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SUMMARY

This volume summarizes the results of an image space analysis and optim-
ization and of a performance analysis of the telescope assembly in fhe
presence of various }1ignment errors. It also includes a brief study

on possible test arrangments for 1.2m or 1;5m diameter x-ray telescopes.
Omitted is a summary of the work that was done on the test flats because
of its tentative state and because much of it was already out of date at

the time this report was prepared.
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1. INITIAL TELESCOPE ANALYSIS

Design parameters fo all six subsystems compatible with the input
requirements of the ray trace program KROGRAZ were generated from data
provided by SAQO to MFSC. The most important parameters together with
some analytical results are summarized in Table 1,1. Fig. 1.1 illustrates
the geometric meaning of the following parameters:

Por Center radius of primary,
Poy? Center radius of secondary,
d Center to center distance,
b : Back focal distance

Y : Grazing angle at the center of each element.

PRIMARY

FOCAL POINT

Fig. 1.1: Two-Mirror Graziny Incidence System with Design Parameters



A ray trace analysis was performed to first find the best focal sur-
face of all individual subsystems and then determine tha optimum positions
of image planes such that the rms spot size on axis does not exceed 0.5
arcsec., The corresponding distances of these image planes from the
gaussian focal point and the maximum achievable half field angles provid-
ing a spoi size of no more than 0.5 arcsec for every individual subsystem
are included in Table 1. An illustration of the image space geometry is
shown in Fig. 1.2. For these analyses a reflectivity of 1 was assumed

for all surfaces.

COMPROMISE
-2 \ IMAGE PLANE

/ —— — o
/ §
/

GAUSSIAN
FOCAL POINT

OPTICAL AXIS

Fig. 1.2: Meridional Section of Image Surface
(R = Radius of Image Curvature)



TABLE 1.1: System Parameters
SUBSYSTEM

Center Radius of First Mirror
Center Radius of Second Mirror
Center to Center Distance

Back Focal Distance

Graz. Angle at Center of each E1l.

Half Width of Entrance Annulus
Image Curvature

Focal Length

Collecting Area

Optimized Dist. of Im. P1.
for .5 arcsec

in Flat Field Max. Half field

Angle

Gaussian Focal P,

(in.)
(in.)
(in.)
(in.)
(mrad)
(in.)
(in.71)
(in.)

(in.z)

(107%in.)

(arcmin)

1 2 3 4 5 6

23.88 21.53 19.23 16.93 14.78 12.63
22.8273 20.5671 18.3590 16.2026 14.0971 12.0420
35.0762 35.6091 36.0765 36.4822 36.8296 37.1223
380 380 380 380 380 380
15.0000 13.5178 12.0689 10.6531 9.2702 7.9197
0.24 0.22 0.20 0.175 0.15 0.125
-0.262 -0.328 -0.417 -0.538 -0.730 -0.018
398.957 398.957 398.957 398.957 398.957 398.957
71.98 59.49 48.30 37.32 27.85 19.83

-8.0 -8.9 -9.9 -11.3 -12.9 -15.1

2.5 2.4 2.25 2.10 2.00 1.85



Image field curvature is known to be the predominant aberration
in grazing incidence telescopes. To illustrate the dependence of the
curvature on the diameter of the system, the meridional sections of the
image surfaces of the individual systems are shown in Fig. 1.3 in actual

size.
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Fig. 1.3: Meridional Sections of the Image Surfaces of all
Individual Subsystems (Actual Size)



The field extends ovver about + 20 arcmin. The rusultant opiimum fecal
surface of the compound system is shown in Fig. 1.4. It is also drawn
in actu2) size and includes the rms-spot sizes at different field positions
up to 20 arcmin. Fig. 1.4 was generated by letting each subsystem con-
tribute according to its geometric collecting area. The result is expected
to change, however, when the effective ccllecting areas which depend strong-

ly on the grazing angle and the surface meterial are taken into account.

SPNT SIZE OFF AXIS ANGLE
82 arcsec

20 arcmin

35 arcsec 15 arcmin

13 arcsec 10 arcmin

3 arcsec \ S arcmin

OPTICAL AXIiS

Fig. 1.4: Meridional Section of the Optimum Focal Surface Formed by
all Six Subsystems



2. RFFLECTIVITY AND EFFECTIVE AREA

The reflectivities and effective areas (geometric area x reflectivity)
of the six teiescope subsystems were determined for two coating materials
and four wavelengths. The reflectivities, R, were calculated according to*,
R = Ry (1+Ry)/2,

with
Rl = (4a%(s-a)? + V)/ (4a2(s+a)? + V),
R, = (4a%(t-a)? + V)/ (4a*(t+a)? + V),
aZ = (s2-U+ (s2-U)% +V)/2,

s =siny

t

cos y/tan vy, vy being the grazing angle.

The following U - and V - values were provided by L. VanSpeybroeck,

SAO:
Au Ni
R U v U v
2 1.54687E-4 6.21530E-10  8.41236E-5 8.12310E-12
10.44 2.57412¢-3 1.13329E-6 1.73944€-3 7.7305E-7
47.68 2.39684E-2 4.38718E-4 2.95621E-2 2.27016E-4
103.32  1.3276E-1 1.09378E-3 7.16910E-2 1.08618E-2

The computed reflectivities and effective areas are summarized on the next

two pages.

*B.L. Henke, Phys, Review A, 6, .94(1972)
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3. FOCAL PLANE OPTIMIZATION

The analyses described in this chapter were performed by tracing rays
through 211 six subsystems simultaneously whereby the number of rays for
each subsystem was proportional to its effective area.

Since each individual subsystem of the telescope assembly has a
different focal surface with the field radii increasing with increasing
aperture diameters, the field radius of the nested system will fall sc -
where between the radii of the outer and inner systems, depending on the
contributions of each of the six subsystems to the total effective area.
Because the subsystem contributions to the collecting area are functions
of their reflectivities, and thus functions of the wavelength, the field
radius of the optimum system ‘. cal surface is expected to be wavelength
dependent. The best-focus performances and field radii of the nested
system for two surface materials (Au and Ni) and four-different wave-
lengths are represented by the curves numbered 1 in Figures 3.7 to 3.8.

To find the optimum position of an assumed flat detector surface, two
analytical approaches were pursued.

a) The Common Focal Point Configuration

The system is alignad so that all six subsystem focal points co-
incide (See Figure 3.1a). The detector surface is moved toward the
telescope until the on-axis rms-spot diameter reaches C.5 arcsec.

The flat-field performances for this focal plane configuration are rep-
resented by the number 2 curv2s in Fig. 3.2 to 3.8. The respective de-
tector shift, A b, from the common focal point is also given on the dia-

gram,



b) The Staggered Focal Point Configuration

The image plane positions for an on-axis rms-spot size of 0.5
arcsec are determined for each éubsystem separately. Matching the six
image planes then resulted in a staggered focal point array (see Fig.
3.1b). The individual image plane shifts from the respective focal
points are then constant and wavelength independent. These respective
shifts are from the outer to the inner subsystem:

aAb = -0.0080 in.,

1
Ab = -0.0089 in.,

2
Ab = -0.0099 in.,
Ab = -0.0113 in.,
Ab = -0.0129 in.,
Ab = -0.0151 in..
The number 3 curves in Figures 3.2 to 3.8 show the flat-field performance

of the staggered focal point configuration for the two metals and the four

wavelengths.

Even though the difference between the common focal point configura-
tion and the staggered focal point configuration seems to be insignificant,
the wavelength independence of the second configuration must be regarded a
definite advantage since it avoids the focus change that is required for

different wavelengths when using the first configuration.

10
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Fig. 3.1: Two Focal Surface Configurations:
a) Common Foci
b) Staggered Foci
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Fig. 3.2: Off-Axis Performance: (1) Best Focus (Field Radius = -1.65 in.),
(2) Flat Field, Common Foci (Focal Shift = -0.012 in.), (3) Flat
Field, Staggered Foci.
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Fig. 3.3: Off-Axis Performance: (1) Best Focus (Field Radius = -2.41 in.),
(2) Flat Field, Common Foci (Focal Shift = -0,010 in.), (3) Flat
Field, Staggered Foci.
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Fig. 3.4: Off-Axis Performance: (1) Best Focus (Field Radius = -2.44 in.}),
{2) Flat Field, Common Foci (Focal Shift = -0,010 in.), (3) Flat
Field, Staggered Foci.
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Fig. 3.5: Off-Axis Performance: (1) Best Focus (Field Radius = -2.44 in.),
(2) Flat Field, Common Foci (Focal Shift = -0.010 in.), (3) flat
Field, Staggered Foci.
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Fig. 3.6: Off-Axis Performance: (1) Best Focus (Field Radius = -1.35 in.),
(2) Flat Field, Common Foci (Focal Shift = -0.013 in.), (3) Flat
Field, Staggered Foci.
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Fig. 3.7: Off-Axis Performance: (1) Best Focus (Field Radius = -2.38 in.),
(2) Flat Field, Common Foci (Focal Shift = -0.010 in.), (3) Flat
Field, Staggered Foci.
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4. EFFECTS OF MISALIGNMENTS ON THE PERFORMANCE

The effects of misalignments on the telescope performance
were investigated in two ways. First the misalignment sensivi-
ties, i.e., the effects of linear and angular alignment errors
between primary - and secondary on the focal plane performance
of the individual subsystems were established. Then the per-
formance of the entire nested array was determined while each of
the twelve mirror elements was randomly misaligned within certain
preset limits.
4.1 ALIGNMENT SENSITIVITIES

The following table summarizes the increases of the spot
size due to various isolated misalignments between the primary

and secondary mirrors of all subsystems.

TABLE 4.1: Misalignment Sensitivities

DESPACE DECENTER TILT
(SYSTEM 1 0,015 wrad/um 0.1 wrad/ym 1.9 wrad/urad
SYSTEM 2 0.013 wrad/,, 0.1 wrad/um 1.9 prad/wrad
SYSTEM 3 0.012 prad/um 0.1 wrad/um 1.9 wrad/prad
SYSTEM 4  0.010 wrad/um 0.1 wrad/um 1.9 wrad/urad
SYSTEM 5 0.09 prad/um 0.1 prad/um 1.9 wrad/urad

RMS SPOT SIZE INCREASE

_SYSTEM 6  0.08 urad/ym 0.1 wrad/um 1.9 wrad/urad

A11 spot sizes were established in a fixed gaussian focal plane.

15
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4.2 RANDOM ALIGNMENT ERRORS

The purpose of this experiment is to predict the most probable
performance of a real system where each component can only be
aligned to within certain limits with regard to-the perfect de-
sign. In the computer simulation each of the twelve mirror elements
was therefore allowed to be out of alignment with respect to five
degrees of freedom and within given limits. The five degrees of
freedom were shared by two tilts about the center of each element
in the x, z - and y, z planes, and linear shifts along the three
axes. The random misalignment values were generated by multiplying
a given 1imit value for every degree of freedom with a computer
generated random number between -1 and +1. One hundred computer
runs per set of 1imit values, each determining the rms spot size
of the entire telescope system were then made. The performance
predictions for various misalignments are shown in Figs. 4.1 to
4.7. While some runs were nade where the computer automatically
searched for tlie plane of best focus, other analyses were done in
a fixed gaussian focal plane. The first four graphs show the per-
formance for angular misalignments of 5 urad (1 arcsec) and
linear misaliqnments (decenter and despace) of 0.001 in. In the
following two runs the tilt and decenter limit values were varied
successively to appreciate there individual contributions. The
final plot shows a set of misalignment 1imits that yield a spot

size in the order of 1 arcsec.
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Fig. 4.1:

Fig.
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Tilt = 5 uyrad

Decenter = 0.001 in.
Despace = Q.001 in.

(On Axis, Best Focus)

4.2: Probable Per-
formance for the
Following Limit Values:
Tilt = 5 yrad

Decenter = 0.001 in.
Despace = 0.001 in.

(On Axis, Fixed Focus)
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Fig.

Fig.

4.3: Probable Per-
formance for the

Following Limit Values:

Tilt = 5 yrad
Decenter = 0.001 in.
Despace = 0.001 in.
(2 arcmin Off Axis,
Best Focus)

4.4: Probable Per-
formance for the

Following Limit Values:

Tilt = 5 urad
Decenter = 0.001 in.
Despace = 0.001 in.
(2 arcmin Off Axis,
Fixed Focus)
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Fig.

Fig.
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4.5: Probable Per-
formance for the
Following Limit Values:
Tilt = 5 urad
Decenter = 0.005 in.
Despace = 0.001 in.
(On Axis, Fixed Focus)

4.6: Probable Per-
formance for the
Following Limit Values:
Tilt = 10 urad
Decenter = 0.001 in.
Despace = 0.001 in,

(On Axis, Fixed Focus)
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YATNTA T .
5. COMMENTS ON TESTING THE X-RAY TELESCOPE gg*gg“o%“q%"fip;&b
To perform a meaningful test of the x-ray telescope, it is
desired to have a point source such that the diameter of the on-
axis image formed by the telescope does not exceed 1 arcsec. The
axial spot diameters as a function of the inverse object distance

for two telescope sizes (1.2m and 1.5m) with equal focal lengths
of 398.96 in. are plotted in Fig. 5.1.

2000 f¢t

RMS - SPOT SIZE (ero sec)

4
n
0]
b
)
(e
N
-

1/0BJECT DISTANCE (in.™")

Fig. 5.1: Axial spot size as a function of the object distance
for two different telescope sizes.
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The associate focal plane shifts,which are the same for both
telescope sizes because of the equal focal lengths, are plotted

in Fig. 5.2 as a function of the inverse object distance.

14 1

(in.)
2500 ft
2000 ft

IMAGE SHIFT
1000 ft

-
-

LS L4 L] L4 L4 ¥

1 2 3 4 5 B 7 8-10

1/0BJECT DISTANCE fin.)

Fig. 5.2: Fc¢ . Shift as a Function of the Inverse Object-
Disvance for Telescopes With a Focal Length of
Approximately 400 in.

There are two principle methods to obtain the required spot
size. The first and most straightforward method is to select an
object distance of at least 2000 or 2500 ft., depending on the

telescope size. The second method would be to use 3 shorter

22




object distance, for instance, the current vacuum tunnel length of

1000 ft., and optically project the source to the desired distance.

In the following, methods for an optical extension of the object
distance will be discussed.

a) Use of a single hyperbolic element at a distance of
1000 ft. and cover the six subsystems of the telescope
assembly subsequently by changing the source distance
to the element.

Comments: The approach has the same inherent problem
that the telescope has to begin with, i.e.,
the single element can only be optimized
for one source distance, and thus for only
on subsystems of the telescope. Ray trace
results show that when this distance changes
in order to cover other subsystems, the spot
size quickly assumes a diameter of many
arcsec.

b) Use a nested system of six single-element hyperbolas to
simultaneously cover all six subsystems of the x-ray
telescope assembly.

Comments: The required diameter of the largest element
of the test optics is

0= o (1 - 100 ),
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where Do is the diameter of the x-ray
telescope and s is the desired object dis-
tance in ft., assuming the test optics is
placed at a distance of 1000 ft. Although
this concept is principally workable, there
is a problem concerning the required source
diameter. For a back focal distance, b,
measured from the center of the test array,
the source size, Ax, is required to be
smaller than 5.10°%+ b in. in order to obtain
a spot size of not larger than 1 arcsec. For
example, a back focal distance of 800 in.
still requires a source diameter of smaller

than 100 um,



6. APPENDIX

KOGRAZ :

A RAY TRACE PROGRAM FOR GRAZING INCIDENCE TELESCOPES

6.1 INTRODUCTION

KOGRAZ is a computer program that analyzes grazing incidence

telescopes based on exact ray tracing. The optical system con-

sists of two reflective surfaces the shape of which can be any

conic sections of revolution. The program is written in BASIC

and performs the following tasks.

1.

5.
6.
7.

Computes x, y-coordinates of incident rays on any
surface,

Determines centroid coordinates of the image spot
generated from a point source,

Calculates the rms-image diameter of a pqint source,
Determines the Radial Energy Distribution (RED) within
an image spot,

Determines the image-field curvature,

Determines the surface of best focus,

Plots spot diagrams.

6.2 THE SURFACE EQUATION

The surface of both elements of two-mirror grazing incidence

telescopes are conic sections of revolution (see Fig. 6.1).
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CONIC SECTION

\ &

K FOCAL POINT ’ VERTEX

Fig. 6.1: Meridional Section of Grazing Incidence Surface

The surface equation is given by
02-p§=2kz-(1+6)22, 02=x2+y2
p is the central radius of the element, k is the subnormal at the
center and § is the deformation constant. The type of conic section

is determined by the value of § according to the following list:

§>0 Oblate E1lipsoid,
§=0 Sphere,

0 >62-1 Prolate Ellipsoid,
§ = -1 Paraboloid,

§ <-1 Hyperboloid.

Since all elements working in grazing incidence have a defor-
mation constant very close to -1, the paraboloid, the prolate

ellipsoid and the hyperboloid are the only types of conic sections



of revolution to be considered.

It may be interesting to note that the subnormal, k for p°='0,
i.e., in the vertex equation, is identical with the radius of
curvature at the vertex.

6.3 THE TWO-MIRROR GRAZING INCIDENCE TELESCOPE
The two-mirror grazing incidence telescope as shown in Fig.

6.2 is completely defined by the following four parameters:

Grazing Angle: v (6)
Center Radius of First Mirror: P01 (R(1))
Center to Center Separation: d (D(3))

Half Widths of Entrance Annulus: Ap (T)

PARABOLOID

HYPERBOLOID

Fig. 6.2: Schematic of Two-Mirror Grazing Incidence Telescope
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The bracketed expressions are the corresponding input parameters

used in the program. All other quantities can be expressed by

using only the first three input parameters. The following is

a sumary of the most useful system parameters and the relations

among them.

Center Radius of Second Mirror:

Back Focal Distance (measured

from center of second mirror):

Center Subnormal of First
Surface:

Center Subnormal of Second
Surface:

Deformation Constant of First
Surface:

Deformation Constant of
Second Surface:

System Focal Length:

System Focal Ratio:

Total Length of both
Elements:

28
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Entrance Aperture: The width of the entrance annulus is calculated

by inserting ...uiNAL PAGE IS
OF POOR QUALITY

Z=-d/2and Z = + d/2

into the equation of the first surface,
2 2 _
pm =gy = Ky .

a) p = o1 ¥ 20 and k.I = Y041

.. .2 2 2 , _
It then follows: %01 + 2001 Ao] + Ao] - Pg1 ® 2001 Ao] -2ypo~I d/s2,
or Apq = yd/2.

b) o= Po1 = 8Py and ky = -vp

It then follows: Aoz = yd/2.

The half widths of the entrance annulus therefore is to a good

approximation,

bp = Ap.l = Aoz = yd/2.

The collecting area is given by

- Ao)2

4TTOO] Ap = 21roo1yd.
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6.4 INPUT PARAMETERS AND PROCEDURE

The input consists of parameters describing the optical system
and the initial parameters defining the set of rays traced through
it. The optical system is characterized by its surfaces, their
positions and orientations, and the entrance aperture.

A summary of all pertinent input parameters is listed below.

Fig. 6.3: Ray Coordinates in Entrance Aperture

Fig. 6.3 explains the ray distribution in the entrance annulus.
T is the radial ray separation and A is the angular tangential ray
separation. A is generally calculated so that the Tinear tangential

ray separation equals T.
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TABLE 6.1: Input Parameters

Name Description Line-No.
J Total number of surfaces, (incl. dummy surfaces) 10
G Grazing angle at center of each surface (rad) 40
GO Off-axis angle in XZ-plane, (rad) 50
HO Off-azis angle in YZ-plane, (rad) 55
S0 Divider of T 60
T Half width of entrance annulus 70
A Ray input parameter, (rad), (See Fig. 3) 80
MO Inverse object distance (MO =0 for telescope) 90
P1 Starting point for RED in percent 95
PO Increment of RED in percent 96
R(1) Center Radius of first surface 170
D(1) Distance from entrance aperture to center of
first surface 180
D(3) Mirror center to center separation . 190
F=1 [linear units]
F Unit selector for image size { F =Focal length [rad] 450
F =J0<Focal length/3600
[arcsec]

S(3) Tilt of seconcary about X-axis, (rad))
T(3) Tilt of secondary about Y-axis, (rad)

G(3) Decenter of secondary in x-direction 469
H(3) Decenter of secondary in Y-direction } -490
c(3) Despace primary - secondary

c(5) Defocus
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Finally there are the subroutines which are those parts
of the program that perform the tasks listed in the introduction.
After loading the program, all subroutines are bypassed using
a "GOTO" statement. A tempo-ary elimination of this statement
.iakes the corresponding subroutine available. The following

listing summarizes all possible print-out options:

TABLE 6.2: Print OQut Options

Parameter listing 300 GOT9 450
Ray coordinates in entrance plane and on J-th

surface 1380 GOTO 1440
Best-Focus computation 1580 GOTO 1740
Centroid coordinates

Field-curvature, RMS-Spotsize 1760 GOTO 1910
Radial Energy Distribution 1920 G070 2240

Percent of rays through specified exit aperture 2270 GOTO 2300
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6.5 PROGRAM LISTING

1 REM llll!l!i!lilll!l#lliKoGRAZlllli!l&lllllllillli
10 J=5

20 JO=ATN(1)/45

30 F=J0#399/3600

40 G=0.015

50 GO0=0

55 HO=0

60 S0=2

70 T=0.245

50 A=16%JQ

G0 M0=0

95 P1=60

g6 P0O=10

1C0 bIM uU{500),v(500),X(5C0),Y{5C0)

110 DIM A(500),B(500),R(5C0),Z(500)

120 FOR N=1 TO J

130 R(N)=0,L(N)=0,D(N)=0,G{N)=0,:(N)=0,S(N)=0,T(N)=0,C(N)=0
140 K{N)=1

150 Z(N)==1

160 NEXT N

170 R(1)=23.88

180 D{1)=16.5

160 L(3)=35.076158

200 K(1)==1,K(3)=z=1

210 Al1=2%G

220 A2=zL%*G

230 R(3)=hk(1)-D(3)*TANC(AT)

240 D(5)=Rr(3)/TAN(A2)

250 E(3)=-(SIN(A2-A1)/(SIN(A2)-SIN(AT)))"2
260 L(1)=-R(1)*TAN(A}/2)

270 L(3)==R(3)*TAN(A1/2+A2/2)

275 F=2%R{1)/SIN(&E%G)

280 IF GO+HO0=0 THEN 290

264 PRINT

265 PRINT "FIELD ANG:GO="GO,"H0="HO

265 PRINT

200 HEM#EREXE#¥¥¥DESIGN PARAMETERS*EENEREN % ¥
300 GOTO U450

0 n

330 FRINT

340 PHINT "GRAZ ANG :";G

350 FRINT

3t0 FrnINT "RAD OF EL :";R(1),r{3)

3G0 PRIAWT

400 PRINT "SEPARATION:";D(1),L(3),0(5)
L310 ERINT

420 PHINT "K-CONSTANT:";L(1),L{3)

43C PnINT

LUO PhINT "D-CONSTANT:";E(1),E(3)

4471 PRIWT

buys PRINT "FOCAL LEWGTH:"F, " T:"T
Us50 r=F
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500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
050
660
670
660
690
700
710
720
730
740
750
760
770
780
760
£C0
810
520
&30
540
850
560
870
060
0G0
900
10
G30
G40
550
16n0
1010
1020
1030
1040
1050
1050
1070
10606
11C0

a3=0,M=0,N20

FOR RO=R(1)=T TO R(1)+T STEP
FOR B=zA TO 360%J0 STEP A
X0=RO*CO3(B)
YO=RO#SIN(B)

X=X0

Y=Y0

Z=0

KS=TAN(GO)-MO®X
LS5=TAN(HO)-MO%*Y
CO=1/SQR(1+K572+L5"2)
AQO=K5%CQ

BEC=L5%*CO

FOR I=1 TO J

D1=G(1I)

D2=H(1)

D3=D(I)+C(I)

W1=S(I)

w2=T(1)

F=L(I)

D=E(I)

K=K(I)

T

IF Wl*W1+W2¥*W2+W3¥%w3=0 THEN 530

A1=COS(W2)*C0OS(W3)

51=COS(W1)ESIN(WI, +SIN(W1)¥SIN(W2)®COS(W3)
C1=SIN(W1)*SIN(W3)-COS(w1}¥SIN(w2)%¥COS(W3)

A2=-CUS(W2)*SIN(W3)

52=COS(W1)*COS(W2)-SIN(w1)*SIN(w2)*SIN

C2=SIN(W1)*COS(w3)+COS(w? %3
A3=SIN(w2)

222310 (w1)*COS(W2)
C3=COS(W1)*¥COS(W2)

GOTO 850
At=1,£221,C3
A?UA\OBT

X1=A1%(X-D1)+E? *(Y—DZ)+C?*(Z-L
Y1=A2%(X-D1)+bB2%(Y-D2)+C2*¥(Z-D
ZV1=A3%(X-D1)+E3*(7-D2)+C3*(Z-D

AU=AC*A1+EQ*B1+CO*C
34=-A0*A2+c0%E2+C0%*C2
CUzAC*A3+E0%*p3+CU*C3
iF r=0 ThHEN 1020
51=D+1/C472

\
’
\
/

N ('
IN(w2)#%#SIN ('

S2=H=AU®(X1-A4U*Z 1/CU)/CU-BU"{YI_BLEZ1/CU)/CH
S3=(X1-AU*Z1/CU)"2+(Y -BURI1/CUY 2=-R(I)"2

Zz=S3/(S2%(1+3CR(1-81#33/5272)

o 1C30

o > O -

Tt e O
( OCOM3><I A=

CIDTN YN SO g > B O

SwwrnoCaomon
[ T TR R TR | B o

QR{Z2%L2+23%7341)
34

))

RB OT D

G



1130
1149
1150
1160
1200
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1510
1620
1630
1640
1650
1660
1670
1650
16590
1700
1710
1720
1730
1740

ORIGINAL PAGE IS
OF POOR QUALITY

A5=22/24

B5=23/24

C5==1/Z4
V=AU®AS5,454%#55,C4%CH
U=V#(1-K)/X

AO=AU4/K~-ULRAS

BO=84/K. J#BE"

CU=ClU/K-u%C5

IF I<>1' THEN 1270

M=M+1

NEXT I

N=N+1

U(N)=X0

V(N)=YC

X(N)=X

Y(N)=Y

A(N)=AO/CO

8(N)=B0/CO

NEXT B

NEXT RO

REM ¥ERE¥%#¥%¥%RAY COORDINATE ;##BE¥%%% %%
GOTO 1440

PRINT " XO YO X
PRINT

FOR J=1 TO N

PRINT U(J),V(Jd)},X(J),Y(J)
NEXT J

PRINT

X9=0,Y9=0,A9=0,B9=0

FOR J=1 TO W

X9=X9+X(J)

YG=Y9+Y(J)

A9=A9+A(J)

BG=bG+E(J)

NEXT J

X9=X9/N

Y9=Y9/N

A9=AQ9/N

BG=E9/N

29=0

REM “"l"‘.‘l****BEST F‘OCUS"***’****
GOTO 1740

27=0,28=0

FOR J=1 TO N
ZT=ZT7+(X(J)=X9)*(A(J)=-A9)+(Y(J)=-Y9)*¥(B(J)=-RB9)
28=28+(A(J)-A9)"2+(B(J)-BG)"2
NEXT J

29==2T7/70

X9=0,Y9=0

FCr J=1 TO N
X(J)=X(J)+A(J)*Z9
1(J)=Y(J)+B(J)*29
X9=X9+X(J)

Y9=Y9+Y(J)

NEXTJ

XG=XG/N

YG=Y9/l

REM 35
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1750
1760
1770
1780
1760
1800
18610
1820
1830
1640
1850
1060
1870
1860
1860
1600
13910
1920
1925
1930
1940
1650
1660
1670
1850
1960
2000
2C1e
2020
2030
2040

2050

2CoC ¢

2070

Rih ##%xd##%%2CENTROID FIELL-CURV RMS-SPOT SIZE##*esddans
GOTO 1910

R8=0

FOR J=1 TO N
R8=KE+(X(J)=X9)"2+4(Y(J)-19)"2
NEXT J

R9=SCK{RE/N)

PRINT "CENTROID X=";X9

PRINT "CENTROID Y=";YG

PRINT ™ DELTA Z=";Z¢

PRINT

IF GO0"2+H0"2=0 THEWN 1850

PRINT "FIELD-CURV=";2%2G/(X0"2+Y9"2)
PRINT

R9=R9/F

PRINT "RMS-DIA :";2¥RQ

PRINT

COTO 2243

FOR o=1 TO N

Z(J)=Sui {(X(J)=X9)"2+(Y(J)=-Y9)"2)
NEXT J

K=1 TO N

1)

)

C
N
O ~~

2 TC N=K+1
»>D THEN 2030

NI TN -3 DT
N C AT O il
PR o I I o - .
—-a o~ Gy

o
pis

2060 NE

2040
211C
2120
21350
2140
2:150
2160
2170
21c0
2160
2200
2210
2220
2230
2240
2250
2260
2270
cz60
2260
2300

9999

REM ¥ %%*xx%#XRADTAL ENCRGY DISTRIBUTION#®#*%¥¥xxxx%
FRINT "RADIAL ENERGY DISTRIBUTION:"
prINT
PRINT "™ & DIA"
PRINT
I11=0
FOR IO=P1 TO 100 STEP PO
FCk I=Ii1+t TO N
IF I*100/W<I0 ThEWN 222C
PRINT IO0,2¥R(1)/F
I1=1
GOTO 2230
NEXT I
NEXT IO
PRINT
PRINT "NO. OF RAYS:":N
nEM ¥#%xxx¥x*®%¥pf nCENT CF RAYS THROUGH EXIT APERTURE®**%k*#¥%x
GUTO 2300
PRINT
PRINT N*100/M;"% THROUGE EXIT AFERTURE"
FRINT
EwD
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