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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 cptical system for application on a digital computer. The
optical system iz comprised of a large class of reflecting and
refractiny 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.

RAYTRACE is the name of the computer program that traces the
lignt beam through the optical system. As a light beam is traced
i through an optical surface, the number of rays that have failed
3 4o pass the surface is given. The rays that are outside a given

- minimum and maximum radius at the output distance from the

E A surface are considered to be ray failures. After the beam has

¢ been traced through the optical system, the beam can be retraced
through tihe system with new input data by entering the data
through the console typewriter. The output options include a

X listing of the output beam parameters and graphics at the output
B of any particular optical surface. The graphics consist of a

= B cross sectional view and/or knife edge scan of the output beam at
: $A the output distance from the optical surfuce.

B A R e

A »lane 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

3 the ray refracted or reflected from the plane surface is
developed for aplane surface system. This relationship is
referred to as t'ie 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

. nlossary, Appendix A.
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MATHEMATICAL BACKGROUND

The coordinate systems defined in this report are right
handed orthogonal coordinate systems whose axes are xj, Yj' and

zj. The subscript j designates a particular coordinate system

where j = 1, 2, ... n. An alphabetic subscript in conjunction
with a numerical subscript designates a particular point in a
particular coordinate system. For example, point A in the 1
cocrdinate. system is expressed as xlA' YlA' and zlA' Unit

vectors, whicg are parallgl to the xj' Yjv and zj axas, are
expressed by xj, Yj, and zj. Transformations between the various

coordinate systems are determined by sympolic rep-esentations or
Piograms (ref. (a)).

The direction of a vector
V = AX + BY + C2Z (1)

is defined by the thrae angles a, B, and y measured from the
positive X, Y, and Z axes, respectively, to the vector V. The
cosines of a, B, 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

V=cosaX+cos BY + cos vy 2. (2)

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

2., -, (3)

cos® a + cos® B + cos
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

- %X Y. ~-Y. 3. -3
Xg = Xy Yg = ¥y Zp = 2y (@)

= =
cos a cos B cos Y

where cos a, cos B, 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 developad to handle both cases. Straight line
oropagation is assumed. Taking the refraction case first, as

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

V; = cos @y X + cos BI Y + cos Yy 2 (5)

where the subscript I denotes the incoming or incident ray. The
refracted ray has direction

VR = cos ap X + cos BR Y + cos Yr pA (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 Ty = 2 + V. = -cos Yr (7)
and
sin ‘tI = 'rl - c032 Ty = Vl - cos2 Yyo (8)
trom Snell'’s Law
. ny
sin 1, = E; sin T (9)

where ny is the index of refraction of the medium of the incident
ray and np is the index of refraction of the medium of the
refracted ray. The ratio of n, to np is defined by the symbol N.
From equations (8) and (9)

cos Tp = ‘[1 - sin® TR = dl.- N? (1- cos2 YI). (10)

Since the direction cosine is measured from the positive axis

cos Tp = cos (180° ~ TR) =-cos Tp (11)
where cos YR is the direction cosine of the refracted ray.
Therefore,

cos Yp =-VG.- N2 (l-cosz YI). (12)

2 v =
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Since the component of the ray paraliel to the refracting
surface doas not change direction, it must be true that

co8s O cos 2

R X
cos E; * cos Bi‘ (13)
From equation (3)
cos? ap + cos? Bp + cos? Ygp = 1. (14)
Using equations (12) and (14)
cos2 Gp + cos2 BR = ] -cos2 Yp = N2 (l-cos2 YI).
Utilizing equaticn (13)
2
cos® a
cos2 BR (—T—I)-& eos2 BR = Nz (:L--co:s2 71)
cos BI
2 2
cos® a, + cos“ B
0052 BR ( L % I) = Nz (1~cosz yI)
cos BI
2
l - cos” v .
c052 Bn ( % I = Nz (1-cosz YI).
cos BI
Therefore,
0032 BR = N2 cos2 BI
or
cos Bp = N cos 8. (15)
By the same method
(16)

cos uR = N cos aI.

refracting ray is

~

cos BR f + cos YR Z

Therefore, the direction of the

VR = CO3 “R X +
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cos ap = N cos Gy (17a}
cos BR = N cos BI (17b)
cos Yp = -Jl - Nz (1-co:=s2 YI). (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 3
obtain the reflected ray direction, the sign of the normal 5
component of the incident ray in equation (5) is reversed.
Therefore, the relationship of an incident ray with direction

vI = Cos ay X + cos BI Y + cos YI Z

and a refracted or reflected ray with directica

V., = cos Gn X + cos BR Y + cos YR zZ

R
is obtained by rewriting equations (17)
cos a, = N cos ap (18a)
cos B, = N cos Bp {18Db)
cos yp = <RP 1l - N2 (1--cos2 YI) (18c)

where

1 refraction
RP =
-1 reflection

nI/nR refraction
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. 1If G is the complement of

the angle of incidence, then GR’ the complement of the angie of
refraction, car be determined from Snell's Law.

sin (n/2-6R) = N sin (ﬂ/2-61)

L ettt o i——
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Figure 2 Reflecting Surface
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cos OR s N cos GI.

) Therefore, 6, for the output ray can be determined by rewriting
equation (19) as follows
.
8, = RP cos™? (¥ cos @;) {20)
where
IN cos 6] < |
n for the refracted ray to exist.
\A
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Chapter 2
PLANE SURFACE SYSTEM

REFERENCE COORDINATE SYSTEMS

The plar2 surface, whether it be reflecting or refracting,
is used as tae basic element of an optical system in this report.
This plane surface along with the assoc.ated references comprise
the plane surface system. This system coasists of a reference
input ray, a reference plane, and a reference output ray. The
output ray is either a refracted ray or a reilected ray.

Coordinate system 1 is the coordinate system of the plane
surface reference. As shown in Figure 3, the piune 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 xl = (0 plane.

Originally, 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, ¢ and n, are measured with respect to the coordinate
system attached to the plane surface. The coordinate 3ystem
attached to the plane surface is designated coordinate system 3.
The rotation angles, € and n, are defined by the Piogram
(ref. (b) and ic)) of Figure 4. The coordinate (xlD, YlD' le)

describes the translation of the origin of the plane surface from
its reference position, the ovigin of coordinate system 1. The

2. = 0 ,lane is the refracting or reflectiny surface aftcr the
tganslation and rotaticn of the plane surface.

The coordinate system of the reference input ray as shown in
Figure 3 is coordinate sysiew 2. The origin of this coordinate
syscem is located at a distance RI from the oxigin of system 1

along the reference input ray with direction ﬁp. The X; = ]
plane is ceincident with the &, = ¢ plane.

v Coordinate system 4 is the cooxdinate system of the re?erence
output ray. The origin of coordinate system 1 and the origin of
coordinate system 4 are separated by the distance RR aleng the

cutput reference ray with direction §4. The xl = (0 plane is
coincident with the X4 = 0 plane.
2=1

S S ot < WA s a

TR TR I AN rgit
. X i i
Rl g e e e A b et PR R A i ¥y ot me e o e e




oie0 Hg SR
AT s

TR,

LY

T

Pt

auRTg 9oUIIIFOY
sndang uor3cexIVY

e
iy

we3sks

R Tty
LR S N

£
NS

'a}
e et

T

NOLTR 74-70

S0RIINS SURTI XOF SVURT IOUIIIFSY € 9INBTI

o Bz

P ey
o gt
L

»QHH
€, \
f\

m
N

e

souaxIdFeY adwvIans nuw.ﬂu .uﬂv
JURTI BCOUSIIFSY
INQ UOTI0VTFOY

e

€x
u
\A\% Ty
I

MUY

q

oousaeIey Indur

¢

Ve v s o

3 M & T T e S
it

3 MO AL T B T

O R 1o AR Ak i)




& , T AT, PINELihd 1 POy P L S Cl PR It AT NS Y
- - et e’ 4 At 2GS e 4] <~ M -
N R I o S S S e T AT At

NOLTR 74-70

'
7

Figure 4 Piogram Relating System 1 to System 3
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Input Ruy Deviation

The igput ray deviation from the input reference ray with
direction Z, nan be uniquely described by two linear positions

and two angular positions. The linear positica is simply the
distance from the origin in the Z, = 0 plane, ‘“he coordinates

of the input ray deviation from the input reference ray are
‘xzn' Yzb)' The angular deviztion from the inp:.t reference

direction 'is the deviatior from the 2, directicn. These two
angular deviations from the input reference dirzction are ”2
and wz. As shown in Figure 5 ’2 is the angle that the proiection
of the input ray on Yz = 0 plane makes with the 22 direction.
wz is the angle that the grojection of the input ray on the x2
= 0 plane makes with the 22 direction.

The direction corines of the input ray can be determined

from the input ray's deviation angles and equation (3). From
Fiqure 5

X = V cos a, {(21)
Y =V cos 82
Z =V cos Y
and
tan ﬂz = X/2 (22)

tan wz = Y/Z.
Therefore, by substitution of equation (21) in equation (22)

tan ﬂ2 = cos az/cos Yz’

tan ¢, = cos Bz/cos Y e (23)

Equation (3) can be written as

2 2 — 2 2
cos” a, + cos 82 = sin” v,
or
cos” a, cos2 82 sin 72
+ = el (24)
cos” v, cos” v, cos Yz
2-4
Y 'M" e
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Figure 5 Angles Defining Input Ray
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Using equation (23} in equation (24)
2 Yoo

Hence, equations (23) and (Z5) can be used to determina the
direction cosincs of the input ray. The same considerations
apply to the output ray.

tun2 ﬂz + tan2 wz = tan (25)

Input-Output Ray Equations

The linear deviations of the input ray from the input reference
ray are x2 and Yzo The input ray direction is

~

VI = cos a, x2 + cos 82 Y2 + cos 72 2 (26) '

with angular deviations of ”2 and $2. The plane surface translations
are xlD' YlD' and le with angular rotations of ¢ and n.

The Piogram of ¥igure 6 relates the input reference system
(coordinate system )} to the coordinate system attached to the
piane surface (coordinate system 3). Since unit vectors in
rectangular coordinate systems are independent of position, the
Piogram of Figure % is used to determine the relationships awmong
the unit vectors by setting Ry = X;p = ¥4 = le = 0. Then the
input ray direction with respect to coordinate system 3 is
determined from these relaticaships.

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

cos 1N cos (61+e) sin n sin (GI+e) sin n
T, = 0 -gin (eI+e) cns (GI+e) (27)

sin n ~co8 (OI+e) cos 1 ~sin (Oy+e) cos 1 :

Using equation (27), the direction of the input ray with respect
to system 3 is

~ ~ ~ A

VI = CoS a, x3 + oS 83 Y3 + ces Y, 23 (28)
where
cos &g cos a,
cos 33 = TI cos 32 . (29) |
cos Y, cos v, ?
4
R
2-6 .
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The coudinate of the point where cthe input ray interseccts
the input refersrce plane in terms of svatem .» coovu2inates is
denoted by the subscript Q. The coordinate relationsnip can
&lso be determined frem the Piogram in Figure 6 with the equation
given as follows:

x3Q x2D cos 7N sin € sin n =-cos € sinn xlD
Y3Q = TI an - 10 cos sin ¢ YlD (30)
239 ' ~R; sin n  -sin ¢ cos n cos € cos nj |2,

Using equation (4) the equaticns 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 iacidence
is given by the plane Z, = 0. Therefore, the point of incidence
on the plane surface is”

X = X - 2 Sgi:ii (31a)
3P 3Q 3Q cos Y4
Yo =Y, - 2. e ’3 (31b)
3P 3Q 3Q cos Yy
23p = 0

In order to determire the direction of the output ray
equation (18) is used. In addition, equation (22) is used to
determine the complement of the ancle 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

L) - ® " [ ] o
VR = cos a', X, + cos 8 3 Y3 + cos Y', 2, (32)
where
-~ t =
cos a', 1 cos ¢y
U t—1
cos B 3 N cos 33
cos 7'3 = ~RP 'G.- Nz (l-cos2 73)
and

_ -1 .
GR = RP cos (3 cos OI)

2-C
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In Figure 7 the Piogram shows the velationship between the
coordinate system attached tou the plane surface [sysiem 3) and
the output reference plane (system 4). The transfcrmation of
vectors from aystem 3 to systenm 4 is

cos N 0 sin n
TR = | gin n cos (6R+e) -sin (0R+e) -cos n cos (0R+e) . (33)
sin n sin (GRfe) cos (6R+e) -co0S n sin (6R+e)

The direction of the outprut ray with respect to system 4 is

A

VR = cos a, x4 + cos 84 Y4 + cos Y4

~

z4 (34)

where
]
cos a, cos a',
¢
cos B4 = TR cos B 3
cos v, cos y'3

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

Y4Q = TR Y3P - 0 sin GR cos GR YlD -10 (35)
z4Q 23P 0 ~-CO0S8 QR sin GR LZID LRR

The point of incidence cf 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 24 = 0.

Therefore, the point of incidence of the output ray on the cutput
reference plane is

CcoSs 0.4

Xap = X4q ~ %49 os Y, (362)

Y =y, -3z, ©C0838 (36b)
4D £Q 4Q Fo_s—_f'
4

Z4D = 0 (36¢)

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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cos a,
= X4Q - £4Q -(E's—-y—‘; (37&)
cos 84
Y4D = Y4Q - Z4Q -é—o-s-——Y-; (37b)
By = tan™t (cos a,/cos v,) (37¢)
-1 -
¥4 = tan = (cos 84/cos Yq! - {374)

These output ray parameters, de, Y4D' ¢4, and w4 are used as input
parameters for the optical surface that follows.

INTERFACE BETWEEN TWO PLANE 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. 1If
the twe coordinate systems are not coincident an interface between
the two systems is required. This interface from the output
ccordinate 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 2, axis as shown in Figure 8. A

sositive rotation is determined by the righthand rule about the
reference ray direction. The magnitude of the rotation is the
angle, A, 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.

2-11
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E Chapter 3
QUADRIC SURFACES

The elements that comprise an ¢ptical system may have quadric
surfaces rather than plane surfaces. Therefecre, if a plane surface
is considered to be the basic subsystem of an optical system, then
the relationship between a quadric surface and the plane surface
system must be developed. The basic eguaticn of a quadric surface
can be written as i

axl +BY2 +c22 + Dz = E (38)

o eygm ey

d where the Z-axis is the axis of syvmmetry. The center of symmetry
may translate in any direction with respect to 2 reference.
However, here misalignment of the axes is not allowzd. The
translation of the center of symmetry in the XY plane is kncwn as

AN

T L

decentration. PFccusing is the translaticn ¢f£ the center of symmetry

E along the 2-axis. Therefore, equation (38) becomes
1 ax-c)? + e(y—cy)2 +0(2 - (C+F)? + (2 - (C+F)) =E  (39)
'i where C_ and C_,6 are the decentration coordinates, Cz is the 2
% coordinate for the center of symmetry, and F is the focusing parameter.
5 The types of quadric surfaces generally considered for an optical
q . system are an ellipsoi., a hyperboloid of two sheets, and an
4 elliptic paraboloid as shown in Figure 9. 171he equations for these
y surfaces are
a 2 y? g2
3 S bt = 1 (ellipsoid) (40a)
2 a b c
: x> y? | 22

-~ =5 = =3 + =5 = 1 (hyperboloid of two sheets) (40b)

a b c

Kf + Zf L é = 0 {ellintic parabolcid) (40c)
. b

with the 2~axis as the axis of symmetry. Scheres and cylinders
are simply special cases of these quadric surfaces. The constants
a, b, and ¢ are the semi-axes lengths for an ellipsoid. If a = b = ¢,

3-1
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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 hyperboloid
.0f two sheets, the constant ¢ is the vertex of the surface on the
Z-axis. 1If fx ig the focus of the hyperbola in the Y = 0 plane

and fy is the focus in the X = 0 plane then

and

2 2 2
b™ = £ - ¢,
Y
In the case of an elliptic paraboloid the constant ¢ is the
location of an ellipse along the 2 axis with the semi-ases lengths
of a and b. Table 1 lists the constants that are substituted into
equation (39) to obtain the desived 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 rotaticn parameters are equivalent to the
coordinate (xlD' YlD' 210) and the angles, € and n, as outlined in

Chapter 2. Figure 10 shows a gquadric surface with “he 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 2 = Cz plane.

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

~

+ cos B,Y, + £os Y,2, (41)

A

Ve = cos o, X

I 272

with a deviation coordinate cof (XZD' YZD;“ From equation (29) and
getting e = n = 0 and eI = 1/2, the direction cosines and the
deviation coordinate with respect to system 1 are

cos 6y = cos a2 {42)

cos Bl -COS 82

cos y, = =cos Y,
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NOLTR 74-70
The point of incidence is determined from equation (4) and is
x.a X0 * (Z-R) cns ul/cos Yy (44)
Y = YlQ + (Z2-R) cos Sl/cos Yy
where (X, ¥, 2) 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 g-R tan ﬂ)z + B (Gy+z tan Yy~R tan w)z (45)

2 =
+C (2-6,)° + D (2-G,)) = E

where
Gx = le - Cx
Gy = YlQ - cy
Gz = Cz + P

tan # = cos ul/ccs Yy
tan ¢y = cos Bl/cos Yye
By combining terms, equation (45) is rewritten as
Az2 + 82 +@ =0 (46)
where
R =2 t.an2 g+ B2 tan2 vy +C
8 = 2A (Gx-R tanu @) tan g + 2B (GY—R tan y) tan ¢ - 2¢G, + D
@ = A (G-R tan ) + B (G,-R tan n?+ca? -6, - B

with two conditions that

8% - 44 20 (47a)

Al + 18, #0 " (47b)

If either of these conditions are not met, then the input ray
does not intersect the quadric surface.

3-6
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From equation (46), the z~coordinate of incidence is

'/z
B *SVB” - 4Af oy 0 and B2 - 4R 2 0

2 = 24 !

(48)
- /8 , &=0and B¥ 0

where S equals *1. S is the parameter that determines whether the
quadric surface is concave or <sonvex. In order to solve for the

correct sign of S, let # = y = F = cx = Cy = le = le = 0.
Substituting into equation (48) the result is

266, - D + S Vrnz+4r:c
7 = 3C

E -
Gz + 5 C=0andD¥ 0

D° + 4 EC 20 and C # 0 (49)

Using Table 1 and equation (49) the result for an ellipsoid is
2 = 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 = 4] 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 = 41 and convex for € = ~-1. The resulting eguation !
for the Z-coordinate of tie incident ray on the surface of an 1.
elliptic paraboloid is

2 = Gz
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 ¢ > 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 gquadric surface. Now, the normal to the surface
is

2

o= 2 2 .
N=V [A(X-Cx) + B(Y-—Cy) + C(2-G,)° + D(Z-Gz) -~ EJ (50)
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NOLTR 74-70
and the equation for the unit normal is
N = % ({2A(x-cx)} X + {2B(Y-CY)} Y + {zc(z-Gz) + D} 2] (51)

where

N = VI4A2 (x--cx)2 + 4p% (Y-cy)z + [2C (2-G,) + p]%. (52)
From the Piogram of Figure 4, the normal to the plane
surface is
23 = gin n 21 - sin € cos n Yl + cos € cos 0 zl. (53)

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

sin n = 2A (X~Cx)/K

or
n = sin”! (22 (X-C, ) /M) . (54)

Also,

sin € cos n = -2B (Y-CY)

COS € COS 0 2C (Z-Gz} +D

and the ahove two equations yield

-28 (¥-C,)
tan € = 3T (6, ¥ D
or
~2B (Y-C)
S | v (55)
€ = tan ( 2C (5-G,) + o)

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 relationship between =he plane
surface system and a quadric surface is summarize3 as follows:

X1D = XlQ + (le-RI) cos al/cos Y, (56a)
YlD = YlQ + (ZlD—RI) cos Bl/cos Yy (56b)
3-9
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-8 +5V8%- 44, 4y 0 g2 - ME2 0

zm - (56¢c)
-0/8 , A= 0and 8% 0

n = #in"l (28 (X-C )/N) (56d)

_y [~28 tv-c)
e = tan " \ (e T D (56e)
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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, i
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(1l) to DV(21l) 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. Por 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 anéd 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

R UL T el W LT e 2NNTEMRL L A Ry A S WS

K

I v




V(1)
Dv(2)
Dv(3)
DV (4)
wi(s)
v (e)
V(7
DV(8)
DV(9)
DV (10)
DV(11)
DV (12)
v{13)
DV (14)

Dv(15)

NOLTR 74-70

Table 3

DV ARRAY VARIABLES

[
4

[y] »ZFQ-F

e}

4

1D

1p

1D

i Ky S i i 6k

€ L
ITRT NI s N L TXNR I ] TS BB

Dv(16)
V(17)
DV (18)
DV(19)

DV (20)

Dv(21)
Dv(22)
DV(23)
DV(24)
DV(25)
DV(26)
DV (27)
DV (28)

DV(29)

Optical Shape

Radius of Cross Sectional
Area

max

Rhin

Number of Present Optical
Element
Run Number

Magnitude of DV Array

Number of Elements in Optical
System

DV (30)-DV (50) Blank

S T s h
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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 ¢hrough the same optical system by

. Setting sense switch (4) and inputting the new parameters through
the typewxiter for the appropriate optical surface. Initially,
the input beam to the optical system has beern 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 Leam 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. Ingut

The data for each optical system are read from the card
reader and stored in a data file. The data for each optical
v system consist of heading infermation and data for each successive
' surface in the system. As the beam is traced 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. Thnis 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
g more heading information will follow. A one indicates that all
heading information has been rcad into memory. The data card with
a one in column seventy-two must separate the heading card: 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 car@ 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(I4, E14.7) for each card. The location of each variable
= in the DV array is denoted by the I4 format and the value of that
' variable by the El14.7 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 A
input data for that particular surface have been read and stored v
in memory. Therefore, the last data card cf the input data for %
an optical surface should be an integer fifty in I4 format. The g
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Figure 11 Data Deck Setup
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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 showxn in Figure 11.

b. Output

. The first piece of informa*ion 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 cof rays
gstored in each data block on the disc before and after the rays
have passed through the cptical surface. Then the total number
of rays that have failed to pass through the current optical
surface ic listed. If sense switch (3) is set the output beam
data for the current optical surface are listed for each ray.

The format is (IS5, 1H), 4E20.7) for each ray. This information
is the cocordinate of the ray in the output plane (X4D' Y&D) and

the angular deviation (!4, ¢4) of the ray from the output reference
ray.

SAMPLE PROBLEMS

a. Ellipsoidal Mirrox

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 cne of its properties. If a ray originates at
one focus point of an ellipsoidal mirror the ray will reflect
from the mirror andé pass through the other focus point. The
parameters of the quadric surface are a = 6, b = 6, and ¢ = 10.

If the reference system of the quadric surface iz placad at the
vertex, the center of symmetry is at Z = 10. The input and output
reference planes are at the focus points 2 = 2 and 2 = 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 a%
the other focus point after tracing the beam thcough the mirror.
Figure 13 lists the input data deck used for this sample problem.
The two zuns 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 roint of 2 = 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 *he beam at the digtance Z = 2 is showa in rigure 16.
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DATE i1/e8/73 DISTANCE = 18.900
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FPigure 14 Cross Section of Beam at Focus Point
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CROSS SECTIONAL VIEMW

RUN NG.2 SURFRACE NO. 1
DATE 14/08/73 DISTANCE = 2.09

-2.90

Figure 15 Cross Section of Beam at 2 = 2
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KNIFE EDGE SCAN

RUN NO. 2 SURFRCE NO. 1
DATE 11/08/73 DISTANCE = 2,0@

k
2

i

Suekres, 31

SRS ,-g\ S YA,
e IR AN S Y

4
ae
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o
123

‘
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o
180'. ee

A
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- ] ) [ L

f T l 1 4
-2.00 -1.50 -1.00 -2.58 & 08 0.5@ 1.00 1.5 2.00
X RXIS

Figqure 16 KXnife Edge Scan of Beam at Z = 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 3
section of the reflected beam in the plane of the focus point
Z = 18 is a line parazllel to the axis of the cylindrical mirror.

A v pee v s
SORE SR
L

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 i

4 separated by a distance of 124.2. The spherical mirror is surface 3
b one with the center of symmetry at Z = ~73.6. Surface two is the
' ellipsoidal mirror with the quadric constants a = b = 675.13995 R
and ¢ = 1415.5712. The center of symmetry is at 2 = 1415.5712. S
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 mirroxs. With the separation distance of 124.2 the beam
will focus at infinity after reflecting off thz 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. :

T NLSAY 0 e e R e T,

'™

LR

AP

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 n radians is necessary
to orient the two coordinate systems.

SRARE
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18
18

figure 17 Elliptic Cylinders
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RUN NO. 09683
CONCAYE ELLIPTICAL CYLINDER
A=8 ,

B8=6 ,

13787963+00
00000000+00
02000008+80
22098c000+28
18090800+00
00000000+080
9000000803 +08
10000000+00

RUN NO. e8004
CONCAVE ELLIPYICAL CYLINDER
A=6 ,

B=0 ,

13707953+09
00800000+00
8e0080080+00
277?77?78-02
100200080+00
00000000+00
00000000+00
12800000+00

Figure 18 Input Data for Cylindrical Mirror

pram iy fenanzy o
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c=10,

2

6
1¢
14
18
22
26

C=18,

2

6
10
14
18
22
26

NOLTR 74-70

SURFACES = 1 THRU 1

C2=106 , RI=2
200000080+00
02060000 +00

~10000008+080
2777?7778-82
22800000+00

-10000000+20
10000000+20

SURFACES = 1

C2=10 , RI=2
280080000+80
908028008+00

-18008002+08
eesee8en+00
00000080+008

-10000800+08
1800090V +00

DATE =
s RR=18
3 i8e0608C+0L
[e 0006080000+09
11 18000000+08
135 100000800-02
19 60000000+080
23 20000000+01
27 30800000100
THRU 1 DATE =
» Rk=18
3 180600000+01
? 009280000+08
i1 10808000+00
15 12000008~02
19 000087800+00
23 200008000+01
27 48000000+00

4-13

¢ DEC 1973 0

e

o

i

4 000380008+060

8 00000020+09

12 -10000080+090
16 20000800+08
20 i2800e00+01
24 20000000+01
28 3090608008+01
? DEC 1973 9

]

0

i

4 000008000+08

8 00600020+00

12 -10000000+00
16 00000800+080
20 109008000+06L
24 20800000+01
28 30030000+01
2
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NOLTR 74-70
CROSS SECTIONAL VIEMW

RUN NQ.3 , ' SURFRCE NO. 1
ODRATE 12/87/73 DISTANCE = 18.08

D2 I T e

20.08
Y AXIS

15.00

1.9.09
cmed

5.08
SN P

-15.77  -18.68  -5.08 @& 2a 5.8g 10.08 15.e¢ 20. 080
X AXIS

-

-20. 8¢

--20. 08
l. -

Figure 19 Reflected Beam from Cylindrical Mirror Parallel to X-Axis
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CROSS SECTIONAL VIEW
RUN NO. 4 ' SURFACE NO. 1%

DATE 12707/73 DISTANCE = 18.00

20. 08

¢ AXIS

T 1 { 1
S.ee 10.08 15.0608 20.00

X AXIS

P. 99

~-15.89 ~10.00 ~-5. 00
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Figure 20 Reflected Beam from Cylindrical Mirror Parallel to Y-Axis
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124. 3
Figure 21 Telescope
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NOLTR 74-70

RUN NO. @2e8s SURFACES = 4 THRU 2 DATE = 12 DEC 1973

K INPUT BEAM : RMAX = 8.9 e
i3 RMIN = 3,2 0
E: OUTPUT AT Te, @88 e
; SURFACE 1 : F = -8, 376 .
24 4
e © 1 43787963488 2  11008000+82 3 12990860+82 4 0PO0E03B+0R
- 5 ©0800000+80 6 @0eeAVB0+08 7 209P0BYR+08 S  COOCEBEE+60
g 39 ©9000008+80 10 -180000088+08 11 18000800+00 12 10020090+09
2 13 198000606+08 14 10000000+00 15 1000006A+0@ i6 0OROLABB+ED
5 1?7 54469600+93 18 02308600+00 19 BEOV0RVR+80 29 -73600000+04
E: 21 -37608000-01 22 180089000+00 23 40000008+81 24  49000080+01
23 ©8220000+08 26 18000000+80 27 SA0GANEP+00 28  40002800+84
A 29 202000000+00
LT
: 1 4A3797963+98 2  419958000+00 3 70000000+04 ¢  08008020+00
3 5 B00POEEO+EN 6 0GOBORLG+E8 7 ©BON0GEV+1GE 8  GAO0ABEB+AD
£ S - 20P00N08+R23 10 -18608200+88 11 18000000+68 412 -10000000+00
Z 13 21928775-906 14  21938775-06 15  49904138-07 416 00CGRLA0+08
i 17 190000898+38 18 ©0820080+08 135 (GGAO00B+ED 20  14i55712+03
g 21 ©0008822+80 22 -10000000+00 23 10200000+0L 24 4200200B+84 .
25 00000296+88 26 20000008+00 . |
se
RUN NO. ©892s SURFACES = 4 THRU 2 DATE = 12 BEC 1973
INPUT BEAM : RMAX = 8.0 e
RMIN = 3.2 ]
OUTPUT AT 109, 800 0
SURFACE 1 : F = -8, 263 ¢
1
1 15707963400 2 110000900+82 3 12000@00+02 4 PEAAAOPO+90
S 00800800+08 6 0LEEREBA+EO 7 9ORENRA+A 8 PGABALES+00
9 ©000P00NO+R8 19 -10000000+00 11  10000000+00 12 10000000+80
13 10000832+00 14 10000000+G0 15 109000008+00 4 00000000+20
17 54169690+903 18 ©0008000+68 19 00B00000+98 29 -736500000+01
21 -263%0000-91 22 10088000+80 23 4000GO00+01 24  48000000+01
20800009700 26 10003000+08 27 60000000+8A 28  40003080+01
20060000+0A
15707963486 2 41990808+28 3 10006800+05 4  EO0E0P20+00
00000880+08 6 92060020+88 7  00000000+G0 8  POCEVR22+00
00000300+088 16 -10000808+08 11  12000000+080 12 -10002009+00
21938775-66 14  219387735-66 15  49904138-087 16 ©906000802+00
190800000+08 18 00000AA2+02 19 GOD30006+00 20 14135712+03 F
00000080+00 22 -10000000+80 23 100000808+Q1 24  4GC20000+01 53
20000000+08 26 20000080+09 5
2 7
pé
Figure 22 Input Data for Telescope *
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NOLTR 74-70

CROSS “CCTIONAL VIEM
RUN NO. § SURFACE NO. 2 |
DATE  12/42/73 . DISTANCE = 70000. 80
®
$]a
. xX
«
>
. 2]
3]
X
3
;
3]
X
Ll { 1 ! %'!! L i 1 i
; -10.29 ~7.58 ~-5.008 -2.358 @ 2.56 S.00 7.5 18.08

;

S e T TH 5, WOSVLINS ML P SN RHN L0 T ke b ke E e R e mes AR ot o rvon £ ] e A ) VA MK n i e Rk T " < e w £

‘-5- 90 "'2- 50

-7.50

-19.88
L

Figure 23 Beam at 2 = 70,000
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CROSS SECTIONAL VIEW
RUM NO. S SURFACE NO. 2
DATE 12/42/73 DISTANCE = 100008.30

19,08

¥ AXIS

B T T T ad! T T T ]

QISR IR A REEI N - SR WA O L 5T Ry
]
-43.48
1

Figure 24 Beam at Z = 100,000
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NOLTR 74-70

The previcus example has showr that thc beam can be focused
at some distance in the far field. If :the plane mirror has some
angular deviation from its reference coo:rinate system, the focused
beam in the far field will move about the origin of the ocutput
reference plane. Figure 26 shows a listing of input data where
€ = n = 6 milliradians for the plane mirror. Figure 27 shows how
far the focused heam 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
lieting of the input data and parameters of the system are given
in Pigure 29. Figure 30 shows the beam focused at the second
focal point of the system after it has been traced through the
two lenses.

i
]
:
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3 RUN NO. eeee? SURFACES = 1 THRU 3 DATE = 17 DEC 1973 @
4 TELESCOPE WITH PLANE MIRROR 8
3 INPUT BEAM : RMAX = 8.9 0
3 RMIN = 3.2 e
q. OUTPUT AT 70,200 °
{4 SURFACE 1 : EPSILON = ETA = 6 MILLIRADIANS e
3 SURFACE 2 : F = -0. 376 )
é 1
4 %2 ?8539816-01 2 20009200+61 3  10200000+02 4 31415927409
4 S 60000802-83 6 6000C008-03 7  ©GEO0E0GA+AD &  GCEACNB+8S
Q 9 00800000+00 18 -10008000+08 11  10v99008+0> 12  @ODGGOPE+0D
3| 13  0C200000+00 14 ©000000MB+09 15  (GOOOEOLE+00 16  GOEGCOVB+00
=3 17 ©0000PGC0+00 18 G@CEOENG+00 19  EPVNEBBE+Ed 20  POVGG0RA+08
. ] 21  000208009+00 22 ©00P00PG+00 23  16000080+01 24  16200000+81
f 25 00008000+20 26 10000009+00 27  70000000+089 28  30808000+01

29 30200000+20

N

1 15797963+90 10816000+81 3 12000009+02 4 00008000+08
S 08208000+80 00000020 +00 7 00000086 +020 8 0e0o0000+80
9 60000200+00 10 -10000090+00 11 10008000+088 12 1000600008+60
13 10000000+08 14 10000000+00 15 10000008+08 16 00080000+00
17 34162.00+03 18 29000080+00 19 80008000+08 20 -73600800+01
“76es000-0i 22 100000889+00 23 20000000+01 24 40300000+01
23 ©2000000+00 26 20000000+00

R

N
»
1

1 15787963+80 2 41998000+080 3 70000006+04 4 00000000+08
S 028000000+00 6 00000000+00 e 000008600+00 8 00000800+89
9 00020000+28 10 -10008000+90 11 10060600+88 12 -100030000+80
13 21938775-06 14 21938775-86 15 499064138-67 16 000800006+00
17 190000000+22 18 00000080 +68 1S 08000000+30 20 17155712+03
21 08000000+08 22 -~190009000+400 23 40000000+02 24 +0092000+82
23 20000200+00 26 38000000+00

Figure 26 1Input Data for Telescope with Plane Mirror
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Figure 27 Translation of Focused Beam Due . ;
Angular Deviation of Plane Mirror
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Figure 28 Two Thick Lenses
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NOLTR 74-70

RUN NO. o2eoes L)
THO THICK LENSES e
INPUT BEAM IS POINT SOURCE AY FIRST FOCRL POINT OF SYSTEM o
OUTPUT BEAM IS AT SECOND FOCAL POINT OF SYSTENM L

SURFACES = 4 THRJ 4 DATE =

21 DEC 1973

1

1 45787963+00 2 335454545+00 2 10008800+008 4 80000000+00
S 22000000+00 6 802000000+80 7 80000000 +00 8 00000000+00
9 02000080+00 10 10902002+900 11 66666667 -84 12 10006000+00
13 10000800+900 14 10000000+00 15 10000600+00 16 000080000+00
i?¢ 908080000+00 18 00009800+08 19 090000006+08 20 -30006800+00
21 00000800+08 22 10000000+88 22 43000000+00 24 40806000+20
23S 00800908+00 26 10000000+06 27 80000000+00 28 30000008+01
29 48000000+008
30

1 13707963+069 2 1800080800+20 3 31818182+060 4 80000000+00
] 090800808 +090 6 090080009+00 7 00060000+09 8 608000200+00
9 00000000+00 10 10000800+06 11 15000000488 12 -16008000+00
13 10000000+80 14 1000080G+80 15 10000000+00 16 08000000+20
1? 23808008+81 18 20000808+08 19 80000000+ 20 50000000+00
21 00000000+08 22 -100800800+00 22 480900000+00 24 400000200+08
25 203008000+80 26 20000080+00

59

1 13707363+898 2 35454545+80 3 10000000+00 4 000086008+00
S 000090000+80 6 00000800 +90 7 002090800+0V 8 28000082+00
9 200008800+00 18 10000800+00 11 66666667-01 12 1289000832+20
13 100000080+00 14 19000000+00 15 10000000+020 16 00000002+00
1?7 99000000+08 418 28000000+80 19 000000D0+68 20 -3D000000+80
21 00000009+006 22 100000600+080 22 490000000+808 24 48000000+00
23 90800800+82 26 209000000+900

S50

i 15707963+00 2 10006000+080 3 21818182+00 4 00000000+00
S 08000080+08 6 00020000 +60 ? ©00000000+00 8 2P00B0608+82
9 00000890+02 10 100090000+80 11 15000000+00 12 -10000000+80
13 10000000+80 14 10900000+00 15 10000000+00 16 90000000+00
1?7 25000080+01 418 00002000+08 19 90809600 +006 28 S00800308+00
21 00008000+00 22 ~10080000+90 23 400P0000+006 24 490006000+00
23 90000000+0¢ 26 400000090+09

S99

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

4.008
3
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[=> e
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Figure 30 Beam at Second Focal Point
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Appendix A
GLOSSARY ’

Parameter in the basic equation of a quadric surface

a - Constant used in quadric equations

A - 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

e n mmn s e

B - Parameter in the basic equation of a quadric surface

LA IS N2 S0t o 450 7t~

(-2
'

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 gquadric surface :

C - Parameter in the basic equation of a quadric suriace

x’ cy, Cz - Center of symmetry of a quadric surface

¢ - Constant used in quadric equations

¢ - Constant formed by the combination of terms and used in a
quadratic equation for solving the 2 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

P - Parameter which focuses a quadric surface along the %-axis

of symmetxy
Gx' G,, G_ - Parameters formed by combination of terms in the
b 4 basic equation of a quadric surface

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

nI ~ Index of refraction of the medium of the incident ray

np - 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 (+1 refractive
surface, -1 reflec’.ive surface)

A-1
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RI - 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

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

TR - Matrix reprzsenting the transformation of vectors from the
plane surface to the output reference plane

<
1

1 Incident ray

<
1

Refracted or reflected ray

xj, Yj, zj - ? right handed orthogonal coordinate éystem where
=1, 2, «eo n

xl, Yl' z1 ~ Plane surface reference coordinate system

xz, Yz, z2 - Input reference coordinate system

x3, Y3, z3 -~ Coordinate system attached to the plane surface
x4, YQ, 24 - Output reference coordinate system

Xine Y., 2 - Translation of a coordinate svstem from its
iD D’ “3p
J reference position

Coordinate point in one coordinate system in terms

Xeme Yorny 2., =
30" 730" "3Q  Sf apother coordinate systen

ij, Yjp' ij - Incidept point of ray on 2 = 0 plane

aj, Bj' Yj - Angles that define the direction of a ray with s
respect to the X, ¥, and 2 axes and their cosines
are known as the direction cosines of the ray

€ - Angle of rotation of the plane surface about the xl axis

?.; n - Angle of rotation of the plane surface about the Yl axis

1 8, - Angle of the input reference ray makes with the negative Y,
b axis in the plane of incidence

.

ghé . 8p - Angle the output reference ray makes with the positive Yl

axis in the plane of incidence

A ~ Angle between the positive X, axis of an output reference
plane and the pcsitive X, axis cf the following input reference

AN plane
i1 \\ A-2
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NOLTR 74-70
Ty - Angle of incidence
Tq ~— Angle of refraction or reflection

. 52 ~ Angular deviation of the input ray from the positive z,
axis in the Yz = (0 plane

. ﬂ4 - Angular deviation of the output ray from the positive Z,
axis in the Y4 = 0 plane

wz - Angular deviation of the input ray from the positive 22
axis in the x2 = C plane

W4 - Angular deviation of the output ray from the positive 24
axis in the x4 = (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
presgnted. The parameter R is a Hollexith 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 data file 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
gsectional view of a beam at the output reference plane of an
optical surface is set up and stocred.

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 wvectors
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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=A4Ab
N=1l, ¢ = ATb
N=2,C=aB
N=3,C=aE
N=4, C=aB"
N=5, C=aB"

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 paramerers of the particular surface.

RETRACE -~ If it is desired to change certain pa.-ameters in an
optical system and retrace the beam through the systew:, 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 beam 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).

THACE (NRY, AZERO) - 2 number of rays, iRY, are traced from
the input reference plane through the plane surface systam to the
output reference plane. If GI = 7/2, then AZERO equals 0. For all

other values of OI’ AZERC 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 fiie to a saved data file.

WRITE - This subroutine will list the output beam parameters
on the line printer.
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‘ g.art )
L]
i Read and Print
g Headings
: Begin New
‘ Optical System
Read In
input Beam
. and
1 Surface Parameters
g
:
s
H List Parameters
i of Present Surface
q
.i; Trace Beam
A Through Surface
,
by : )
%
2 Compare Beam With
3 Boundary Conditions
: .
.’ -
;
C: . r Save
R l Successful Rays

24 \\ Figure B-1 RAYTPACE Flow Diagram
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Graphics? Yes

'

Plot Data
No
List? SYes }
Ligt Output
Beam Parameters
No
A% O Yes —;}
f///’,/////' Interface Output
Parameters with Input
No Parameters of
Following Surface

End of
Optical Surface

Beam? }

Read In Input Beam
Type In tleu Parameters

No

b

Figure B-1 RAYTRACE rlow Diagram (Cont.)
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Transfer? Yes _:L
Transfer Beam
No Parameters to
Beam File
|
®
Figurs B-1 RAYTRACE Flow Diagram (Cont.)
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PEOGRAN KRYTHACL

AN OPTICHL

3 JANUARY

DPATA FILKS
BEAM - -

NRYF -~

RAYF -

XGRF -~

YGRF ~-

STOR -~

HRRAYS IN
RAY -~

DEY -~

\‘RF [Py

DY -

NR  ~-
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RAYTRACE IS

THE MAIN ROUTINE FUR TRACING RAY< THROUGH
SYSTEMN.

1974 (REVISFD)

ON DISC

THIS FITE CoNTAINS 1 GENERMED BEOHM MHERE EHMCH RAY 1S
DEFINED BY (KO § INEAR POSININONS (¥, ¥> AND THO AMGUL IR
POSLTIONS <PHI. PSI>. THIS 'ILF HAS A MAXIMUM OF 8 DATA
B OCKS WMITH N HMAXIMUM OF 2L kaYsS IN ESCH BLOCK.

THIS FILE HitS 1HE NUMEER OF Diif BLOCKS STORED IN THE
BEAM FILF AND THE NUMEBHR OF ROYS iN RACH BLOCK.
SCROICH FILE USED FuR KRAY A1 AS (HE BRAM IS TRACED
THRIUGH 1HE SYSIENM

THE ¥ POSITION FOR 00 PURTICUI ng GrPH IS STOKED

IN THIS FILE.

THE ¥ POSITION -OR i PHRTIVDLUR GRAPH IS STORED

IN THIS FILF.

THE PARAMETIERS OF EACH OPTICHT SUKYACE ARE STORED

IN THIS FILt.

THE RAYIRNACE PRMIRAN

AS TNPUT THIS NKRAY CONIATHS THE | INEBR AND ANGULAR
PUSYITIONS OF EfuH RHY FROM 6 pAaTe BLOCK 8T THE INPUT
REFERENCE FLANF. AS DUIPUT 1THUS RARkKAY CONTAINS THE RAY
POS1ITIONS AY TiE OUIPUT REFERENCE PLANE

THIS ARRAY CONIRINS THEY ARG MR G-PSILON, ETARY AND
LINFHR (X4D, ¥Y4D, 71Dy pEVIHUIOS ot A PLANE SURFACE FROKW
THE SUKREFNCE KEFt RENCE PLANE 1o Tih INCIDENY POINT OF AN
INPUT Ru? ON A GUADRIC SUKE tiee

THIS ARKAY IDENTIFIES RAY FullHRES BY SETTING IRF = 41
FuR i FHILEDL RAY.

THE PRARMMETLKRS UF A PrklIcUl iz O ) ICAL SURFACE

AkE CONITAINED TN THIS ARRAY

THE NUMBER ot kKO¥YS IN +HCH DHiA B OCK ARE STORED

IN THIS ARRNY.

PROGRAM OPT1ONS
SET SENSE SWITCH <2) -~ GRAPFHINS
SET SENSE SHMITCH (3) —~ 1 ISV OUtPUS BruM PHRANMETERS
SET SENSE SHITCH (4) - REIRACE BEAMN 1HRU -YSTeR HITH NEW INFUT
SET SENSE SWITCH ¢5) - TRANWFFR BEAN PNRAMETERS TO BEAM FILE
SET SENSE SHIVCH (6)

DELE ( MOST 19rRWNR]TTEN MESSAGES

- COMMON RMY (4, 258>, DEVY(YH, 250), TRF (2583, DV(58), NB! K, NR(24)
2 FORMAT ¢ 41HL >
4 FORMAT ¢ ?1iH

11>
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6 FORMAT ( 4H@, 441D0 NOT SET SENSE SHITC iFs UN1IIL REQUESTED )
8 FORMAT ¢ 41018 >

19 FORMAT C ///5X2SHNUNBER OF RAY FARILURES = ,14/7 )

12 FORMAT ¢ 4H@, 13HRUN NUMBER = , 15/

. 125HOPTICAL SURFACE NUMBER = , 14/
ER 225HNUMBER OF RAY FRILURES = ,I4 )
. 14 FORMAT ¢ 4H@, LEHGRAPHICS [ / 2@HSET SENSE SWITCH (2) >
- 15 FORMAT ¢ 4HW, 42HSET REMOGTE SWIVCH ON FLFCIROSTATIC PRINTER /7
=N 13ZHTYPE 10 FOR CROSS SECTIONAL VIEWZZ HIWPE 64 FOR KNIFE EDGE SCAN
" 2/23HTYPE 14 FOR BOTH GKRAPHS )
3 15 FORMRT ¢ JH@, 24HIYPE IN GRAPHICS CHOIGE >
k< 1.7 FORMAT ¢ 214 )
¢ 18 FORMAT ¢ 4H@, 27HI IST GUTPUT BERM PARAMETS RS, 1HL /
q - 1 206HSET SENSE SHIICH (3) )
2. 28 FORMRT ¢ 4H@, 37HTRANSFFR KEAM PARNMEIEKS TO BEAM FILE , 1HL/
d 1 20HSEr SENGE SHITCH (5) )
bt #2 FORMAT { 4H®, 44HREFRACE BENM THRU SYsirM WITH NEM INPUT [ /7
4 ) i  2BHSET SENSF SNITCH (4) )
3 c
3 c READ AND MRIIE HEADJING
c
CALL DATE (R
28 PRINT 2
3@ READ 4,1
PRINT 4,1
IF ¢ 1~ 4 ) 39, 32,60
c
c READ IN BEAM AND THE OP1ICAL SURFACE PARHHETERS.
c
32 CALL BEMMIN
CALL READ
33 IK = @
c
¢ READ IN PRESENT UPTICAl SURFACE PARAMI TERS
c
34 IK = IK + 1
CALL FREHD ¢ 4HSI10R, 1K, DV, 100 >
99 IF ¢ IRSTATFC4HSTOR) MF. 1 ) H0 10 99
c
L PRINT PRESENT OF1ICHL SURFRUE FARAMETERS.
c
CALL 114
AZERD = 0.0
IF ¢ DY(LY M. 1. 9/97963 ) AZERO = 1.4
L § If ¢ $SUTCHI (6) . €9, 2 ) HRITE <59, 6 )
8 PAUSE
¥ PR™MT 8. ¢ NRCK), k-1, NBIK ¥
j'§ N2F = 0
k- e
1ﬁ ’ c TRACE EACH B OCK OF RAYS THROUSH T ulf1AL SURFACE
%i@
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f DO 48 K = 1, NBLK

P NRY = NRCK)
§ IF ¢ NRCKDY .EQ. 8 > GO TO 48
3 - DO 36 1 = 1, NRY
g 36 IRFCIY = 9
q CALL FREAD ¢ 4HRAYF, K: RAY, S*NRY )
¥ . 38

IF ¢ IRSTATF(4HRAYE)
IF ¢ DV(22)

.HNE. 1 > [0
.NF. 8.8 > CALL
CALL TRACE ( NRY, AVERC >

S
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10 38

INCIDENT ¢ MkY )

HAYE MR

To 46

q. c CHECK BOUNDHARY COND L IONS.
g c
E RMAX2 = DYC24)¥DY(24)
4 RMINZ = DY(25)+DVC2S)
3 CALL BCOND ¢ RMAX2, RMIN2, HRY
A c
2 ) c TOTAL RAY FAIIURES

c

N=28
DO 44 I = 1, NRY

- IF ¢ IRFCI) .FQ. © ) 00 T0 49
% NRF = NRF + 1
= GO TO 44
< 40 N = N + 1
A DO 42 J = 1,4
o 42 RAYCI,NY = RAYCJI, I
b 44 CONTINUE
2 MRCKY = N
-§ IF ¢ NR(KY .FQ. @ > G0 10 48
5 c
'%} c RESTORE RflY PARHMETERS 1HAT
- 8 c
k. CALL FURITE ¢ 4HRAYF, K, RAY, 8xH >
. 4€ IF ¢ IMSIATFCAHRAYEY . NF. 4 ) GO
2 48 CONTINUE
] PRINT &, ¢ NRCK),K=1, HBLK )
3 PRINT 1@, NRF
& | NRUN = DV(2?)
2 NPDY = DV(26)
s> MRITE (59,12) NRUN, NPDY, NRF
” c
|+ c PROGRAM 0] 10NS.
e ] c
[ | IF ¢ SSMICHF(EY .EQ. 2 ¥ WRITE (5%, 14)
N PAUSE 2

- IF ¢ SSWICHF(2) .En. 2 ) 60 TO 49
i IF ¢ SSHMICHF(EY .FQ. 2 ) MRITE (59,1
S I HRITE (59,16
> READ (5€,47) 14,12
.
4 -
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IF ¢ 14 .EQ. 1)
IF ¢ 12 .EQ. 1 D
IF ¢ SSWICHF (&>

PRUSE 3

IF ¢ SSHUTCHF (3D
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CALl. CROSSECT ¢ R D

cAL.l.

. EQ,

. EQ,

SCAN ¢ R D
2 0 URITE (593,18)

1 > CALL MRIVE

IF ¢ DV(4> . NE. 8.8 > CALL INIRFRCE
IF ¢ D¥(26> ~ DV(29) ) 34,58, 68

IF ¢ SSWYCHF(G)
PAUSE 4

IF ¢ SSHTCHF (4>
CALL RETYRACE

G0 TO 33

IF ¢ SSWICHF(6>
PAUSE S

IF ¢ SSW.CHF (5S>
G0 TO 28
CONTINUE

END

. EQ,

. EQ.

. EQ,

. EQ.

2 ) URITE (52,225

2 ) 60 TO S22

2 > URITEC(SS, 28O

1 > CHLL TRAMSFER

Fodr do g 9 e mui it Ap R Do 2 o
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SUBROUTINE BCOND € RMAXZ, RMINZ, NRY )

31 OCTOBER 1973

THIS SUBROUTINE HILL. TEST FACH RAY AGAINST A SET OF BOUNDARY
CONDITIONS C(RMARX, RMIN>Y FOR A CIRCUt AR REAM AT THE
OUTPUT REFERFNCE PLANE.

COMMON RAY (4, 2585, DEV (5, 258>, IRFC250), DV(38), NBLK, NR(24)
DO 40 J = 1, NRY

IF ¢ IRFC(JY .EQ@. 1 > GO TO 40

X2 = RAY(1, JY»*RAY(L, J)

Y2 RAY (2, I *RAYL2, J)

R2 = X2 + v¥2

IF ¢ R2 .GT. RMNAX2 .0OR. R2 .LT. KMINZ > IRFC(JY =1
CONTINUE

RETURN

END
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SUBROUTINE BERMIN

29 OCTOBER 1973

haran sl g e am s w1

YHIS SUBROUTINE WILI. RERD IN BEAM DATH THAT HAS ALREADY BEEN
GENERATED AND STORED ON DISC IN THE BEARM FILE. EACH RAY OF THE
BEAM IS DESCRIBED BY THWO LINERR POSITIONS (X¥,Y¥> AND TWO ANGULAR
POSITIONS (PHI,PS1). THERE IS A MAXIMUM OF 2580 RAYS PER BLOCK.

P
.

IN ORDER THAT THE GENEKATED BEAM IS NuTl DYSTROYED THE BEARHM DATA
IS TRANSFERED FROM THE BEAM FILE TO THE KAYF FILE.

THE NRYF FILE TONTAINS THE NUMEER OF BLOCKS STORED IN THE BEAM
FILE AND THE NUMBER OF FAYS IN EACH BLOCK.

&
OO0OO0O0O00O0O00000000

. COMMON RAY(4, 258D, DEV(S, 2583, IRF(258), DV(S50), NELK, NR(24)
g CALL FREAD C 4HNRYF, 1, NBLK, 25 )

3 30 IF ¢ IRSTATFC4HNRYF) .NE. 1 ) GO 1O 3@

4 DO 40 K = 1, NBLK

| NRY = NRCK) _
A - CALL FRERD ¢ 4HBEAM, K, RAY, 3*NRY ). '
% 22 IF ¢ IRSTATFC4HBEAM) . NE. 4 ) 60 TO %2

CALL FURITE ¢ 4HRAYF, K, RAY, B¥NRY )
24 IF ¢ IWNSTATFCAHRAYFDY (NE, 1 3 GO 10 24
49 CONTINUE

RETURN

END

B~11
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SUBROUTINE CROSSECY C R 3

c
Cmeem 18 JANUARY 1974 (REVISED)
‘ c
2 . C---~ THIS SUBROUTINE STORES ON DISC IN THE XGRF FILE AND THE YGRF FILE
et C---~ THE DATA NECESSARY TO FLOT R CPOSS SECTIONAL VIEW OF A BEAM
7/ C---- AT THE OUTPUT REFERENCE PLANE OF ANY PARTICULAR SURFACE.
3 c
; - COMMON RAY<4, 2585, DEV(S, 250, IRF (2507, DV(58), NBLK, NR(24)
& COMMON/PLTS//1BUF (6800, AC8)Y, PR, X(8)Y, ¥(8), LNE(2), LINX, LABLLS, 8)
a0 1, %P<2880), XMAX, KMIN, DX, YHAX, YMIN, DY
o | DIMENSION C(25@, 2>
L EQUIYALENCE CDEVY,C)
23 2 FORMAT (2BHCROSS SFCTIONAL YIEW)
y: 4 FORMAT (20H Y AXIS)
& | 6 FORMAT ¢ 1H®, IBHTYPE 1 FOR YES , TYPE 8 FOR NO /
¥ 1  4@HREPLOT CROSS SECTION WITH NEM DIMENSIONC >
g 8 FORMRT ¢ I4 )
ko 10 FORMAT ( 1H®, 26HIF MISTAKE ON INFUT TYPE 1 /
2 1 42HNEW CIAENSION N\ :HXXXXXXX:XX , MISTHKE N\ X , 1%, 1H@ )
b5 12 FORMAT ¢ E12. 7,14 O
o 3.4 FORMAT ¢ 1H@, 26HINFUT MISIRKE RE1YPE INFUT O
2 [
;E C---- INITIALIZE THE GRAPH PARAME IERS FOR THE CROSS SECTIONAL PLOT.
% c
9 ENCODE ¢ 20, 2,1 ABL(1,1) )
: ENCODE ¢ 29,4,1.RBL(1,8) 3
b P(1>) = 580 ¢ P(2) = 8.00
ke ¥(7Y) = 4.50 $ Y¥(8) = 6.25
27 LNE(L) =-2 £ LNE(ZY = 3
24 XMAX = YMAX = DVY(23)
3 XMIN = YMIN = -DV(27%)
73 DX = DY = DW(?3)/4.9
SR c
5 C---- FROM EACH DATA BLOCK IN RAYF FiLE STOKE IHE | INEAR POSITIONS
= C--~~ OF EACH RAY IN XGRF AND YGRF FILE
b c
& DO 38 J = 4, NBLK
4 NRY = NRCJ)
g IF ¢ NRY .EQ. 8 > Q0 TO 38
. CALL FRFAD ¢ 4HRAYF, J, RAY, 3+NRY )
E 22 IF ¢ IRSIATFCABRAYF) . NE. 1 ) GO TO 22
R DO 24 I = 1, NRY ]
i 20 24 K = 1,2 !
3 24 C(I,KY = RAY(K, 1)
> B CALL FURITE ¢ dHXGRF , J,CC4,1), 2¥YNRY )
3 . 26 IF ¢ IWSIATFC4HKAGRFY .NE. 1 ) GO 10 26
CALL FUPITE ¢ 4HYGRF , J,C(1,2), 2¥NRY )
28 IF ¢ IHSIATFCAHYORF) HNE. 4 ) GO 10 2u

CONTINUF
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NOLTR 74-70

- 32 cALL GRAPHS ¢ R >
C-=-=— OPTIUN TGO REPLOT GRAPH WITH NEW SCALE.

e WRITE ¢59,6 )
R TEAD (38, 8) 1
IF ¢ 1.EQ @ > GO TO 38
WRITE (59,10)
. - 34 READ ¢58,42) DIM, MISTAKE
i IF ¢ MISTAKE .EQ. € 3 GO TO 36
) WRITE <59, 14)
kB GO TO 34
é 36 ¥MAX = YHAX
RMIN = YMIN
3. DX = DY
GO TO 32
38 RETURN
END

bin
-DIM
Dinc4. 0

n

N
5
A
3
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SUBROUTINE DATE(R)
: c
i C-~-~- THIS SUBROUTINE CAlLS THE DRTE FROM ACCOUNTS AND STORES IT IN R
C---=- AS A HOLI ERITH CONSTANT OF THE FORM MM/DD/VYY.

c
" MACRO ¢RA)D
EXT ACCOUNTS
LoAQ ACCOUNTS
* SHQ -6
SHAQ -6
SACH ®+3
SHA -8
SHA 12
ADAR ¥
uJP *+3
X BCD, € 8, 98/00,00
ENDM
REAL A
R =8
RETURN
END

B-14
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SUBROUTINE GRAFHS C R 3

¢
-~ 24 NOVEMBER 3973 (REVISED)
c
C--~~ THIS SUBROUTINE WILL PLOT DATA GENERRIED OR STOKED BY CROSSECT
C~--- OR SCAN SUBROUTINES.
c
COMMON RAY (4, 258, DEV(S, 258), IRF(258), DY(S8), NBLK, NR(24)
COMMON/PLTS//IBUFC6068), AC8Y, P(3Y, X(8Y, ¥(8), 1 NE(2), LINX, LREL(S. 8) 7
1, XP(2806Y, XMAX, XMIN, DX, YHAX, YHIN, DY ;
DIMENSION YP(2600)
EQUIVRLENCE <RAY, ¥P> , (LABLC26)Y, RR)
DATAZPLTS/C CLABLCIY, I 6,35 ) =
414HRUN , 4HNO. , 4H s 4H » 4H p
14HDATE, 4H ;4R ., 4H . 4H ,
14HSURF, 4HACE , 4HNB. , 4H ) 4H ,
14HDIST, 4HANCE, 4H = , 4H » 4H , ;
14H00/6, 4HO/06, 414 » 4H » 4H .
i4H s 4H » 4H L 48 K, 4HARISY
1 ¢ ¢ RCIY, I=2,8 3 = 3(¢8.58),2¢5. 88)Y, 1. 56,5.75,4.25 ) ,
1 ¢ ¢ Y1), 1=1,6 ) = 9.75,2¢9.58,9.25),9.25 > ,
1 ¢ ¢ ACIY, I=1,8 > = 7¢0.887,98.06 > , ¢ LINX = 4H )
2 FURMAT (4H2--0)
RR = R
NP = 1 ]
c »
C---- READ IN 1HE L.INEAR FOSITIONS FUOR A PAKRTILULAR GRAPH
C---- AND STORE 1IN THE XP AND YP ARRAYS.
c
DO 26 J = 1, HBLK
NRY = NRCJ)
IF ( NRY .EQ. 8 ) G0 T0 26
CALL FREAD ¢ 4HXORF, J, XPC(HP)Y, 2¢NRY O
22 IFC IRSTATFCAHXGRF)Y . Ni. 1 ) G0 TG 22
CALL FREAD ¢ 4HYGRF, J, YFCNPY, 2¢NRY O
24 IF ¢ IRSTATFC(4HYGRE) . NE. 4 ) Q0 TO 24
NP = NRY + NP
IF ¢ NP+250 . GE. 1998 > Q0 TO 27
26 CONTINUE
27 NP = NP - 1
IF ¢ NP .EQ. 8 > GO TO 32 :
DO 28 I = 4, NP
IF ¢ XPCIY LT. XMIN > XPCI> = XMIN p
IF ¢ XP£I> .GT. XMAX > XPCI3 = XMAX ;
IF ¢ YPCIX .LT. YMIN > YPCID> = YRHIK 3
IF ¢ YPCIY . aT  YMAX > YPCId> = YHAX i
23 CONTINUF ;
c .
C--- - PLOT THE GRAFH, ¥
B-15
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NOLTR 74-70
CALL GRAPHINY ¢ IBUF<4), IBUF(6898) )

K1 = NP +1 $ K2 = NP + 2
XPC(K3) = XMIN $ XP<K2> = DX
YPCKL) = YMIN € VYPCKZ; = DY

CALL AXISE ¢ 8. 58, P(41), LINX, -4, 8. 80, 8. 0, KP<(K1), XP(K2)> >
CALL RXISE (¢ 4.50,1. 90, LINX, 4,P(2),98.,YP(K1),YP(K2) >
XPCKL)> = XPC(K1)> - 8. 38xXP(K2)

YPCKLd> = YPCK1)> - 3. 80xYP(K2)

CALL LINEE ¢ XP, YP, NP, 1, LNEC1)>, LNEI2)

DO 30 J = 1,8

CALL SYMBOLE ¢ X<{J), ¥(J),. 14, L.ABLCL, J), ACII, 20 )

CALL NUMBERE ¢ 4. 58,9. 50,.14,DY(27>,98.8,-14 >

CALL NUMBERE ( 6.79,9.58,. 14, 0V(265,0. 8, -1 >

CALL NUMBERE ¢ €.50.,9.25,.14,DV(3) ,8.08, 2 )

WRITE (41,2

CALL GRAPHOUT ¢ 11 5

RETURN

END
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NOLTR 74-70
SUBROUTINE INCIDENT ¢ NRY )

: c
: C—--- 24 NOVEMBER 41973 (REVISED)
: ¢
i . C---~ GIVEN AN INPUT RAY DEFINED BY L.INEAR AND ANGULAR POSITIOM
3 C---— WITH RESPECT TO AN INFUT REFERENCE PLANE. THIS SUBROUTINE WILL
C--~- CALCULATE THE INCIDENT POSITIOM OF THE INPUT RARY ON £ QUADRIC
N C---~ SURFACE AND THE ANGULAR ROTATION OF THE SURFACE REFERENCE PLANE
C---~ REQUIRED TO PLACE THE PLANE TANGENT TO THE INCIDENT POINT.
4 c
: COMMON RAY(4, 258). DEVZS, 250, IRF (25087, DV(S5e), NBLK, NR(24)
=8 DO 35 J = 1, NRY
3 TANPHI = TAF ¢ RAY(3,J> )
4 TANPSI = TANF ¢ RAY(4,J) )
4 TPHI = -TANPHI $ TPS1 = TANPSI
: DELX = RAY(1,J> $ DELY = -RAY(2,J)
4§ XLAM = DELX-DV(18)
3 YLAM = DELY-DV(i3)
q ZLAM = DV(20)+DV(21)
E RL = DV(L3)>*TPHI $ R2 = DV(414>*1PS1
S R3 = XLAM-DV(2>*TPHI $ R4 = YLAM-DV(2)>*TPSI
3 RS = DV(15)*7L.AN
& c
i C---- SOLYE FOR 2 INCIDENT POSITION.
3 c
- A = R1*TPHI + R2ATPSI + DV(15)
Y B = = 2 8¢¢ R1#R3 + R2%R4 - RS ) + DVC(16)
K- C = DV(13)>#R3#R3 + DVC14)*R4*R4 + ZLAM*C RS DV(16) > =~ DVC1?)
3 Q = B*B -~ 4. GrA*C
E: IF ¢ Q .LT, 8.9 > G0 TO 3¢
3 IF (A .EQ 0.6 .FEND., B .EQ. 9.8 ) G0 TO 33
E IF ¢ A.Ef. 6.8 > 30 TO 29
3 DEVCS,Jd> = ¢ B + DV(L2D#SORTF € Q ) D/C 2. ¢#R )
3 GO TO 25
i 20 DEV(S,J) = ¢C/B
& 25 R4 = DEV(S, dY - DV(2)
: c
E, C~~-- CALCULATE ¥ fIND ¥ INCIDENT POSITIONS.
c
q DEV(3Z, J> = XLAW + RIxTPHI
3 DEVC4,J) = YLAM + RA*TPSI
4. >
; , C--~- SOLVE FOR ROTATIOH ANGLES EPSTLON AND +1A.
o c
- E R1 = 2.0+DVCI3I%C DEV(Z, J)> = DVCIS) )
K R2 = 2.8+0VC14)1¢ DEVC(4, J> - DVCI9) )
4 H R3 = 2.0¥DYC1S)*C DEVC(S,J) - 21HM ) + DV(16)
a: R4 = SORTF ¢ RATR1 + R2+R2 + RI*KR )
2 DEVC1,J) = ATANF ¢ -R?/R3 )
d ‘. DEV(2,J> = NSINF ¢ DV(22)*YRi/R4 )
3 3-17
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GN TO 35
38 IRF(JI> = 1
35 CONTINUE

RETURN

END

T sA ey o EE T

ety I

NOLTR 74-70

e TR
EA >

T T TR s S AeaaT Pl S € BT L

r e ymeen e e

7




Cm=—-=

C_...-—
c—__-.

fimm e

18

29

24

26
28

o<

SP RSN

e » o
A R T
ISR R TNES Y/ES

NOLTR 74-7¢C
SURROUTINE INTRFRCE

24 NOVEMBER 1373 (REVISED)

WHEN THE IWCIDENT PLANES OF THWO OPTICHL SURFACES ARE NOT PARALLEL
tniS SUBROUTINE IXTERFACES THE CUTPUT RAY PRRAMETERS HITH THE
INPUT RAY PARAMETERS OF THE FOLLOWING OPTICAL SURFACE.

COMMON RAY(4, 258>, DEY (S, 250), IRF(258), DV(58), NBLK, NR{24>
DIMENSION R(4),B(2)

CALL SINCOS1 ¢ DV(4),B >

DO 28 K = 1, NBLK

N = KN2CK)

IF ¢ N .EQ. 88 > Gu TO 28

CALL FREAD < 4HRAYF, K, RAY, 81 )

IF ¢ IRSTRTFC(4HRAYF> . NE. 1 > GO TO 418
DO 24 J = 1, N

PC 2801 = 1,%,2

ACID = RAYCL, JY*B¢2) + RAYC(I+4, JX¥B(1D
ACI+1 -RAYCI, J24BC1) + RAYCI+L, JX*B(2)
bo 221 = 1,4

RAYCI, J) = ACID

CONTINUE

CALL FHURITE ¢ aHRAYF, K. RAY, 8%N )

IF ¢ IWNSIATFCAHRAYFY . NE. 4 > G0 70 26
CONTINUE

RETURN

i}

END

F S, T R O W

4;;35““&n¥k\




fagpnliatg . 4 JW
SR i -
‘"’i-"’"":‘:ﬁf’f S

NOLTR 74-70
SHEBROWT (R MY CCGL R, U T
DYMENS [N HOY, 15¢90, CC9Y, 1 (u)Y, L), How)
IF (N> 10, 6,10 .
I8 GU T0 €9, 6, 5, 6. 40, 1
6 DO 614 J-1,3
- 6L FCIdfcdd
GO TO 7o
5 M2=d
. PO 36 K 1,3
K1=K4 ¢
DO 26 J:-K, k1, €
t(M2) 1y
K6 MM g
8 I (M 1) ZL, 71 e
Y1 Ma-1
DU 73 4 1,3
3 QI B
GO Ty 89
2 M4=7
GO TO (¢4, 74, ¢4, ¢S, 250, N j

"
A

R

AR

Tah | gt o A S g, P

Rt 3wy

ures

/Y DO 7?6 Jv1,9

/o GCII HG)
G0 TO 80

¢ HM2=4
DO 66 K- 1,.3
K1=Krt
DO 686 J: K, K1, ¢
GM22--B8¢ID

68 MZ=M2 11

o3 M2=1
DN 30 M1 1.1, %
LO 3B ¥V 1,
K1=K16
=M1
HM25- 0 {
bu 2 J K, K, <
HCM23- HCM2Y 1 Car il s

FA O R R L |

L1 MZ=Merd

. N3

3
Ib KN 1) 93, ute, E
G M1=3X g
i T 9 K

96 M1=9

w1 DOO31 1 1, pid
Y1 CCI>HiID»

1§ UicH

FHD

+ e L A
PP

-
-
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SUBROU T THE Kkt nb

7 JANURRY 1974 (REYISED)

COMMON KP4, 250, DY, 2000, TRE C258), DY CS5HY, HEL K, NRC24)
DIMENSION Kii4), ¥EC(4)

FORMAT (4<I4, 1304, 7))

FORMAT (1HQ, 4X2 <N 1 LGl SHRFHUCE PUMREKR , 13//2(9CT5, 1H), Ed4. P39
FURMAY ¢ 1H- )

THITIAL 176 1HE DY BIRKAY.
IK = 8

IK = 1K + 4
PO 22 1 : 4,2

DVCIY == 8.8
DO 33 - 34, OB
DYWCI> = 8.0

S READ DAt Fulz Podariciink ey Tuid sURFnE bl Chcd READER,

4

‘41
a2

READ 2, ¢ KBC1Y, ¥YBCIY, 1 1,14 )
bo 2Bt - 1,4

KK = KBC(ID

Iff ¢ KK > &6, <8, <AB

s DY (KD -2 YBCD

It ¢ Kk - 51 ) <5, 44, 4u
CUNTINUE
G0 TO 34

STORE O 10 Sinetse 0 0knbi- foies ol pycas

CHLL FURIIE ¢ b e, JR Y. 10 )

It C IS G ey e 1 ) w10 4.
It ¢ DYCAGY BT DVOrD)Y D iu 1) o«

Kkt TURN

PRINT Piienbt rties o uepbenl Sl v,

ENIRY | IsT

HEDY = DY (26)

MOY = DV(2¥)

PRINT 4, NV, - L, i b 1, MbY D
FRIMI 6

Rt TUKN

f HD
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NOLTR 74-70

SUBROUTINE RETRACE
7?7 JANUARY 1974

THIS SURROUTINE WILL ACCEPT INPUT FROM 1HE TYPEWRITER FOR
RETRACING A BEAM THROUGH THE PRESENT GPTICAL SYSTEM. 1IN
ADDITION THE INPUT BERM WILL BE RELOADED

COMMON RAY (4, 250), DEV(S, 256>, IRF(258>, DY(58), NELK, NR(24)
2 FORMAT ¢ 1HE, 32HCHANGES FUOR OPTICAL SURFACE NO. , 12/
LISHXK 1 XRYXKRRE  BEK, 12X, 1HE )

4 FORMAT ¢ 1HE, 14HIKFUT FORMAT N/

133HAY . (VARIABLE LOCATIONY> /
230H: HURRAARY 1 XX (VARIABLE YALUE> /
323HX C1-MISTAKEY

8 FORMAYT (¢ 12,F12.7,11 >

18 FORMAT ¢ 1HE, 26HINPUT MISTAKE REIYPE INPUT /

00

OO

(o]

0

[ B ]

LATHRK : RRRKKRARE 1 KKK, 12X, 1HE S
RELOAD INPUT BEAM

CALL BEAMIN

IK = @

RUN = 8. 8

IF ¢ SSWYCHF (6> .EQ. 2 > MWRITE (59,4 >

INPUT CHUHNGES THRU TYPRHRITER FPER SURFALE

IK = IK + 1

CALL FREND ¢ 4HS10R, IK, DY, 100 >

IF ¢ IRSTATF(4HSTOR> . NE. 4 > GC 10 28
IF ¢ IK GE. 4 .ANMD. RUN .G7. 0.8 > DW{(s?> = RUN
NS = DV(26)

WRITE (59,2 > N3

READ (58,8 > J, A, MISTAKE

IF ¢ MISIAKE .NF 1 > GO TD 24

WRITE (59,4100

GO TO 22

IF ¢ J .EQ. 398 > G0 TO 26

IF ¢ J .EQ. 27 » RUN = A

DW¢I) = §

G0 19 22

RESTORE UPDAIED SUKFACE PURIME ILES

CALL FURITE ¢ 4HSTOR, 1X, DY, 104 )

IF ¢ INSIATECAHSI0RY L Hr 2 ) 40 10 23
IF ¢ DVC(2€Y . LT DLV(PZY > G0 Tu 18

RE TURN

END
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NOLTR 74-~70

%
SUBROUTINE SUAN ¢ R D
;

1 c
% C~-- - 10 JANUARY 1974 C(REVISLD)

c

i C---= THIS SUBKOUTINF DEVELOFS TIE DATA MEGFSSHRY 10 PLOT A KMIFE EDGE
1 C---- SCAN OF A BEAM AT THE UUTPUT REFERENCE PLANE OF A

i C~--~ PARTICULAR OFTICNL SURFACE.

b c

= - COMMON RAY (4, 250, DEV(S, 2583, LRF(Z58), DY(50), NBLK, NRC24)

;, COMMON/PLTS//ZIBUL C6B00Y. ACEY, PCY, X{8Y: ¥(8), I NEC2Y, LINK, LABLL(S, 8)

1 L, XP(2880), KM, XM 1w, DR, YHN%, YHIN, DY
DIMENSION C(25a, 25
EQUIVALENCE (DEV, C)

Y

OGRS

2 FORMAT C(20HKNILE EDGt SCAN p
4 FORMAT (28HPEFR CENT ENFRAY >
& FORMAY ¢ 4HR, uHTYPE 4 FOR YES , 1YPE O [FOR O /

1 4ZHREFIOT KN1FE FDGE SCHN WIIH HEW DINENSIONC >
8 FORMAY1 (. I1 >
10 FORMAT ¢ 4HE, 261HIF MISIHKE ON INFUT TYFE 1 /2
1 42HNEM DIMINSTUN SN XEXMXRKZIRE » MISITHKE N ¥, 4%, 4H@ )

E 12 FORMAY ¢ E12 2, It O
9 14 FORMAT ¢ 4H®, 261N NIUT MISINKE Kk IYFE 1HPUT O
Y C
z C-- -+ INITIALIZE tht GREACH PRURAMEIERS tHR THE KNIFF EOGE SCAN PLOT.
3 c
: ENCODE ¢ 26, 2. 1Bl (1, 1) )
i ENCODE ¢ 28,4, 10l ¢1,8) )
: PCLY = 4.8 % (2D : 5. 00
L YEZY = 0.5 ¢ ¥L8) : %09
i LNECL) = 9 + INFCoY = 0
i YHIN = Q. g
4 YHAX = 198
: pY = 20
YHAX = DY(ZO g
AMIN = —DVCP €
DX = DVYC(? /1 D
¢
C - - CALCULATE THE 10l HUMEER OF KRYs
C
NRY = 8
00 22 J = 1, HELK é
22 HRY = NKRY + HR(JD
YIOTHL = NRY
¢ ;
.- - FROM THF SCAN ITNCKEHEMY Citl CULHTE VHE NUNMBER OF POINTS FOR THE 3
Coo= = PLOT AND INICIH T2k THE X RHD Y FuSTT s 3
73 DSCAN = 2 B+XHUK/YYE. O ]
N = 759 g
- DO 24 J - 1,H 3

* sl

Liwt
.“'
s‘ i T TN P

-
p:)
[}
N
(98]

O ) 3 o NS - - RS
= TH KN > % ] 5,

Ll ef £ RN B S i e e
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c
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c
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12
31
c
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NOLTR 74-70

AMULT = J -~ 4
CCJ, 4> = XMIN 1+ anit.+bsCuN
CCJ. 2 8. 6

H

SCAN THROUGH EACH BILOCK OF RAYS AND Tulfl.
FOR EACH X PUSLITION.

DO 28 J = 4, HBIK

NRY = NR<JD

IF ¢ NRY .E& 9 > GN TO 28

CALL FREAD < 4HRAYF, I, RAY, 8xNRY >

IF ¢ IRSTATF(4HRAYE> (NE. 4 ) G0 10 26

DO 28 1 = 4, N

DO 28 K := 4, Nk¥

IF ¢ RAYCLKY iF., (I, 1) > CCL, ¥y = €1, 2>
CONTINUK

CALCULATE THE FER CENT OF FNERGY NS THe 1 IGH!

DO 308 J = 1, H

€¢I, 2) = 480, +1:(J, 2>/ 1011l

CALL FHRITE ¢ 4HXGRE, 3, CC1, 1), 20 D

IF ¢ THSIATECANNR Y JHE 1 ) ufd O 32
CALL FHRYTE ¢ 4NYRRE, 1, CC1, 23, 2kl

IF ¢ IWSITHTECAHPGREEDY CHE. 4 3 R0 T0 34

THE NUMBER OF RAYS

IBLK = HBLK

INRY = NR(1)
NEIK = 1

NRC1> = N

cALL GRHMPHS ¢ R D
MBLK = 1BLK
NRCLY = IHNRY

- OPTION Tu REVLLC GinlPH WITH NEW wEALE

WRITE (b9, 6 >

RERD (L3, 8> 1

IF ¢ I .FQ. O > GO0 10 4v

WRITE (49, 19)

READ (58, 12> DIW, MISTUKE

IF ¢ MISIAKE (FQ 1 D> GO 10 33
WRITE (5% 14)

GO 7O 6

RHMAX = DIM
RMIN = DIN

DX = DIM/A v
G0 TO 2%

RETURN

END

1.0

BEAM I35 SCANMNED.

- N
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NOLTR 74-70
. SUBROUTINE S)NCOS4¢ A, B >

C-- - THIS SUBROUTINE CALCULNIES THE SINE AHD UOSINE FUNCTION OF
C-~ = ANGLE A ¢ IN RADIANS >. THE GUIPUT IS IN THE B ARRAY.

DIMENSION B(2)
‘ T=An

. BCLY = SINCY)
. B¢2> = CcOSCT)
RETURM
END

B0
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NOLTR 74-70
SUBROUTLNE 1TKIICE ¢ NKY, AZERD D

24 NOVENRBER 31973 (REVINED)

THIS SUBROUIINE TRACES A RAY FROM AN IHPUT Rt FEKENCE PLANE THROUGH
A REFLECYING OR REFRACHING PLANE SURINCE TO AN SUTPUT REFERENCE
PLAMNE.

THE C ARKRAY IS USED FOR INIERMEDIATE CAl CULFTIONS
ALL ANG!I E DAIA HUST BE IN RADIANS

COMMON RAY(4, 259, DEV (S, 25@), IRF (2582, DY(30), NBLK, Nk(24)
DIMENSION C(4G)

DO 69 J = 4, KKY

IF ¢ IRF¢JY .Eu. 1 > Gu Tu 68

IF ¢ V(22> . F® 0.0 > G0 v0 33

Do 2@ I = 4,5

DVC(I+4) = DLVC(I, J>
CONT INUF

PO 40 I = 1,40

C(Iy = 8. 0@

CALCUL A1Y DIKEUITION COSINES OF INPUT KAY.

T1 = TANK ¢ KAY(Z, 8 D L 2 Tz = TANt ¢ RAYC(S,J) )

CC2BY = CNS ¢ MIAN ¢ SURT ¢ T1+T1 + T2¢12 > ) D

CC(28) = T1+C(38) $ C(29)> = T2+0(30)

C<21) = RAYC(1,J) $ CC(32) = RiAY«”.JI> + C(<3) = -~DV(Z5
C(3> = DVY(L

DO 42 1 = 4,7

CALL SINCOS1 ¢ DVYCItd),CC2eI-1D O

)
]

i , CALCHHtHIE POINT Of REFLECIION uR REF®ACHIION
I =2, CALCUL Ik PFOIHI OF RAY OGN OUIFUYT PLHNE AND ITS DIKECTION.

DO 50 1=7,2
CALL SINCIS1 ¢ C(5X+DY(H), CCE) )
IF ¢ DY(3» . FQ. @ B > C(?) = A/FROYCC(/)D

CC18) = CC4) % (C43)Y = CCIIrCCP2) ¢ CCdEe) = C(3*C(ED
C(11> = 0.9 £ (14> = --CL6) T CC17r) = C(?
CC42) = CC3Y % C(15) = -C(4I*C(?> § CCin) = -C{4)X¥C(6)
IF ¢ 1I.EC 2 ) un TO 352

CC12> = CC4> t €22y = COHHIYCLY & Clrod = ~C(3r+wC(2)
C(29> = © © 022> = CC(2) ¥ C(#t> = Ci1)
SC21) = €€ 3 (24> = CCAIYCC(1Y ¢ CCr?y = CC4X¥C(2)
G0 TO 5S4

CALL SINRG31 ¢ €LY, 08> )
C(3) = (W2EROAC (M)
C¢19> = 31 A + C(#2Y = © 08 ¥t CceHy - A8
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NOLTR 74-70
C<28) = 8.0 ¥ C(23) = C(8> ¥ CC26> = C(9
CC21) = 2.8 T CC24) = -~C(9) t C(27> = C(8>

%4 CALL MATVEC < C(18),C<28),C¢28>, 11 )
CALL MATVEC < C(18)3,C(X1),CC(313, I-1 >
CALL MATYEC < C(19)5,DV(?) ,C<(34), 0 >
00 56 L = 34,33

o 56 CCL)Y = CCLY=CCL+3)
e IF ¢ I .{@ 2 ) CCX3) = CC33Y-DVYCY)
. T1 = C(28)>/CC(38)
B T2 = CC29), 2(30)
g C(31) = C(31) - T1#CC33)
- C(32) = C{32) - T2¥C(3R)
e C¢33) = 0.9
IF ¢ I.E®.2 > 060 TO 50
C(28) = DVCI1LI*C(28)
CC(23) = DY(11)%C(29)
CC2B) = ~DVC(4@I*SAKIF ¢ 4.8 -DVC(112+DV(34)%¢ 1. 8- C(IOI*CC3B) > )
CC¢5) = DV(’0>#ACNSE ¢ DVC(L1X#CaS ¢ CCH5) > )
58 CONTINUE
c
C~--- QUTPUT RAY RFLATIONSHIP
c
RAYCL, J) = CC31)
RAYC2, J) = CC32)
44 e RAY(Z, J) = A1AN ¢ 11 )
. RAYCH, I) = AMAN ¢ 12 )
E: : 69 CONTINUE
g RETURN
& END
.
T
v S
g .
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2
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NOLTR 74-70

SUBROUTINE TRANSFER
24 NOVEMBER 1973 (REVISED)

THIS SUBROUTINE WILL TRANSFER THE RAY DAIA GENERATED BY THE
RAYTRACE PROGRAM FROM 1HE RAYF FILE TO THE BRAM FILE. THIS HILL
ONLY BE HECESSARY 1Ff 1T 1S DESIRED TO SAVE THE DATA FOR LATER USE.

COMMON RAY (4, 258>, DEV (D, 24B), IRF(250), DV(50), NELK, NRC(24>
CALL FHRITE ( 4HNRYF, 3, NBLK,25 )

IF ¢ IUSTATFC(4HNRYE) (. NE. 4 > G0 T0 352
DO 69 K = 1, NBLK

NRY = NRC(K)

IF (¢ NRY .EQ. 8 > (0 TO 606

CALL FREND ¢ 4HRAYE, K, RAY, SxNRY )

IF ¢ IRSIATECAHREYE) . NE. 4. > G0 10 54
CALL FHRITE ¢ 4HBEAM, K, RAY, +NIeY )

IF ¢ IMSTATECAHBEAMY HE. 4 > GO 10 %6
CONTINUE

RETURN

END
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NOLTR 74-70

SUBROUTINE MHRITL

9 NGVEMBER 1973

THIS SUBROUTINE NWIlLL WRITE THE OUIPUT BEHM PRRAMETERS.
COMMON RAY(4, 258>, DEY<5, 2597, IkF (258>, DY (38>, NBLK, NR(24>

FORMAT ¢ 4H-, 4XL1LHOUTPUT BEAM, 1H: O
FORMAT (IS, it), 4E20. ¢

FORMAT ¢ 1H@, 4X1SHBILOCK NUMBER = .12, 5X3<HBI UCK SIZE = ,I3// >
PRINT 4

DO 26 I = 4,NBLK

HNRY = NRCI)D

IF ¢ NRY .ER. 8 > LD TU 26

CALL FREAD ¢ 4HRAYE, I, RAY, 8¥NRY >

IF ¢ IRSIATFC4HRAYEY (HE. 4 > GO 10 22
PRINT 8, I, HNKkY

DO 24 J = 1, HRY

PRINT 6, ¢ J,C RAYCK, JJ,K=1,4 > >
CONTINUE

RETURN

END

B-29




NGLTR 74-70

REFERENCES

(a) R. L. Pio, "Symbolic Representation of Coordinate
Transformations" IEEE Transactions on Aerospace and
Navigational Electronics, Vol. ANE-11l, pp. 128-134,
June 19464

(b) R. L. Pio, "Euler Angle Transformations" IEEE Transactions
on Automatic Control, Vol. AC-1l1l, pp. 707-715, October 1966

(c) C. J. Albers, NOLTR 74-69 "Ray Tracing Theory for
Alignment Systems" Naval Orénance Lakoratory, Silver Spring,
Maryland, 16 April 1974




