28) = DV(lt>0C(28)
* .C(29) = DV(it.)*0(C29)

C(30) = *D(.0) *sa1 F C 1. 0- DVC<iI)*DV ii)*C .t- C(30)*C (30) )

C(5) = DVCO):I1CASF C DV(i±)*COiS (C(5)))

S0 CONTINUE

C
C---- OUTPUT RAY RtFLnrIOusiIIP.

RAY(t,J) = 0(32>)

C RAY(2.J) = C02)

RAY(3,J) =REAM C 1It )

PY(4,J) = AffN c 121 )

60 CONTINUE

RETURN
END
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SUBROUTINE TRHNSFER
C
C 24 NOVEMBER 19?3 (REVISED)

C
C THIS SUBROUTINE HILL TRANSFER THE RFIY DRIH OENERATED BY THE
C RRYTRACE PROURAM FROM iHE RAYF FILE TO IHE BEAM FILE. THIS WILL
C ONLY BE NECESSfIRY IF IT IS DESIRED TO SfIVE THE DATA FOR LATER USE.
C

COMMON PAY(4,250>,DEV(5, 25O), IRF(250),DV(50),NBL.K, NR(24)
CALL FW.ITE ( 411NRYF,1,NBI.K,25 )

52 IF < IWSTATF(4HNRYI) . NE. i ) O fO 52
DO 60 K = i, NBLK

NRY = NR(K)
IF < NRY . EQ. 0 ) 00 TO 60
CALL FREfID < 4HRflYF, K. RAY, 8*'NRY >

54 IF < IRS ITI:(4tIRfV'?.) NE. 1. ) 00 '10 51
CALL FWRI'IE ( 4IBEAM, K, RAY, ENI'Y )

56 IF ( IWSI'ATI(4HIEAM) . 1E. 1 ) (30 10 56
60 CONTINUE

RETURN

END

i.i

• it
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SUBROUTINE 
WRIT I:I-

C
C...9 NOVEMBER 19"t3

C---- THIS SUBROUTINE NILl. WRITE THE OUlPUl SEIiM PARAMETERS.

COMMON RAY(4, 2510, DE'5, 250), IRF(250), DV(O), NBL.K, NR(24)
C

4 FORMHT ( i1H,4XitHOUTPUT H-ERIM,IH: )
6 FORMAT ( C5, 1.I1), 4E2 .0. 7)
8 FORMAT ( 1HO, 4Xi5HI.OCK UINBEI, = , 12, 5XI <1BI uCK SIZE = 13// )

PRINT 4

DO 26 1 = ±,NBLK

NRV = NR(C)

IF ( NRY . EQ. 0) tO TO 26

CALL FRFFD ( 411R11Y-, I, RAY, 8t'NR )
22 IF ( IRS1AiTF(4IHRAVF.) . NE. i ) (00 0 22

PRINT 8, 1, NkY

DO 24 J = i,NRY
241 PRINT 6, C J, C RAY(K,J,K:i,4 ) )

26 CONTINUE

RETURN

END
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