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SECTION 1

SUMMARY’

» | The system design concept of the Large Space Telescope program

has become sufficiently well definitized for formulation of an optical design con-
figdration that can now Be optimized based on a closely constrained set of ground
rules. This work, performed under NASA Contract NAS 5-21540 by The Perkin-
Elmer Corporation, accomplishes the goals of first defining methods for
evaluating the theoretical oplical performance of axisymmetric, centrally
obscured telescopes based upon the intended astronomy research usage, ‘then
proceeds through a series of design parameter variations to determine the
optimum telescope configuration. The design optimum requires very fast

primary mirrors, so the study also examines the current state of the art in
fabricating large, fast primary mirrors. The conclusion is that a 3-meter
primary mirror héving a focal ratio as low as f/2 is feasible using currently
established techniques.' An improved theory for predicting the effects of mis-
alignuwent of the primary and secondary mirrors is preéented, and tolerances

for given levels of optical performance are determined. A tradeoff analysis
shows the achieveable levels of performance and the design values needed to

obtain these levels.
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SECTION 2

INTRODUCTION AND STATEMENT OF PROBLEM

2.1 OBJECTIVE OF STUDY

The NASA Goddard Space Flight Center has accomplished a con-
siderable émount of preliminary design leading toward an operational Large
Space Telescope late in this decade. These preliminary designs are based on
the 1aunch_vehic1eé which are expected to be available in the late 1970's.
Figurés 2-1 and 2-2 illustrate these design concepts. Succinctly stated,
the primary problem to which this study is directed is that of optimizing
the optical design of a telescope consistent with the space euvelope of

these concepts.

The criteria for Ehé design optimization will be extracted from a
combination of scientific requirements and Laige Space Telescope performance
cbaracteristics that will allow the widest and most useful realization of its
research potential. 1In Section 3.3, the current problems in Astronomy and
Astrophysics are surveyed and the important properties of the phenomena to
be observed with the telescope are categorized. The developing technology
of image processing is examined for possible applications and design guidance.
From these categories, three measures of performance or figures of merit are
derived. Each figure of merit is then examined from two points of view; that
of the optichl designer, whose aiﬁ,is to extract the best optical pgrformance’
within the given parametric constraints, and secondly, from the operétiohél
point of view where dimensional instabilities such as thermally induced mis-
alignment, defocus, and mirror deformations are of primary concern. Significantly,
slight changes in the definitions of the figures of merit occur when examined

from these two view points. This discussion is contained in Section 3.6.

The next step is to use the figure of merit definition to obtain

design trends. A correlation or functional relationship between each figure
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SECTION

SUMMARY

The system design concept of the Large Space Telescope program
has become suffic tly well definitized for formulation of an optical design con-
figuration that can now be optimized based on a closely constrained set of ground
rules. This work, performed under NASA Con act NAS 5-21540 by The Perkin-
Elmer Corporation, accomplishes the goals of i1.rst defining methods for
evaluating the theoretical optical performance of axisymmetric, centrally
obscured telescopes based upon the intended astronomy research usage, then
proceeds through a series of design parameter variations to determine the
optimum telescope configuration. The design optimum requires very fast
primary mirrors, so the study also examines the current state of the art in
fabricating large, fast primary mirrors. (Y
ORI, W R S DS S SRR SRR Ve G
- An improved theory for predicting the effects of mis-
alignment of the primary and secondary mirrors is presented, and tolerances
for given levels of optical performance are determined. A tradeorf analysis
shows the achieveable levels of performance and the design values needed to

obtain these levels.
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SECTION 2

ZNTRODUCTION AND STATEMENT OF PROBLEM

. 2.1 OBJECTIVE OF STUDY

The NASA Goddard Space Flight Center has accomplished a con-
. siderable amount of preliminary design leading toward an operational Large
Space Telescope late in this decade. These preliminary designs are based on
the launch vehicles which are expected to be available in the late 1970's.

Figures 2-1 and 2-2 illustrate these design concepts. Succinctly stated,

A

combination of scientific requirements and Large Space Telescope performancg
Eharacteristics that will allow the widest and most useful realization of its
research potential. 1In Section 3.3, the current problems in Astronomy and
Astrophysics are surveyed and the importéﬁt properties of‘the phenomena to

be observed with the telescope are categorized. The developing technclogy

of image processing is examined for possible applications and design guidance.
From these categories, three measures of performance or figures of merit are
derived. Each figure of merit is then:examined from two points of view; that

of the optical designer, whose aim is to extract the best optical performanée
within the given parametric constraints, and secondly, from the operational

point of view where dimensional instabilities such as thermally induced mis- ,
alignment, defocus, and mirror deformations are of primary concern. Significantly,
slight changes in the definitions of the figures of merit occur when examined

from these two view points. This discussion is contained in Section 3.6.

The next. step is to use the figure of merit definition to obtain

. design trends. A correlation or funct;onal relationship between each figure
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of merit definition and design variab;es, such as obscuration due to secondary
mirror and light baffles, and final system focal ratio was then derived,

In addition, the operational variables such as misalignment were also reiated
to the appropriate criteria or figutes of merit. All of these equations were
programmed on an electronic computer, and then the basic parameters were
varied within the constraints of the ground rules. A description of the way

in which this was done and the results obtained are coﬁgained in Section 4.

From the variation in optical performance as the design parameters
were varied, a clear picture evolves; namely, that the performance of an
axisymmetric two-mirrcy optical system improves as system magnification is
transferred from the primary to the secondary. This also results in shorter
overall lengths. The driving influence 1s the central obscuration caused by
the secondary mirror and barifle, which must be minimized for each particular
mirror separation and for each type of optical system considered. In order
to reduce the central obscuration, the focal ratio of the primary mirror
must be made smaller. This leads to tighter requirements in two other
areas: manufacture and operation. Therefore, the optical design trend
must be modera:éd by consideration of the relative difficulties and cost of
manufacture, anﬂ the expected environment and operational degradations which
must be accommodated by the optical system. In Section 6 the recent trends
in relative cost as faster mirrors have been manufactured is examined, as well
as the current state of the art in large opfics fabrication. Extrapolations
to mirror diameters of three meters indicate a practical limit on the primary

mirror focal ratio, and this information is used in the tradeoff study.

Section 5 on "Alignment Discussion" advances new ways of treating
telescope misalignments and suggésts ways in which the problem can be reduced
to a minimum. Appendix A, which is a reprint of the paper given by Mr. Abe Offner
at the NASA-gponsored workshbp held at MSFC on Apriln29 -~ May 1, 1969, gives
the basis for analysis of telescope misalignment and also shows that the
crucial quantity, to be controlled in telescope alignment is the separation of
the geometric chi ‘of the primary and_secondary mirrors. When this separation
is reduced to zero, then the misa]ignment caused by tilt will be compatible
with the expected mechanical and thermal strains, as shown by Mr. Offner's

analysis. The equations derived in the paper allow calculation of the wavefront



errors caused by defocus and misalignment, and these wavefront errors can in
turn be evaluated using the figure of merit definitions which are used in the
study. In this way optical performance can be maximized In the face of mis«~
alignment by taking advantage of the trend to fanmter primary mirror focul ratios

indicated by the performance calculationn.

Both the eltacts ol central obacuratfon and the trend {n manuiacturing
are inputs to the tradeoff analysis discussion. Another element in the trade- .
off decision is the possibility of sensing wavefront errors which cause various
types of imperfections in the image produced by the telescope. Recent advances
have been made in both sensing and analyzing the resultant wavefront error in
terms of the component aberrations. As a result, some aberrations, such as
defccus or misalignment can be singled out and appropriate in-orbit corrections
made. Application of these techniques shows considerable promise in reducing
the amount of performance which must be sacrificed in order to provide safe
accommodation of the various operational degradatioms. These techniques have
been partially proven in other work which Perkin-Elmer has accomplished, and
development of the necessary components for spaceborne wavefront analyzer
mechanization is Being contemplated by NASA. The performance potential of

the system is discussed in Section 8.

An auxiliary but nonetheless important topic included in the
Primary Mirror discussion is the deleterious effect of the light scatter
upon faint object detection. Limits on the amount of scattered light which
can be tolerated in the detection of 29th and 30th magnitude stars are
calculated for several different assumed conditions. The value‘of these
limits is unexpectedly severe in some cases, suggesting that some experimental

work is probably in order to determine actual scatter coefficients.

The interrelationship of the various parts of the study under
discussion is shown graphically in Figure 2-3, which gives an overall view

of the procedures followed in the study.
\

2.2 GROUND RULES.

The contract is explicit in the dimensional constraints which
must be observed in the configuration study. The volume available is cylindrical

with a diameter of 3 meters and a length of 8.85 meters. These constraints
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are summarized in Figure 2-4, Note that some parameters, such as the diameter

of the primary mirror and the angular size of the tracking field, are invariant,
while others are stated as maxima (e.g. primary to secondary mirror separation) and
are given permissible ranges of variation (e.g. distance from primary mirror vertex

to tracking field image plane).

Although, as implied by the various figures of merit examined, it
would bé desirable to eliminate the central obscuration entirely by going to
an off-axis optical system, this violates the ground rules and serious con-
sideration was not to be given to such systems. Therefore, the parametric

design variations were limited to axisymmetric two-mirror systems,

The ground rules further permitted investigation of two types of
optical system to be selected by Perkin-Elmer. Since the telescope configuration
traditionally selected for space usage is the Cassegrain (or its non-conic
section refinement, the Ritchey-Chrétien), this is one of the two telescope
forms selected by Perkin-Elmer for the investigation. Since the prime variable

~

in thé system described by the ground ruie constraints the position of the
primary focus shared between the primary and secondary mirrors, it seemed
only logical to exercise this variable to the maximum extent practical. 1In
the Cassegrainian systems, this point is in object space, behind the secondary
mirror and away from the primary mirroxr. Another class of telescope designs
has the primary focus between the primary mirror and the secondary mirror,

as in the Gregorian form. Thus in order to extend the design parameter
variation over as broad a range as possible, the Gregorian type of system was
selected as the second optical form to be considered in the study. While
Gregorian systems are usually considered too long, new developments in
technology and an analysis of the manufacturing tradeoff between the two
types of systems lead to rather interesting conclusions, as we shall see.

The Gregorian type of telescope also has a high performance version which
uses non-conic sektion mirrors equivalent to the Ritchey-Chrétien. We shald
term such equivalent telescope design as '"Gregorian Aplahats”, of which the
Schwarzschild telescope is ah example. Since the techniques Qsed_in‘the
design of Ritchey-Chrétiens and GregorianAplanats*Ean be‘applied.to a wide
variety of first order opticalldesigns, and the main objective of the study
is to optimize the design to fit theVSpac&,enVelope, considefation relative

to this level of optical desigh refinéméntjﬁaé?given‘onlychrsory attention.

* An Aplanatic opeic.1,sy;tem,1s aheiwhich is free of spherical aberrétion?and
coma. _— ‘ . s L . ’ S
, : 5
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SECTION 3

OPTIMIZATION TECHNIQUES

~L‘

In this chapter, the basic techniques for evaluating and optimizing
the design of the Large Space Telescope will be developed. This will be done
by examining the most current science objectives for the LST and abstracting
from these research objectives the important instrumental functions and intrinsic
optical measures of performance. In this connection, the rapidly developing
technology of image processing will be examined for lapplication to the LST

research function to determine whether new design criteria are indicated.

Having formulated the principles upon which an optimization technique
can be based, rigorous optical theory is applied to derive working expressions
for the criteria or figures of merit which are then used in the balance of the
study to optimize the optical design. Three separate criteria are identified,
each of which has an area of application. However, the trend of each figure
of merit is similar for one of the important design variables (central obscu-
ration), and so only one of the three is selected for most of the design

optimization work. N

3.1 SCIENTIFIC REQUIREMENTS

Through ¢he publications of the National Academy of Science1 the

)
as tronomy Missions Boardz, and others, it is possible to identify and categorizeg
the leading observational problems for which the Large Space Telescope should

be optimized. A survey of the referenced publications has been made, supple-
mented by visits to prominent astronomers., A tabular summation of the research:
functions, the optical performance characteristics required,and instrumentation
has been made and is presented in Table 3-1. It is our intent to distill from
this compilation the important performance characteristics for a three-meter

‘telescope which can be quantified and used to evaluate and judge ﬁarious design

options.

The most frequently mentioned performance ‘characteristic listed in

Takle 3-1 is '"Wide Spectral Range", which is an obvious requirement, being funda-

b
mental to the reasons for going into space for astronomical observations in the

first place. The requirement is best met through all-reflective optical systems

11
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designed to have the highest possible optical efficiencies at the wavelengths

of interest. Optical efficiency is largely a function of the number of
reflections in the optical system and the reflectivity at each surface. The
achievement of Wide Spectral Range is auxiliary to the primary objective of

this particular study, and, except to constrain the design of two-mirror systems,
is not given further consideration. The study does, however, examine the
problem of scattered light and set upper limits for a number of situations

described in the referenced publication.

The remainder of the performance characteristics are closely related
to the research instruments and detectors. These instruments are grouped and
the salient characteristics of each are shown in Figure 3-1. The three most
important characteristics of the groupings are: 1) luminous energy density in
an image over the area defined by either an entrance slit or resolution element,

2) the intensity at the peak of the diffraction pattern, and 3) the sharpness of or

precision with which the position of the edge of an image can be defined and measured.

To optimize the telescope design, one wishes to maximize the amount of energy
which passes through the slit, resolution element, or other defining aperture
in the instrument, and a figufé of merit which is a measure of the energy
density over the instrument-defined resolution area would be useful in evalu-
ating a telescope's performance in this particular mode of operation. Another
mode of operation which is also of great importance is that of imaging faint
point objects. Here, maximizing the intensity at the peak of the diffraction
image is of paramount importance, and again, a mathematical way of forecasting
this would be of use in evaluating various candidate telescope designs. Finally,
ahd of prime importance in the area of post-exposure image processing, a mathe-
matical expression which is a measure of the steepness or the gradient of the
‘image at an edge such as that of a filament or a gas cloud would be another
attribute which is of importance to astronomy aﬁd which would be of aid in
evaluating and optimizing the telescope design.

There are already some measures of optical performance which can be
applied in this study, and which are directly related to the performance
characteristics identified above. Most directly applicable to the maximization
of the intensity at the peak of the image of a point object is the Strehl
Definition which, following O'Neill?, i{s defined as: "the ratio of the light
intensity at the maximum of the diffraction patgern to that of the same instru-

ment without aberrations”. The definition is illustrated graphically in

16

Sty

RN



ey

$

mUHUMMHGUUwhmﬂU pue sjuswunajsul Yoaeasay

*I-€ 2an81J

(ESNOJSHY
dD0H HALLVIHY)

SSHNdYVHS 3Ddd

TIVLAJd 40 NOLLATOSTY

SLOHELdO dHIANHLXH
4O AMLINOLOHJ

AdLINOYLSY

(OILVY THAYLS)
HOVINL 40
YIILNAD LV XLISNA.LNI

SLOALIO INIVA
AFTA¥AS

(XO9INT
HALLVIHY 3 ZI'TVINION)

VIYV QANII3A
NI ALISNHd XDYINA

Sk

-

1
T

=

ok .mw.m
r~ I
s ¥
Bty

Tos
=68
i
=
kD
a4

AdODSOU.LOAdS LITdS ddIM

AdODS0Yd.LDdAdS LI'TS

AMIINOLOHA

OILSIHA.LOVYVHD LNVIYOJdINI

AOHLAW HOYUVASHY

SINATHOYd HOYVASHY 40 SOLLSIMALOVIVHD

17



TARLTILASAEY L T DL e

RN K

pECIE AP ITE A S

Figure 3-2, showing typical diffraction patterns for an instrument with, and
then without, aberrations. We shall develop a modification of this definition
which is valuable in the assessment of specific design variables such as the

amount of central obscurati-., This derivation is performed in Section 3.6.

In many treatments of the effects of central obscuration, it is
not uhusual to dismiss the effect by noting that for a secondary mirror diameter
equal to 30 to 40 percent of the diameter of the primary mirror, the reduction
in collector area is only 9 or 16 percent, and that losing this amount of the
light'is negligible. It should be borne in mind that there is also a redistri-
bution of the light in the image which, for many applications, is much more

serious than the mere reduction in the amount of light collected.

1f we define € to mean the ratio of diameter of the secondary, D,
to that of the primary mirror, DP’ then the telescope collecting area, A, is

given by
Tt 2 2
As % Dp (1 -¢€7) (3-1)

from which the above statements about the amount of light lost can be verified.
If we calculate the amount of intensity lost at the center of the image, we

£ind4 that the following relationship describes the situation:

2

I=1 (1- 2?2 . I - 2 s e | (3-2)

where Io is the intensity at the center of the diffraction pattern produced by
an unobscured aperture., Figure 3-3 shows the profile through the images of a
point source (such as a star), produced by telescopes of various central
obscuration. Note that as the central obscuration is increased, the intensity
at the peak of the image decreases while the intensity of the diffraction rings
increases. This is because the central obscuration diffracts light from the ‘
center of the image into these locations. The exact nature of the redistribution

is giveﬁ in Referencea, pp. 416, 417.

If we now plot equation (3-2) above, we obtain the curve shown in
Figure 3-4. Note that for the case initially discussed of a 30 or 40 percent
obscuration, the reduction irn intensity at the peak of the image is 17 and 29
percent respectively, rather than 9 and 16 percent. The significance of the

effect of central obscuration is therefore not to be dismissed lightly.

i
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Figure 3-2.

Focal Plane

Definition of Strehl Ratio
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The concept of maximizing the energy density over a fixed resolu-
tion area is somewhat less commonly kncwn. Thie concept is suggested by
A, Offner in the paper repeated in‘Appendix A, Offner suggests a measure of
performande which he calls the "NMormalized Relative Energy' (or NRE for ~hort).
The definition of normalized relative energy is the amount of energy falling
upon an area defined by the diameter of the first dark ring of thez diffraction
pattern relative to that produced by an unobscured, perfect optical system,
normalized to unity (that is, divided by 0.84, sinhce 84 péfcent of the energy
is an unaberrated diffraction image falls within the first dark ring of the
diffraction pattern). This concept is illustrated graphically in Figure 3-5.
The advantage of this criterion is that the effects of obscuration as well as
aberration, figure and the like can be taken into account, Also, effects of
small changes in the profile of the image within the confines of the area
defined by the first dark riné of the diffraction pattern will be given less
weight than would be the case with the Strehl definition. Since the concept
of normalized relative energy is based upon a fixed detector area, its appli-
cability to instruments with small defining apertures (such as spectrographs
and photometers) is obvious. A rigorous derivation of the normalized relative
energy is presented in Appendix B, and aa in the case of the modified Strehl

definition, the results are given in the comparison contained in Section 3.7.4.

A third viewpoint from which the scientific data output of the
telescope should be viewed is that of post exposure processing by digital
computer techniques. The basis for image processing will now be discussed,
and later, criteria for design optimizatiom indicated by this new technology

will be derived.

22
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Figure 3-5. Definition of Normalized Relative Energy
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3.2 IMPACT AND LIMITATIONS OF IMAGE PROCESSING

3.2.1 Introduction

This section discusses the potential role of image processing as
a basic LST system element, by indicating both the uses and limitations of
this technique.

Image processing can be used to achieve either of two fundamental
objectives, defined below:

Image Restoration = For this application, image processing

attempts to take image data suffering from degradations and process
that data such that the resultant image is as true as a representa=
tion of the object as possible. The resultant image thus contains

the maximum possible amount of recoverable object information.

Image Enhancement = For this application, the objective

is to take an image containing a fixed amount of recoverable
information, and make that information more easily recoverable
by changing the presentation of the data ~ i.e., change the
appearance of the image, by various methods (such as an increase
in contrast) to make that data more presentable to an observer.
A priori knowledge about the object (such as symmetry properties)

are often also used in image enhancement.

Thus the processing of an image motion degraded low contrast image
to izzs ve the effects of the motion represents restoration, while an artificial

increase in the contrast of that image represents enhancement.

Figure 3-6 indicates two basic modes for operation of the LST; for
the first mcde, shown at the top of Pigure 3~5, the prime focus image is re=
layed to .an image recording device, which then records the aerial iﬁage with
the greatest possible fidelity. This '"raw' data representing the recorded
image is then transmitted to the ground, where an image is reconstructed, and

the data viewed by human observers.

For the second mode, the prime focus image is relayed to an instru-
ment which then optically analyzes the image with the purpose of estimating the

value of one or more parameters characterizing the nature of the object. The

24
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estimates of the parameters of interest are then transmitted to the ground;
such parameters include the total flux of dim objects, stellar diameters,

spectral characteristics, etc.

Of these two modes, only the first represents a potential use of
image processing function, since image processing requires ''raw' unreduced data

on the intensity distribution of the cbject.

3.3 IMAGE PROCESSING OF LST IMAGES

The first image processing function mentioned above, restoration,
is the function that would most likely be used for LST images, since the prime
function of the LST is to probe the unknown; thus one wishes to obtain images
which accurately represent the unknown objects being observed. The restoration
would be performed to counter various system degradations, as outlined in

paragraph 3.4..

The second function mentioned above, enhancement, would entail
some processing of images for special applications, in which some a priori in=~
formation .of the object would be assumed (one example might be special proces=-
sing to aid the separation of a double star); the discussion which follows is

restricted to the first function, restoration.

Mathematically, it is convenient to describe the effect of LST
system components on the imagery obtained by using Optical Transfer Functions
(OTF's) . Thus the imaging characteristics of the LST can be written as

si(kx-, ky) = H(kx’ ky) so(kx, ky) (3=3)

where Si(kx’ ky) and So(kx, ky) are the Fourier transforms, respectively, of
the image and the object scene, and H(kk’ ky) 1s the optical system Optical
Transfer -Function (OTF). The variables kx and ky denote the spatial frequency

coordinateé in the X- and Y-directions.

Image restoration can be performed by the following linear filtering

operation:
sr(kx,ky) = F(kx,ky> si(RX’ky) (3"4)

26...
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Here we have filtered the image, in the frequency domain, with a filter having
a transfer function F(kx’ky)' If F(kx,ky) is chosen as the ratio of a desired
or ideal OTF D(kx’ky> and the actual OTF H(kx,ky), i.c.,

D(kx,k )

F(k ’k ) A (J-b)
k ,k
x'y H( L

then the filter will remove the low-pass efilects of the optical system, pro-
ducing an image that would result from an ideal diffraction-limited system.
The result of this image processing is then the modification of the OTF such
that it assumes a more desireable form after processing. The resulting image

is usually clearer, having been ''deblurred".

Such operations have been successfully performed on astronomical
imagery, notable the imagery obtained from Stratoscope II (processed by Princeton

University).

Any degradation of the system that manifgsts itself as a lowering
of the system transfer function can in principle be compensated for in the
image processing function as oufiiﬁéd above; some of the more obvious ones are
listed below.

1. Effect of obscuration ratio,
2. MIF of image recording device (vidicon, etc.),
3. differential image motion due to the Bradley effect, and

4. aberrations of the optics (both residual design aber-
rations, and aberrations resulting from misalignments

of the optics).

‘'Figure 3=-7 illustrates how some of these can combine to yield a
system transfer function significantly lower than the transfer function of the
diffraction-limited aperture that represents the design goal of the LST; as
long as thé.degradations do now lower the system MIF to the point where noise
dVérwhelms the recorded data, restoration via digital image processing is a

practical, proven technique.

As mentioned above, noise represents the limiting factor in any

image processing operation, due to the fact that the processing function boosts

Lo | ) 27
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the noise frequency -—ponents, as well as the image frequency components.

The problem of noise in an image can be reduced by the application
of several restoration techniques. The simplest in concept is to average multi-
ple ‘exposures of the saée object scene. This procedure will reduce the noise
standard deviation by the square root of the number of exposures averaged
together, but requires éccurate registration of the multiple images (this
technique has been successfully applied to Stratoscope II images of Uranus).

If only one image of a scene is available, however, more sophisticated tech=~
niques must be applied. These include linear (Weiner) filtering, and nonlinear
filtering, which is a statistical technique based on a priori knowledge of the

statistical properties cf the object and noise.

3.4 1IMPLICATIONS OF IMAGE PROCESSING ON THE LST CONCEPT

In view of the above discussions, there are two identifiable im=-

plications of image processing on the LST concept, as follows:

1. Assuming that the system signal to noise ratio is
adequate, images can be obtained through a system whose net
system transfer function (after processing) is that of a dif=-

fraction~limited system having a zero obscuration ratio, and

2. Since the difficulty of achieving high optical per=-
formance in an astronomical telescope increases as the field
coverage requirements increases, the possibility is afforded

"by image processing that this difficulty can be reduced by pro-
cessing the field images to recover from less well corrected
images the same information that would be contained in well

corrected field images.
A survey of current accomplishments is contained in Appendix C. '
3.5 DESIGN AND OPERATIONAL CONSIDERATICNS

V The use of the previously discussed measures of optical performance
will fall into two areas: firéc, they can be used to optimize the optical de-
~_sign within the given space constraints, and secondly, they can be used to t

| evaluate various operational effects, such as thermally induced misalignmeng,

B and to determine the sensitivity to such effects of a particular design. 1In

,; 29
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the first case, prominence is to be given to the design variables that are under
consideration, while the seconc, the operational variables must be explicit in
the formulation of the figure of merit. An often used technique for toleranc=
ing optical systems is to apply the Marechal criterion* which relates the re~
lative intensity at the peak of a diffraction image to the rms wavefront aber=-
rations. The wavefront aberrations can be related to both operational and de=~
dgn variables, as will be shown later in this report. The Marechal criteria

is usually expressed as

i(p) = 1 - (—%\-’5) (A@)z | (3-6)

L

where i(P) is the peak intensity, A is the image wavelength of the light, and

A® is the rms wavefront aberration.

Where it is possible to combine into a single figure of merit both
the design and operationally oriented variables, it becomes possible to deter=
mine the relative value of executing a given design option in terms of already
known degrading influences. For example, in the previous discussion, the ef-
fect of central obscuration upon the peak intensity of the diffraction image
was described. By making this relationship explicit, and combining with the
conventional Strehl definition (which shows explicitly the effect of uncor-
rected design aberrations), the relative gains to be achieved by diminishing
the central obscuration asgoppPsed to additional compensation for optical
aberrations (by adding corrector lenses or field flatteners for example) can
be evaluated and decisions reached which are based on quantitative information.
One way of reducing the central obscuraticn is to remove the light baffles when
the telescope is being used to view a dark area of the sky; The relative in-
crease in performance can be calculated and Fhen weighed against other design
refinements which will undoubtedly be proposéd. In this way, those with the
highest bay-off in terms of performance can be selected. Our objective, then,
is to derive (where possible) a single measure of performance incorporating

both design and operational variables.

*Page 469, Reference 4
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Equation (3-6) is plotted in Figure 3-8, It is quite interesting
to compare Figures 3-4 and 3-8. Note that efjuivalent reductions in the inten-
sity at the peak of an image are caused by‘wavefront aberrations end by central
obscuration. Figure 3-9 illustrates the effects each causes on the image pro-
filé, where the wavefronF error is inducedtby misalignment. For example, a
central obscuration of 0.325 appears to cause the same reduction in intensity
as a wavefront aberration of 0.0715\ (rms). The question is how do these
effects combine: are they additive or multiplicative? This question is an-

swered in the next section, as we shall see,.

3.6 TECHNIQUES TO BE USED IN STUDY

In this section the theoretical basis for a figure of merit in-
tended to maximize the intensity at the center of the images will be derived,
starting with a definition of the Strehl ratio which includes the effect of
the central obscuration as well as the aberrations. An imﬁbrtant aspect of
the figure of merit is that when the various optical aberrations are con-
sidered individually, the amount tolerable for a given value of the Strehl
ratio is not constant, but decreases as obscuration increases in the case of
some aberrations (coma, astigmatism) and actually increases in the case of
others (third order spherical aberration), This result modifies the relation-

ship between misalignment and primary mirror focal ratio. (See Appendix A.)

3.6.1 Method of Attack

In the classical methods of geometric analysis and optimization of
an optical system, the optical wavefront emerging from the exit pupil of the
optical system is compared to an ideal spherical wavefront converging to the
Gaussian focal point, The difference in the optical path between the actual
wavefront and the reference sphere at each point on the wavefront is deter-
mined and is expressed mathematically as a power series having as variables
the location of the Gaussian focal point, and the polar coordinates of the
ray in the exit pupil. The coefficients of the terms in the power series can
be related tu focal point shifts, focal plane curvature, and to other aspects

of the optical design. The magnitude of the aberrations (e.g., spherical,

- coma, astigmatism) are the numerical value of the coefficients of certain
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terms in the series expansion. The Seidel third-order aberrations of classi-
cal geometric optical design arz the coefficients of a particular five terms

in the series.

As shown in 0'Neill's book3, the effects of some of the low order
terms of the series expansion thpically coma, aéﬁigmatism) representing the
wavefront errors can be offset by adjusting the optical design so that certain
lower order terms of the series compensate for those of higher order., This
process is typicelly called ''balancing the eberrations”. O0'Neill runs through
several examples of optimizaticn. The result of his optimization process is a
particular relationship betweer the coefficients of the various powers of the

variables in the series expansion of the wavefront érror.

An alternate way of representing the wavefront error has been
worked out by Zernike in the form of a set of complete, orthogonal poly-
nomials for a unit circle5. O0'Neill3 points out that each of these poly-
nomials infers the results of the optimization described above in which con-
trolled amounts of lower order aberrations are used to balance out higher
order aberrations. Thus, the Zernike polynomials are a particularly powerful
way of representing the optical path errors in that theé representation leads
to ways of decoupling and optimizing operational and design variables, such

as alignment and central obscuration.

While it would be interesting and informative to illustrate here
the use and power of the Zernike polynomials, this topic is covered in Chapter
4 of O'Neillg,and Section 9.2 and Appendix VII of Born and Wolf%. The inter-

ested reader is referred to these books for additional explanation and detail.

Now, in order to utilize the Zernike polynomial representatior of the

wavefront in tha performsnce analysis of a centrally obscured celegcope, it is
necéssary to re-derive the polynomials, taking into account tne central ob-
scuratidn, since the original polynomials are no longer orthogonal if applied
to a wavefront with a central obscuration. This has previously been done at

Perkin-Elmer and the results are briefly described in the pages that follow.

{

Secondly, the Zernike representafion must be related to a figure-

cf-meri¢ criterion that treats the aberrations over a centrally obscured pupil.
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The figure-of-merit chosa2n is the Strehl ratlo, which is defined as *the ratio

of the light intensity at the maximum of the diffraction pattern (produced by
an actual instrur-=t) to;that of the same indtrument without aberrationd’d or
central obscuration, Siace we are interested in investigating the effect of
central obscuration, the definiticn we shall adopt for this study will be the
- above ratio of diffractibn pattern intensities, where the denominator of the |
| ratio is the diffraction pattern intensity produced without aberrations and
without the central obscuration” and will be called "modified Strehl ratio".

Finally, the maximum tolerable aberrations which achieve a given

Strehl ratio with an optical system having a central obscuration will be de-
rived, and the results for typical aberrations as a function of central ob-

scuration ratio are plotted.

:3.6.2 Derivation

Following the procedure in Born and Wolff’we write the aberration

functions for a given field position as

-] « n
i Su=h o+ L 3 A R%(p) + T I A _R(p)cosmd (3-7)
VZ n=?2 n=l msl

where

Anm are weighting coefficients which are implicitly a

function of field position

R is the orthogonal Zernike circle polyngmials.radial
component, |

'
‘

_ Since we are concerned with the effect of centrally obscured aper-

tures, we will generate polynomials that are orthogonal over a unit circle

*Note that an implicit assumption in these investigations 1is that exposure
time is maintained constant.
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with a central obscuration of radius €. That is,

*
n 1 . a2 1 1
fdhpwﬁm%@myﬁwfp®=;puww
o € o €

L 2 .
. 'z z S]."e l
Rn(FbG)Rnu(p:e)p dp = 2(n+l) Pnn'

(3-8)

Note that our generalized Zernike circle polynomials are a function

of both p and ¢. The generalized polynomials are listed in Table 3-2.

TABLE 3-2

ZERNIKE CIRCLE POLYNOMIALS FOR
UNIT CIRCULAR APERTURE WITH OBSCURATION OF RADIUS e**

N

R, = [292 - (l+ez)]/ - e
4 2 2
RZ = [6p ~ 6(l+¢ ) o+ (1 + 4€2+ (4)}
1
Rl - P//(1+€2)1/2

- 2 ] 6.
3 [3(1+€ ) 93' 2 (e’ ‘4)94/ZQQL:<2>2 (1+5¢%- 5€4+ 66)

2 _ 2 2

(1-¢2)?

Pe
I

SN A . .
the Zernike circle polynomial

*uhere V.(p,8) = R (p, €)%

**This table was derived by J. Pattersaon under the direction

of Dr. R.E. Hufnage16.' Seekéls@'Appendix E.
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The variance of the aberration function, E, will now be computed.

E-a& - (D

(3-9)

By definition

O
i

. JQ.21t 1 27 1
dg | & dg
I pdp/o 2[ pdp (3~10)
27 1 2
idee[@pdp n(l - €")

Substituting (3-7) into (3-10)

(3-11)

— 1 izﬂ 1 1 2 o ° n m 1
P = — dSJ pdp {A +7 Z A R (p €) + £ % A_R " (p,e) cos mg
n(l-(z) g oo 2 np MmO m ? elmel WO J
= A
00

m
since all terms containing generalized polynomials Rn (py€) formorm 0

average to zero (i.e.,; orthogonal to constant term).

Also, by definition
>y VE 1

2 1 2
(1-¢%) o i

2=

i 1 - 9 e , 2
== )[ dg J. pdp ’_AOO iy PN AnO[Rn (p,()]
-€ ) . e n.=2

© n 2 i 2 2
+ ¥ X Anm [Rn'(sz)] cos mj
n=1 m=1

q

+ Lcross product termSJ r

]

2 , ® 0 2 ,
=,A00 + 5 T ¥ Anm///21+n)

n=1 m=0

(3-12)
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As previously stated, we will reference all image intensity measure-

meunts to the image formed by an unobscured aperture (i.e., lower limit of inte-

gration in the denominator is zero). This will allow us to obtain directly
the reduction in the modi....d Strehl ratio as the central obscuration is intro-

duced., The modified Strehl ratio is thus defined,

27 1 Tt 1
1kay 2 2
= | f dg j pdp ™9 ///| fz dg I pdp|
o) € o o)

21
a_zl | i de‘llpdp [1 + ik & + %(ik¢)2+ ] |2
T

e

PR {( 2 2)2 L2 52}

=2 2N
= (1-¢H)2 {1 S B i ¢2J .

S= 1 -ed {1 - (2"> (a da)zl (3-13)

where the ''mean square deformation' is
5 2

furmtp—

=g -3

The modified Strehl ratio can be expressed in terms of the aberra-

‘tion weighing coefficients by substituting (3-11) and (3-12) into (3-13)

n
(1-e>2{1-k,2 s v a2 /s )

ol o0 (3-14)
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In practice; optical aberratiors are usually considered in two
classes: 1) h{gh spatial frequency terms usually resulting from fabrication
errors (e.g., concentric rings resulting whet the mirror is hand finished);
and 2) low spatial frequency terms resulting from misalignments, defocus and
bending of the mirror. The high frequency terms (n and/or m large) are usually
grouped together under the heading - mean square figure error of the system.

We combine these errors into a single term which we define as ;F . If we

HF
only consider the n < N aberration as significant, (3-14) is rewritten

kz N n

s =(1 - 62)2{1 -5 T % Anmﬁ/<n+l% + kz 4§F}

n=1 m=0 (3-15)

We now consider the possibility of ''balancing' a given low spatial
frequency aberration with its lower order companion aberration(s). To be more

specific, suppose the system suffers from a given single aberration term

&=a' o cos" g | (3-16)

Now we insert weighted lower order aberrations such that the new
wave aberration &' which is measured relative to its best fitting sphere,will

give the minimum possible wavefront error for the conditions assumed.

! n ’ '
¢'= Anm o] COSm 9 + Z 'Z A: q ppCOSq e (3_17)
p<n q<?

In terms of the generalized circle polynomials

P ;q® : q ~
b € m Anm Rn (pye) cos mg + 5 7 Rp (pse) cos qf (3-18)
where
€ is 1/y2, when m is,0, n is not equal to 0

is 1 othetwiée.
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Note Anm and Aﬁm are the new (balanced) and old (unbalanced)
weighting coefficients, respectively.

Noting (3-14), the Strehl condition may be maximized by minimizing
2
the mean square aberration & defined in (3-12). This infers that ail A2
for p << n, q < p, must be identically zero and that the Strehl ratidé is opti-

mized in terms of the new weighting coefficient Anm (3-18).

2
2 A
2.2 Kk
S=(1“‘){1"2'" Em_f} (3-19)

The compensated aberration thus becomes

- m
® =€ Ay Ry (pse) cosm g (3-20)
The relation between Anm and A'nm is easily found by noting the
coefficient of highest power of p for Rz(p,e)as found in Table 3-2. We have
taken as an illustrative example the same case considered in Born and Wolf,

Second (revised) Edition, p. 467 and 471 (Reference 7).

Suppose the system suffers from third order spherical aberration
¢ = A40 p‘ and we may introduce required compensations of focus Aéo pz. We seek
the values of these weighting coefficients which make the }ntensity (and thus
the %trehl ratio) maximum. Thus the original aberration 440 o is mapped into

the optimized 45 . We have

o°

i . 4 4

'
byo P 2 B0 P (3-21)

In terms of the aberration, &, (3-20), and Table 3-2, we have

o

= 1 ,
¢ = VE A40’ R, (p,€) - (3-22)
A

- V—-g—o-{e 0¥= 6(L + €2) o+ (L + bef + ;4)}/(1 - ¢5)?
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2 .
The coefficients of o~ and the constant term give the amount of

defocus and phase shift (usually not of importance) required to optimize the

Strehl ratio. The contribution to the aberration function of the compensated

4
image is obtaineu by noting the coefficient of the p term

! 6 1
Ajog =T —— A
40 2 | €2)2 40 (3-23)

i

'1} Setting the modified Strehl ratio equal to O.é (usually considered
diffraction limited), from (3-19), we have

' 2
. 2.2 k 2
R - ; - > - —— 5 -
i §=0.8=(l~¢") {1 7 Ab'o/} (3-24) i
o Substituting from (3-23) and rearranging (3-24)
:4 (1 - 22) 2 (ﬂ)z a-eHa, 0 @29
q - 52! 52 "t~ Us 40
which infers, after straight algebra
!
20 _ 37 [1 _.0.8 ]1/2 (3-26)
2.2 2,2
YR - ) (- €5

This gives the amount of third order spherical aberration that
can be tolerated if the central obscuration is considered as an aberration in

the calculation of the Strehl ratio.

3.6.3 Comparison With Conventional Strehl Ratio

If we go back to (3-13) and redefine the denominator p integration
limit such that the central obscuratior is not considered as an aberration in

the computation of the Strehl ratio, the weighting coefficient becomes

1]
AL0
a

o = 3 (3-27)
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Note this inf rs that the acceptable peak-peak aberration deviation
from the best fitting reference sphere is increased as one increases the central
obscuration. These results form a better fit between the new spherical refer-
ence and the annular wavefront, in the limit (€ # 1) any wavefront will exactly

fit a reference sphere,

Similar treatments for the cases where the central obscuration is

considered as an error component yield the tolerance for compensated coma

) 2
31/?» < 22 -, B 2 iz O
a - e’ 1 -¢ (1 + 5¢ - 5¢ + ¢ )
and compensated astigmatism
1/2
' 113 S > 1 ]'
A EILICE ( )
22/ w2 " _62)2) L+ (2r 4 (3-29)

These functions are plotted in Figures 3-10, 3-11, 3-12 and 3-13. The curves
are accompanied by an adjacent 0 to denote that the function is normalized to

the unobscured aperture.

Likewise, when we compare the obscured aperture with aberrations

with that same obscured aperture with no aberrations, the Strehl ratio for com-

peunsated ccma becomes

]
A A
31/ o

and compensated astigmatism is

1 ]
Azz/’*

The functions are also plotted in Figures 3-10, 3-11, 3-12 and 3-13. The

1/2 2
< 3L ¢ 8) 1 + ¢ 1 (3-30)

" 1 - ¢ (1+552-54+€)1/2

1 (3 \ 1 P2
s={5(1-s | : |
o [3(1-5) (1 RgER 4/ (3-31)

curves are accompanied by an adjacent symbol © to denote that the function is

normalized to the obscured aperture.
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Study of these curves shows that distinctly different trends for
the design tolerance for the variation of the design tolerance with central
obscuration result, depending upon the basis for normalization of the Strehl
ratio. One basis (inclusion of central obscuration) should be used in design
optimization, and the other to determine manufacturing and operational toler-
ances. The conclusions and numerical values to be derived from the above work

are discussed in the next paragraph.

3.6.4 Conclusion

The interpretation of Figures 3-10 through 3-13 is strongly in-
fluenced by one's interpretation of the Strehl ratio definition. Recalling
the introductory comments of this section, the Strehl ratio is defined as
"the ratio of the light intensity at the maximum of the diffraction pattern
(produced by an actual instrument) to that of the same instrument without
aberrations'. In many instrument designs utilizing obscured apertures, the
effect of the central obscuration on system perfofmance has been tacitly ac-
cepted. Thus the reference for the Strghl defihition in this case is the ob-
scured aperture. The daita for the curves of Figures 3-10 through 3-13 denoted
by the symbol (® were derived via this definition and give most encouraging
results. In general, we may say that an obscured optical system can tolerate
increasing amounts of third-order spherical aberration and coma'as one in-
creases the diameter of the central obscuration if the above definition of
the Strehl ratio is stricly used. Likewise, the same system can tolerate a

slightly veduced amount of astigmatism as the obscuration is increased.

Let us now change the ''ground rules' for defining the performance

-of the system "without aberrations'. The maximum diameter of the LST will be

determined by the launch vehicle'quite independent of the optical design. The
baSis‘for computation of the Strehl ratio should be the performance of an un-

obscured clear aperture of maximum permissible diameter. In other words, we
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are now considering the centfalgobséuration as an ''aberration' in evaluating
the performance of a systei:. At least in the early parametric tradeoff studies
for the LST, this is a meaningful procedure. The curves derived using the un-
obscured aperture as the basis all asymptotically approach the maximum possi-

ble central obscuration €max for a given Strehl ratio S defined by

The curves, denoted by the symbol O, are relatively flat to
~ 2€max/3, which infers that tolerancing of the positional and/or figure errors
of the LST are conventional as long as the central obscuration ~ < 2€max/3.
Since the Strehl ratio of 0.8 is usually considered diffraction limited (which
infers € o = 0.325), the maximum obscuration of the "reasonably toleranced"
diffraction-limited system is slightly more than 0.2 and at € = G.3, the allow-

able tolerances are reduced by 30 percent.

To state the conclusion in another way, the historic way of toler-
ancing an optical system (following Marechal) is not much affected by central
obscuration until an obscuration ratio (€) of 0.2 is reached at which point the
optical aberration to;erqnces must be tightened in order to achieve the same

1evel of performance. Above € = 0.32, it is no longer possible to achieve the

usually desired level of performance,
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3.7 RELATIVE EDGE RESPONSE AS A FIGURE OF MERIT

3.7.1 Tatroduction

Classically, figures of merit have been used to measure quantitatively
the'performance of optical systems in terms of the system point spread function.
The Strehl ratic. which describes the peak intensity of the spread function, is
one such figure of merit:; the Normalized Relative Energy (NRE), which measures
the relative amount of wvnergy within the first minimum of the Airy disk, is
another. These criteria are quite useful for most LST applications, since photom-
eters, spectrometers and star trackers usually work directly on star images, which

are themselves point spread functions.

However, for applications where the LST is to acquire images of
extended objects, the use of point spread function based criteria are not as
directly applicable. The following paragraph describes another figure of merit

which is more directly keyed to the nature of extended images.

3.7.2 Edge Response as a Figure of Merit

From previous work in the area of image processing of aerial images,
and other extended images such as those obtained from electron microscopes, it
has been found that the evaluation of such images is based primarily on the
effect of the system on the images of lines and edges, since these are far more
prevalent in extended imagery than are points. For example, it has been found
that the image of an edge should be as sharp as possible, byt without ringing,
or oscillations. Mathematically, the edge response should Be monotonic, and
have as large a derivative as possible at the position of the geometrical edge.
If ringing does occur, the resultant image contains artifacts, or false ghost ‘

edge images, which can mask real objects at the same position, and in general

are found to be undesirable to human observers.

It has also been found that if the system transfer function is
itseif monotonic and does not contain mid-frequency values significantly greater
than the value of the MIF of a diffraction-limited aperture, then the system's

edge response will be monotonic.

‘Thus the slope of the edge response of the system is a logical figure
of merit to be applied to any imaging system, such as the LST when operating in

the imaging mode. Using this figure of merit, it is of interest to investigate
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the effect of this figure of merit on the LST system design. This is done
in the following section.

3.7.3 Evaluation of the Relative Edge Response (RER)

Equation (3-32), below, describes the image of an edge e(x) obtained
through a system having a line spread function £(x)

e(x) = 4(x) * s(x) (3-32)

[* denotes convolution]
where

s(x)

step function

1 x> 0
0 x<o0f

But the line spread function can be expressed in terms of the

system point spread function as follows;

L(x) = r p(x,y) dy (3-33)

-0

Thus (3-32) becomes

e(x) = I du f" p(u + x,y) dy (3-34)
(o] -0

We now express the system point spread function in terms of the

system transfer function T(k) as follows;

p(xX,y) = ” Tlk, k) eIk x + kyy) die ke . (3-35)

Substituting (3-35) into (3-34) yields the formidable expression
given below for the image of the edge described in (3-32):

e(x) = rdu rdyf T(k k) eIk (u + %) + kyy) die, dk . (3-36)

Now we find the slope of the edge function described above by taking
the derivative of the edgb, as follows;

® - a—f; [e(xn. | | (3-37)
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Now we can obtain the Relative Edge Response (RER) by evaluating (3-37)
at x=0, which is the position of the gecmetrical edge. Thus we have:

RER = e'(x) ] (3-38)

x=0
After some manipulation, the following expression is derived for
the RER:

RER = q;r” T(k,,0) dk_ (3-39)

As shown above, the RER is found simply by taking the one-dimension
integral of the system transfer function in the spatial frequency direction
normal to the edge whose response is of interest. If an average edge response
is desired, where the average is to be taken over all possible edge orientations,
the (3-39) becomes, for the system transfer function expressed in cylindrical

coordinates:
1 27
R % e
RER = 5= of ofp T(k_, 9) dk_dg (3-4D)

Thus the RER can be expressed simply in terms of the system
transfer function, in a similar fashion to the Strehl ratio. In fact, the
similarity of the RER to the Strehl ratio becomes obvious, by comparing the
RER, above, to the Strehl ratio, given in (3-41), below.

Strehl = If T(k_,) k dk_do (3-41)

The relationship between the two is more than coincidental since
it can be shown that the RER is analagous to the Strehl ratio for line spread
function; that is, the RER describes the peak intensity of the line spread function.

Figure 3-14 illustrates the relative values of the RER, the Strehl
ratio and the Normalized Relative Energy (NRE) derived in Appendix B for
diffraction limited systems having various obscuration ratios. The fact that
the RER values are higher than the values for the Strehl for all values of the
obscuration ratio stems from the fact that the expression for the RER shown
ink(3-40)rdoes not contain the factor‘k; found in (3-41), which causes the Strehl
to weight the higher spatial frequencies more than does the RER. Of the three
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measures of performance, it is interesting to note that the NRE is most affected
by the central obscuration. Since this figure of merit is closely tied to the
area of a single resolution element, the addition of another degree (from second
power to third power) in the (1 - :2) term is perhaps not too surprising as

the effect of diffraction around the edges of the smaller central obscuratica

wouid be to diffract light onto a larger area.

3.8 TECHNIQUE TO BE EMPLOYED IN STUDY

We have looked at the optical performance of an astronomy telescope
from three different viewpoints and have been able to derive three figures of
merit which have very similar relationships to the wavefront aberrations, but
each of which weight the effect of central obscuration with more or less severity
but the falloff in performance as central obscuration is increased is similar in
the three cases. Thereifore, the design trend which would occur using any one
of the three to determine the effect of central obscuration would be similar,

as would, of course, the effects of the various wavefront aberrating influences.

One effect of central obscuration has not been taken into account
in the figures of merit, and that is the reduction in the diameter of the first
dark ring as central obscuration is reduced. This is shown in Figure 3-3,
which shows the profile of the diffraction image of a point source for various
obscuration ratios. Note that the intensity of the rings surrounding the central
core of the image increases with central obszuration even though the radius
and intensity of the central core decrease. It is probaply that the size of
the resolution element or spectrometer slit would be designed tc match the
diameter of the central core, since the central obscuration and herice the dark
ring diameter would certainly be known well before the detectors would have to
be specified. Therefore, a somewhat different relationship for the reference
area of a normalized relative energy figure of merit would have to be used.
Further, the light diff#icted into the ring structure should be taken into account
as it effects other images and the signal-to-noise obtained at other resolution

elements.

Because of these unknowns, and because of the similarity in the trend
with central obscuration, the technique selected for general use in the balance

of the study is the modified Strehl ratio. Figure 3-15 restates this definition.
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SECTION 4

OBSCURATION DISCUSSION

[

In order to datermine the effects of the central obscuration, we
shall use the modified Strehl ratio which has been previously discussed. In
the modified definition, the ratio consists of the value at the peak of the
« diffraction image produced by a telescope with aberrations and with central
obscuration, to the peak intensity in the diffraction image produced by an
unaberrated, unobscured circ%lar aperture. The technique then employed is to
construct the geometry for the telescope in which the location of the focal
point shared between the »rimary and secondars mirrors and the distance between
the mirrors are the variables, and by locating key ray intercepts, pupil
locations, etc., the size of the secondary mirror, the zize of the hole in the
primary mirror, and the size of the baffles required to shield the focal plane
from direct light are all determined. The input variables #r@ the speed or
focal ratio of the primary mirror and the spacing between tig wirrors. Once
the size of the central obscuration is determined for a given set of parameters,

the value of the Strehl ratio can be calculated using the previously derived

equation. Since no aberrations of the optical wavefront were considered in

this discussion, the equation for the Strehl ratio reduces to

i § = (1 -2

1

The ground rules imposed by the statement of work limit the tele-

scope design in the following parameters: the diameter'of the primary mirror

é : is to be three meters, the primary to sgcondary mirror separation is to be
equal to or less than 8.7 meters, and the telescope final focal plane is to

be 1.8 meters behind the primary mirror- front surface. The parameters avail-
able as variables in the optimization process inclugde: ‘the telescope configur-
ation (Cassegrain, Gregorian, or other), the primary to secohdary spacing, the
primary mirror focal length, and the portion of the imgge plane to be baffled
for direct incoming light. An analysis was performed for the Casgegrain and

Gregorian configurations to graphically demonstrate the effects of varying the
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case was the resulting value of central obscuration. The amount of central
obscuration has been shown to produce an upper limit to the attainable Strezhl
ratio and therefnrre it will be desirable to mipimize this while keeping within
the constraints imposed by all other system evaludtion criteria.

There are three basi; items which determine the central obscuration
present in a given system. Thes: are: the diameter of the secondary mirror,
the diameter of the hecle in the primary mirror required to pass the desired
field of view, and the bafi{'ing cequired to provide the desired baffiing over
the final image plane, Each of these obscurations can be analyzed inde-
pendently and the obscuration that will govern in a given case will be the

largest of the three sources,

There are two partic:lar cases whiéh were noted. The first was
where the central obscuration is a minimum without regard to field baffling.
f_i’ This is obtained when the secondary mirror diameter is equal to the primary
-ﬂ%v mirror center hole diameter, The second case is the situation using the mini-
fv ¥ mum baffling required to provide a fully baffled full field with respect to
direct incoming stray light. It was determined by the analysis that the im-
position of the baffling requirements increased the diameter of the central
obscuration by approximately 80 percent for the Cassegrain configuration and
by approximately 60 percent for the Gregorian configuration over the minimum
achievable in the unbaffled configuration (for the maximum intravertex dis-

tance).

The analyses performed are not exact; but are approximations using
shallow mirror representations. Particular items neglected are the sagitta
for the primary and seconda}y mirrors, the effects of image plane curvature
and the effects due to mirror figure corrections made to compensate for off-
axis aberrations. In order to perform a check‘on the accuracy of the results
obtained from the telescope configuration analyses, an exact ray trace was
performed for a worst case configuration.* The configuration selected was a

Gregorian telescope with primary to secondary mirror spacing of six meters.

x :
Primary Mirror Focal Ratio of £/1.72.
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The paths of the rim rays was determined and their intersections with the
transverse planes located at the edges of the baffles determined, The maxi-
mum distance from the axis of the telescope that any of the rays intersects

this plane is then compared with the value obtained from the prior analysis,

The resulis (f the exact ray trace yield a radius for the second-
ary mirror baffle of 8 1,2 millimeters larger thau was determined by the prior
analysis. This correspotids to a 2.2% increase. As this diameter of baffle
would produce a fully baffled field in excess of the desired 30 arc-minutes,
the actual optimum baffle would be slightly shorter and smaller in diameter,
for an estimated increase on the order of 1%. The radius of the primary
mirror baffle determined by the exact ray trace is only 0.2 millimeter larger
than determined by the piior analysis. It is therefore concluded that the
geométrical analysis yields a sufficiently close result for the purpose of
this study. A summary of the analyses performed for each configuration will

now be presented.

The first parameter investigated was the diameter of the second-
ary mirror. The diameter is defined by ﬁhe area of intersection of the plane
tangent to the vertex of the secondary mirror and the cone containing all the
light being imaged by the primary mirrgri The outer surface of the cone is
identified by that ray which originates at the rim of the primary mirror and
passes through the appropriate edge of the image field at the prime focus.
This is shown in Figure 4~1, It is noted that the diametér of the secondary

mirror increases as the prime focus is moved away from the mirror.

The second obscuration investigated was that due to the hole re-
quired in the center of the primary mirror. This analysis required several
additional constructions. These were tlie image of the primary mirror as seen
in the Secondary mirror (the exit pupil), and the lateral size of the field
ol view in the final image plane. Thege are shown in Figures 4-2 and 4-3.
The intersection with the primary mirrbr of the line joining the edge of the
exit pupil with the appropriate edge of the final image field of view definés
the aperture required in the primary mirror to pass the full field of view
unvignetted. The location and size of the exit pupil and the size of the
final focus field were computed by using the shallow mirror equations. The

same approximations used in the secondary mirror analysis were used here.
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Ray Used In
. Cessegrain Analysis
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Figure 4-1, Secondary Mirror Diameter
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Figure 4-2. Cassegrain Primary Mirror Hole
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Figure 4-3. Gregorian Primary Mirror Hole
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The behavior of the system is such that the diameter of the hole required in
the primary mirror increases as the prime focus approaches the secondary
mirror. It also occurs that the diameter of the required hole again slowly
increases as the prime focus moves far away from the secondary mirror, but
in the practical range of values this does not affect the results of the

analysis,

As the actual obscuration achieved will be the greater of the two
above sources, the minimum achievable will be when these sources are equal.
This sets an absolute minimum to the central obscuration unless the ground
rules are relaxed, fot'example, by reducing field of view or permitting vig-

netting for off-axis images.

The third limitation on central obscuration is the baffling re-
quired to fully baffle the image plane over the full field of view against
direct incoming stray light. Two baffles are introduced into the analysis
to accomplish this. The first baffle extends from the secondary mirror toward
the primary and the second baffle extends from the primary toward the second-
ary. The baffle arrangements are shown in Figures 4-4 and 4-5. The diameter
of the baffle extending from the secondary mirror is a variable and defines
the amount of central obscuration. This baffle extends back toward the pri-
mary mirror, parallel to the teciescope axis, until it intercepts the rim ray
coming from the edge of the primary mirror and headed for the appropriate
edge of the field of view at the prime focus. The baffle emanating from the
primary mirror is, in general, smaller in diameter than the secondary mirror
baffle and extends out to the point where the ray reflected from the primary
mirror at the radial distance of the central obscuration and headed for the
on-axis point in the prime focus image intercepts the ray traveling from the
‘appropriate edge of the exit pupil‘to the appropriate edge of the field of

view, This configuratibn gives a minimum central obscuration for the on-axis

image, Subject to the parallel requirement that the rim rays of the images at
» OH Y

the field edge are not vignetted. It does occur, however, that for off-axis
1bages the amount of central obscuration increases due to vignetting by the

baffles'since they are, in general, not located at a pupil of the optical
system, '
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Baffle Limiting Ray

Figure 4-4, Cassegrain Baffling

Baffle Limiting Ray

\ ¢~

Baffle

Figure 4-5., Gregorian Baffling
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Detailed calculations were performed using the results of these

analyses for the two values of mirror vertex separation, 8.7 meters and 6
meters, The results of these calculations are presented in Figures 4-6 and
4-7. Plotted in each figure as a function of primary mirror F number are:

€ obscuration due to secondary mirror diameter, € obscuration due to the
hole in the primary mirror, eb; obscuration due to baffling, N; the final
system F number, and the Strehl ratio resulting from the minimum achievable
central obscuration. The solid portion of the Strehl curve is associated with
the baffled case and the dashed portion of th; curve is associated with the

unbaffled case.

Inspection of the two figures reveals several particular relzation-
ships. The first is that only a small change in the maximum achievable Strehl
ratio is obtained by changing the mirrbr vertex separation. The second reia-
tionship observed is that the maximum achievable Strehl ratio appears to be
higher for the Gregoriam configuration than it is for the Cassegrain configur-
ation. This gives a measure of preference to the Gregorian configuration with
its faster primary mirror to be balanced against other considerations. The
third relationship observed is that for the primary mirror focal ratio that
gives the minimum central obscuration in the unbaffled case, we are also very
near to the minimum central obscuration achievable for the bafflgd case., This
gives rise to the desirability of incorporating controlled or articulated
baffles to allow the telescope configuration to be modified to take advantage

of dark sky condjtions subject to the reduirements of particular experiments,

4.1 ARTICULATED BAFFLE

One simple straightforward technique to articulate the secondary
mirror baffle will be described.

The: scheme in Figure 4-8 depicts the design. The baffle is
attached to an arm which is congruent to one of the secondary spider legs.
The arm i§ attached tqg the telescope via a lower pivot point about which it
‘erates; It is hei¢ in' position at either end of its travel by a positive

latching mechanisﬁ.’ The current idea for this latch is a magnetic type. The

,afm is driven to either of its two positfons by a cable system whose drive

" mechanism is housed on the spider supported secondary structure. A motor
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driven drum upon which the cable winds and unwinds maintains the propasr ten-

aion in the system, This system is always abie to produce a resulting moment

around the pivet point,

The possible guin in performance shown by the difference between
the solid and dashed lines in Figures 4-6 and 4+7 make such a mechanization
very attractive when compared to alternate means for gaining a comparable

increment in performance.

It is observed that for a given mirror separation there is a
single well defined value for the primary mirror focal ratio that gives the
minimum attainable central obscuration. This in turn defines the secondary
mirror diameter and focal l.ength, the minimum attainable central obscuration
and the final system F number, If it is desired to utiiize some other pri-
mary mirror focal length, these results will give a direct indication of the
minimum additional image degradation to be expected due to the increased cen-
tral obscuration. Circumstances that might promote such a desire are image
field of view size restrictions or alignment sensing system restrictions.

The tradeoff of these considerations will be covered in a later section. The

direct relationship between the telescope dimensional paraméters and the Strehl

.ratio in the final image is presented in an additional form in Figures 4<3 and

4-10. Both figures are drawn for the case of a 3-meter aperture telescope
with a 30-arc-minute field of view. Figure 4-9 presents the results for an
8.7-meter separation of the primary and secondary mirror and Figure 4-10 pre-
serits the results for a 6-meter separatign. There are three choices to be

made when using either of the figures. The first is what final system focal
ratio, N, is desired. With this selection performed, a choice is made with re-
spect to telescope configuration; Gregorian or Cassegrain. The choice of
éyStem focal ratio and telescope configuration uniquely determine the primary

mirror focal ratio, N The last decision is with respect to bafflirg. The

Pl
telescopée can be configured for minimum central obscuration allowing some

stray‘light to reach the final image plane, or with additional baffling to

‘avoid direct paths to the focal plane. As a representative baffled case, the

situation for minimum obscuration consistent with a fully baffled field of
view was analyzed. In the figures a cho%ce is made between the unbaffled and

baffled configuration. This choice, togétper with the primary mirror focal
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ratio, determined by the previous choices, determines the minimum amount of

central obscuration that is achievable. The value in turn determines the re-
duction in the Strehl ratio that will be caused in an otherwise perfect optical

System,

An example of the flow of parameters is shown on the figures. For
Figure 4-9 (mirror separation = 8,7M) a choice of final system focal ratio was
made at f£/16. The selection of the Gregorian configuration gives a primary
mirror focal ratio of f/2.38, The choice of the baffled configuration next
yields a minimum central obscuration of 29 percent of the entrance aperture
diameter. This value of central obscuration in turn creates a reduction in

the Strehl ratio to a value of 0.83.

The variation of Strehl ratio as a function of final system focal
ratio is presented in Figures 4-11 and 4-12. The variation of the maximum
achievable Strehl ratio as a function of mirror separation is presented in
Figure 4-13. It is noted that the value of the Strehl ratio increases slowly .
with decreasing mirror separation. A plot of the final system focal ratio |
produced in the configuration for maximum Strehl ratio versus mirror separa-
tion is presented in Figure 4-14. There is observed to be a strong decreasc

in the final system focal ratio with decreasing mirror spacing.

Flnally, if we locate the primary mirror focal ratio corresponding
to the maximum achlevable Strehl ratio for each mirror separation, we obtain
Figure 4-15., A surprising result occurs, namely, that the Gregorian and
Cassegrain forms givc essentially the s ame Strehl values for a particular pri-
mary mirror focal racio? Thus, the trené shows that faster primary mirrors

vield higher performance.

By determining the final f/No. (N) associated with the primary
mirror £/No., this result can be plotted on the same coordinates used by Itek
to their study.8 This result is shown as an overlay in Figure 4-16. Note that
the maximum achievable performance lies to the left of the boundary of this
diagram. This boundary was set in Ref. 8 to represent the limitations of a par-
ticular alignment sensing system, Newér techniques being pioneered at Perkin-
Elmer show promisé of moving this boundary so that higher performance levels

can be achieved.
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4.2 CONCLUSIONS

The preceding analysis shows that for any given mirror separation
and the fixed location for the focal plane given by the ground rules it is
possible to find an optimum primary mirror focal ratio and secondary mirrer
magnification whircb will maximize the modified Strehl ratio we have adopted
as a design figure of merit. Further, if the process is repeated for various
intravertex separations of the mirrors, a trend is developed which shows that
the shorter systems having faster primary mirrors (and secondary mirrors with
higher magnification) will have increasingly better performance. This trend
holds for both the baffled and unbaffled cases. Finally, if the primary
mirror speed is considered the variable and the optimum sought for each
primary mirror speed, a remarkable trend develops, showing that perform-
ance increases as the spced of the primary mirror is increased, and that
the performance of the Gregorian and Cassegrain systems are essentially
the same for a given primary mirror focal ratio. Numerically, a primary mir-
ror speed of £f/4.2 yields a Strehl value of 0.75 while a system having an
£/1.7 primary mirror has é Strehl value of 0.88 (with the trend between these
points being nearly linear). (In all of the above cases, the fully baffled

configuration was used.)

The prime conclusion to be drawn from this analysis is that the
primary mirror in a 3-meter telescope should be as fast as possible, consist-
ent with manufacturing and operational constraints, and the choice between
the Cassegrain and Gregorian forms should be based on other considerations

than performance. This subject will be discussed further in Section 7.
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SECTION 5

ALIGNMENT CONSIDERATIONS

The basiu requirements in alignment of a two-mirror telescope are
bkest understood through an appreciation of the interaction of the appropriate
nathematical reference points associated with the optical mirrors, and the
images formed by these mirrors. The insiéhts afforded by a basic understand-

ing will permit relaxation of some tolerances previously considered necessary.,

To the geometrician working with the conic curves that are commonly
used in two mirror systems, the word "focus' refers to one or two uniquely- |
defined points in space which help to define the surface. For example, an
ellipsoid is, to the geometrician, the surface or locus of all points for which

the sum of the distances from two reference points is a constant.

To the optical engineer, the focus means the point to which a wave-
front converges (or the point from which a wavefront appears to be diverging,
in the case of a virtual image). This foéus can occur at any of a large number
of points in space, and is a function of the distance and angle from the image-
forming mirror (and its axis) to the object. (If the wavefront happens not to
be spherical, a poor image will be formed, but the "best'" image location is still
defined by a point in space.) When considering a scene or an extended object,
the optical engineer refers to the focal plane or surface which may (and, in
general, does) have curvature. And, of cburse, when astigmatism is present, he

refers to the sagittal and tangential focal surfaces.

For a single image forming mirror, it is axiomatic that the best
imagery is obtained when the geometrician's focal point coincides with the opti-
cal engineer's best focus. For example, if a perfectly plane, uniform wavefront
is reflected by an ideal paraboldid whose axis is perpendicular to the wavefront,
the resultant image will be perfect in the sense that it will be free of spheri-
cal aberration, coma, and astigmatism, If a wavefront is caused by an extended
object, then the above statement will be true only for that point in the image
plane which coincides with the geometric focus. Images at other points in the

focal plane will suffer to some degree from the usual off-axis aberrations, such

f

i
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In the classical two-mirror forms of telescope (Cassegrain and

Gregorian), the appropriate geometrical reference points, or focii, must be
coincident between the primary and secondary mirrors in order for optimum
performance to be achieved. The reasons for this can be appreciated when one
realizes that the imc>e formed by the parabolic primary mirror at its geometric
focal point will be free of aberrations, and this image is the object for the
secondary mirror. If the image produced by the primary mirror is located at
the geometric focal point of the secondary mirror, then an aberration-free
~image will be produced at the far focal point of the secondary mirror, which

is at the output focal plane,

Misalignment of a two-mirror telescopic system oL the type we have
seen considering can be caused by a) decentration of the sc¢i.ondary mirror rela-
tive to the primary, and b) tilt of the secondary relative to the primary.
Since the secondary mirror will relay perfectly the image produced at its
peometric focal point by the primary, the tilt misalignment is relatively un-
important, provided the geomé;ric focal points of the primary and secondary
mirrors are caused to remain coincident. The main effect of tilt misalignment
under the confocal condition described above is that a slightly different part
of the secondary mirror is illuminated by the light which passes through (or,
in the Cassegrain, would pass through) tﬂe near focal point of the secondary
mirror, In spite of the tilt between the axes of the primary and secondary
mirrors, an aberration-free image will still be produced at the far focal

point of the secondary mirror,

The effects of decenter misalignments of the primary and secondary
mirrors have been determiped by A. Offner (see Appendix A). The image defects
introduced by non-coincidence of the geometric focal points of the primary and
secondary mirrors manifest themselves as defocus and coma, with defocus occur-
ring when there is an axial separation of the focal points, and coma occurring
when there is a lateral separation of the focal points. The introduction of
coma is easily understgod when one recogpizes that the primary off-axis image
defect produced by a parabola is coma. Since the secondary mirror will relay
and magnify perfectly an off-axis image located at its geometrical focal point,
it is not surprising that the effect of lateral misalignment is to introduce

coma. Conversely, aberrations will be added to the '"perfect" image produced
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by the primary mirror -+ i%s geometric focal point, since this will be in the

off-axis field of the secondary mirror.

We shall now ajply the results of Mr. Offner's derivation to the
results obtained in the te:hnology study prepared under Contract NASw-1925 by
Itek Corporation, zid then use them to derive tolerances for alignment under

the ground rules of this study.

5.1 SUPPLEMENTARY NOTE TO '"*SOME OPTICAL SYSTEMS FOR A SPACEBORNE TELESCOPE"*

In reference 8, entitled "Technology Study for a Large Orbiting
Telescope”, a table is included in which the sensitivities of Cassegrain
and Ritchey-Cretien telescopes to mirror tilt and decentralization has been
determined by tracing larg: numbers of rays through 19 configurations of each
of these types of systems. In Appendix A, a single formula (A 14) has been
given which supplies the same information based on third order analysis. 1In
this discussion the results obtained by using third order analysis are compared

with these results based on ray trace analysis.

The third order departure wg of a wave from the Gaussian reference

sphere by a parabola due to coma at an image height Yt is given by

: 3

wg = Yt/32N (5-1)
where N is the f/# of the parabola. (See Reference 9.) Since the coma of a
Cassegrain is the same as that of a parabola of the same f/#, the contributicn-

of the secondary hyperboidal mirror of magnification m is given by

, 3 3
W, = th/32(mNp) - Y /32N -
m(l-mz)Y.t
Wg = 32 N (5-2)

where N = mNp is the f/number of the Cassegrain (the quantity W used in equa-
tion (Al3) is the departure of a wave: front from .the closest rgference sphere.

In the case of coma, W =_wg/2). (See Glossary for definition of various W's,)

*See Appendix A.
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The Maréchal :.larance for coma is reached when W = 0.60A (Refer-
ence 4). That is to say, Wg = 0.60\ corresponds to Wrms = x/%a where Wrms is
the root mean square departure from the closest reference sphere. Hence equa~
tion (a) may be put in the form |

2 2
m(l-m )Yt (l-m )Yt

= (5"3)
268.8 N° 268.8 mzNP3

Wrms =

For Wrms in wavelength units

2
3.7 x 1072 (1-m)Y

Wrms = .
3 2
AN m
p

(5-4)
For it in units of 0.001 inch and : in units of micrometers, the units used
in the Itek report,

0.094 (1-m%)
: NP3 m2 ?l (5-5)

Wrms

The quantity ©

) is then given by

0.094 (l-m°)

- 3 2
AN m
P

(5-6)

For distance from primary to the Cassegrain image surface, B, and
fp, the focal length of the primary, the lateral displacement Yt of the focus
of the secondary mirror from that of the primary mirror corresponding to a
tilt of the secondary mirror about its pole of B arc-minutes is given by

(£ + B)B

Y = 0.00029 —E—— (5-7)
t . m+1

With this substitution for Y, in (5-4), it becomes

, -6 . (m2-1)(fp+B)p
Wrms = 1.07 x 10 5 3
m (m+1)A NP

(5-8)
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For (fp%ﬁ) in inches and X in micrometers, (5-8) becomes

0.027(m?-1) (E +B)p
3

Wrms (5-9)

m? (me1)n 8

0.027(m>-1) (£ _+B)
o, = =5 —s (5-10)
m” (m+1)A Np

The results obtained by use of (5-6) and (5-10) are compared with the results

obtained by ray tracing in Table 5-1 of reference 8.

The excellent agreement of both o, and ¢, with the results of ray

d .
tracing indicate that the single equation (5- 4) is adequate to compute alignment tbler-
ances in Cassegrain (and Cassegrain type) syutem, The same equation also holds

for Gregorian type systems.

We may now use the above relationships to determine the effects of
misalignment indicated by the modified Strehl figure of merit that we have

been using.

m and N may be expressed as function of Np as follows:

N = mN
p
m.—z 2'9-N
3 for Gregorian (5-11)
.t N -2.9
= -J%;j;——- for Cassegrain (5-12)

using the maximum mirror separation givep in the ground rules. Substituting

(5-5) and (5~7a) into (5-5) gives

, 2
) (2.9-N )2\
W - &.094 o 1 - — Y] (5-13)
rms 3 2 t
NP 3.5

where Np is the primary mirror focal ratio, Yt is the lateral separation of
the focii, and the numerical values are based on those given for the ground

rules of the study. It is interesting to note that the equation holds for
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TABLE 5-1

CLASSICAL CASSEGRAIN

Results from

] Reference 8 Equation (10) Equation (6)
L o % % %
| 1.5 3.5 1.12 0.072 1.18 0.076
1.5 5.0 0.97 0.081 1.01 0.084
é 1.5 9.0 0.64 0.086 0.67 0.090
f 1.5 15.0 0.41 0.088 0.43 0.092
: 1.5 30.0 0.22 0.089 Y 0.3 0.093
; 2.5 3.5 0.32 0.010 0.33 0.010
2.5 5.0 0.40 0.015 0.40 0.015
2.5 9.0 0.32 0.018 0.32 0.018
2.5 15.0 0.22 0.019 0.22 0.019
j 2.5 30.0 0.12 0.019 0.12 0.020
i 3.5 3.5 0 0 | 0 0
) 3.5 5.0 0.17 0.0037 0.17 0.0037
3.5 9.0 0.19 0.0061 . 0.20 0.0060
3.5 . 15,0 0.14 0.0068 0.14 0.0069

3.5 30.0 0.081 0.0071 . 0.082 0.0072
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both the Cassegrain as well as the Gregorian telescope forms. This is because,
for a fixed mirror separation, the value for secondary mirror magnification .
changes sign as Np is varied from values less than 2.9 (Gregorian) to values
greater than 2.9 (Cassegrain), but the magnification always appears as a squared
quantity, and the change in sign effect is lost. 1In the curves which follow,

the full variation in primary mirror focal ratio is examined.

To relate the rms navefront errors to the modif%ed Strehl definition
2n

A ‘
wavelength units into the defining equation of Figure 3-15. This gives us the

we have been using, we can make the substitution W __ = where Woms is in

working equation

2 |
§ = (l-¢ ) [1 -{2 zgg’ (1 - 9—3—95—22-)—) Yt}z ] (5-14)
o ‘

By assigning various Strehl values to the left side of the above
equation, the boundary for maximum lateral separation of the focii may be
investigated as a function of the primary mirror focal ratio. Figures 5-1
and 5-2 are such contour plots. As would be expected, the allowable misalign-
ment is much greater for the slower-primary mirror Cassegrain systems. What
is significant is that a Strehl value of 0.8 is achieveable for the fast primary
(£/2.4) Gregorian with a misalignment of as much as 60 micrometers, which is
double the value given in reference 8, and an order of magnitude larger than

the one-orbit values that have been calculated by NASA.

Of even more significance is‘the'data plotted in Figure 5-3, which
shows the variation in the modified Strehl values as a function of misalignment
for particular primary mirror focal ratios. In the.upper set of curves,.the
performance variation based on the uaual Strehl definition (ignoring the effect
of central obscuration) is plotted. In the lower set, the effect_of,central
obscuration is included. Note that in the lower set of curves, the performance
of an £/2.4 system is always better than an £/3.0 system until Ehe amount of
misalignment reaches almost 120 microns (when the effect of central obscuration
is included in the performance measure) . With any active means for adjusting
the position of “he secondary mirror, the movement between adJustments is almost
assuredly smaller than 120 microns. In Figure 5- 4, the same relatlons are
plotted for the 8.7 meter mirror separatlon case. ~As in the 6 meter separat1on

case, the perrormance is better for the’faster'°rimary mirrors but more mis-

alignment can be tolerated : *k'4F’*ﬂ5H?5 POt FERERRS
o . 83
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Figure 5-3. Strehl Ratio vs Lateral Misalignment for 6 Meter Mirror Séparation
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5.2 ADJUSTABLE SECORDARY

The device shown in Figu;e 5«5 is one possible scheme to position
the telescope's secondary mirror. It is essentially a three axis translation
mechanism fully contai. °~ within a circular housing behind the mirror. Each
axis is independent of the other and each has integral with it an acutating
mechanism. The present concept for the mechanism is a peristaltic piezo-
electric actuator. This type of device is capable of motions in the order
of 1/2 to 1/3 of a microinch (1/40 to 1/60\), and its range of travel is

several inches.

The figure shows that each axis is independently capable of sup-
porting a moment since each carriage consists of a double set of guide rails.
The bearings in the system should be of low friction type. Steel in teflon-
Delrin type bushings appear favorable sinca this combination produces a low
coefficient of friction (in the order of y = 0.04) and a good working fit

without undue mechanism play.

The design shows that each of the actuators, which are capable of
producing forces in the neighborhood of 2 to 3 pounds, are tied into the
carriages via a magnetic coupling. This coupling permits both pushing and

pulling and in return exerts no excessive sideward loads.

The expected travel of this mechanism could be up to cne-inch on
each axis and the expected resolution is 1/2 to 1/3 of a microinch on any axis
(1/80 to 1/120 of a micron).
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SECTION 6

PRIMARY MIRROR DISCUSSION

Some of the criteria governing the selection of the focal ratio of
the primary mirror for the LST are discussed in Sections 3 and 4. These criteria
are based chiefly upon the optical performance considerations of a system
with perfect mirrors. However, the prchlems in manufacturing a primary mirror
of excellent quality and with a smooth, low-scatter surface multiply rapidly as
its size and speed increase. Thus, even in light of recent advances in the state
of the art in optical fabrication, achievement of diffraction-limited performance
and low-scatter surface in a high-speed 3-meter primary mirror will call for con-
siderable investment in figuring and polishing effort largely because of the number
of polishing and measuring cycles to achieve a desired level. Another factor, there-
fore, in the selection of the speed of the primary mirror is the allocation of time
devoted to the task of figuring and polishing. Even so the funding required will
represent only a small fraction of the total cost of the LST program because the
efforts of relatively few people are required t» improve the mirror. The foregoing
discussion endeavors to show that in light of the new techniques, the obtainable
improvement in performance per increment of cost is such as to warrant investment
in the highest quality primary mirror, and justifies selection of the highest per-
formance system as the correct design, consistent with overall program scheduling

and the many mission requirements of the ultimate instrument,

In order to develop a formula for extrapolating the available shop
experience into the realm of fabrication of the 3-meter mirror the actual fabri-
cation data of a number of large mirrors made by Perkin-Elmer have been compiled
and analyzed. The resulting empirical relation which has been fitted to these
data gives the mirror fabrication time as function of its diameter,focal ratio

and quality:

P N T
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where
D is hirror diameter
N is the¢ ‘ocai ratio of the mirrot
£(Q) is the rins surface error.

and '

C is a proportionality constant.

In the above equation the fabrication time includes the necessary
metrology support hours. Ne:dless to say that the above formula is not an exact
relation, but rather an "ordar of magnitude" ind=cator. An assumption was made
in the derivation that the paysical characteristics of the mirror material does
not vary with the size of the blank and that the mount for the mirror during
the polishing process is stable and provides nearly uniform support for the

mirror during polishing and testing.

Figure 6-~1 shows plots of aperture versus fabrication time obtained

using the above relation.

The above equation is next used to plot the fabrication time trend
versus mirror speed (f/No.), which is shown in Figure 6-2. The boxed point
shown in this diagram is for a 48-inch £/2 parabola and is based on actual
experience in fabricaiing such a mirror recently at Perkin-Elmer. The triangular
point on the 88-inch curve is also based on recent Perkin-Elmer experience in
fabricating mirrors for gound-based observ?tories. The curve marked '120 Inch"
is the extrapolation based on this and the previous history shown in Figure
6-1. Note that the slope becomes extremely high in the vicinity of £/1.5 which
probably marks a practical limit for today's technology.

Some of the recent advances in the technology of large mirror fab-
rication, testing, mirror tolerancing and measurement, will now be discussed
since they will have have a bearing upgn the final selection of the speed of the
primary mirror and the optical quality (including scattering characteristics)

of the optical system.
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6.1 PRIMARY MIRROR TOLER**"TNG

Recent advanceslo in describing wavefront variations may be applied to

s
&

the tolerancing of optical surfaces, This new method is similar to the Zernike
Polynomials described in Section 3. Over the past three years the method has

been used for determin : . aberrations of an optical system from interferometric
data. For this purpose a program which fits a 23~term polynomial by a least-squares
method to the OPD data was developed. This.method allows subsequent calculation of
system performance and diagnosis of manufacturing and assembly errors. The aberra-

tion functions used are identified in Appendix E.

A more meaningful method by which the primary mirror can be specified
is made possibie with the aid of these functions. With this given set of functions
the optical designer can recommend the maximum range of primary surface variation
for each aberration, taking into account the sensitivity of subsequent optics and

the detectors to particular aberrations.

Analysis of the wavefront into its component aberration provides
the 'information needed to determine when the primary is within the specified
range. The computed set of functions can then be fed back to optical design so
that a complementary set can then be determined for final figuring the secondary
or for subsequent correction in the relay optics. These corrections can then
be achieved using one of several proprietary figuring methods developed at Perkin-
Elmer. One of these methods uses a computer-controlled polishing device currently

employed for figuring off-axis paraboloids up to 30 inches.

In any event, the above approach provides a method by which the primary
need not be figured to a paraboloid in the absolute sense, but to a surface that

is consistent with the ultimate system performance.

Interferometric analysis programs capable of performing the above
computations with a set of modified Zernike polynomials are available and have

been used for rapid production analysis of interferograms for the past three years
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at Perkin~Elmer. This method is described in Reference 10. Briefly, it consists
of the following steps:

a. Negatives of the interferograms are scanned with a system
consisting of a precision CRT (0.002 spot) driven by a .

digi.al computer and analog subsystem.

b. A pulse of light is imagéd through a Perkin-Elmer 1:1 trans- .
fer lens onto the film plawsz:. The light pulse is modulated
by the transparency and collected onto a photomultiplier.
The resulting voltage is digitized and stored in the computer

memory .

c. Additional equipment includes a graphics terminal with
light pen which allows rapid operator interaction with

the data.

For the analysis of interferograms the operator loads the trans-
parency into the lens system and starts the execution of the computer program.
A fine raster scan is performed using the full raster resolution capability
of the cathode ray tube. The locations of the maximum transmission points
along each scan are saved in memory and groups of successive scans are averaged
together. The averaged fringe ﬁositions along 80 scans are displayed and
saved if proper. (The graphics terminal mentioned above permits the operator
to discard any spurious points.) These coordinates are used in the mathematical

subroutine. The mathematical program minimizes the errxors in an RMS sense

- to the surface of interest. Thé computer then prints out the OPD map, RMS

and peak-valley errors. The fringe scan coordinates are also written on

magnetic tape for use with later calculations.

The technique has great potential, not only for specification and
test of a single piece, but also for complete system test. The orthogonal
polynomials permit rapid computer determination of alignment errors as well

#5 the usual optical figure errors.

In the next section, we shall discuss some of the important .
gspects of testing a 3~meter pyimary mirror, as well as the twu possible

types of sacondary mirror (popncave and convex) that have been investigated.

96

RPN



b 6.2 TESTING

Although interference test techniques are reasonably well established,
one should not overlook the fact that a physical measurement is being performed
and that there is an experimental error associated with that measurement.
Furthermore, with large mirrors, there is some question as to what constitutes
sufficient sampling density. With an aperture of 120 inches and, as an
example, with 20 fri- -5 uniformly spaced across that aperture, means that
there is one fringe tor every six inches of surface. Although it is a straight-
forward procedure to compute an RMS surface error from this low density, the
question remains whether this error is really a dependable measure of the
performance of the mirror. Experience has shown that the answer to this
question is dependent upon the nature of the errors on the surface and on the

repeatability of the test. Errors of reasonable magnitude that appear at a

frequency higher than Ulre-sampiiug iate will have an effect on performance
depending upon their distribution. Included in the test repeatability are
errors associated with mounting and remounting the piece in the test chamber
and scanning and analysis of the same interferogram. Perkin-~Elmer has for
some time made it a practice to associate an error band with interferometric
test results and would strongly recommend that this practice be included in

the RMS error specification.

If the optical path difference error, bi’ associated with each OPD
point of the average errox map is known, then one can calculate a quantity
entitled RMS Worst Case for the average map by using the following relation
which describtes the RMS value which would be obtained if the OPD error always

contributed so as to increase the absolute value of the OPD at each point:

¢

z + 2
)

, (opD, 6[,

RMS (Worst Case) =

1=1

N

1 Knowing this quantity and the RMS of the ayerage map, one can obtain an idea
of the extent to which uncertainty in individual OPD values may affect the

determination of the overall RMS, which is often the quantity of prime interest.

; A large number of parameters are potentially responsible for limitationg
on the achievable accuracy, and their relative effect should be known. These

parameters may be divided into two groups including those which affect the ac-
curacy of the interpretation of this recorded information:
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Parameters Involving Recording Parameters Affecting Interpretation
of Interferograms of Interferograms
Mount ’ Interpolation Procedure
Vibration Fiducializing Procedure
Vacuum Testing Scanning Mode
Thermal Stabilizetion Number of Scans
Time

Size of Negative
Optics and Cleanliness

of Interferometer
Film

Contrast of Negative
(Photographic Quality)

Source Stabilit
y Orientation of Fringes
Number of Fringes
Number of Interferograms

Fringe Finesse

Background Artifacts or
Fringe Patterns

Uniformity of Background
Illumination

6.2.1 Primary Mirror Testing

An area of great importance is the method used to mount the primary
mirror. It may be possible to develop a mount that simulates a uniform support
condition, but eventually the mirror will be assembled into flight hardware.

If the flight hardware cannot (in some orientation) provide support consistent
with that used during fabrication, then it will be impossible to perform a
meaningful swsi#s te-t. Consideration should be given in the early design
stages to providing a flight-qualified mount that can also serve to support
the mirror wnifezmly for test purposes. Use of this same mount will make

possible the subsequent system tests.

The primary mirror initially will be made spherical by grinding with
loose abrasive. Meapuréments require use of a large spherometer in order to
ensure the radius is within the required tolerance. It is important at this
stage of fabrication to be certain that t&e surface is relatively free of
astigmatism. This will require a polishing cycle and testing from the center

of curvature with a knife edge or interferometer.
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6.2.2 Difficulty in Testing Mirrors of This I'ype

Cne of the difficulties associated with the fabrication of large
light weight parabolic mirrors is the asphericity. The departure of these
mirrors from the best fitting spherical surfaces can be expressed as CY/(f/No.)3
where C = constant, Y = diameter of the mirror and f/No. is the relative aperture.
This function in terms of number of fringes over various aperture sizes is shown
in Figure 6-3. The 48~-inch mirror and 88 inch mirror shown have recently been
fabricated by Perkin-Elmer. Slash marks on the curves indicate the relative
apertures of these niirrors and some of the recommended candidate designs in
the 120 inch size.

Two comments can be made relative to the above functional relation-
ship. The maximum departure depends both on diameter and relative aperture and
therefore this is the pacing consideration with regard to testing. More cor-
rection is needed in the auxiliary optics for null testing or more fringes need
to be measured if testing is to be done at the center of curvature directly
Sl such as with a scatterplate interferometer. Manufacturability on the other hand
i is affected by the race of change of surface and this would be the first deriva-
tive of the above expression with respect to Y. This shows that for a given f/no.,
the rate of change of surface is independent of the diameter. The point is
that the degree of difficulty in fabricating an f£/2 of smaller size such as 48
inches is comparable to that in fabricating a larger size of the same f/no.

The difference is in the greater amount of material that must be removed assuming

thaet material stability, mounting difficulties, etc. are equal.

6.2.3 Test Plans

Because of the large asphericity, the test plan becomes dependent

on the state of completion of the surface. The conventional fabrication approach
will be to generate the blank to the edge radius and then deepen the center

by alternately grinding and polishing. This progress can be followed most
efficiently by knife edge tusting or wire testing at the center of curvature

| 5 and aided by test plates over smaller areas where the most rapid slope changes exist.

Initial aspherizing to A/2 can be assisted with an Offner type null corrector.

. Since final figuring won't commence until the errors are of the

order of A/2 or smaller distributed over areas of approximately 12 inches in
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diameter, a simple support would be used initially. It will be necessary to
allow the optician to ~ ""<w his progress in roughing out the aspheric with a
short turn around time. Ideally, it would be preferable that the glass remain

in its mount during fabrication and test at this stage.

Final ff~»ring requires interferometric testing with quick turn
around time of data since the actual polishing time will be shorter for each
correction. If a null lens is used for the final test, then it would be possible

*
to use either a SWIM, or scatterplate interferometer.

The SWIM, described by Herriott and by Polster and Heintze, consist -
of a concave reference surface and field lens used to image the surface being
tested onto the reference sphere. The fringe pattern formed at this surface is

then re-imaged onto a photographic plate.

The scatterplate interferometer allows direct testing of the surface.
No auxiliary high quality reference surfaces are required. The fringe pattern
is formed at the surface under test and must be re-imaged by a low distortion

photographic system onto a plate.

Alternate forms of testing without the use of a scatterplate are

described below.

The use of null testers offers an effective method provided that an
accurate null is achieved. The basis for the null test technique is given in

Appendix F.

Since the asphericity of the surface under test is so great, the
contribution to figure errors due to the null lens becomes an important con-
sideration. 1In the first place, it is conceivable that perfect correction
may not be achieved by the designer. This condition would not alter the funda-
ment4l approach toward determining the surface errors, but would most certainly
impact on the amount of data reduction required. If the designer is alloved
the extra degree of freedom provided by an aspheric surface, then complete
correction could be achieved. The lens can be made very precisely since it

is relatively small (3 inch class) and can be measured direct using a scanning ‘

.* .
Spherical wavefront multiple beam interferometer.
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microscope to examine the fringe pattern between its surface and that of a
spherical test plate. Current software for data reduction cculd be used (in

expanded form) thereby assuiuwig quick turn around.

Without the use of an aspheric, it is possible that a perfect null
cannot be achieved. This could impact on the turn around time for data reduc-

tion if the errors made °° necessary to use an in-house Grant measuring engine.

6.2.4 Sensitivities in Use of the Null Lens

I1f a perfect null can be achieved from a design point of view, then

it will be necessary to consider the following sources of error in the real lens.

(a) surface quality

(b) radii and thickness variations

(c) glass inhomogeneity

(d) physical location of lens assembly relative to center

of curvature of primary

The location of the lens in turn depends on an accurate determina-
tion of the vertex radius of the blank. This determination becomes complicated
by the fact that the center may be removed. There is a possibility that error
contributions due to glass inhomogeneity may be overcome by a reflecting null

lens arrangement.

Regardless of what the solution is in terms of design and fabrica-
tion of the lens, it remains to test and verify its performance. The lens, in
fact, has aberration equivalent to the mirror being tested -and must, therefore,

be calibrated to a comparable degree of precision.

Alternate tests without a null lens would provide a direct interfero-
gram from the surface. Direct scatterplate interferometry is very attractive
becguse no intermediate optics are required and the only errors introduced sre
those due to the frinmge position measurements. The problem would be the large
number of fringes caused by the surface depayrture from a sphere. It is conceivable
that large photograp@s would have to be made for precise measurements of the fringe
locations. 1In order to obtain sufficiently dens¢ information over the whole sur=-
face, a large number of diameters would have to be scanned and new programming

would be required. The most serious effect of these requirements would be to
increase the turnaround time.
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3 Another approach that could be considered would be to make a hologran
which is representative of the fiinal aspheric surface. This could be achieved

by fabricating a lens with the same amount of over-corrected spherical aberra-

-l ot
sy -

tion and making a hologram of the emerging wavefront. The interference pattern
, would result from the combination of a wavefront from the system and that of
the hologram. See Reference 11.

Another test method would employ a sublapetture (1.5 to 2m) auto-
# collimating flat. This technique has been described (for one dimension) by
Saunders and can readily be extended to two dimensione. Software development

for this test may be less extensive than for the two previous methods discussed.

A full size autocollimating flat should also be given serious con-
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sideration for a number of reasons. In the first place, all of the previous
methods with one exception yield theitype‘of information that would be obtained

at the focus in autocollimation. Furthermore, they are useful only when the

blank is a few fringes from the correct surface so that other means of testing are
required to being the surface to this point. The flat, on the other hand, coulu

; : be used almost. constantly after the very crude stages of initial parabolization.

Secondly, the availablility of a large flat would also provide a
means by which subsequent system testing could be done. This would certaidfy
be useful not only for initial system tests, but if the system is to be retrieved |
via a shuttle, then subsequent system tests can be performed for direct compari-

son. Additional discussion on the fabrication and test of this flat is given in
Section 6.2.7. | |

. A
ST SR AT AT TS

The available means for testing the primary are summarized in Figure 6-4.

6.2.5 TestvFac;;ity

‘ In crder to achieve useful results with any of the above techniques
a suitable controclled environment is required. A vetticalitest facility is
« best suited for this purpose and should be cgpable'of”ﬁeing evacuated. There
currently exigtg a facility of this type at Perkin-Elmer. ' )

The existing facilify consists of a vertical vacuum tank appréximateiy
45 ft. long and composed of four sectiéns. lfééically, it would be required to
modify the uppermost 10 foot lqng.secglén, The modification ﬁiLlfbe'sditable
for accommodating the knife‘edgé, nuil]leﬁp;;apd inteiferometér. ) : , J
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6.2.6 Secondary Test

Two fundamental approaches are available for testing the secondaries,
For the convex hyperboloid used in the Cassegrain, a Hindle test wnuld be the
most straightforward, but requires a large fast spherical reference mirror. For
the Gregorian secondary which is a concave ellipse, a smaller convex or concave
reference sphere can be placed with its center of curvature at the short conju-

gate of the mirror. Testing could then be achieved at the other conjugate.

The most significant advantage to the concave secondary mirror (as
is used in the Gregorian system) is that the secondary mirror can be completely
finished in parallel with the primary mirror with no major auxiliary test optics
required, In the case of the convex secondary mirror, either a large Hindle sphere
(co be used in the Hindle test) must first be fabricated, which may require nearly
as much time as the primary, or, as has often been done, the secondary can be
finished using the primary mirror itself as the test optic. In the latter case,
program time will obviously be extended since the finishing of the secondary mirror
must follow in series the completion of the primary mirror. For this reason,
Perkin-Elmer strongly recommends that the Gregorian Aplanat system be given serious
consideration in the selection of the final optical system for the Large Space

Telescope.

6.2.7 System Test

One of the most difficult problems associated with building a large
telescope is the provision of means for adequately testing its performance on
the ground. Such testing is subject to errors caused by atmospheric turbulence,
vibration, thermal gradients, gravitational forces, test equipment, measurement

and interpretation of test results. .

Figure 6-5 indicates a suggested method by which the testing may S;
done which should minimize the errors associated with such a procedure. An
esp%cially built facility provides space foi the telescope, T, to be tested with
an interferometer, I, by autocollimation against a flat mirror, M, supported from
a carriage, C. The flat mirror must first ﬂe fabricated and tested to the required
precision; This is accomplished in the same space by use of a polishing machine,

a test sphere, S5, and an interferometer used succéssively at 12 and 13. The carriage
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C, is on rails for removing the mirror, M, from the path between S and 12 for
accomplishing independert tests of the sphere, S, which would first be brought to

a desired state of correction on the polishing machine. For testing the mirror,

M, either it must be v -.tabie on the carri;ge as indicated by the arrow, A, or

the sphere and test tower must be mounted on a rotary test table, R.Although

provision for the latter is awkward it may be preferable to the process of rotating
the flat because of unknown effects such as a rotation may coni:ceivably induce. Though
similar objections can be raised against the movement of the sphere the effects, if
any, of such a motion may be assessed periodically when the flat is removed and
assumptions as to its stability upon replacement of the flat are much more justi-

fiable than an unassessed impairment of the flat due to its rotation.

The flat mirror need not be perfectly flat in that a small amount of
residual power merely changes the focus of the telescope slightly. This circum-
stance can be used to alleviate the inherent difficulties associated with making
perfectly flat mirrors. In addition the multiplicity of supports necessary for
this vertical support provide additional means of "tuning" M to an optimum figure
by use of the active optics techniques developed at Perkin-Elmer. This tuning
of the flat may be accomplished on a mirror made up of segments or othérwise as

may become ‘most desirable.

The spherical mirror should preferably be sufficiently large to
cover the full diameter of the flat with one interferogram. Though this would
require a mirror about 150" in diameter the assurance this would provide in the
assessment of the figure of the flat and hence of the system would probably war-
rant its use over that of a smaller aperture. The process of figuring the sphere
to sufficient precision is also not required in that small residuals up to a cer”ain
level may be more economically handled by the data reduction process in the computer
programming than by placing overstringent requirements on the manufacture of the

test sphere.

Depending on the requirements for testing the space telescope itself,
the figuring and stability of the surface on the flat mirror may be quite severe
indeed. Though this may have a slight residual concavity or convexity'which may

be accomodated by a slight change in focus, as mentioned above, any departures ‘
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from conic form would degrade the imagery formed by a perfect test article.

Though such known degrada..... ‘could be accommodated in the data reduction process
without undue impairment of performance in space, the degraded laboratory imagery
may mitigate against accomplishment of tests such as of associated guidance equip-

ment and the like, which may require imagery as tiear perfection as possible for

proper assessment.

It should be notad that the test facility envisioned places the tele-
scope and test mirror in a vertical position to more readily eliminate uncer-
tainties due to unsymmetrical gravitational effects mcking zero-g simulation more

tractable than would be had with equipment arranged otherwise.

Not indicated in the sketch are cranes, handling equipment, vacuum
tank for coating the mirrors which would be majo: pieces of equipment needed in

any such facility.

6.3 THE SCATTERED LIGHT PROBLEM

Anotier aspect of the problem of designing and manufacturing the primary
mirror for a Large Space Telescope is that of determining the probable amount of ‘
light scatter, setting tolerances for scatter over the wavelength region, and
then investigating the mechanisms which cause the scattering of light with the
objective of controlling and holding to an acceptable level this unwanted
phenomenon. In Appendix G we examine the problem of obtaining a photometric
measure of the brightness of a 29th magnitude star with a specified accuracy
and obtain upper limits qn the amount of scatter (scatter coefficient) which
can be permitted for this type of measurement. In the next paragraph some of

the scatter mechanisms are examined and some tentitive means for the control of

scatter are set forth. Very little experimental data is available concerning
the scatter of large miryors in the vacuum ultraviolet part of the spectrum,
but additional information should be forthcoming as mbre operational experience
is obtained in the OAO series. As this information is obtained, the limite
that have been set ip this study should be re-examined in conjunction with the
new data to determine whether or not light scatter in the Large Space Telescope
is a disabling problem. The results of this study suggest that is probably is

not, at least in the visual wavelength region, except for observations close
to very bright stars.
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6.3.1 Surface Specification

For specification of the surface it can be said, to a first approxi-
mation, that the scatter iunction variation with angle should show no sharp peaks
and that the total fraction scattered should be less than a certain amount -

dependent on the star field brightness. The prime importance is to minimize

scatter within small angles.

The scatter can be connected with the spatial frequency of errors
on the surfaces, but this is an indirect way of expressing the scatter. The
scattering associated with these errors is important over an angular spread up
to 12° for the primary and 1/2° for the secondary. Furthermore this scatter
is probably associated with sub millimeter errors. Ordinary test methods
associated with determining the overall surface errors of the primary will not
suffice for these errors. It may be necessary to apply high finesse multiple
beam interferometric techniques for examining selected regions of the primary

and/or secondary.

It should be noted that smoothness of finish is of great importance

and fine scratches should be avoided (giving low spatial frequencies).

It can also be noted it. is better to finish the primary first and
to do any necessary hand corrections on the secondary because of the relative

dominance of the scatter of the primary.

6.3.2 Characterization of Mirror Surface

In general, the more accurately a mirror is figured the more

difficult it will be to hold the scattering to some low 1eve1. To establish

quantitative predictions of what the scatter will be prior to going through
some polishing cycle is not possible at this moment in time. Nor is it possible
to obtain scattering data from interferometric measurements, since the sampling
frequencies are not in the correct range. The spatial frequencies for all

points on the mirror would need to be known.

The best that could be done would be to establish a dig-scratch
tolerance and polish the mirror by techniques which in the past have yielded
~low scatter surfaces. Some tradeoff must be established between figure and ¢

:scatterkwhich would be dependent on usagé.
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A point to be borne in mind is that the telescope may be required
to yield results in the UV down to 1000A. Here the scatter would probably
become of dominant importance as opposed to the more usual 63284 test wave-

lengths. Also the coat.-:;s and coating life would have to be considered.

Another point is that whatever figure the scatter is reduced to
there will be some light acceptance angle and star brightness combination whare

faint stars will not be observable as shown in Figure G-1 of Appendix G.

A program to establish empirical relationships between polishing
techniques and resultdnt scatter should be set up to perhaps minimize the pro-
duct (rcot mean squaré variation) x (scatter into angles of interest). This
would basically involve the manufacture of mirrors, which must be curved, of
various sizes, using various techniques, and then measuring the scatter coefficient

accurate, Hence the best techniques or techniques could be empirically established.

6.4 CONCLUSIONS AND RECOMMENDATIONS

.- Based -on -the foregeoing discussion, Perkin-Elmer makes the following
recommendations with regard to the manufacture of the optics for a 3-meter

telescope:

(1) The speed of the primary mirror can be set as fast as
f/2 without incurring exceptional time and cost require-

ments.

(2) The tolerancing of the primary mirror can be much more
sophisticated than has been the practice in the past. The
application of the new techniques requires that the entire
optical design task be integrated and handled as a single
system design function, however. The overall optical design
task should include the instrumentation relay optics as

well as the primary light-collecting optics.

; o
(3) A Gregorian Aplanatic 6ptical system should be adopted,
primarily because of the reduction in the time and money

required to fabricate the optics.
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(4) Serlous considerat fon should be glven to the deslign and
fabrication of a composite test filal which could be used
in tedting the primary mirror as well as in final testing

of thé completed telescope.

(5) Experiments on near-field scattering in the vacuum U.V,

should be performed and correlated with analysis.

&
t
-
¢
'

F g T
e x

111/112




SECTION 7

TRADEOFF DISCUSSION

7.1 OPTICAL DESIGN RANGE FOR ACCEPTABLE FIGURE OF MERIT VALUES

We have now discussed the principle effects that will determine
the optical performance, manufacture, and operation qf the Large Space Telescope.
We have seen that choosing an optical design with a fast primary mirror will
permit a minimal central obscuration that will maximize imaging performance,
that manufacture of a 3-meter mirror as fast as f/2 is feasible, and that the
operational constraints imposed by presently-contemplated structural designs
are commensurate with the alignment tolerances inherent in a fast-primary system.
Two other aspects of the optical design problem need to be considered before the
design can be considered final; namely, the optimum f/no. for the instrument
section, and the desired field curvature. Unfortunately, the latter two con-
siderations are outside the scope of this study, and it is recommended that
additional work be authorized to continue the optimization of the entire optical
system. However, we shall'apply what knowledge is available at this time to

the tradeoff Aanalysis.

A study of the scientific instrumentation has recently been completed
under NASA Contract and published as GSFC Report No. X-670-70-480 by the Kollsman
Instrument Corporation.13 This report indicates that the focal ratio at the
Cassegrain focus should be £/12. The reasons for this selection are not clear,
but it is assumed that they stem from space considerations inside the instru-
ment section housing. In recognition of this, one of the options in the

optical design tradeoff will be a final focal ratio constrained to £/12.

The question of field curvature is much more difficult to deal with
since it is only the field curvature at the detector plane which matters in the
final analysis, and many compensating curvatures can be introduced by the
optical designer in the design of the instrumentation optics. However, the
following general statements may be made regarding field curvature in the two
systems we have been considering:
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a.) The curvature of field at the telescope focal plane is
increased for faster primary mirrors ard for greater magni-

fication in the secondary mirror

b.) The direction of field curvature in the radial direction
will be reversed when going from a concave to a convex
secm,zary mirror, and the tangential curvature may reverse
depending upon the relative focal length of the primary

mirror.

c.) The most desirable direction and amount of field curvature
at the telescope focal plane should be determined by the
size of the field at the detector focal plane, the amount
of residual field curvature which is tolerable, and the

design of the relay optics used in the scientific instruments.

Generally speaking, the direction of field curvature in the concave secondary
mirror system is easier to correct with relay optics than is the field curva-
ture inherent in the convex mirror system. In passing, it is suggested that
the optical design for the instrumentation package should be tested in the
light of the figure of merit criteria developed in this study. Additional
work in this area is highly recommended as additional performance can very

probably be achieved by some changes in the optical design of the relay optics.

We shall now consider examples which i1llustrate the optical design:
limits. Figure 7-1 lists the design which are considered to define the optical
design limits. The four situations given are

a.) Maximum performance

b.) Constrained primary mirror speed

¢.) Constrained final focal ratio, and

d.) Slow primary mirror system similar to that discussed

in other studies.

The performance figure of merit varies from 0.88 down to 0.7, with the slow
primary mirror system having the lowest performance. Selection of a performance
level to recommend is difficult since none of the centrally-obscured systems

achieve performance levels above the 'knee' of the performance vs. central

obscuration curve shown in Figure 3-4. This péint of‘diﬁinishing returns
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may be thought of as occuring where the slope of this curve is between 1/3 and 1/2
; of the maximum slope. This occurs fo}’obucuracion ratios hetween 0.1 and 0.2,

and this cannot b. achieved within the stated ground rules. Thus, significatn
gnins cuan be achiaved for uny decrease in primary mirror focal ratio. In the
vicinity of focal ratios ot £/2, the achievable Strehl ratfo (bavring optical
aberrations) is 0.86, which leaves a margin over the commonly accepted value of
0.80 (“"well corrected optical system'"). The total allowable wavefront error

which could then be used for the tolerancing of the optical design and manufacturing
errors would be 0.06A. Though stringent, this i1s consistent with the current. state
of the art. Any increase in the focal ratio of the primary mirror would impose
more stringent tolerances on the optical design and manufacturing quality, and

‘  § the achievement of an 80 percent of the theoretical performance would become

problematical at best.

7.2 TELESCOPE TYPE

Throughout the study, we have considered the possibility of two
' telescope forms; the Cassegrain and the {regorian (or their optimized counter-
Q‘fﬁi parts, the Ritchey-Chretien and the Gregorian Aplanat). In view of the discovery
i that the maximum performance achievable is identical for the two types of system,
the tradeoff between them rests more on secondary considerations such as manu-
facture and weight, Figure 7-2 lists the comparative advantages and disadvantages
of the twc types of system, Many of the points are self-explanatory while others

require elaboration,

The Cassegrain has the disadvantage that the convex secondary mirror

cannot form a real image without the assistance of auxiliary optics. This creates

problems in manufacture a8 has already been pointed out, and this fact also makes
Cassegrains difficult to align during assembly. Aligning a high performance tele-
scope by making evaluations of the imagery (as opposed to interferometric wave front
analysis) produced is generally a risky business because of the subjectivity which
can come into play. It is much more straightforward to use an alignment theodolite

in aligning the gystem, making use of variouys fiduciary marks on the major optical

U elements and the real images of these marks:which the mating optics produce. Another
- possible advantagefco having r;al images inside the telescope system is the accessi-
bility to the prime focus. It is often desirable to introduce masks or stops (such as
a Lyot stop to absorb the diffraction from the edge of the primary mirror) at an
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intermediate focal plane, and this becomes a possibility in the Gregorian form that

does not exist in Cassegrainian systems,

Under advantages for the Gregorian system is listed "probably less
susceptible to thermal deflection". The reason for this is illustrated in
Figure 7-3. Because th vregarién system has an internal shared focal point,
the bowing of the telescope tube du¢ to unsymmetrical temperatures does not
move the focal points as fariapart as would be the case when the shared focal
points are external to the tube. In order to eva;uate this effect, actual
telescope tube shapes, mirror mounting arrangements and the geometry of the

spacers between the primary and secondary mirror supports need to be known.

The CGregorian is easier to baffle since the design permits a tubular
baffle surrounding the seconcary mirror, surmountad by a conical baffle similar
"j5§ to that used in the Cassegra:n. Since this typc of baffle has more area than
the conical baffle used with the convex Cassegrain secondary mirror, there is

more opportunity tc absorb stray light.

Most of the above items would seem to favor the Gregorian type,
but ti.ere is one disadvantage to the Gregorian which could prove to be over-
riding, and thét is weight. The weight woul& tend to be greater because the
telescope length* needed to house the telescope is longer in the case of the
Gregorian form. However, the recommended Gregorian forms still fit within
the space envelope given in the ground rules, and in any case, the telescope
tubg should be as long as possible to provide the maximum baffle and shieiding
pgssibiz. If a Cassegrain is chosen, the tube construction beyond the secondary
mirror could be lightened since no structural loads need be taken beyond this

point (except for its own weight).

Before procceding to the final recommendations, the sensitivity

of perf.ormance to changes in some of the design parameters will be examined.

7.3 DISCUSSION OF SENSITIVITIES

In this section we shall discuss the relative sensitivity of the
wave front-related parameters to the primary design-related parameter, central

obscuration (which is determined in turn by the primary mirror focal ratio).

* .
The ratio of the length of the Gregorian, L

is given approximately by G ,:‘.1+es,
LC 1-¢

G’ to that of the Cassegrain, LC’
where cé is the unbaffled obscuration ratio.

s !
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The modified Strehl ratio which we have been using in the parémeter

variation studies was given in the equation of Figure 3-15 which is repeated here:
2.2 2\? 2]
s= -2 0 - () el

By expahding this equation, evaluating the terms, and eliminating those which

are negligible, we can arrive at an equation which is useful in assessing the

sensitivity or rate at which required tolerances would vary as a given design

parameter is varied. By neglecting terms in 54, o¢é, and (Zagg, and regrouping

2 2= 27 2
s=[1-¢ -2 o

A
Now, to obtain a given level of performance, the quantity subtracted from the

1 must be held constant. Therefore, the relationship

2 22

c=¢+2 (o’

>

can be deduced, where C is related to the desired performance of modified Strehl
value. Note that the above equation is of the same form as the equation of an ellipse

or circle. In Figure 7-4, we have plotted the relationship for several Strehl values.

The points corresponding to a central obscuration set by an £/2
primary mirror and by a \/25 tolerance on the wavefront errcr (commensurate
with the current state of the art) are indicated on the graph. Note that the
intersection for these two points occurs just about on the contour for a Strehl
value of 0.80, indicating that this decign choice 1s essentially the only one
possible which can meet a requirement of 0.8 Strehl. This suggests that off-
axls systems or very simple Ne *onian systems such as discussed in Offner's
paper in Appendix A are thé next step in the development of larger space tele-
scopes. No exploration of‘off-axis systems was included in this study, because
the ground rules would be violated in one way or another. However, the necessary
design and manufacturing capability is in existence today at Perkin-Elmer, and
as better focal plane figure error sensors are developed, may of the problems

whiqh currently exist with off-axis optical systems can be eliminated.

120 | ~ e “ | !



. 07

n Weaves

. 06 /2 Primar

Mipror

- kS

“w 3

Allowable Wavefront Erro:

tr N
0, 80 .
\ Limit [Set By

N\

- 04 /////f///f///X 77

/ -
.03 L Limit Set by Ma ufactiiring \

/
/]
/]
Tolerance \\ \ A \
. a\Y

N\

Limit Set By . b

. 01 I/3.72 Primary \‘
Mirror

N

0 NG

0 .1 .2 .3
e ¢ (Central Obscuration)
- Figure 7-4. Tradeoff Between Central Obscuration and

Allowable Wavefront Aberrations

121




7.4 RECOMMENDATIONS

The tradeoff analysis shows that there are strong reasons for pre-
ferring a telescope system with a fast primary mirror (in the vicinity of £/2)
since this will give th- igh:st performance for the astronomy research function
of the Large Space Telescope. The sensitivity analysis shows that the primary
mirror recommendation is compatible with today's state of the art in large
optics fabrication and that it is possible to achieve the performance level which
most authorities consider to be a worthwhile achievement (Strehl = 0.8). We
have not dealt with the problems of telescope misalignment in the tradeoff and
sensitivity analysis because the next section will allude to some developments
currently underway that promise to alleviate the problem and eliminate it

from consideration as one of the design-limiting factors.

The choice between the Cassegrain and Gregorian forms, as we have
seen, rests more on subsidiary factors such as schedule time, cost, and system weight,
than it does on overall system performance. Since.this study was not to deal
with the overall systems problem, a recommendation which has telescope weight as
one of the decisive factors cannot be made at this time. However, because of
other factors which favor the Gregorian form, Perkin-Elmer recommends serious
cqnsideration of a Gregorian Aplanat form (a design corrected for spherical

and comatic aberrations, yielding the same performance ss the Ritchey-Chretien).
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SECTION 8

FIGURE SENSING TECHNIQUES

The scientists and astronomers responsible for the design of the
LST have the design go«! of maximizing the scientific information capability
‘ of the telescope under the constraint of minimizing cost. The capability of
measuring the performance of the telescope optical system will be a require-
ment if this design goal is to be approached. A number of interferometers
using lasers and operating at the primary center of curvature have been
designed, fabricated, and successfully tested 14, 13,16 ppege units are primarily
ﬂ designed to monitor the figure of the primary mirror. However, these
' interferometers may be modified to permit one to obtain information about the
primary-secondary alignment. Thus, the center of curvature type interferometers
satisfy all the requirements of measuring both alignment errors and intrinsic
errqrs in the primary mirror. Since these devices have been reduced to
practice and have been adequately discussed in the literature, we will not

consider them further.

Another class of instruments operate in the telescope focal plane
g and obtain the required information by analyzing the point spread function of
an unresolved (or nearly resolved) stellar source. Two possible devices that
operate in the focal plane are the Koesters prism17 and the In~flight Alignment (IFA)

System of Stratoscope II}B'Ihe'latterdevice trans formed the point spread

function profile into an electrical signal by scanning a slit in front of a

star image formed on the face of a phototube.

The ultimate output of a Focal ?lane Figure Sensor and its related
electronics will be an Optical Path Difference (OPD) map of the telescope exit
pupil. That is, for each point in the exit pupil there will exist a number
equal to the number of waves (or portion thereof) that the wavefront emitted

. from the telescope diffefs from some referehce (but not necessarily optimum)

wavefront.

These data are in the form of an array and may be operated upon by

.
i
5
1
4
s

an existing software package19 utilizing a digital computer, The technique

decomposes the wavefront and matches it to a 22 term polynomial.
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By judicious chonic~e of the polynominal terms, it is possible to

obtain by inspection the data required for the following diverse functions.

1. Align secondary to primary

2. Obtain Jiagnostics on alignment and intrinsic mirror

aberrations

3. Provide data on the aberrated wavefront that is crucial

for post exposure image processing

4. Monitor mirror figure for various mounting loads or

thermal environments

5. Provide control signals for Active Optics servo

electronics (optional)
These functions are shown conceptually in Figure 8-1.

Note that the focal plzne figure sensor truly optimizes the complete
optical system since it operates directly on the wavefront containing the
scientific information. This makes it possible to balance wavefront errors
resulting from misalignments, mirror distortions, and optical design in such
a manner as to maximize the overall system performance. As discussed in
Section 3, the criterion by which we judge the optical system performance
may be different for different functions. This change of criterion may be
easily implemented by modifying the weighting functions in the computer soft-
ware. Thus the focal plane figure sensor is both versatile and truly optimizes

the overall optical performance. ' ‘ i

Another important advantage of the focal plane figure sensor is
that it eliminates the barrier against using fast (small £/D ratios) primaries.
Classical technique of aligning the primary-secondary mirrors have limited accuracies
whigh in.turn limit the speed of the primary mirror. However, the perfection

of the focal plane figure sensor allows one to align the seccndary mirror

‘relative to the primary mirror independent of the primary mirror f-number.

The limiting factors are now the capability to accurately position the secondary

and maintain it in position over the required exposure time. The sophistication

20

of microinch positionérs and orbiting telescope mechanical designs21 will permit

one. to consider faster primaries for the LST.
: ¥
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SECTION 9

CONCLUSIONS AND RECOMMENDATIONS

The maximum diameter of the collecting aperture of the Large Space
Telescope is a fixed quantity, determined by the diameter of the launch vehicle.
An important task of the telescope designer is to maximize the scientific
utility of this constrained telescope collecting aperture. In this study we
have ascertained a means whereby the effect of various changes in the most
important parameters of a three-meter aperture space astronomy telescope can

be evaluated to determine design trends and to optimize the design.

Three figures of merit were derived based on three different areas of
astronomy interest: 1) the class of instruments in which the resolving power
1s set by a slit or small aperture in the focal plane; 2) those investigations
involving the extreme in distance penetrations or detection of faint objects;
and 3) the imaging of extended objects such as planets or gas clouds having
scenic detail which should be reproduced with the utmost in fidelity. The
three figuré; of merit derived from each of the three classes of useage are
termed, respectively, the Normalized Relative Energy, the Modified Strehl
Ratio, and the Relative Edge Response. (The modification of the Strehl Ratio
was to include the effect of central obscuration.) Each of these figures of
merit shows a similar trend with increases in central obscuration: the value
of each figure of merit falls off with iﬁcreasing central obscuration, slowly
at first, but at a maximum rate when half the aperture is obscured. Based
upon a reasonable design goal of achieving 80 percent of the theoretically
maximum performance, ghe central obscuration diameter should not exceed 32.5
pércent of the diameter of the primary mirror, and should be less than this
to allow for other performance degrading?effects such as manufacturing

tolerances, alignment errors, etc.

The effects of the basic Seidel aberrations (coma, astigmatism, and

spherical aberration) in centrally obscured systems were also investigated.
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The approach taken was to calculate the amount of each of the aberrations

that is tolerable to reach a given performance level (or a given Strehl value)
as the amount of central obscuration was varied. The results of the procedure
show that the coristraint on central obscuration should be even tighter, as the
tolerable amount of aber ations is reduced by 20 to 30 percent when the
central obscuration is about 0.25 of the aperture diameter, and the tolerance
curves have a noticeable decrease at 0.2 central obscuration (see Figures 3~10

through 3-13).

The conclusion reached in this part of the study is that the central
obscuration should be less than 0.25 if reasvunable possible, but certainly
less than 0.325.

| The next phase of the study determined the relationship between primary
mirror focal ratio and central obscuration, including the baffles needed to
prevent direct rays from striking any part of the focal piane of the telescope.
It was found that for any given primary and secondary mirror separation there is
an optimum primary mirror focal ratio and secondary mirror magnification that
will yield the minimum central obscuration. The parametric investigation inclu-
ded telescopes with convex secondary mirrors (as in the Cassegrain) as well as
those with concave secondary mirrors (as in the Gregorian). Interestingly enough,
the Gregorian systems had smaller central obscurations for a given mirror separ-
ation than did the Cassegrainian systems, although the optimum primary mirror
focal ratio was always lower for the Gregorian systems. This observation led
to an investigation in which the mirror separation was varied to minimize the
central obscuration, and the resulting primary mirror focal ratios were deter-
mined. A very significant result was obtained, namely, that in both the Cassegrain
and Gregorian forms, the same minimum central;obscuration is obtained for each
value of primary mirror focal ratio, subject to maximum overall length constraints
(see Fiéure 4=15). Furthermore, the trend of central obscuratjon with primary
mirror focal ratio is nearly linear, with lgwer focal ratios yielding smaller
cenf}al obscurations. In order to achieve the previously mentioned central
- obscuration valueé of 0.25 and 0.325, the pyimary mirror focal ratios would
havefto'be approximately 1.7 and 3.2, respectively, making no allowance for

manufacturing tolerances, uncompensated aberrations in the optical design, or

128



misalignment between the primary and secondary mirrcrs. The modified Strehl
values for the £/1.7 syster is 0.88 and for the £/3.2 system it is just 0.8,
when fully baffled,

The core .usion drawn from this investigation is that performance will
be maximized if the primary mirror is made as fast as budgetary and technology

constraints allow, but should certainly be faster than £/3.2.

The operational problem of optical alignment was investigated, using
the modified Strehl ratio as a measure of the effect of misalignment. The
importance of maintaining the coincidence of the geometric focal points of
the primary and secondary mirrors was developed, and the resulting unimportance
of tilt alignment was shown. A new development currently heing exploited at
Perkin~Elmer has the capability of sensing misalignments through interferometric
measurements at the focal plane of the wave front forming the images of stars.
This development holds great promise for alleviating the tightened alignment

tolerances which faster primary mirror focal ratios require,

L]

Because the selection of a recommended primary mirror focal ratio is
heavily weighted by cost and risk factorg, discussions of the current state
of the art in large optics fabrication wés included, showing the trend in
mirror manufacturing time as focal ratio is varied. Based on extrapolations
of recent shop experience, the minimum focal ratio appears to be in the vicinity
of £/1.5 and mirrors as fast as £/2.0 are certainly within the state of the

art for a nominal three-meter diameter.

The final selection of the primary mirror focal ratio should be based
on many of the factors that were investigated in this study, as well as others
such as the requirements of the scientific instrumentation behind the primary
mirror, the total allowable system weight, the longitudinal length available
for the ;elescope in the launch vehicle; and other factors that were outside
the scope of this study. Most of the factors just mentioned favor shorter,
lighter telescopes, and hence faster mirrqrs, while a diversity of requirements

is presented by the scientific instrumentation and pointing subsystems.
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With the ground rules of the study in mind, but with due consideration
being given to the scientific useagé of a Large Space Telescope and state
of the art manufacturing tolerances, the tradeoff study shows that a desireable
primary mirror focal ratio would be about £/2 in order to obtain a Strehl ratio
of 0.8. With the same manufacturing tolerances, the Strehl ratio reduces to
0.75 at £/3.2. If weight allowances permif, considerations should be given to
a concave secondary mirror (or Gregorian) system because of the economies that
could be realized in the fabrication of an image forming secondary mirror. Such
a telescope would be about 40 percent longer than a Cassegrain with the same
primary mirror focal ratio. The telescope with the £/3.2 mirror would be about

50 percent longer than the optimum £/2 telescope.

Since budgetary pressures are extremely important in the selection
of the optical design for a Large Space Telescope, it is recommended that NASA
authorize additional economic analysis to determine the trends in optical
performance as a function of total program cost, and to determine which cf the
design options discussed in this study is least expensive irrespective of per-

fotmance,'and the performance level that corresponds to this configuration.
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APPENDIX A

OPTICAL TELESCOPE TECHNCLOGY:
SOME OPTICAL SYSTEMS FOR A SPACEBORNE TELESCOPE®

Abe Offner
The Perkin-Elmer Corporation

In choosing a form for a space telescope, we can make use of the
knowledge and experience gained from the long history of astronomical telescopes.
Since, however, each successful design is a compromise in which the limitations
imposed by its environment and mode of operation are taken into account, it is
useful to reexamine the candidate optical systems for attaining the goals of
the National Aeronautics and Space Administraticn. Following Munch (rxef. 1),
we assume that a diffractiow-limited guidance field of 3 arc minutes will sat-
isfy all the guidance requirements and will also be sufficient for most high-

resolution astronomical programs with a 3-meter aparture telescope.

Before comparing optical systems, it i& necessary to define the
term '""diffraction-limited'" more precisely, In absence of aberratiop, ;a system
with an unobscured, unapodized, circular aperture forms an image of a star that
consists of a central disc surrounded by the well-known ring patiern in which
84 percent of the energy is within the first dark ring. Small amounts of aber-
ration . .duce the proportion of the energy within the first dark ring of the
diffraction pattern without affecting its diameter. Because central obscura-
tion has a similar influence on the diffraction pattern, it may be treated as

an aberration.

Historically, a system has been called "diffraction-limited' if the
wavefront produced by it, when forming the image of a star, departs by no more
than one-fourth the wavelength, A, of the image-forming light from a reference
sphere that approximateS‘it most closely. In the case of spherical aberration,
this results in a decrease of 20 percent in the normalized intensity at the
diffraction focus. For other aberratipns, the A/4 criterion results in values

of the normalized intensity (or Strehllratio), which may differ appreciably

Reprint of an article presented at Marshall Space Flight Center Workshop,
Huntsville, ‘Alabama, ‘April 29 ‘to May }, 1969.
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from 0.8. For this reason, a criterion based upon the value of the Strehl
ratio has been proposed by Maréchal (ref. 2). TFor diffraction patterns formed
by unobscured apertures in which the radius of the first dark ring is constant,
the relative energy within the first dark ring is closely approximated by 84
percent of the Strehl ratio so that an equivalent to Maréchal's criteria for
unobscured apertures is -“tained by substituting for the Strehl ratio the nor-
malized relative encrgy within the first dark ring (i.e., 1/0.84 times the

relative energy).

The advantage of this criterion is that the effects of obscuraticn
as well as aberration, figure, and the like can be taken into account. A
diffraction-limited system can now be defindd as one in which the normalized
relative energy within the first dark ring of the diffraction pattern of the
image of a star formed by the system is greater than some number; say 0.8.
Thks value, which we may call NRE, corresponds quite closely to the so-called
Rayleigh criterion of A4 in the case of spherical aberration dand coma. Since
the reduction in the relative energy within the first dark ring is proportional
to the mean square of the wave aberration, a reasonable tolerance for the resid-
ual amounts of these aberrations in a design is A/8, which uses up one-fourth

of the system tolerance.

A system with obvious advantages from the point of view of manu-
facture, testing, and alignment consists of a single spherical mirror with a
detector at its focus. If we choose a sufficiently large focal length for the
mirror, it forms diffraction-limited images on a spherical surface., The f-
number, N, and diameter, D, corresponding to A/8 spherical aberration (or a
loss of 5 percent of the relative energy inside the first dark ring) is given
by the expression
D1/3

(256}‘.)1/3

N = (1

At A = 5 x 107 meter, N = 20 pt/3

so that for D = 3 meters, N =
29, (Allowing a loss of 20 percent of the relative energy in the central disc
would reduce N to 23.) An f/29 system has a resolving power of about 60 cycles
per millimeter in the visual region of the spectrum and is thus suited to the
capabilities of like1§ detectors; however, the distance from the mirror to the
focal plane of the system is 87 meters, Aléhough such a length is prohibitive
for an earth-based telescope, this is not nécessarily’true in space. The
: . i

i
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addition of a small Newtonian diagonal to this system would cause negligible
obscuration (less th-~u ., percent for a 3-minute field). The diagonal could
be tilted for fine guidance. The advantages of the availability of a wider-
than-minimal field for unusual experiments, minimal alignment problems, low
obscuration ratio, and ease of baffling make this a very strong candidate for
a diffraction-limii..-, 3-meter space telescope. The costs and probability of
success of all other candidate systems should be compared with those of this

simple system,

A shorter optical system can be achiieved by substituting a parab-
oloidal mirror for the spherical one. In this case, the only aberration of
importance for the small required field is coma. The semifield angle, 6, at
which the coma of a paraboloid results in a wavefront error of x/8, is given

by the expression
6 = &v° (/D) (2)

To achieve 26 = 3 minutes at A = 5 x 10~/ meter and D = 3 meters
requires N = 18.4, If the requirements are relaxed to allow at the edge of
the guidance field an NRE of 0.8 due to the inherent coma of the primary mirror,
then N = 13, The single mirror system in which the mirror is paraboloidal re-
tains many of the advantages of the single spherical mirror. The field can be
made shorter, but this results in the requirement of a detector with greater
resolving power. While the diffraction-limited field of the sphberical mirror
can be extended appreciably above 3 minutes, this cannot be done in the case of

the paraboloid mirror without adding optical elements.

In a two-mirror optical System, the advantages of a short physical
length and a long equivalent focal length can be simultaneously achieved in
the well-known Cassegrain and Gregorianharrangements. Such systems can be
Sufficiently well corrected so that over a 3-minute field the loss in the NRE
due to aberrations is negligible, This‘imagery is achieved if two mirrors of
proper figure are maintained at the proper separation and are aligned so that
their axes are coincident. Tolerances for departures from the nominal situa-
tion can be obtained in terms of the amount by which they reduce the proportion
of the energy in the central disc. These tolerances are functions primarily of
the f-number of the primary mirror. We have computed them (see Appendix) for

a Cassegrain system in which the final image is at the primary mirror so that
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the separation, d, between the two mirrors is also the back focus. No plausi-
ble systems of thic type have tolerances that differ significantly from those

calculated.

Since a hyperboloidal mirror forms an aberration-free image of a
(virtual) point object at its geometrical near focus, a misalignment of the
axes of the primary and secondary mirrors has no affect on the axial imagery
at the Cassegrain focus, provided that the focus of the primary mirror is at
the (geometric) focus of th: secondary hyperboloid (fig. l1). In the case of
off-axis aberrations, a difference in the compensation between primary and
secondary contributions is introduced by the angle between the two image sur-
faces at the virtual image. For an f/l primary mirror and a 2-degree angle
bgtween the primary and secondary mirror axes, the change in coma at the edge
of a 3-minute total field is A/16 at A = 5 x 10~/ meter and D = 3 meters. Thus,
the tolerances on decentration, tilt, and separation of the two mirrors can be
reduced to tolerances on the departure from coincidence of their foci if the
angle between the axes of the two mirrors is reascnably small (fig. 2). (For
systems, such as the Ritchie-Chrétien, in which the two foci do not coincide,
these tolerances can be expressed in terms of the departure from nominal sepa-
rations of the two foci.) '

]

A longitudinal separation, bxg of the foci of the primary and sec-
ondary mirrors results in spherical aberration at a displaced image position.
The longitudinal tolerance, Ox,, correspdpding to a maximum departure, Wey from
the closest sphere is derived in the ‘Appendix.In terms of the secondary magni-

fication, m, and Cassegrain f-number, N, it is given by the expression

4
bx, = —%-N_' e oo 3)
m (m -1) ‘
For values of m for which m? > > 1,
4
bx, = S12 N7 W, (4)

where Np is the f-number of the primary mirror.

A lateral displacement,yt, of the focus of the primary mirror from
that of the secondary mirror results in coma on an image plane that is tilted

by m times the angle between the axes of the two mirrors. The lateral tolerance,



Y corresponding to a maximum departure, wt, from the closest reference sphere

is given by the expression

3
y, = ,642N W, (5)
m(m -1)

When m2 > > 1, this can be approximated by the expression

. 3
y, = (64 Np ) W, (6)

For an f£/2 primary mirror and We = A/8 at A =5 x 107/ meter,

8xy = 0.512 millimeter for m® > > 1, The same system has a lateral tolerance
Ve = 0.032 millimeter, The value of the lateral tolerance is proportional to
the cube of the primary mirroer f-number. The lateral tolerance on a system
with an £/1 primary mirror is thus 0.004 millimeter. Increasing the value of
W, to a value that reduces the NRE to 0.8 as a result of this misalignment
hlone merely doubles this tolerance. Since the reduction in length achieved
by a two-mirror system is approximately Np/N, large reductions in length are
accompanied by very tight tolerances in the permissible lateral separations of

the foci of the two mirrors.

A further restriction in the design of a two-mirror system is the
need to keep the obscuration ratio low, Examination of figure 3 shows that for
an obscuring aperture whose diameter is r'in units of the system diameter, the
NRE is closely approximated by the expression for the relative intensity at the

center of the diffraction pattern

NRE = 1-r? (2-r2) = 1-1,8r2 (7

It can be seen that, in terms of NRE, the effect of an obscuration ratio of 1
to 6 is the same as that of one-eighth wave of third-order spherical aberration.
Although it is not difficult to keep the obscuration by the secondary mirror
below this figure, the requirements for baffling in the presence of the earth,
sun, and moon may either increase the obgcuration ratio or restrict the use of

the system,

¥

Appendix

The following are the comput;tlons of positioning tolerances for a

Cassegrain system whose back focus is at the primary mirror.



Longitudinal Tolerance

The hyperbola, S, of figure A-1 is the intersection of the hyper-
boloidal secondary mirror with a pléne containing the axes of the hyperbola.
Its foci are at F and F', and its center is at C. In terms of rectangular co-
ordinates with origin, 0, at the pole of the hyperbola and the x-axis along
the optical axis, the equation of the hyperbola is

2 2 ‘
.@.‘ii;)_ D A} (A1)
a ar g

where a is the distance CO and r is the fadius of curvature of the hyperbola

at its pole. Solving equation<(Al) for x, we have

2 4 6
H |3 -
i X =9 7+ 0 ( 23 > (42)
8ar ar

When the primary focus is at F, the secondary mirror forms an image
at F' at the magnification m, If the primary focus is displaced a distance,
6x, to ?, the secondary image is formed at f, which is at the distance m? 8x
from F. A hyperboloidal mirrcr with pole at O and foci at F and F' would form
an aberration-free image at F'. Using ba;red variables to refer to the correct

hyperbola, we can describe it by an expression similar to equation (A3)

A Al ,
X=9%c - 2 (43)
8ar

where the r is not barred because it must have the same value for the two hy-

perbolae. Since a is the distance CO, we have
asa+ (mi-1) 8x/2 (A4)

For § = y, we have from equations (A2), (A3), and (A4)

- 4 4 2_
% - 5wt (l_.}_)..y mZ-1) 8x a5
~ 2 a 3 2 2
8r l6éa r

where we have made the‘approximation aa = a2, For the Cassegrain image at the
primary mirror, the separation, d, between the two mirrors is equal to the back

focal length FO. From the properties of the hyperbola,

d= "az+ar +a=m [ dag+ér-a ] | (A6)

Hence , »
d2/m = ar ‘ (A7)
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For the value of y at the edge of the mirror, the f-number, N, of

the Cassegrain system is given by
N = d/2y (AS)

Making the substitutions from equations (A7) and (A8) in equation
(A5), we obtain the :.-lation
- 2 (m2-
x-x,i'l_i“l__llﬁx (A9)

256 NV

’ This is the departure of the edge of the actual hyperboloid from
the surface that would give aberration-free imagery. Since the image defect
is third-order spherical aberration, the departure of the aberrated wave from
the nearest sphere is given by the expression

_2(x-x) _ m2(m?-1) 6x (A10)

4 512 N4

W

The tolerance on longitudinal separation of the foci of the two mirrors, 8x,
can then be related to the tolerance on the resultant wave aberration, W., by

the expression

4
8x, = —g—u-—z-ll— We (All)
m (m ~-1)
For m? > > 1, this reduces to the expression
4 ..
Oxt = 512 N,* Wy (A12)

where Np is the f-number of the primary mirror.

Lateral Tolerance

For moderate angles between the axes of the two mirrors, the image
deterioration caused by either lateral shift or tilt is proportional to the
resultant lateral QiSplacement,yi, of the primary focus from thé secondary
focus (fig. 2). The only significant aberration introduced by a small dis-
placement is the coma of the hyperboloid for an object point at this height.
Fgr Cassegrain f-number, N, the maximum erarture, W, of the comatic wavefront

from the best-fitting reference sphere is given by the expression

. 2
W= EL?L_%‘H (A13)
64 N



The tolerance on the lateral separaticn of the foci of the two
mirrors, y,, is related to the tolerance on the resultant wave aberration, W,

by the expression

64 N3 W _
Ve =73 (Al4)
m(m~~1)
For m> > > 1, this can be approximated by the expression
8 3 ,
. ye = (64N 7) W, (AL5)

If we set equal tolerances of Wt due to longitudinal and lateral

~separations of the foci of the two mirrors,

Yy = 6xt/8NP (Ale)
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CALCULATION OF NRE FOR OBSCURED APERTURES

This Technical Appendix will discuss the rate at which the Normalized
Relative Energy (NRE) 1is reduced as the diameter of a circular central obscuration
ﬂ‘ is increased. To expedite the calculations, compatible notation and existing

results from Born and WOlf7=will be used wherever possible.

The NRE is defined as .

NRE = I®(w1)/Lo(wl) (1)
i where
?3 W) = diameter of first dark ring for unobscured aperture
? Lo(wl) = fraction of energy contained within first dark ring of
the point spread of an unobscuped aperture
It*wl) = fraction of energy contained within radius of w, of the
point spread of the obscured aperture
Referring to Born and Wolf, Section 8.5.2, equation 18, we note:
L (W) =1 -J %(kaw.) | 2)
o 1 o 1
and
W, = 0.610)/a
2a = diameter of aperture
k = 21/M

' The calculation now follows from the following definition (equation
17, Section 8.5.2, Born and Wolf)

20 W ,
. _1 1
; , HD(wl) = & OI OI HD(W) wdwdy) (3a)
a .g—ﬂ- wl
- & jo I () wdu (3b)




where I(w) is derived from equation 26, Section 8.6.2, Born and Wolf

_23; (kaw)® ) uﬁmwnz

. kaw - € kaew (4)

ED
?

I@(W)

b

_ED _ZJl(kaw)] . 4[23 (ka(w)]
- KZ . kaw € kaew

(kaw) 2J. (kagw)
2L Ry
€ kaw *  kaew

and

2¢a = the diameter of the central obscuration

E = Iz f ¥C¢€=o) wdwdy) = total energy through unobscured aperture
o° o

D = area of unobscured pupil

Substitution of (4) into (3) yields the following:

caew)..2
e [ e IO L

2 2J (kaw) 2J (kasw)
~2¢ [ kaw kaew ] } wdw

The first two integrals are solved by again referring to Born and
Wolf, Section 8.5.2 (18) as follows:

Yi 23 (kaw)

21D J kaw :l wdw

1 - Joz(kawl) (6)

-2J (ka(w)
J 1 kagw ] wdw = (4{1 - Joz(kagwl) - le(kaewl)} (7)

T 0 I
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The third integral of {5) required some approximations

4nD 1 2J1(kaw) 2J1(kagw)
f kaw * kagw v (8a)
2 w, 2J.(kaw) 3 5
4nDe. (L T1- 7 0 2w (Y ¥ ¥ ] .
s Kz of aw y 3 16 + 384 + o.o {dw {8a)
where
= kaew
since®
® 2.k
=z £'1j4)’)\
J =35 I

k=0 kO!IKk+2)

For ¢ < 0.4 the first two terms

accurate results which infers

2 kaw
Iy §§2£_ [&; j 1 Jl(x)dx -
A ka o
where
x = kaw dx
y = g dy
1

of the expansion give sufficiently

€2k2a2w 3

—*'g—'—- J Jq (kaw,y)y dy] (8c)

]
=
o
=%
£

]

These functions are easily integrated as follows:

]

| J'b 3, (%) dx
° i

1-J,0)

Ly 1
IR AT EAD

(9)

(10)

Abramowitz, M. Handbook of Mathematical Functions,

NBS - AMS #55, p360
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Which allow us to rewrite (8c), after simple algebra,

. 2
- 252[1 - Jo(kavi)J - (0.61 ne?) 3, (kaw) (11)

We have thus solved (5) inclosed form by noting (5), (6), (7), and (1ll).

s 2 [y .2 af. 2 2 ‘
L(wl) = hz {1 J, (kawl) + € {l 3, (kéiwl) J (ka(wl)}

2 2.2
2¢ [1 - Jo(kawl)] - (0.61 xe”)” 3, (kawp)}  (12)
which infers via equations 1 and 6 that for sufficiently small ¢ we have

,
NRE = [(1_<2) - Joz (kaw,) + 52{2 Jo(kawl)} (13)

- €4 {Joz(ka(wl) + le(kagwl)} + ...]//{} - Joz(kawli}

Examination of (13) for small e reveals that the NRE follows the

following law as one introduces a small circular central obscuration.

: 1-¢? - 3 2 (kaw)) + 2¢°3_(kaw))
i NRE ~

- =1-H' aw
1l -~ Jo (kawl)

AT ARLLALGEITTE

since

25 0.61x> IR _
v a =) = J (3.83) = -0.40

Jo(kawl) = Jo(

For larger central obscurations, refer to the plot of NRE verses ¢
in Figure B-1 which was derived by computer operation on (1) and (4a). The figure
also demonstrates the relation between the Strehl ratio S and ¢ which is computed

from the following equation.

s = (1-e5? )
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APPENDIX C

DIGITAL IMAGE PROCESSING

I INTRODUCTION

Perk...Elmer has developed a sophisticated capability in the area
of digital image processing. Computer programs have been developed for image
evaluation, restoration, noise filtering, and image enhancement. A Perkin-
Elmer Line Scan Image Generator has been designed, built, and used as an input-
output device between the photographic transparercy and the digital computer.

This werk is described and depicted in the following paragraphs.

II  IMAGE EVALUATION

The Modulation Transfer Function (MIF) of an optical system sup=
plies a useful evaluation in terms of the system's spatial frequency response.
Edge gradient techniques permit the determination of the MIF's of optical sys-
tems from laboratory test exposures or normal operational exposures. This is
accomplished by examining an edge in the photographic image which corresponds
to an exposure step in the object plane. An exposure versus distance step in
the object plane would result in 2 step edge on the negative for a perfect
photographic system. In actuality, the step edge is degraded by the atmosphere,
lens system, image motion, and other degradations. The resulting edge on the
negative is not a step edge, but is representation of the step response of the
photographic system. Edge gradient techniques are methods for obtaining the

MIF's of photographic systems from degraded images of object exposure steps.

Perkin~Elmer has developed an Edge Gradient Analysis Computer Pro-
gram which directs the IBM 360/67 high speed computer to operate on input edge
scan and sensitometric data, and compute the resultant MIF for the photographic
systems which produce the edge image. The edge scan and the sensitometric data
are collected on the Mark II Microdensitometer and stored on magnetic tape.

This instrument with its associated electronics is shown in figure 1.

Certain known anomolies such as microdensitometer degradation,
noise introduced by film granularity and microdensitometer electronics, and
the nonlinearity of the image recording on film must be remcved to insure a

valid MTF determination. This is achieved in the computer program by an accurate

C-1
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correction for the microdensitometer degradation on the transmittance side ol
the sensitometric conversion, a precise sensitometric conversion of transmit~
tance to exposure values and an accurate procedure for properly smoothing noisy

edge data.

The evaluation of a photographic system by edgpe gradient techniques
18 uselul as a diagnostic tool in determining the type andl depree of degradas-
tion present when the photograph was taken. Once this inlormation is extracted
from a photograph, restoration techniques, as described below, can be used to

compensate for the degradations.

III TIMAGE RESTORATION ‘

Computer software has been developed for linearly filtering images
that have been linearly degraded. Typical degradations include blur due to
limitations in the optics, and smear caused by linear image motion. Linear
filtering is performed in the spatial domain by convolving a '"processing spot"
with the digital image data. This spatial domain approach is used instead of
Fourier domain filtering because it requires relatively small computer memory
and thus can be applied to real-=time wide=~bandwidth situations. Pictorial re=-
sults of this process are shcwn in figure 2 where an original photograph is
deliberately blurred digitally and then restored (deblurred). The deblurring

results in a significant increase in high spatial frequency content.

IV NOISE FILTERING

The objective of the noise filtering program is to develop software
to reduce the effects of additive image noise. For the case of Gaussian noise,
an algorithm was developed which determines a statistical estimate of the true
scene value, given the statistical properties of the scene and noise. Noise
filtering experiments with normal aerial imagery have indicated that a simple
zero-memory technique produces a measura@le increase in the signal=to-noise
ratio. The use of memory in noise filtering, presently being investigated,

should improve the performance of the prdcedure.

The results of a noise filtering experiment are shown in figure 3.
The original scene is shown in figure 3a, and the scene corrupted by the addi=
tion of noise (with standard deviation O = 228 on a transmittance scale of

0=4095) is shown in figure 3b. The standard deviation of the scene itself is

C-3
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is approximatesy WCU, Figues ww che scene cered by

filsering algerithme soouming valuesd of @ wi Jbs, .. o, o .0

tively. Therefore, figure 3e was correctly processed, while figures 3¢ and

3d were underprocessed and figure 3f overprocessed. From this last figure, it
is seen that the effect of overestimating O is the production of a "clipped"
scene, with two predominant levels of tramsmittance. There is a noticeable

reduction in noise content, but this is accompanied by & loss of scene detail.

Y IMAGE ENHANCEMENT

Image enhancement is an attempt to process an image for the purpose
of making the information content of that image more readily extractable by an
observer. Ome basic enhancement operation which has been successfully performed
is edge enhancement by derivative techniques. In this technique, one of several
derivative operators !s used to obtain the derivative of a digital image; this
derivative is then added to the original image to yileld an enhanced image.
Digital approximations to two derivative operators were founded to yield encour-
aging results., The gradient, a bipolar derivative with a preferred direction

and zero mean, is defined in this context as the finite difference operator,

g T Bt 74 Ty 1 1 M O

vhere u I is the image sample located at coordinates (i,j). The second de~
)
rivative operator successfully used is the Laplacian. As defined below, the

Laplacian is a bipolar two-dimensional second derivative, having zero mwean and

no preferred direction

Y2

N it " Metat T Y9 Y

Both of these derivative techniques have performed quite well in enhancing the
appearance of imagery. Figure 4 presents an example of Image tnhnnc-,nt by
derivative techniques. The original image is shown in 4a, and the Laplaclan in
4b. The remaining four images are enhanced by the addition of various amounts

of Lapacian to the original image.

VI THE LSIC

The Perkin~Elmer Line Scan Imige Generator (LSIG) is a drum scanner

used to convert photographic data to digital values for use in computer proces=
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PERKIN-ELMER

sing, and similarly in the reverse process of producing a photographic image
from digital data. It is unique in its ability to sense (read) and record
(write) photographic images with a desired point spread function. The LSIG
consists of three primary components; a scanuing head, a writing head, and a
small digital computer for data handling. The scanning head, which is used to
scan or digitiz¢ a given scene, consists of a glass drum on which a photographic
transparency is mounted. The drum rotates about its axis and translates along
its axis, carrying the transparency in a helical fashion past a light source
and detector assembly. The write head is mechanically identical to the read
head and is used for image reconstruction. An exposed piece of film is mounted
on the write dum, and is scanned in a helical fashion past an illuminating sys~
tem which exposes the film by projecting a precisely shaped spot of light on
the film. The LSIG is capable of scanning or reconstructing images of 106

e lements per 10" x 10" format in 22 minutes; the sampling intervals in both
directions on both the scanning and write heads can be varied to obtain a wide
range of sampling densities. A basic schematic diagram of the LSIG is shown

in figure 5. Figures 6 and 7 show photographs of the LSIG and the Varian 6201

computer used for data handling and real time image processing.
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APPENDIX D

LARGE APERTURE INTERFEROMETER
FOR TESTING OPTICAL FLATS

In order to facilitate the production of large optical flats,
Perkin-Elmer designed and fabricated a 76 cm diameter multiple beam Fizeau
interferometer, This interferometer has been operating now for the past three
years. The major optical elements shown in Figure 1 consist of an £/6
aspheric collimating objective and a transmission flat on which the reference
surface is polished. The reference surface has a highly refiective coat so that
sharp interference bands can be obtained. The optical axis of the interfero-
meter is parallel to the gravity vector. With a vertical axis, the test article
can be supported in a way which minimizes distortion. Any distortion that does
occur will be symmetrical if the article is supported on a fluid, air bag or
qpulti-point mount. (Figure 2.) The support of the transmission flat is

partially achieved by an inflatable silicon rubber 'O' ring around the periphery.

During the ianitial design of the interferometer, it was intended
to make the reference surface of the transmission flat appropriately concave
to compensate for the sag due to gravity. éubsequently, it was determined
that evacuation of the region between this (transmission)flat and the objective
would provide an active means by which thﬂs?bending could be overcome., This
approach yielded a number of benefits. In the first case, the reference surface
no longer had to be fabriecsted to some precise concavity, but only had to be
smooth relative to a mild §phierical surface. Second, variation of the pressure
in the evacuated regiciy provided a very sensitive means by which the interfero-
meter could be focused. This allows detegmination of flatness of test pieces
independent of power., Another mechanical féature is that the folding mirrors
are adjustable in such a way that slight tilts will not change the focal distance

&uring alignment,

’ The entire interferometer is supported on air isolators. In order
to 1lift the test article so that it is isolated, a transport mechanism on
three ball screws is used. This also allows a variable interference cavity

where required. v

*paper presented by W. Augustyn, Jr. at OSA Meeting, Hollywood, Florida,

October 2, 1970 |
. ] .
4 | D-1



As mentioned prcviously, the curvature, or power of the reference
surface is a function of the pressure between the evacuated region and ambient
atmosphere, It is also affected to a small degree by thermal changes with
time in the test area. The thermal chanées are of the order of 0.1 to 0.2°F/
hour and the associatcd power change is leds than 0.01\ RMS.* The power
variation as a function of pressure was obtained from interferometric data using
a 22-inch test flat as part of the interfefence cavity. This data is shown
in Filgure 3. Since this flat had a S@all amount of curvature, it was nec-
essary to subtract this systematic error from the raw data. The corrected

plot is shown in Figure 2.

Smoothness and astigmatism were evaluated along two orthogonal
diameters using a 12-inch glancing incidence or "skip" interferometer. (Figure
4.) This interferometer consists of a 1l2-inch aspheric collimating objective
and transmission flat. The transmission flat has a highly reflecting coat so
that multiple beam interference can be uvbtained between this surface and the
"end flat., By choosing the proper angle of incidence, this technique allows
measurement of the full diameter of the 30-inch interferometer. The "skip"

interferometer may be calibrated directly by measuring the end flat surface.

A series of “skip" interferograms of the Fizeau reference surface
was obtained with each taken at a slightly different pressure. Power was
analytically subtracted from each one an& the resultant data averaged. The
"skip" interferometiar errors were next subtracted and the resultant smoothness
élong the two diameters determined. (Figure 5.) Since astigmatism would be
manifest as a difference in power in two:orthogunal directions, examination
of the power calculated earlier as a function of pressure would yield this
information. As a result, it can be concluded that the amount of astigmatism
is less than A/60 peak to valley. This wvalue is consistent with independent
experimental data obtained using the 22-§nch test flat. The errors associated
with all of the measurements which were made for evaluating the reference sur-
face are tabulated in Figure 6. The ya}ues shown are the residual random
errors and the root sum square of those érrors.

¢

*! ;
All wavelength values are a \ = 6328nm.

D-2



To further corroborate these results, a 24-inch autocollimating
flat was measured using the Common test which has been described in the April
1970, issue of Applied Optics by H. D. Polster. The RMS smoothness evaluated
in this test was 0.6.:,., With an RMS value of this magnitude, the assumption
was made that an interferogram obtained in the Fizeau interferometer using
this flat would be representative of the errors of the Fizeau reference surface.
To the extent that one can neglect the errdrs of this 24-inch piece, good
correlation with the original smoothness data should be obtained. (Figure 7.)
Examination of this slide shows that the correlation between the two sets of

data is well within the 0.95 confidence level.

(Figure 8.) This slide provides an example of the fine quality
optical flats that have been fabricated by Perkin-Elmer and tested in this
interferometer. Figure 9 shows a photograph of the actual interferometer

test stand.



) ~ .. 24" pia. Fold Flat

--= =-—= === Point Source

T Collimating Objective

]
i-‘ .
: '
ll,
:,_
!

16" Dia.

- —-y Transmission Flat
| 4 = M TR pia., 30" C.A.
- Interference -————-;!‘ — Test Piece

Cavity

30" Fizeau Interferometer

~ Figure 1.

D-4



+Z @2an3d1g

pbnz sey ul) s:nssaid
et N § vl st =1

) . E BN RLIT N
L T L1 g !
_ b : )
i i
L !
- e e o i ot b o ot v 0 [ & e 1o a4 ——p — . . 1
: v i 1ol i
H i
! i !
) i w
r— g - B e —— AT i
b ' ; :
! i .w_
% +
T - [FOPULI - #. . e a—— " l.lw ———— — - — ——— vlbwlv.‘Al o ——— o ATt v - el C ;-
] ¥
i 1
i
! i
w .
— 1 su’ :
]
i ) !
- g e
: -
o | D g - w
-1 LU0
) s8uy 2. 194yn
Ho 1135 paiwljul
9ORjiINS BUBIBFO IBqEWY) TTUS] G \
IS UCTSEIRALRIL - g aH. .
~ : | :
- 3 : .
Y -
, 0
Suy
INRORSIT SN AR
IS AL
9
3373 W \\\
Jujavwiyiv
. . . L]




*¢c 2an31d

2INSSa1d [BJIUIIAIITIQ SA 1amogd

6~= ‘uy) d.

12 074 61 81 L1 G1 G1 71
T T T T ! T T 3 L0
8 .
o
‘o ° - z0
S o
o .
-4 1°0
81 >4V > 71 w M IABOUOY)
]
dV9%0°-/6Y9°0 = X
§o .8
N - ] o o 0
8
o
X3AU0)
=3 U0

R - 2 TR T A O - N 1wt T il S,

(v 2e9)

bRl S



4 2an3TJ

(sorgang JurlosTIA {soeyang juaied
A14ySTH) 3eld pud \ -suwil L13Yy37IS
¢3urjosryey
A1y8TH) IB1d
UOTSSTWSUBLL

\

h

-~ (soe3ang
\ \ @\\\\“ e guryoerIoy LTuSTH)
\ \ \\\. po1sa] IOIXTH

D-7



I INDICATES THAT THE CURVE IS CdNTAINED WITHIN THE LIMIT
SHOWN TO A PROBABILITY OF.95
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1 INDICATES THAT THE CURVE IS CONTAINED WITHIN THE LIMIT
SHOWN TO A PROBABILITY OF .95
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APPENDIX E

DERIVATION OF ABERRATION FUNCTIONS

ANALYSIS
DEFINITION AND APPLICATION OF ORTHONORMALITY

If there exists a set of polynomials Pn(x,y) defined over a region,

A(x,y), such that the condition

1 *
A(X)Y) ("A(x y) Pm (X,Y) Pn(X,Y) dA(x)y) = Gmn (1)

where 6nm is the Kronecker symbol and the asterisk denotes the complex conjugate,
is fulfilled, the polynomials are said to fqrm an orthonormal set within that

region.

Given such a set which is also complete and given a function W(x,y)
defined over the region of orthonormality, it is permissible to write W(x,y) as

an expansion in the polynomials, or
- ,
Wix,y) = E:l CnPn(x:Y) | (2)

The orthogonality condition may then be used to determine the value of the coef-
ficient. Multiplying both sides of equation by Pm*(x,y)/A(x ) and integrating
2

over the area yields

[ 2] .
1 [ * 1 %*
——— Wi,y)P  (x,y)dA(x,y) = 17— L C P (x,y)P  (x,y)dA(x,y)
A(x,y) "A(x,y) m A(x,y) Ax,y) n=0"n"n m
(3)
Interchanging the summation and integration,
. : =]
: W(x,y)P. " (x y)dA(x,y) = Z_.C L P (x,y)P *(x y)dA(x,y)
WA, : F ) =8 ~r ) ’ ’
A(x,y) AG,y) m | : 1 3 Alx,y) Alx,y) © m
’ | = §~lcn6nm
R (4)
= C
m

Py k E-1




ZERNIKE POLYNOMIALS

One such complete set of orthonormal polynomials when the region of
convergence is a unit circle are the circle polynomials of Zerunike. The treat-
ment here is based enciirely on the treatment of Born and Wolff where the Zernike
polynomials,Atheir derivation and properties, are discussed in detail. Using

Equation 10 of the reference (repeated here):

Unm = an (p) cos n 8 (5)

-m m .
U, =R, (p) sinm ©

where the sub- and superscripts have the restrictions of Reference 3§,

Unm and Un~m are the circle polynomials of Zernike and

an(p) are the radial polynomials of Zernike

and the tabulated expressions for the radial polynomials (Table XXI of Reference 4{,
the first 22 circle polynomials were expressed in terms of the aperture coordin- f
ates x and y. These expressions appear in Table I. 1In this treatment, since no
rotational symmetry was assumed (contrary to the application in Reference 1), the
sine terms were retained. The square root factors in Tahle I aye renormalization
factors introduced to make (1) hold exactly. 1In this, the usage differs somewhat

from that of Reference 4. In Born and Wolf's notation the factor is

n+1, m =0

; ()
\/2(n + 1), m#£O

this normalizes the "modified" polynomials so that they have a mean square value

4

of one rather than a peak absolute value of one.

In the evaluation of the modified Zernike circle polynomials, these

definitional relations were assumed:

X = pcos®
y = pein® o N €2
Hence,> ‘ p2 = ;xz + y2
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A NULL CORRECTOR FOR PARABOLOIDAL MIRRORGS
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A Null Corrector for Paraboloidal Mirrors

Abe Offner

A simple optical system consisting of two small lenses can be designed to take the place of 4 large flut in
testing paraboloidal mirrors. Other aspheric coneave mirrors can also be tested in this manner. The
procedure ‘or computing such a null corrector and the accuraey required in its manufacture und use are

discussed.

In making a large mirror, the limit of the accuracy
which a good optician can achieve is set by the magni-
tude of the mirror errors which he can see or measure.
When a large enough flat is available, it is customary to
test paraboloidal mirrors during the progress of the
work by the well-known Foucault knife-edge test. The
light source and knife edge are placed at the focus of the
mirror and the flat is used to reflect the collimated light
coming from the mirror back to the mirror. This
method is very sensitive and gives easily interpretable

sults if it is assumed that the errors of the flat are
small compared to the maximum error allowable in the
mirror.

In the project known as Stratoscope I1, sponsored by
ONR, NSI', and NASA, the Perkin-Elmer Corporation
i1s building a 9l-em telescope system for Princeton
University. The telescope is to be carried by an un-
manned balloon to a height at which the effect of the
earth’s atmosphere on its performance is essentially re-
moved. A tolerance analysis indicated that if the sys-
tem were to achieve its desired performance, the root
mean square departure of the primary mirror surface
from a paraboloid had to be no more than one fiftieth of
a wave. 'T'o measure this magnitude of mirror error we
felt it desirable to have auxiliary optics which are more
easily made and calibrated than a 91-cm flat.

A spherical mirror can be tested easily with no auxi-
liary optics by putting the light source and knife edge
at the center of curvature. All rays from the center of
curvature proceed along normals to the spherical surface
and are reflected back along the same paths so that
even cutoff indicates a perfect sphere. Our object was

The author is with The Perkin-Elmer Corporation, Norwalk,
“‘annecticut.

Received 8 May 1962.

This paper was presented at the 1962 Spring Meeting of The
Optical Society of America, Washington, D.C., March 17, 1962.

to obtain a similar setup for paraboloidal mirrors with
the help of smal' auxiliary optical clements which are
easily made and measured.

It has been suggested that the spherical aberration of
a paraboloidal muror used at unit magnification can be
compensated by a convex lens placed between the para-
boloida! mirror and its “center of ecurvature,” ' or by a
spherical mirror placed beyond the “center of curva-
ture.””? In such tests it is desirable to place the com-
pensating mirror or lens near the “center of curvature”
of the paraboloid in order to keep its size down. 1. L.
Ross? showed, however, that one can decrease the re-
sidual uncompensated aberration over the aperture by
increasing the distance hetween the compensating mir-
ror or lens and the “center of curvature.”  This comes
about because the third order spherical aberration intro-
duced by the puraboloidal mirror can be balanced only
by a combination of third and higher order aberration if
the balanci« 1s done at any position other than at the
paraboloid, where the corrector would bave to he as
large as the paraboloidal mirror itself.

To get arouad this difficulty it was decided to correct
the paraboloid by a lens which was placed at the para-
boloid optically but not physically. A system for doing
this i1s shown in Fig. 1. Here the field lens forms an
image of the imaging lens at the paraboloid. This re-
sults in exact compensation provided that the spherical
aberration introduced by the imaging lens is pure third
order and of the proper amount to balance the “spheri-
cal aberration” of the normals to the paraboloid.

In practice it is not necessary that the spherical aber-
ration of the imaging lens be pure third order, a re-
quirement which is not always easy or convenicnt to
attain. What is required is that the spherical sberra-
tion of the correcting system match the “aberration”
of the normals to the paraboloidal mirror.

Figure 2 shows the “aberration” of the normals to a
paraboloid. C is the center of curvature of the oscu-

February 1963 / Vol. 2, No. 2 / APPLIED OPTICS 153
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Fig. 1. Optical syetem for obtaining epherical aberration

following a desired law.

lating sphere at P.  The desired - ation of the null

corrector is given by the relationsl.
CD = (-R/2) tantU.

In the optical system of Fig. i, the aberration will not
be proportional to the square of the tangent of the slope
angle, as desi ed, for any arbitrary shape of the imaging
lens. If, now, the power of the field lens is changed, the
third order spherical aberration of the system is un-
changed but its “offense against the sine condition’ is
altered. This means that the relationship between the
spherical aberration and tan!’ is changed. The power
of the field lens can be varied until the spherical aberra-
tion of the system follows the desired law. The system
can now Me scaled to match the spherical aberration of
the desired paraboloid.

The operation of this null corrector depends on the
fact that a real image of the light source is formed at the
center of curvature of the paraboloid. This affords a
position for the field lens at an image plane at which
spherical aberrstion is present. The shapes of the ele-
ments of the null corrector and the magnification at
which it is used can be varied between wide limits.

The system actually used with the 91-cm f/4 para-
boloidal primary mirror of Stratoscope Il is shown in
Fig. 3. The test system was designed to be used with
mercury green light. Both elements are plano-convex.
The larger one has a clear aperture of 45 mm.

It is interesting to compare the residual uncompen-
sated aberrations of previous null correctors with those
which can be achieved by the present arrangement.
The H. E. Dall' corrector restricts the shape of the com-

dx y
T‘Nu.--d—g.?

2
co:xs-i‘-"--%nu'u

Fig. 2. ‘Aberration’’ of normals to a parabola.
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pensating lens to plano-convex. The resulting com-
pensation i1s adequate oniv for relatively small aperture
mirrors if a high degree of precision is required.

F. E. Ross? used the shape of the compensating lens
as one of his parameters and was able to reduce the re-
sidual aberrations considerably. As a compensator for
the 508-cm Mt. Palomar psraboloid, he used a lens of
25-cm aperture which, according to his computations,
would have resulted in a paraboloid with a circle of con-
fusion of 3.2 arc sec diameter. An aspheric corrector
plate was added to this null corrector to make it ade-
quate.

Scaling the null corrector of I'ig. 3, to make it work
with a 508-cm aperture paraboloid, results in a clear
aperture of 25 em for the larger lens, the same as the
aperture of the null corrector lens used by I'. k. Ross.
The residual aberration of a paraboloid made with this
null corrector would result in a geometrical circle of
confusion of less than 0.01 are sec diameter. Allowing
a factor of 3 for the fact that the Mt. Palomar mirror is

— A .
& |

| |

= 600 368 —et= 383 354+ o698

7320 ¢ =
R, = oo "
.z‘_”’oy/IOS N i397e
fov B0
» > 30 N=isier4
Rez-3%100

Fig. 3. Optical syvstem used for null testing a 9i-em f/4

parabolic mirror at center of curvature.

f/3.33 while the Stratoscope 1I mirror is f/4, one can
see that the use of a field lens has resulted in a deerease
of the uncompensated residual aberration by a factor of
100. If required. further improvement could be ob-
tained by altering the shape of the imaging lens.

An investigation was made of the effects of small de-
partures of the parameters of this system from nominal
on the imagery obtained with a perfect paraboloid.

From its center of curvature, the paraboloii sub-
tended an f/8 cone. The light source and knife edge
were at an image plane which was magnified 1.57 times
with respect to the center of curvature of the parabo-
loid 8o that the convergence at the knife edge was f ' 12.6.
The radius of the first dark ring of the diffraction pat-
tern in mercury e-light was therefore 8.4 4.

A cthange of index of refraction of the elements of the
corrector system of 0.0002 caused an enlargement of the
geometric circle of confusion to 0.3 u radius.

A change of radius of the large lens of 0.050 mm,
which corresponds to a change of 1 u in its saggita ove
its clear aperture, caused a geometric circle of confu-
sion of 0.4 u radius.
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APPENDIX G

SCATTERED LIGHT PROBLEM FEASIBILITY OF PHOTOMETRY ON 29TH MAGNITUDE STARS

INTRODUCTION

The ability of the LST to detect a 29th magnitude star will be
limited by the scattering characteristics of the primary mirror for the case
where a relatively bright star is in the LST's 30-arc-minute field of view.
Since the tracking function requires at least one 10th magnitude start within

Q that field of view, this case will be used to make a first order estimate of

the primary mirror scattering coefficient required for a S/N ratio of 10, for
a photometric measurement of a 29th mégnitude star. In addition, an average
sky brightness of 23rd visual magnitude per arc-second squared will also be

considered as a source of scattered light.

COMPUTATION OF SIGNAL FROM 29TH MAGNITUDE STAR

We know that the entrance aperture irradiance due to a 29th magnitude

star is found from the defining equation for visual magnitudes,as shown below.

I(m ) ~
v
m = -2.5 1og10 [I(O) ] (D)
where
I(0) =3.1x 10-13w/cm2
thus  _ - _
H 1€0) = 7.7 x 10" Pu/cn® (@

29 ~ 10(29/2.5)

Now we can find the total signal through the aperture of the LST as (ignoring

transmission losses, obscuration ratio, etc.),

: i 2 : . ;
O _X o , 3
Prg =3 DP Hy g (w§tts) | (3)
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where
D = diameter of primary mirror
3 x 102cm

COMPUTATION OF SCATTERED LIGHT FROM AVERAGE SKY BACKGROUND
We know that the average sky background is given as

2

Bsky = 23rd mv/sec (4)
Thus -13
(3.1 x 10 ) =22 2
Hsky = 10(23/2.5) = 1.94 x 10 ““w/em (5)
Now let
2 -11
l1®ser = 2.35x 10 steradian (6)
Thusk(A) becomes
-22
By = (1.94 x 10_111= 8.3 x lQ-lzw/cmz-st @D)
Y (2.35 x 107°)

If we assume that 6° of the sky is seen by the primary mirror due
to the baffling of the telescope tube, the solid angle subtended by the sky

from the primary is

2
~._6___]=
sty R [57.3 0.011 steradian (8)’

Thus the irradiance on the primary, Hp, is given by

5 ,
Hp = Bsky . sty Lw/em”] (9)

Now we can find the brightness, or radiance, of the primary, assuming that

some fraction P of the incident light is scattered uniformly into a hemisphere

(asSumptionkof Lambertian scatter).
Bp = Q%R [w/cmz-ster) ’ (10)
where

p‘= primary mirror integrated scatter vr~efficient



We may now find the flux density of the image plane due to the scatter from
the primary as

4 - TBP

ip = 4N2 (11)

where

N : system f/number

Thus the total scattared light captured by the photometer is given by

Psc = Hip - Ad (12)

where

Ad = detector area

Now expressing the detector area as a function of its angular subtense as

2
= (Fed) (13)
where
F = system focal length
6d = angular subtense
but

2
= (FQd)z = (Ned)_2 DP (14)

Now combine the various equations above to find

2 2
sky Bsky ' 9d ' Dp (15)

SKY BACKGROUND LIMITED S/N RATIO

If we define a signali-to-noise ratio as

P H
2 ' ‘
g/ =2 f. 2 | (16)
Psc 4 Q. B, @ 2.
p"sky sky'd '

We may now solve equation (16) for the primary mirror scattering

coefficient required tc achieve some minimum S/N ratio, as follows

| H,. | |
| e - Hlag -
Preq'a = ™ e ad B a1n
- (s/N )min sky” sky9



If we let (S/N)min = 10.0, 8, = 0.4 arc-second, then we have

d

P

req'd = 7.80 (18)
Thus the primary mirror can scatter virtually all of the incident
energy, in a Lambertian fashion, and still permit a S/N greater than 10, for

the case of a uniform sky background of 23rd mv/EEEZ .

SCATTERED LIGHT DUE TO A RELATIVELY BRIGHT STAR WITHIN THE FIELD OF
VIEW

t For a 10th magnitude star within 1/2 degree of the much dimmer
g 23rd magnitude star, we will assure that all of the scattered energy will be

v narrow angle forward scatter, having an equivalent scattering angle of ? radians.

Now find the irradiance on the primary due to a 10th magnitude

star.
(.1x 1078 17, 2
H,. = = 3.1 x 10 w/cm (19)
10 4
10
Thus the brightness of the primary, due to forward scatter, is
p_, . H
B =—'F—'r'-2—-.!'-9' w/cmz-ster (20)
P ¢
where
pF = forward scattering coefficient
¢ = forward scattering angle
.
i
A Once again, the irradiance on the photometer detector is given by
B » ‘ nB 7Q_H
Hip T2, 2.2 (21)
- 4N 4N"9
i , Now we derive the total scattered light on the photometer detector
| | 2 2 ‘
as
o, H 6, D :
p -—0FPd P : (22)
s¢ 49
G-4
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BRIGHT STAR LIMITED S/N RATIO
Now examine the signal-to-noise ratio defined by

2
P H,q @
29 29
S/N = 5= = 5 (23)
H., ©
8¢ Pp Hio %

We may not solve equation (23) for the required forward scattering
primary mirror scattering coefficient required to achieve some minimum S/N ratio,
as follows;

2

 Hy

= 7 (24)
[}
req'd  (8/M) ., Hyg 8y

Pp

Figure G-1 illustrates the relationship between the required scat-
tering coefficient and values of the forward scattering angle, for various

bright star magnitudes.

As shown, for stellar magnitudes of +7.5 or greater, the required
forward scattering coefficient is not difficult to achieve for visible wavelengths.
However, for relatively bright stars, the requirements on the primary mirror
scatter (both the scattering coefficient, and the equivalent forward scattering
angle) become quite stringent, and may well limit the ability of the LST to perform

photometry on 29th magnitude stars.

OTHER SOURCES OF SCATTER

A major source of scatter will arise from the baffling systems,
support structures used, etc. It is impossible to proceed any further on this

point because information is unavailable and experimental work may be necessary.

One thing that could be dcne is that baffles be put on the inside of
the shielding tube attached to the secondary in such a way that their faces
would be approximately parallel to the light incident on them. This is a three
dimensional 'razor blade stack' and would give better absorption than simple
perpendicular baffles, in the sense that any light which entered this baffling
system would be re-emitted with high aﬁtenuation wheregs light that strikes
ordinary baffles would be mainly redirected rather than absorbed due to the

large angles of incidence involved.

G-5
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The basic idea is to use an array of baffles aligned approximately

parallel to the heam.

For example on the secondary tube bhaiflle

Secondary

-/ | s
- i /

.~ _ | s
SN

!

Rotationally Symetric

' | SRR o C
a large amount of light will fall along the dotted lines - both from stars

outside the field of view of the;felescope and from scatter from the primary.

To ensure & minimum of this light being reflected along some path
back into the system a 'razor blade' stack could be used, Very little of this
light would escape and the quantity that does will radiate into a large angle.

Ve



The optimum depth, spacing and 'sharpness' of the baffles would
need to be determined from the required absorption. The angles of the baffles
would be determined by the location within the system by consideration of the

most pfobabl. angles of unwanted 11ght.

DIFFRACTION

B Some 1light t’:rum nearhy bright stars will be diftractod onto the
deéector. Light will be diffrhcted by simple diffraction by all edges that
cah Be seen looking out from within the detector aperture. Other edges may
diffract light onto the detector by second order effects such as diffraction
from two edges or diffraction and scattering. Such multiple prccesses will be

ignored.

The light diffracted can usually be &ssoci;ted with the edge of
apertures. Thus the amount of diffracted 1ight will be reduced if the number
ofvedges seen from the detector aperture is minimized and if the edges are as
smpoth as possible. It probably does not matter if the edges are sharp sheet
metal or round rods as long as they can be considered black and specular re-
flections are ignored. The exposed edges should be amooth. ‘Ehe degree of
sﬁpothness needs some further study but an optically smooth surface is presumably
nof required because it can serve as a specular reflector. Any edge that is
anboth with respect to the width of a Fresnel fringe as séén from within thé

defeCtor aperture is probably smooth enough. Needless to say no small objects

such as bolts should stick into the aperture. The edges should appear as gentle
cu%vea not straight sections because straight sections will diffract light very
strongly in the perpendicular direction while a curved surface diffracts light

more nearly isotropically.

In principle baffles could eliminate all diffraction except diffraction
from the outer edge of the primary and secondary and the secondary supporting
structure or spider. TLight diffracted by these three edges will be considered.
First we write the diffracted light for the obscured primary without a spider.

;hb point spfead functidﬁ*gives the diffgucted light. The point spread function
is

1;.(a) ] (22)2 ‘(Jl(")’ ! J1("‘)>2 253

1-¢ | x €x



where

2- '
k = N (26)
x = kRQ

and Jl(x) is the firet order Bessel function and R is the radius of the primary.
The intensity is no..uaiized to unity for o#0. The average diffraction at large

angles can be evaluated with the aid of the approximation

1
172 N3
X \nx)

Jl(x)

X

3
cos (x-Z'H) (27)
The fringes represented by the cosine term and the two terms in (25) are
averaged out at large angles because of the spread in wavelengths. The averagev

diffraction of large angles becomes

4 (1+€)
n(1—€2)2 (kRoz)3

1,() = (28)

Next we compute the diffraction due to one spider that supports a
secondary. The diffraction for the spider is largest in the direction perpendi-
cular to the spider. For convenience we will ignore the obscuration and let
€ = 0. The spider is a narrow straight bar of length 2R and width 2d. The angle
a, is perpendicular to the spider. The diffraction from the spider in this

direction may be written

2
4d
Iz(al) = (%E) sincz(kdal) (29)

’

This may be expanded for large angles in analogy tc (4) to yield

Iy)) = ———p | (30)
(nkRal)
as the large angle diffraction. Equations (25) and (29) are normalized
properly for € = 0 so that we can add them directly to compute the total
diffracted light at large angles. The sum of (28) and (30) shows that the
spider is the dominant source of diffraction in the o direction perpendicular

to the spider.

/



If Ehis is a problem curved spiders might be used to cause the
spider diffraction to '« more nearly isotropic and fall off with the cube of
the angle instead of only the square.

The ratio of primary and secondary circular apértures' diffracted

light from a magnitude m star a large angle o away from a magnitude 30 star is

R () = I,(0) (2.51)30™ | (31)

at the center of the magnitude 30 star image. The corresponding diffracted
light to star light ratio for one spider is

Ry(@) = L@)e.snl™ (32)

in the direction perpendicular to the spider.
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